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SUMMARY 

 

The association of constitutional chromosome imbalance in patients with intellectual 

disability with or without related dysmorphism and malformations is well established. 

The resolution of conventional cytogenetic examination is limited to imbalances of 5-

10Mb. Patients with characteristic phenotypes which allude to a specific microdeletion or 

duplication syndrome may be investigated using locus specific fluorescent in situ 

hybridisation (FISH). Subtelomere FISH, a recently new improvement for cytogenetics 

screening, detects subtelomeric rearrangements in around 6% of patients with idiopathic 

disability. However it is evident that for these patients, most do not have a recurrent 

pattern of dysmorphism or malformations suggesting imbalance in a particular 

chromosome region. 

 

Array CGH has the potential to detect chromosome imbalances beyond that of current 

technology allowing the whole genome can be screened in a single hybridisation at a 

resolution limited only by the genomic distance between the arrayed target clones.   The 

aim of this study was to develop a custom whole genome array and utilize this array to 

screen a number of diverse patient groups. 

 

Rather than immediately begin with the development of a whole genome array a smaller 

pilot study was initiated, in so enabling the efficacy of the methodology to be tested. A 

small clinical/ subtelomere array was designed and constructed to screen for cytogenetic 

imbalances within the first 5Mb of each chromosome end (excluding acrocentric 

chromosomes) together with the number of known clinically significant regions. 

 

This clinical/subtelomere array (chapter 3), was ulilised to map the extent of deletion 

and/or duplication in patients with previously determined subtelomere abnormalities. This 

was followed with the screening of a small group of patients with idiopathic intellectual 

disability (chapter 4). Novel Copy number changes were identified together with a 

number of changes determined to be non-pathogenic variants. 

 

The methodology used in the utilization of this array could determine copy changes in 

patients, however it became clearly evident that the effective resolution was compromised 
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when a number of clones were shown to map to other sites of the genome or cross 

hybridise to multiple sites. 

 

With this knowledge the next stage of the project, a whole genome array, primarily 

constructed from a FISH validated clone set, reduced the possibility of mapping 

discrepancies. These FISH mapped clones did not give a even genomic coverage. All 

clones from this set were mapped using Ensembl resources.Any identified gaps (greater 

than 1Mb) were covered using clones from a second clone set (32K), giving a resolution 

of ~0.2-1Mb.  

 

Three diverse groups of patients were screened using the whole genome array. Using a 

novel scoring system which evaluated degree of intellectual disability/developmental 

delay, dysmorphism, presence of malformations and the presence of an apparently 

balanced cytogenetic rearrangement, twenty five patients with idiopathic disability were 

assessed. Four novel copy number changes were determined of which three were 

determined likely to contribute to the phenotype of the patient. The fourth patient is under 

investigation. 

 

Chapter 6 saw the application of the whole genome array to a second patient group; 

medically terminated pregnancies, in utero fetal deaths or newborn infants with one or 

more facial dysmorphism or fetal malformation. One potentially pathogenic copy number 

change was ascertained from this study.  

 

The third patient group, those with retractable epilepsy (chapter 7) showed two copy 

number changes both of which will require further follow up and investigation, including 

screening with a higher density array platform. 

 

The screening of more than seventy varied patients has shown the efficacy of these two 

custom platforms, to detect previously undetermined copy number changes. 



                                                       

 vii  

CONTENTS 

 

CHAPTER 1   

INTRODUCTION 

1.0 INTRODUCTION .............................................................................................. 2 
1.1 Historical perspective ....................................................................................... 2 
1.2 Chromosome banding ....................................................................................... 2 
1.3 Contiguous gene syndromes ............................................................................. 3 
1.4 Use of Molecular Cytogenetics to detect sub microscopic abnormalities ........ 3 
1.5 Types of probes available for FISH applications.............................................. 4 

1.5.1 Chromosome specific repeat DNA probes. .............................................. 4 
1.5.2 Locus specific ........................................................................................... 5 
1.5.3  Whole chromosome or region specific paints........................................... 5 

1.6 Subtelomere FISH............................................................................................. 6 
1.7 Comparative Genomic Hybridisation (CGH) ................................................... 7 
1.8 Diagnosis of DNA copy number using array CGH .......................................... 8 

2.0  PROPOSED RESEARCH............................................................................... 14 
2.1 Specific aims of the proposed research........................................................... 14 

2.1.1 Development of array CGH technology. ................................................ 14 
2.1.2 Testing the efficacy of the array CGH technology. ................................ 14 
2.1.3  Construction and validation of a 0.2-1Mb whole genome array ............ 15 
2.1.4  Screening of different patient groups using 0.2-1Mb array CGH. ........ 15 

2.2 Hypothesis ...................................................................................................... 15 
 
CHAPTER 2   
 
MATERIAL AND METHODS 
 
1.0 PATIENT SAMPLES ....................................................................................... 17 
2.0 DNA EXTRACTION ........................................................................................ 17 

2.1 DNA extraction of patient genomic DNA from blood ................................... 17 
2.2 Extraction of patient DNA from tissue ........................................................... 18 
2.3 Quantification of DNA and quality check of patient DNA ............................ 18 
2.4 Clone DNA isolation ...................................................................................... 19 

2.4.1 Antibiotic stocks/solutions...................................................................... 19 
2.4.2 Bacterial Artificial Chromosome (BAC) and Cosmid DNA Isolation ....... 19 

2.4.2.1 Culture set up .......................................................................................... 19 
2.4.2.2 DNA extraction....................................................................................... 19 

2.4.3 Plasmid Artificial Chromosome (PAC) DNA Isolation ............................. 20 
2.4.3.1  Culture set up ......................................................................................... 20 
2.4.3.2  DNA extraction................................................................................... 20 

3.0 ARRAY MANUFACTURE ............................................................................. 21 
3.1 Clone selection................................................................................................ 21 

3.1.1  Subtelomere/clinical array ..................................................................... 21 
3.1.2 0.2-1Mb whole genome array................................................................. 21 
3.1.3 Preparation of pooled DNA stocks using Degenerative oligonucleotide         
(DOP)PCR .............................................................................................................. 22 

3.3 Amplification of DOP PCR DNA stocks ....................................................... 23 



                                                       

 viii

3.4 Printing of pooled DOP-PCR DNA................................................................ 24 
4.0 ARRAY-CGH.................................................................................................... 25 

4.1 Labelling of DNA samples for array CGH..................................................... 25 
4.2 Preparation of DNA samples for array CGH.................................................. 26 
4.3 Blocking of slides prior to CGH. .................................................................... 27 
4.4 Hybridisation of combined DNA samples to array ........................................ 27 

4.4.1  Preparation of hybridisation buffer......................................................... 27 
4.4.2 Setting up hybridisation chamber ........................................................... 28 
4.4.3 Preparation of probes for hybridisation .................................................. 28 
4.4.4 Hybridisation of slide.............................................................................. 29 
4.4.5 Post hybridisation washing ..................................................................... 29 

5.0 SLIDE SCANNING AND DATA GENERATION ........................................ 30 
6.0 CONFIRMATION OF COPY NUMBER CHANGES WITH FISH ........... 31 

6.1 Labelling of probes ......................................................................................... 31 
6.2 Probe hybridisation ......................................................................................... 31 

 
PART A    SUBTELOMERE CLINICAL ARRAY 
 
CHAPTER 3   
 
TESTING THE EFFICACY OF THE SUBTELOMERE CLINICAL ARRAY: BY 
MAPPING UNBALANCED CYTOGENETIC REARRANGEMENTS.  
 
1.0 INTRODUCTION ............................................................................................ 35 
2.0 MATERIALS AND METHODS ..................................................................... 35 

2.1 Patent selection ............................................................................................... 35 
2.1.1 Patient 1 46,XY.ish del(9)(q34)(RP11-112N13-) de novo..................... 36 
2.1.2 Patient 2   46,XY.ish del(4)(q35)(CTC-963K6-) de novo...................... 36 
2.1.3 Patient 3 .................................................................................................. 36 
46,XX.ish der(4)t(4;10)(q35.2;p15.3)(CTC-963K6-,CTC-306F7+)de novo ......... 36 
2.1.4 Patient 4 .................................................................................................. 37 
46,XY,der(10)t(10;11)(q26.1;q23.3)(CTB-137E24-,PAC770G7+)mat................. 37 
2.1.5 Patient 5 .................................................................................................. 37 
46,XX.ish der(5)t(5;16)(q35.3;q24.3)(CTC-240G13-,c372B12/c301F3+)pat....... 37 
2.1.6 Patient 6 .................................................................................................. 37 
46,XX.ish der(5)t(5;16)(q35.3;q24.3)(CTC-240G13-, /372B12/c301F3+) de novo
................................................................................................................................ 37 

2.2 Array CGH...................................................................................................... 38 
3.0  RESULTS.......................................................................................................... 38 

3.1 Patient 1    46,XY.ish del(9)(q34)(CTD-112N13-) de novo........................... 38 
3.1.1 Array CGH mapping of 9q deletion. ...................................................... 38 
3.1.2 Fine FISH mapping of the 9q breakpoint ............................................... 39 

3.2 Patient 2 46,XY.ish del(4)(q35)( CTC 963K6-)de novo ................................ 40 
3.2.1 Array CGH  mapping of 4q deletion. ..................................................... 40 

3.3       Patient 3 ...................................................................................................... 42 
46,XX.ish der(4)t(4;10)(q35.2;p15.3)( CTC -963K6- , CTC -306F7+)de novo ........ 42 

3.3.1 4q mapping ............................................................................................. 42 
3.3.2 10p mapping ........................................................................................... 42 

3.4     Patient 4 ...................................................................................................... 46 
46,XY,der(10)t(10;11)(q26.1;q23.3)(CTB-137E24-,PAC770G7+)mat..................... 46 



                                                       

 ix

3.4.1 10q mapping ........................................................................................... 46 
3.4.2 11q mapping ........................................................................................... 46 

3.5 Patient 5 46,XX.ish der(5)t(5;16)(q35.3;q24.3)(CTC-240G13-
,c372B12/c301F3+)pat. .............................................................................................. 49 

3.5.1 5q mapping ............................................................................................. 49 
3.5.2 16q mapping ........................................................................................... 49 

3.6 Patient 6 46,XX.ish.der(5)t(5;16)(q35.3;q24.3)(CTC-240G13-
,c372B12/c301F3+)de novo........................................................................................ 53 

3.6.1 5q mapping ............................................................................................. 53 
3.6.2 16q mapping ........................................................................................... 53 

3.7 Summary of clone performance for two sex is-mapped experiments. ........... 57 
3.8 Summary of mismapped, crosshybridising and false negative clones............ 59 

4.0 DISCUSSION.................................................................................................... 60 
4.1 Clinical implications of mapping data. ........................................................... 60 

4.1.1 Patient 1. 46,XY.ish del(9)(q34)(RP11-112N13-) de novo .................... 60 
4.1.2 Patient 2. 46,XY.ish del(4)(q35)( CTC 963K6-)de novo ....................... 61 
4.1.3 Patient 3. 46,XX.ish der(4)t(4;10)(q35.2;p15.3)(CTC-963K6-,CTC-
306F7+)de novo ...................................................................................................... 62 
4.1.4 Patient 4. 46,XY,der(10)t(10;11)(q26.1;q23.3)(CTB-137E24-  
,PAC770G7+)mat ................................................................................................... 63 

4.1.5 Patient 5 ...................................................................................................... 64 
46,XX.ish der(5)t(5;16)(q35.3;q24.3)(PAC240G13-,c372B12/c301F3+)pat. ........... 64 
Patient 6 ...................................................................................................................... 64 
46,XX.ish der(5)t(5;16)(q35.3;q24.3)(PAC240G13-,c372B12/c301F3+). ................ 64 
4.2 Assessment of clone performance .................................................................. 67 

 
CHAPTER 4 
 
USING THE SUBTELOMERE CLINICAL ARRAY TO SCREEN PATIENTS 
WITH IDIOPATHIC INTELLECTUAL DISABILITY .......................................... 70 
 
1.0 INTRODUCTION ............................................................................................ 71 
2.0 MATERIALS AND METHODS ..................................................................... 74 

2.1 Patent selection ............................................................................................... 74 
2.2 Array CGH...................................................................................................... 75 

3.0  RESULTS.......................................................................................................... 76 
3.1 Patient 4– Duplication of 9q34.3 .................................................................... 76 
3.2 Patient 5 – Duplication of 11q25 .................................................................... 79 
3.3 Patient 8 – Duplication of   17p11.2 ............................................................... 81 
3.4 Patient 9 – Duplication of   17p13.3 ............................................................... 83 
3.6 Single clone abnormalities expected to be polymorphic changes .................. 87 

4.0      DISCUSSION..................................................................................................... 89 
4.1 Interpretation of copy number changes (Copy number variation).................. 91 
4.2 Array CGH copy number changes from this study which are likely to be 
clinically significant.................................................................................................... 92 

4.2.1 Patient 8 – Duplication of   17p11.2 ....................................................... 92 
4.3 Array CGH copy number changes which are likely to be clinically 
insignificant (based on the evidence in the current literature).................................... 93 

4.3.1  Patient 4– Duplication of 9q34.3 ............................................................ 93 
4.3.2 Patient 5 – Duplication of 11q25 ............................................................ 93 



                                                       

 x

4.4 Array CGH copy number changes from this study of which the clinical 
significance remains inconclusive. ............................................................................. 94 

4.4.1 Patient 9 – Duplication of   17p13.3 ....................................................... 94 
4.2 Array CGH copy number changes from this study which are likely to be 
clinically significant.................................................................................................... 96 

4.2.1 Patient 8 – Duplication of   17p11.2 ....................................................... 96 
4.3.1  Patient 4– Duplication of 9q34.3 ............................................................ 97 
4.3.2 Patient 5 – Duplication of 11q25 ............................................................ 97 

4.4 Array CGH copy number changes from this study of which the clinical 
significance remains inconclusive. ............................................................................. 98 

4.4.1 Patient 9 – Duplication of   17p13.3 ....................................................... 98 
 
PART B      WHOLE GENOME ARRAY 
 
CHAPTER 5 
 
USING THE WHOLE GENOME ARRAY TO SCREEN FOR COPY NUMBER 
IMBALANCE IN PATIENTS WITH INTELLECTUAL DISABILITY. ............ 101 
1. 0 INTRODUCTION .......................................................................................... 102 
2.0 MATERIAL AND METHODS ..................................................................... 104 

2.1     Patent selection ........................................................................................ 104 
2.2      Array CGH................................................................................................ 104 

3.0 RESULTS........................................................................................................ 108 
3.1 Patient 2. Interstitial duplication of 1p36.11-p36.12 .................................... 108 
Patient 8. Two interstitial duplications:  11q22.2-q22.3 and 11q25. Patient 8 also has 
an apparently balanced translocation involving chromosomes 2, 8 and 10.............. 109 
3.3 Patient 12. Duplication of 17q25.1 inherited from intellectually disabled 
Mother....................................................................................................................... 111 
3.4 Patient 24.  Interstitial deletion of 9q22.31-q22.31. ..................................... 113 

4.0 DISCUSSION.................................................................................................. 115 
4.1 Patient discussion.......................................................................................... 116 
4.2 Future study .................................................................................................. 123 

 
CHAPTER 6 
 
USING THE WHOLE GENOME ARRAY TO SCREEN FOR COPY NUMBER 
IMBALANCE IN NEONATES WITH MALFORMATIONS AND/OR 
MULTIPLE DYSMORPHIC FEATURES. ............................................................. 125 
1. 0 INTRODUCTION .......................................................................................... 126 
2.0 MATERIAL AND METHODS ..................................................................... 127 

2.1      Patent selection ......................................................................................... 127 
2.1 Array CGH.................................................................................................... 128 

3.0 RESULTS........................................................................................................ 131 
3.1 Patient 5. Loss of a single clone RP11-139L10 at 15q26.1.......................... 131 
3.2 Patient 8. Loss of a single clone RP11-100N8 at 15q22.2 ........................... 131 
3.3 Patient 10. Three non-contiguous interstitial deletions of 6q-...................... 131 

4.0 DISCUSSION.................................................................................................. 133 
5.0 FUTURE STUDIES........................................................................................ 135 
 
 



                                                       

 xi

 
 
 
 
 
CHAPTER 7 
 
USING THE WHOLE GENOME ARRAY TO SCREEN FOR COPY NUMBER 
IMBALANCE IN PATIENTS WITH INTRACTIBLE EPILEPSY. .................... 136 
 
 
1.0 INTRODUCTION .......................................................................................... 137 
2.0 MATERIAL AND METHODS ..................................................................... 138 

2.1     Patent selection ............................................................................................... 138 
2.2     Array CGH...................................................................................................... 139 

 
 
3.0 RESULTS........................................................................................................ 142 

3.1 Patient 1. Two copy number changes observed; interstitial deletion at 6q27 
and interstitial deletion at 18q22.1-q22.3. ................................................................ 142 
3.2 Patient 18. Single copy number changes observed; interstitial duplication at 
19q13.42. .................................................................................................................. 142 

4.0 DISCUSSION.................................................................................................. 144 
5.0 CONCLUSION ............................................................................................... 145 
6.0 FUTURE STUDIES........................................................................................ 145 

 
 
REFERENCES........................................................................................................ 150 
 
Appendicies 1. Subtelomere/Clinical array .............................................................. 176 
 
Appendicies 2. Whole genome array........................................................................ 184 



 
         Chapter One 
 
 
 
 
 
 
 
 
 

INTRODUCTION 
 

 



                                                       

 2 

1.0 INTRODUCTION 
 

1.1 Historical perspective 
In 1956 Tjio and Levan, (1956), determined that the correct chromosome number of 

humans was 46, confirmed later in the same year by Ford and Hammerton, (1956). This 

finding was facilitated in part by Hsu et al, who in 1952 had developed a hypotonic shock 

treatment, showing that exposing cells to a hypotonic solution, rather than a traditional 

isotonic solution gave better chromosome spreading. The field of Clinical Cytogenetics 

was poised to begin. The relationship between changes in chromosome number and 

human diseases was rapidly established: trisomy 21 and Down syndrome (Lejeune et al, 

1959), Trisomy 18 and Edward syndrome (Edwards et al, 1960) and trisomy 13 and Patau 

syndrome (Patau et al, 1960). 

 

1.2 Chromosome banding 
Prior to chromosome banding, human chromosomes appeared as solid staining bodies, 

hence only numerical and large structural abnormalities were able to be identified. 

 

First introduced by Caspersson et al, (1968), using the fluorescent stain quinacrine, 

chromosome banding allowed each chromosome to be recognised by its landmark bands 

with further crude subdivision into smaller sub-bands. In 1971, Giemsa and trypsin based 

banding was introduced (Seabright et al, 1971). This method having advantage over the 

earlier quinacrine-based methods as the fading of the bands because of fluorescence 

quenching was eliminated.  

 

Banding facilitated the detection of smaller structural aberrations, (deletions, 

duplications, translocations and inversions) in patients. Banding resolution of about 400 

bands per haploid set were possible using these early banding methodologies. 

 

The next major improvement to Cytogenetics was synchronisation of cell cultures to 

arrest cells during mitosis. This increased banding resolution dramatically enabling 550-

850 bands per haploid set to be attainable for routine metaphase spreads (Yunis et al, 

1976). As a direct consequence even smaller chromosome aberrations were now 

detectable down the microscope.  
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1.3 Contiguous gene syndromes 
The improvements in banding resolution allowed many Contiguous gene syndromes to be 

identified (Schmickel et al, 1986); diseases which may be associated with recurrent small 

deletions or duplications and occasionally structural rearrangements of a particular 

chromosome segment. Although some of these syndromes were recognised from a 

collection of characteristic phenotypic findings in patients prior to the identification of a 

specific particular chromosome aberration: cytogenetics certainly had a major role in the 

mapping and identification of the genes responsible for these diseases. These syndromes 

involved the deletion of a number of adjacent but not necessarily functionally related 

genes in a specific chromosome region, resulting in a particular pattern of abnormalities 

in patients. Examples of these include: 

 

o Prader Willi syndrome (PWS), (Ledbetter et al. 1981) described in association with a 

deletion of the region 15q11-q13 and Angelman syndrome (AS) (Magenis et al,1987) also 

associated with a deletion of chromosome 15 in the same region. 

o Miller Dieker syndrome and deletions of 17p13. ( Dobyns et al,1983) 

o Langer-Giedion syndrome and deletions of 8q24. ( Okuno et al,1987) 

o Retinoblastoma and interstitial deletions of 13q14. (Fukushima et al,1987) 

o WAGR (Wilms tumour, aniridia and  growth retardation) and deletions of 11p13  

        (Riccardi et al, 1978) 

o Beckwith Wiedemann syndrome and a deletion of 11p15 (Waziri et al,1983). 

 
 
However, even with these higher banding resolutions, some patients remained where 

there was a strong suspicion of a contiguous gene syndrome, even though no discernable 

chromosome abnormality could be demonstrated.  

 

1.4 Use of Molecular Cytogenetics to detect sub microscopic abnormalities 
In 1969, Pardue and Gall hybridised radioactively labelled rRNA to tissue squashes 

allowing in situ visualisation of complementary DNA sequences with the cells. While 

radioactively labelled probes were used for many years for in situ hybridisation, the 

development on non-isotopic methods expanded rapidly in the early 1980s (Joos et al, 

1994). Fluorescently labelled DNA probes after denaturation were allowed to bind to the 

complementary chromosome sequence. Initially probes were labelled by incorporation of 
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a reporter molecule (biotin or digoxygenin) into the probe prior to hybridisation, followed 

by post-hybridisation immunochemical detection by a molecule with a fluorescent tag 

attached, for example fluorescein-labelled avidin (indirect detection). Non-isotopic 

methods resulted in both increased speed and safety over isotopic methods. Without the 

scattering of silver grains from isotopic decay in the photographic emulsion greater 

precision of probe localisation was achieved. Most probes today are directly labelled by 

incorporation of a flurochrome-conjugated nucleotide which allows direct visualisation of 

the probe down the microscope and eliminates further post hybridisation processing 

(Trask, 1991) 

 

Fluorescent in situ hybridisation (FISH) was introduced into cytogenetic diagnosic 

laboratories and involved the merging of traditional cytogenetic methods with molecular 

technologies. This methodology now allowed the detection of sub microscopic deletions 

in patients. 

 

Chromosome sequence specific FISH probes were developed and used to detect sub-

microscopic deletions, allowing investigation for many microdeletion syndromes such as 

Prader Willi syndrome, Angelman syndrome, Miller Dieker Syndrome and Langer-

Gedeon syndrome.  

 

The Human Genome Project (Cheung et al, 2001) involving sequencing of the entire 

genome, has given an important offshoot for cytogenetic diagnosis. Chromosome region 

specific Plasmid artificial chromosome (PAC) and Bacterial artificial chromosome (BAC) 

clones of human DNA sequences are readily available commercially for use as FISH 

probes, and allow specific regions of any chromosome to be investigated. 

 

1.5 Types of probes available for FISH applications 
1.5.1 Chromosome specific repeat DNA probes. 

These probes target low copy repetitive elements of human chromosomes such as the 

alphoid repeats found at the pericentromeric regions (Willard and Waye, 1987) and are 

useful for the identification and elucidation of variants or small marker chromosomes.  
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1.5.2 Locus specific  

These DNA probes comprise genomic sequence, which is specific to only a single target 

chromosome locus. These are useful in characterising structural chromosomal aberrations 

such as translocations, inversions, deletions, duplications and marker chromosomes. 

When using these “single copy” probes, there is an additional requirement for the use of 

carrier DNA (eg, salmon sperm). Carrier DNA aids in the precipitation of the probe DNA 

and the suppression of non-specific binding by the probe to chromatin and glass. 

Unlabelled Cot-1 DNA is added to block interspersed repetitive elements in the probe, 

enabling only the unique sequences to bind to the metaphase targets (Trask, 1991). 

 

1.5.3  Whole chromosome or region specific paints.  

These probes were developed from flow sorted libraries and amplified by linker-adapter 

PCR (Vooijs et al, 1993) or degenerate oligonucleotide primer (DOP) PCR (Telenius et 

al, 1992a ). They are of particular use in tumour and cancer cell cytogenetics, aiding the 

elucidation of complex chromosome rearrangements, when often, the metaphase numbers 

are low and quality is poor. The generation of whole chromosome paints for utilisation as 

molecular probes later enabled the development of two innovative FISH based methods 

to be introduced: Multiplex-FISH (M-FISH) (Speicher et al, 1996) and spectral 

karyotyping (SKY) ( Schröck et al, 1996). 

 

Both of these use the application of combinatorial labelling with multiple fluors to 

generate 24 different colours, enabling each chromosome to be labelled with its own 

distinctive computer generated artificial colour. The main difference between these two 

techniques is in the capturing of the fluorescent image. SKY-FISH involves capturing a 

single synchronised image using a charged coupled device (CCD) camera, whereas with 

M-FISH an image is generated after exposing the metaphase spread to a number of 

different narrow band pass filters. 



                                                       

 6 

1.6 Subtelomere FISH 
In the last 10 years it became apparent that cryptic abnormalities at chromosome ends 

(subtelomeres) are a significant cause of mental retardation. Using micro satellite markers 

for twenty-eight different chromosome ends, Flint et al, (1995) investigated the frequency 

of subtelomeric rearrangements in patients with unexplained intellectual disability. Three 

de novo cryptic rearrangements were identified from ninety-nine patients; an observed 

frequency of 3%. This study highlighted a little known new category of chromosome 

abnormality. In order to detect subtelomeric abnormalities a set of 41 subtelomeric FISH 

probes were later developed from cosmids, P1 and PAC clones, most located within 100-

300 kb from the chromosome ends ( National Institute of Health and Institute of 

Molecular Medicine, 1994). Five chromosome ends were not represented, namely the 

short arm regions of the acrocentric chromosomes 13,14,15,21 and 22. As these regions 

are largely comprised of repetitive non-coding and ribosomal DNA, a gain or loss of this 

chromosome region was thought not to contribute significantly to phenotype abnormality. 

 

 The earliest reported survey screening for subtelomeric abnormalities using subtelomeric 

FISH probes was published by Knight et al, 1999. 466 children were screened, all with 

idiopathic mental retardation ranging from moderate to severe (284 cases) to mild (182 

cases). All children had previously been assessed to have normal karyotypes by routine 

cytogenetics. Twenty one chromosome abnormalities were found in the moderate to 

severely mentally retarded group (7.4%), whilst only a single case was identified in the 

mildly mentally retarded group (0.5%). Ten of these abnormalities were identified as 

familial; the remaining twelve were de novo events. These results were quickly validated 

and expanded by a number of other groups (Riegel et al, 2001a, Baker et al, 2002, Bocian 

et al, 2004 ). 

 

Some probes from Knight’s original survey showed cross hybridisation to other 

chromosomes as evident by faint signal on other chromosomes. These problems were 

largely addressed with the publication of a second generation clone set (Knight et al, 

2000). All cosmid clones were replaced with larger PAC, P1 or BAC clones and seven 

clones with previous unreliable mapping data were replaced. Although this new 

generation of probes mapped to within 500kb of the telomere, the problem of cross 

hybridisation remains to some extent. These probes quickly became available 
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commercially (Multiprobe, Cytocell Ltd. Cambridge). As larger numbers of patients were 

screened it emerged that some probes could be deleted in a patient, but the deletion did 

not appear to contribute to an abnormal phenotype, as the same finding was found in a 

phenotypically normal parent. These particular types of abnormalities were described as 

rare variants.  

 

Unbalanced subtelomeric rearrangements contribute as a significant cause of unexplained 

(idiopathic) mental retardation. Unlike Contiguous gene syndromes, these patients do not 

show distinctive patterns of malformations. Over 15,000 patients have now been reported 

in the literature; the abnormality rate of the largest survey to date is 2.5% (Ravnan et al, 

2006). 

 

Despite continued improvements in cytogenetic detection, it remains evident that a large 

number of patients with idiopathic mental retardation remain undiagnosed. 

 

1.7 Comparative Genomic Hybridisation (CGH)  
One of the limitations of FISH technology is that the process is not readily automated and 

is a low throughput technology with only a small region of the genome able to be 

investigated at a time.  

 

Comparative Genomic Hybridisation (CGH) has the advantage of being able to scan the 

whole genome in a single hybridisation. Differentially labelled test (green) and reference 

(red) DNA is co-hybridised to metaphase chromosomes with high concentrations of 

unlabelled Cot 1, which block repetitive sequences.  Hybridisation of the patient and 

normal DNA is measured as fluorescent intensity; these values are used to give an 

indication of copy number for a particular chromosome region and are expressed as a 

ratio of red to green signal. Regions of equal representation in the genome show equal 

amounts of red and green thus R/G ratios of around one. Regions where there is an 

additional copy or amplified region in the test sample will have more green present; 

conversely deleted regions will have less green present. CGH has proven useful in cancer 

and tumour cytogenetics for detection of large unidentified amplifications of genomic 

sequences. 
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One of the main advantages of CGH over conventional cytogenetic methods is that there 

is no requirement for living and dividing cells. A wide number of DNA preparations can 

be used including DNA extracted from formalin fixed or paraffin imbedded tissues. 

Unbalanced rearrangements including interstitial or terminal deletions or duplications, 

non-reciprocal translocations or gene amplifications can be detected. Conversely, 

mosaicism, whole ploidy changes and balanced rearrangements such as peri or 

paracentric inversions or reciprocal translocations are undetectable.  

 

1.8 Diagnosis of DNA copy number using array CGH 
 With array CGH the whole genome can be scanned in one hybridisation at much higher 

resolution than metaphase CGH. Array CGH involves the principles of conventional 

CGH, with the replacement of the metaphase chromosome with robotically arrayed DNA 

targets. The relative intensity of Red and Green fluorescence is determined by laser 

scanning each spot on the array. The green/red ratio of each spot gives an indication of 

DNA copy number of the particular chromosome region measured. Resolution is 

determined by the size of the targets and distance between targets. Array CGH allows the 

potential for the development of a high throughput, high resolution and semi-automatic 

diagnostic test with multiple targets screened in a single hybridisation. 

 

The potential of array CGH as a diagnostic method to detect chromosome imbalance was 

first reported in 1998 by Pinkel et al. An array comprising of many P1 and BAC clones 

from chromosome 20 and the X chromosome was developed and copy number changes 

involving large amplifications and deletions of chromosome 20 were confirmed. Proof of 

principle was shown, indicating that array CGH could be utilised to detect DNA copy 

number imbalances in complex genomes. In 1999, Pollack et al, using a cDNA array 

comprising some 5000 genes was also able to confirm previously recognised 

amplifications and deletions of a number of target genes in tumour cell lines. Up to this 

point cDNA arrays used mainly to study gene expression, were capable of detecting 

large-fold changes in gene expression. Both authors were able to demonstrate X 

chromosome copy number changes indicating that array CGH could be used to detect 

DNA copy number imbalances such as deletions and duplications. The next test of array 

CGH technology would be to demonstrate DNA copy number changes across the entire 

genome.  
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In Novemer 2001, Snijders et al, reported an array where DNA clones were amplified 

using ligation-mediated PCR. This PCR-based method overcame many of the difficulties 

of spotting high molecular weight DNA which was very viscous in nature. PCR-based 

methods also eliminate large-scale preparation of DNA clones for arraying targets which 

is both costly and time consuming. Using an array constructed of 2,400 BAC and P1 

clones single-copy changes were demonstrated in cell lines showing complete or partial 

aneuploidies. Although the expected ratios (expressed as log2) for chromosome gain and 

loss were not achieved they were more sensitive than in any previously reported 

experiments. This array for the first time showed the possibility of genome-wide 

screening with high resolution (~1.4Mb) and demonstrated a cost effective method of 

generating DNA targets by PCR. 

  

 Veltman et al, (2002) reported a second PCR-based method. Construction of a 

subtelomere array using degenerate oligonucleotide primed (DOP)-PCR to generate target 

DNA was evaluated. DOP-PCR clones were generated from a single primer (6MW) as 

previously published by Telenius (1992b). However, in experiments using DNA from a 

patient with a 7q deletion the DOP-PCR products failed to perform as well as the primary 

genomic clones. Twenty well-characterised cytogenetically abnormal patients were 

evaluated on this array in controlled blind experiments. After five normal-to-normal 

experiments, threshold values for copy number gain were predetermined. Fifteen of the 

patients tested showed direct concordance between the array results and the cytogenetic 

findings. In five cases, the array results did not directly correlate with the cytogenetic 

findings. A patient previously assessed as having a terminal deletion of chromosome 13 

had an interstitial deletion. An interstitial insertion of 8q material was suggested in a 

patient who had previously been assessed as having additional material on 2q. A patient 

with a duplication of 17p also showed a distal 17p deletion by array CGH. A similar 

result was shown in a patient with a duplication of 8p. Finally, a patient with a semi-

cryptic translocation involving chromosome 9p was determined to have an unbalanced 

reciprocal translocation involving chromosomes 7and 9. In the survey, no false negatives 

were reported; a false positive rate of 0.4% was reported. The prospect for array CGH to 

elucidate existing, and detect new, copy number changes was reinforced by this study.  

A much larger array of ~3,500 clones was later detailed by Vissers et al, (2003). The 

construction again involved DOP-PCR generated DNA targets at a resolution of 1Mb 

across the genome. Five normal-to-normal experiments established thresholds for copy-
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number gain and copy number loss. Three patients with known cytogenetic 

microdeletions were used for array validation. Twenty patients were tested where 

previous cytogenetic evaluation showed normal karyotypes. Seven abnormalities were 

found, five which could be confirmed with FISH. Three involved interstitial 

microdeletions involving chromosomes 7q11.2, 2q22.2-q23.2 and 1p21. Two duplications 

were identified at 6q26 and 2q21.2. Although the deletion involving 7q11.2 was shown to 

span some 8.6Mb cytogenetic reassessment did not reveal an abnormality. Both the 1p21 

and 2q21.2 abnormalities were present in the normal fathers, indicating these 

abnormalities were likely to be rare variants. The 6q26 duplication was not available for 

further follow up. This was the first report where a group of patients without a 

predetermined cytogenetic abnormality was screened on a high resolution array. 

Excluding the polymorphic cases, a confirmed detection rate of 15% was shown.  

 

Fiegler et al, published a second DOP-PCR based method in 2003. Endeavouring to 

address the issue of ratio underestimation that was evident in genomic array CGH 

experiments, new DOP-PCR primers were designed to amplify predominantly the human 

DNA inserts of the BAC clones. The 3’ end of the primers had 6mer sequences, which 

showed low sequence homology to E Coli DNA. DNA preparations from quiagen-based 

preparations have an estimated E Coli contamination rate between 6 and 10%. As the E 

Coli DNA and human DNA both bind to the slide surface a reduced amount of human 

DNA becomes available as a binding target.  Performance of the three new primers was 

compared to the traditional 6MW DOP primer. Increased sensitivity (as measured by 

fluorescence green/red ratios) compared to 6MW was reported. Designing of new primers 

which selectively amplified human DNA inserts gave an advantage over previously 

reported PCR methods, by giving better representation of the cloned chromosome 

sequence and eliminating E Coli contamination.  

 

 Results from an array of ~3,500 clones produced using these DOP primers were 

published in 2004 (Shaw-Smith et al, 2004). Fifty patients with varying degrees of 

learning disability and dysmorphism were screened, 41/50 had been screened previously 

with subtelomere FISH and no abnormality found. Twelve copy number changes were 

detected; seven deletions and five duplications were found from twelve patients. Seven 

abnormalities were thought to contribute directly to the patient phenotype. Five were 

considered as polymorphisms as they were inherited from a carrier parent. This was the 
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largest survey reported to date giving an abnormality rate of 14%, a rate similar to that 

reported by Vissers et al, 2003. In this study the ability of specifically designed DOP-

PCR primers to successfully show cryptic interstitial chromosome changes using array 

CGH was highlighted.  

 

With the successful application of array CGH by Vissers et al, (2003) and Fiegler et al, 

(2003), it was apparent that potential existed for development of high throughput genome 

wide analysis in patients with intellectual disability and dysmorphism, and indeed in any 

patient group in which unbalanced chromosome abnormalities could be present. High 

resolution screening of patients would enable segmental gain or loss to be linked directly 

to both physical and genetic maps allowing for identification of new syndromes and the 

mapping of disease causing genes. 

 

Combining the detection rate of subtelomere FISH and array CGH the potential for array 

CGH to detected DNA copy number imbalance in patients with idiopathic intellectual 

disability could  be as high as 15-20%.  

 

Fabrication of a number of high-density chromosome specific genomic arrays has been 

reported. The first published by Buckley et al, 2002, comprised of 460 clones from 

chromosome twenty-two which covered the entire chromosome at 100kb intervals. 

Genomic DNA was amplified with phi29 DNA polymerase. The log2 ratios of clones 

generated from Phi29 showed good correlation to clones generated from standard 

genomic preparations. To overcome the problem of using primary clones, which have 

highly repetitive regions, a unique fragment PCR approach was also tested. Unique DNA 

sequence was amplified from four chromosome twenty-two clones, each requiring a large 

number of PCR amplifications to represent each clone. Pools of the DNA fragments were 

then printed onto the array. These PCR pools appeared to perform adequately in 

hybridisation results. Phi29 amplification was proposed as an alternative method for the 

generation of large quantities of DNA for array construction. 

 

Other high density chromosome arrays include a large X chromosome array (Veltman et 

al, 2004) consisting of 1513  tiling clones amplified by DOP-PCR with a single primer 

(6MW) and a chromosome 1 array consisting of a tiling array of 2221 clones (Redon et 

al, 2005). Six smaller arrays for regions 1p36, 17p11-p12, 15q11-q13, 15q11-q14, 22q11 
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and Xq26.1-q27.3 have been reported (Yu et al, (2003), Shaw et al, (2004), Wang et al, 

(2004), Locke et al, (2004) and Mantripragada et al, (2004)). 

 

Many single case reports in the literature now substantiate the value of array CGH 

confirmation for clarification of cytogenetic abnormalities (Solomon et al, (2004), Klein 

et al, (2004), Tyson et al, (2004), Le Caignec et al, (2005a), Prescott et al, (2004)) or 

defining critical regions in similar disorders (Rauen et al, (2002), Veltman et al, (2003), 

Bonaglia et al, (2005)).   

 

A number of chromosome disorders have been associated with low copy repeats or 

duplicons within the genome (Ji et al, 2000). During meiosis misalignment of the regions 

may cause unequal crossing over between the homologous chromosomes, the net result 

being gametes generated which are deleted or duplicated for the region in question. An 

example of this are the diseases Charcot Marie Tooth 1A (CMT1A), caused by a deletion 

of the region 17p11.2 and hereditary neuropathy with liability to pressure palsies (HNPP), 

which results from a duplication of the same region on 17p11.2. This chromosome 

segment is flanked by two 24kb low copy repetitive regions, which are subject to 

homologous recombination. Other examples of duplicon-mediated regions resulting in 

disease include Smith Magenis syndrome also at 17p12 proximal to the CMT1A/HNPP 

loci, deletion of 7q11.23 and Williams syndrome, and deletions of the region 22q11 and 

Di George Syndrome. Array CGH may aid in the identification of additional 

duplicated/deleted regions which appear disease mediating and warrant further 

investigation.  

 

Appropriate to this, is the study of copy number variants in the population. Deleted and 

duplicated regions exist in the human genome which are polymorphic and not associated 

with disease (Barber et al, 2005, Kowalczyk et al, 2007). Generally if the same 

chromosome copy number change is observed in a phenotypically normal parent then it is 

considered a normal variant and of no clinical significance. However the role of rare copy 

number changes remains uncertain, the possibility that these changes may offer some 

modifying effect via imprinting or change in gene expression still needs careful 

consideration.    

 



                                                       

 13 

Most patient screening to date has focused on patients with undiagnosed intellectual 

disability and congenital abnormities and/or dysmorphism. 
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2.0  PROPOSED RESEARCH  
Array CGH may provide a new tool for discovering new regions on chromosomes which 

are involved in disease causation. Surveys of the application of array CGH to epilepsy 

patients are yet to be published.  

 

Another group yet to be focused on is neonates with multiple dysmorphic features. 

Without the possibility of intellectual assessment the presence of significant dysmorphic 

features raises the possibility of an underlying chromosome abnormality being present. It 

is proposed that array CGH be used to investigate these divergent patient groups. 

 

Before embarking on these patients groups the efficacy of the technology will need to be 

evaluated. 

 

2.1 Specific aims of the proposed research. 
 
2.1.1 Development of array CGH technology.  

Construction of a small array consisting of ~600 clones using methods adapted from 

those published in the literature will be undertaken. The clones will cover the last 5Mb of 

each chromosome end (with the exception of the short arms of chromosomes 13-15, 21 

and 22). In addition a number of regions associated with well characterised 

microdeletion/duplication syndromes will be covered.  

 

2.1.2 Testing the efficacy of the array CGH technology. 

Testing the efficacy of the array on patients with known cytogenetic abnormalities will 

determine if the deletions or duplications present in these patients can be detected. 

Patients with intellectual disability will then be screened for DNA copy number 

imbalances, as in this group there is a significant chance that copy number imbalance may 

be detected.  
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2.1.3  Construction and validation of a 0.2-1Mb whole genome array 

A whole genome array to screen patients for copy number imbalances will be 

constructed. The efficacy of this array using DNA from patients with known cytogenetic 

abnormalities will be established. 

 

2.1.4  Screening of different patient groups using 0.2-1Mb array CGH. 

Three patient groups will be screened.  

o Patients with idiopathic intellectual disability.  

o Patients with intractable epilepsy.  

o Neonates born with multiple dysmorphic features.  

Where possible, an attempt will be made to identify candidate genes which may be 

responsible for the patients’ phenotype. 

 

2.2 Hypothesis 
A human genome array with a 0.2-1Mb resolution can detect DNA copy number 

imbalance in patient groups which have not been extensively studied with this 

technology.  



 
          Chapter Two 

 

 
 
 
 

MATERIALS AND 
METHODS 
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1.0 PATIENT SAMPLES   
 

Samples for DNA extraction were collected from surplus routine diagnostic specimens. 

Patients with idiopathic intellectual disability were only screened after routine 

cytogenetic analysis failed to detect chromosome imbalance at a 550 band level. Neonate 

samples were screened after routine cytogenetic analysis failed to detect chromosome 

imbalance at a 400 band level. DNA from Epilepsy patients was surplus to that extracted 

for research purposes. 

 

2.0 DNA EXTRACTION 

2.1 DNA extraction of patient genomic DNA from blood    
Genomic DNA was extracted from blood using a Qiagen QIAamp DNA Maxi Kit (Cat 

No. 51194). 500µl Protease K was added to a 50ml centrifuge tube followed by the blood 

sample (4-10ml). Buffer AL was added to the tube and vigorously mixed three times 

under vortex for 30 seconds. Samples were left to stand at room temperature for 30 

minutes then   incubated at 70ºC for ten minutes. A volume of ethanol equal to the 

original volume of blood was added to each tube and mixed well under vortex. 

Approximately half the solution was added to the kit maxi column and centrifuged at 

1800g for 3 minutes. The filtrate was discarded and the remaining solution added to the 

column and spun again at 1800 g for 3 minutes. The filtrate was discarded. 5ml of AW1 

was added to the column and centrifuged for 1 minute at 5000g. The column was then 

transferred to a clean 50ml centrifuge tube and Buffer AE added directly to the column 

membrane (the volume added varied according to initial volume of blood used). The 

column was then incubated at room temperature for a minimum of 30 minutes then spun 

at 5000g for 5 minutes. The elute was reloaded onto the membrane, incubated for a 

further 5 minutes then centrifuged at 5000g for 5 minutes. Elute was then transferred to a 

clean labelled eppendorf tube and quantified.  
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2.2 Extraction of patient DNA from tissue 
Proteinase K buffer: 

10mM Tris-HCl (pH 7.5) 

10mM NaCl 

10mM EDTA (pH 8.0) 

 

DNA extraction from tissue was based on a method from Wyman and White, 1980. 

Approximately ½cm2 of tissue was minced in a small petri dish using a scalpel blade then 

transferred to a 1.5 ml screw cap eppendorf tube. To this 400µl Proteinase K buffer was 

added to resuspend tissue followed by 50µl 10% SDS and 50µl Proteinase K. Samples 

were rotated on wheel overnight at 37ºC.  

 

DNA was extracted by adding 500µl of phenol:chloroform:water (1:1:1) to the tube and 

mixing the solution for 10 minutes at room temperature. Tubes were then spun at 16,000g 

for 15 minutes and the top lysate transferred to a new tube. A second 500µl volume of 

phenol:chloroform:water was added to the tube and mixed for 10 minutes at room 

temperature. Tubes were spun at 16,000g for 15 minutes and the top layer carefully 

transferred to a new tube. 500 µl  chloroform:isoamyl alcohol (24:1) was added to this 

aqueous phase and mixed for 1 minute. Tubes were then spun at 16,000g for 15 minutes 

and the top aqueous layer carefully transferred to a new tube. To this phase 1ml of cold 

ethanol was added and the tube gently but thoroughly inverted for approximately one 

minute to precipitate DNA. 50µl Na Acetate (3M) was then added to each tube. Tubes 

were placed at -20ºC for 30 minutes to 2 hours to precipitate DNA then spun at 16,000 g 

for 10 minutes. The supernate was removed and the pellet was washed in 200µl 70% 

ethanol then re-spun at 16000 g for 10 minutes and the supernatant removed. The DNA 

pellet was dried under vacuum at 30ºC for 5-10 minutes. To this pellet 20-50µl of 1xTE 

was added; the volume added judged from the size of the pellet and original sample. 

 

2.3 Quantification of DNA and quality check of patient DNA 
The DNA concentration was measured from a 2µl sample using a NanoDrop ND-1000 

(NanoDrop Technologies, Wilmington, Delaware, USA) or equivalent apparatus. The 

260/280 and 260/230 wave lengths were recorded for each sample. 260/280 ratios should 

fall within the range of 1.8-1.9 and between 2.0-2.2 for 260/230 ratios. 280/260 ratios 
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below this may indicated protein contamination. 260/230 ratios below this may indicate 

the presence of solvent contamination.  

500ng or 1ug of each sample was separated on a 1.5% agarose gel by electrophoresis to 

check the integrity of the DNA. Samples which showed a smear could indicate RNA 

contamination or shearing of genomic DNA. 

 

2.4 Clone DNA isolation  
2.4.1 Antibiotic stocks/solutions  

 
Chloramphenicol:  30 mg/ml in 100% ethanol. Filter sterilize, store -20ºC.  
Kanamycin:   50 mg/ml in dH20. Filter sterilize, store -20ºC. 
IPTG:   Isopropyl β-D-1-thiogalactopyranoside (500mM)     

 

2.4.2 Bacterial Artificial Chromosome (BAC) and Cosmid DNA Isolation  
2.4.2.1 Culture set up 

BAC and Cosmid DNA was isolated from an overnight incubation at 37°C of 200ml LB 

culture with either 100µl chloramphenicol (BACs) or 200µl Kanamycin(cosmids) and 1µl 

glycerol stock.  

 

2.4.2.2 DNA extraction 

DNA was extracted using a QIAGEN® Plasmid Midi Kit which contains the solutions 

necessary for DNA extraction: Resuspension buffer with RNAse (P1), Lysis buffer (P2), 

Neutralisation Buffer (P3), Equilibration Buffer (QBT), Wash Buffer (QC) and Elution 

Buffer (QF). 

Each culture was poured into a 500ml Beckman bottle, centrifuged at 5000g for 15 

minutes at 4°C. The supernate was decanted and the bottle inverted to drain. The pellet 

was then frozen for 30 minutes. Each pellet was resuspended in 10ml P1 (must be in ice) 

until solution was homogenous (5-10 minutes). Each sample was transferred to an Oak 

Ridge tube (NALGENE Labware, Nalge Nunc International). To each sample 10ml of P2 

was added and gently rolled ~10 times and left at room temperature. Important : Add 

each 10ml at 30 second intervals. Rolling was repeated 2 more times within a 5 minute 

period. 
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10 ml of P3 (must be on ice) was added to each sample ( at same 30 second intervals) and  

rolled gently ~10 times then transferred immediately to ice. Rolling was repeated 2 more 

times over a 10 minute period. Tubes were spun at 39,000 g for 15 minutes at 4°C then 

the supernate transferred to a clean Oak Ridge tube. Tubes were spun at 39,000g for 20 

minutes at 4°C. During above spin the column was equilibrated with 4ml QBT buffer. 

Supernatant was then added to the column and allowed pass through, followed by 10 ml 

QC wash buffer. 

The column was then transferred to a sterile 10 ml tube and secured with masking tape. 

5ml of QF buffer (pre-warmed in water to 65°C) was added to each column and allowed 

to drip through. 

The 820µl elution volume was divided between six eppendorf tubes. To each tube, 574µl 

of iso-propanol was added and vortexed briefly for ~ 3 seconds. Tubes were spun at 

16,000g for 30 minutes. The isopropanol was removed and 200µl of 70% ethanol was 

added to each tube. Tubes were spun at 16,000 g for 15 minutes. All ethanol was 

carefully removed and the pellet allowed to air dry for at least 30 minutes on bench. The 

DNA pellet was resuspended in 20µl deionised water overnight. Pellets were pooled and 

the DNA concentration measured. 

 

2.4.3 Plasmid Artificial Chromosome (PAC) DNA Isolation  
2.4.3.1  Culture set up 

A 10ml LB culture with 10µl kanamycin and 1µl glycerol stock was set up for overnight 

culture in shaking incubator at 37°C. This culture was poured into 200ml of fresh LB 

broth and 200µl kanamycin. The culture was then incubated for a further 1 ½ hours in a 

shaking incubator at 37°C.  200µl of 500mM Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) was added to each culture and incubated for a further 5 hours (shaking incubator) 

at 37°C. Each culture was poured into a 500ml Beckman bottle, centrifuged at 5000 g for 

15 minutes at 4°C. The supernate was poured off and the bottle inverted to drain. The 

pellet was frozen overnight. 

 

2.4.3.2  DNA extraction 

DNA was extracted as described for BAC and cosmid preparations (see 2.4.2.2) 
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3.0 ARRAY MANUFACTURE 

3.1 Clone selection. 
3.1.1  Subtelomere/clinical array 

 

Human insert PACs (Plasmid artificial chromosome) and BACs (bacterial artificial 

chromsomes) were selected to cover the last 5Mb of all chromosome ends but excluding 

the short arms of the acrocentric chromosomes (13-15, 21-22).  

Three to five clones were positioned within 1 Mb from the telomere. The remaining 

clones were placed at ~0.5-1Mb intervals.  

 

Clone selection was based on Ensembl mapping, (ensembl.org/Homo_sapiens/cytoview), 

and where possible, clones with existing FISH mapping data were used. Clones were 

obtained either from the Sanger Centre, (sanger.ac.uk/Teams/Team63) or Children’s 

Hospital Oakland Research Institute, CA, (bacpac.chori.org). All clones are listed in 

Appendix I. 

 

3.1.2 0.2-1Mb whole genome array 

 

The main clone set utilised for the 0.2-1Mb array was obtained from Children’s Hospital 

Oakland Research Institute (bacpac.chori.org). This set comprised of ~3,500 Human 

FISH confirmed clones. Clones were obtained as DNA preparations shipped in 96 well 

plates. All clones were assigned a link to Ensembl mapping data. This clone set does not 

give an even coverage over the entire genome. For any ‘gap’ identified in the overall 

coverage, additional clones were selected from the Human 32K set. This set was also 

ordered as DNA preparations from the Children’s Hospital Oakland Research Institute 

(bacpac.chori.org). For details of mapping and clone selection see appendix II. In 

addition, clones from the subtelomere/clinical array were added to this collection of 

clones. This gave a final resolution of 0.2-1Mb across the genome; the array being 

comprised of ~4,500 clones. 
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3.1.3 Preparation of pooled DNA stocks using Degenerative oligonucleotide 

(DOP)PCR  

 

DNA was prepared from plasmid preparation using DOP-PCR based on a method 

described by Feigler, et al. (2004). The majority of PCR reactions were carried out in 96 

well formats.  

DOP-PCR Primers:  

DOP Primer 1  CCGACTCGAGNNNNNNCTAGAA 

DOP Primer 2  CCGACTCGAGNNNNNNTAGGAG 

DOP Primer 2  CCGACTCGAGNNNNNNTTCTAG 

All primers were purified using HPLC purification and diluted to 200µM and stored at  

-20ºC until required. Primer stocks were then diluted to 20µM working solutions prior to 

use. 

The method described by Feigler et al. (2003) was modified slightly with the 

polyoxyethylene ether-W1 removed from the reaction mixture. 2µl (~100ng) of each 

clone stock was amplified with each DOP-PCR primer using Roche AmpliTaq® DNA 

Polymerase in  a thermal cycler in 25µl reaction volumes as follows.  

 

TAPS buffer   2.5 µl 

DOP Primer (20µM)  3.5 µl 

dATP (2.5mM)  1.0 µl 

dTTP (2.5mM)  1.0 µl 

dGTP (2.5mM)  1.0 µl 

dCTP (2.5mM)  1.0 µl 

Taq polymerase  0.4 µl 

H2O    14.6 µl 
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Step 1     Heat to 94°C 3 minutes 

 
Step 2       94°C           1minute 30 seconds 
Step 3    30°C         2 minutes 30s 
Step 4  Ramp at 0.1ºC per second to 72º 
Step 5    72ºC            3 minutes 
 
Step 6  Repeat steps 2-5   9 cycles 
   
Step7  94°C         1 minute 
Step 8  62°C         1 minute 30 seconds 
Step98  72°C         2 minutes  
 
Step10  Repeat steps 7-9   29 cycles  
Step 11 72°C         8 minutes 
Step 12 Hold at 12ºC 
 
4µl of each reaction was run through 2.5% agarose gel to check the quality of PCR 
reactions. Amplified plates were sealed and stored at -20ºC until further required. 
 

3.3 Amplification of DOP PCR DNA stocks  
 
2µl of each DOP Primer stock was amplified using a thermal cycler in 60µl reaction 

volumes.  The method described by Fiegler et al. (2003) was modified slightly in that the 

same cycling times and stages were used as for the preparation of DNA stocks  

Amplification primer: 

GGAAACAGCCCGACTCGAG 

Buffer:  500mM KCl 

  25mM MgCl2 

  50mM Tris pH 8.5 

 

Amplification buffer   6.0 µl 

Amplification Primer (20uM)  3.5 µl 

dATP (2.5mM)   1.0 µl 

dTTP (2.5mM)   1.0 µl 

dGTP (2.5mM)   1.0 µl 

dCTP (2.5mM)   1.0 µl 

Taq Polymerase   0.5 µl 

H2O     36.0 µl 
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4µl of each product was separated on a 2.5% agarose gel by electrophoresis to check 

quality of PCR products. 

 

Replicate PCR products were pooled and purified using Millipore MultiScreen HTS™ 

PCR DNA clean up plates as per manufacturer’s instructions. Briefly the pooled DNA 

was added to the 96 well plates and filtered under vacuum for approximately 3 minutes. 

Each well was then washed with 50µl of deionised H2O and filtered once again under 

vacuum for a further 3-5 minutes. Plates were then removed from the vacuum manifold 

and tapped dry on a paper towel. 50µl of milliQ H2O was then added to each well and 

plates were placed on an orbital shaker for 30 minutes to resuspend the DNA into the 

water. The resuspended DNA was then transferred to new 96 well plates. The 

concentration of a representative selection of each PCR plate was quantitated using a 

NanoDrop ND-1000. Yields of between 60-120ng/µl were typical after purification. 

Approximately 1.6µg of each sample was then transferred into 386 well plates in 

preparation for printing. Plates were aired dried for ~ 48 hours at room temperature under 

positive air flow (ie fume hood). 

 

3.4 Printing of pooled DOP-PCR DNA. 
 

 Prior to printing, slides were scanned to ensure the background fluorescence was low 

over the entire slide. Samples were then resuspended in 8µl phosphate buffer to a 

concentration of approximately 200ng/µl. Samples were robotically arrayed on amino 

saline slides (Corning Gap 11) using a Virtex SDDC-2 microarray robot. Post printing, 

slides were re-hydrated by placing them face down over luke-warm water until light 

condensation formed over the slide surface. Slides were then quickly dried by placing 

them directly over (but not touching) a heating block at 80˚C for a few seconds. The 

DNA spots were then crossed linked by exposing them to 700mJ of UV light. The slides 

were then baked at 80˚C for three hours. Slides were stained with Cyber green to check 

printing quality and DNA concentrations.  
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4.0 ARRAY-CGH 

4.1 Labelling of DNA samples for array CGH 

Equivalent amounts of patient and control DNA (600ng) were labelled by random 

priming with either Cy5-dCTP or Cy3-dCTP using a BioPrime labelling kit, (Invitrogen, 

Carlsbad, Calif., USA). The 10x dNTP solution from the kit was replaced with an 

alternative mix of 1mM dCTP, 2mM dGTP, 2mM dTTP and 2mM dATP. Patient 

samples were labelled with Cy3-dCTP and control DNA samples were labelled with Cy5-

dCTP. Normal male and normal female control DNAs were sourced from Promega 

(Fitchburg, Wisconsin).  

Labelling was performed using the following sequence:  

The amount of DNA required for the equivalent of 600ng was calculated for each sample 

and the appropriate amount transferred into a labelled tube. Enough water was added to 

bring the volume to 23µl.  20µl 2.5X random primer solution was added to each tube and 

tubes were heated to 100°C for 5 minutes, then placed on ice to cool. 

6µl of 10x dNTP/CY3/5 master mix (on ice) was added to each tube using the volumes 

below as a guide. Tubes were mixed briefly and quickly spun. 

 

Number of labels 1 2 3 4 

10 X dNTP 5.2 10.4 15.6 20.8 

CY3/5 dCTP 1.1 2.2 3.3 4.4 

Final volume 6.3 12.6 18.9 25.2 

 

1µl of Klenow fragment was added to each tube and. gently mixed by flicking tube and 

quickly centrifuged for 5 seconds. NB: Do not vortex Klenow fragment. 

Tubes were incubated overnight at 37°C overnight on a thermal cycler. The reaction was 

stoped with 5µl 0.5M EDTA pH 8.0. Unincorporated nucleotides were removed by 

Sephadex G-50 spin columns as per manufacturer’s instructions (Amersham Pharmacia 

Biotech) 

N.B: During labelling tubes were protected from light at all times. 

 

The concentration of each sample was measured using a NanoDrop ND-1000. DNA 

concentrations greater than 150ng/µl and dye concentrations greater than 2pmol/µl were 
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considered adequate to continue with array CGH. The specific activity (pmol dye per µg 

DNA) of each dye can be measured by the following formula: 

 Specific activity =(pmol/µl dye) /  (µg/µl of DNA) 
 

Technical note: Specific activity is a measure of the fluorophore incorporation in the 

labelling process. Efficiently labelled probes are critical for the success of an array CGH 

experiment so high signal to noise (non specific background fluorescence) can be 

achieved (Vermeesch et al, 2005). 

4.2 Preparation of DNA samples for array CGH 

Purified patient and control DNA was combined with 80µg Cot1 DNA. The DNAs were 

precipitated by adding 1/10 volume 3 M sodium acetate (pH 5.5) and 2 volumes cold 

100% ethanol. Samples were given a light vortex and spin. Tubes were placed at -20°C 

for 2 hours (or at -70°C for 30 minutes). 

 Samples were then centrifuged at 16000 g for 15 minutes. All ethanol was carefully 

removed and the pellet washed with 200µl 70% alcohol. Samples were then centrifuged 

at 16000 g for 5 minutes. All traces of 70% alcohol were carefully removed from pellet 

and the pellet was dried under vacuum at 30° C for 5 minutes or at room temperature for 

30minutes. NB: Labelled DNA should be protected from light at all stages. 

 

Technical note: The optimum amount of Cot1 needs to be evaluated for each batch. 

Batches of Cot 1 DNA can differ in their ability to suppress repetitive sequences (Carter 

et al, 2002). A small number of different batches should be evaluated using a patient with 

a well characterised cytogenetic rearrangement. If the Cot 1 concentration is too low, the 

copy number ratios will be less sensitive as the non specific hybridisation will not be 

adequately suppressed (Vermeesch et al, 2005) (figure 1).  Likewise excess Cot 1 may 

lead to an increase in the standard deviation of an experiment. (Vermeesch et al, 2005). 
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Figure1. Patient has an unbalanced translocation which results in a deletion of distal 
10qter and a duplication of distal 11qter (indicated by arrows). The sensitivity to which 
the deletion and duplication was detected in this patient was influenced by the amount of 
Cot 1 incorporated into the probe mix. The greatest sensitivity was achieved with the 
higher concentration of Cot 1 (75ug).  
 

4.3 Blocking of slides prior to CGH.   
 
Slides were blocked in a solution containing 50%formamide /5XSSC /0.01%SDS 

/10mg/ml BSA for 45 minutes at 42°C. This step blocks the unused surface of the slide 

and removes any unbound target DNA. Slides were then rinsed thoroughly with deionised 

H20 and dried by centrifugation at 800 g for 5 minutes. Slides were stored in slide holder 

and protected from light until required. 

4.4 Hybridisation of combined DNA samples to array 
 
4.4.1  Preparation of hybridisation buffer 

 
A fresh solution of 50% dextran sulphate solution was made on the day prior to 

hybridisation. In a 10ml tube 2.5 g of dextran sulphate was made up to 5ml with 

deionised water. The tube was heated and rotated overnight at 50°C in a hybridisation 

oven. Next morning, the liquid level was adjusted to 5ml with deionised water.  

Patient- der(10)t(10;11)

-1.2
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0

0.3
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25 ml hybridisation buffer was made up as follows. 

In a 50ml Falcon tube add the following: 
 
Solution Volume to add Final concentration 
50% Dextran sµlphate 5.0 ml 10 % 
Formamide 12.5 ml 50 % 
20X SSC 2.5 ml 2X 
Tris HCl pH 7.5 (2M ) 0.125 ml (125µl) 10mM 
Tween 20 0.025 ml (2.5µl) 0.05% 
MilliQ water 4.85 ml  
total 25 ml  

 
The solution was mixed thoroughly and filtered using a 20µm filter, then aliquoted into 

sterile 1.5 ml Eppendorf tubes. Surplus hybridisation buffer was stored at -20°C for up to 

1 month. After this time it was discarded and fresh buffer made from a new stock of 50% 

dextran sulphate. 

4.4.2 Setting up hybridisation chamber 

A hybridisation chamber was made using a 5-slide top opening slide mailer.  

Two layers of filter paper were cut to the same size as the inside chamber and placed 

inside the bottom of the chamber. To this, 600µl of 20% formamide/2XSSC was added 

evenly over the filter paper. The chamber was then sealed with laboratory film and pre-

warmed at 37° C for ~ 30 minutes. 

  

4.4.3 Preparation of probes for hybridisation 

  
An incublock was preheated to 72°C. 

To air dried pellet (see 4.2) either 25µl (for subtelomere clinical array) or 43µl (for 0.2-

1Mb array) of hybridisation buffer was added. The pellet was mixed thoroughly under 

vortex then placed into the incublock for ~ 2minutes at 72˚C. The probe/hybridisation 

mix was mixed thoroughly under vortex until well incorporated (this may take several 

seconds). Tubes were quickly spun then placed into the incublock at 72°C for a further 12 

minutes. Tubes were then plunged into ice for 1-2 minutes, given another vortex/quick 

spin and incubated at 37°C for 1 hour. 
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4.4.4 Hybridisation of slide  

 

A slide template was drawn up which indicated the region over which the clones were 

arrayed. From the tube containing the re-annealed probe and hybridisation mix either 

22µl (subtelomere clinical array) or 40µl ( 1Mb array) of the probe/buffer mix was added 

to a coverslip (22x22mm for subtelomere clinical array or 24x50mm for 1Mb array) 

which was placed over this template. The slide was then inverted and lowered gently into 

this solution without touching the coverslip surface. Note: The probe mix was added as 

one continuous flow without introducing air bubbles onto the coverslip. If an air bubble 

was introduced, before placement of the coverslip air bubbles were ‘popped’ with a fine 

needle. 

 Slides were placed in the middle row of the hybridisation chamber and resealed with 

laboratory film and protected from light with foil. Slides were hybridised at 37°C for ~ 42 

hours, with a single 180°rotation of the slide chamber during incubation. 

 

4.4.5 Post hybridisation washing  

The washing of slides was adapted from that of Veltman et al. (2002) and Fiegler et al. 

(2003). The following wash solutions were prepared in 50 ml Falcon tubes:     

Rinse solution: PBS/0.05% Tween 20 

Wash solution 1: 50% Formamide/2XSSC, preheated to 42°C.  

Wash solution 2: 50% Formamide/2XSSC, preheated to 42°C.  

PBS wash 1: PBS/0.05% Tween 20 (at room temperature). 

PBS wash 2:  PBS/0.05% Tween 20 (at room temperature). 

 
All tubes were protected from light with foil during washing procedure. 
 
The slide was carefully removed from the chamber and placed in rinse solution. The slide 

was agitated slowly up and down to remove the cover slip taking care not to scratch the 

surface of the slide. The slide was then quickly transferred to wash solution 1 and rotated 

at 42°C in the hybridisation oven for 15 minutes. The 50ml Falcon tube was secured to 

the side of the rotating device of the oven with tape. The slide was then changed to wash 

solution 2 and the rotation repeated for a further 12 minutes. The slide was then 
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transferred to PBS wash 1 and intermittently inverted gently for 5 minutes then transfered 

to wash solution 2 and intermittently inverted for another 5 minutes.The slide was then 

dried by spinning at 800g for 5 minutes. 

5.0 SLIDE SCANNING AND DATA GENERATION 

Slides were scanned using a GenePix 4000B dual wavelength microarray scanner 

(Molecular Devices, Sunnyvale, CA, USA). The fluorescence intensities for each dye 

were balanced during the scan. Each image was analysed using Gene Pix Pro 4.0 or 6.0 

software using a customised Gal file. Data was transferred to an Excel sheet for further 

analysis. Data analysis was based on that described by Veltman et al, 2002. Data were 

expressed as a ratio of F532-B532/ F635-B635 (Fluorescence intensity-Background 

fluorescence intensity) for each spot. This ratio was then averaged for each spot for each 

block. The value for each spot was normalised by dividing the average 532/635 ratio of 

all spots in a given block into each spot. The standard deviation of each block was also 

calculated.  

Replicate values for each spot 532/635 ratio were averaged and the standard deviation for 

each replicate was calculated. Spots were accepted if the standard deviation was less than 

0.2. Values were calculated as log2 ratios.  

Technical note: 
A successful experiment was measured by a number of factors: 
 
1. The signal intensity, which is directly related to the dye incorporation during 

labelling, is critical to a successful experiment. (Vermeesch et al, 2005). High fluorescent 

intensity values for spots in conjunction with low background fluorescence over the slide 

result in good signal to noise ratios. Signal to noise ratios can be used to set minimum 

fluorescent intensities for each experiment. A ratio of at least 5X signal to background 

was considered desirable for any experiment. 

2. The standard deviation within a block is another important parameter which 

determines the success of an experiment. The standard deviation within a block should 

ideally fall below 10% (0.1). The log2 thresholds for experiments were set at +/- 0.3 as 

described by Veltman et al, (2002).  
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6.0 CONFIRMATION OF COPY NUMBER CHANGES WITH FISH 

6.1 Labelling of probes  
DNA from clones of interest were labelled by Nick Translation as per manufacturers 

instructions (Abbott Molecular, Illinois USA). Briefly 1µg of clone DNA was labelled 

with either Spectrum Orange or Spectrum Green dUTP (Vysis, Abbott Molecular, Illinois 

USA). To the air dried pellet 45µl of TE was added and allowed to resuspend overnight. 

6.2 Probe hybridisation 
Hybridisation mix: 10% dextran sulphate/2XSSC/50% deionised 

formamide/0.1%Tween 20, ph7.0 

Fragmented placental DNA (Sigma, D-7011): To 100mg placental DNA 10ml TE was 

added. The solution was dissolved by rotating overnight at 37°C. 1ml aliquots of the 

solution were placed in Eppendorf tubes and boiled for up to 10 hours at 100°C on a heat 

block. Fragment sizes were determined by electrophoresis separation on a 2.0% agarose 

gel. Fragment sizes should be less than 0.36kb. The concentration was then adjusted to 

10mg/ml. 

Slide Mounting solution:( Antifade/ /DAPI /Propidium iodide) 

Antifade: 1 part Tris (200mM), pH 7.5: 9 parts glycerol/Dabco 2g/200ml. 

Propidium iodide: 1mg/10ml McIlvaine’s buffer, pH 7.0. Dispense into 200µl lots and 

freeze. Dilute stock in 200µl of 1XPBS as required.  

Distamicin A DAPI : 10µg/ml 

 

Make up slide mounting solution as follows: 

6.5ml antifade +0.5ml Distamicin A DAPI + 0.5ml propidium iodide. 

 

Metaphase or interphase nuclei were spread onto clean glass slides. 7.5µl of each probe 

was desiccated with 2µl of fragmented total human placenta (Sigma, D-7011) to zero 

volume. Hybridisation mix (7.5 µl) was added to the pellet and resuspended under vortex 

for several seconds. The probe/hybridisation mix was added to the centre of the cell 

suspension on the slide and covered with a 22x22mm coverglass. The edge of the 

coverglass was sealed with vacuum cement and allowed to dry. The slide was then placed 

on a flat block on a thermal cycler and heated to 78ºC for 3 minutes. Probes were allowed 

to hybridise over night at 37°C, then washed the next day in 0.4% SSC at 72ºC for 2 

minutes followed by a 10-60 second rinse in 2XSSC. Slides were mounted in Slide 
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Mounting solution and covered with a 22x50mm coverglass and blotted carefully with 

filter paper to ensure the edge of the coverglass were dry. 
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1.0 INTRODUCTION 
 
The efficacy of the subtelomere array was tested using six patients, all of whom were 

known to have a cryptic unbalanced cytogenetic rearrangement detected with 

subtelomeric FISH. No abnormality was detected in these patients by routine cytogenetics 

at 550 band resolution. As the 5Mb/clinical array had a small cluster of clones within the 

last 1Mb of each chromosome end, followed by an even spacing at approximately 0.5Mb 

intervals for the next 4Mb, it was anticipated that all breakpoints could be mapped to 

within 0.5Mb. While subtelomeric screening using FISH probe technology for 

subtelomeric anomalies has yielded an anomaly rate of ~2.5% (Ravnan et al, 2006), most 

studies used only a single probe at the ends of the 41 chromosome arms examined (Baliff 

et al, 2007). 

 

The aim of this group of array experiments was to determine both the efficacy of the 

methodology developed and the ability of the array to detect unbalanced cytogenetic 

rearrangements.  The idea of using multiple FISH probes as “molecular rulers” to 

characterise the extent of chromosome imbalance was first coined by Martin et al, (2002). 

As a direct outcome from such mapping data it was envisaged that a better 

phenotype/genotype correlation could be directly related to the clinical findings in each 

patient. In the patients used in this study the subtelomere clinical array will be the 

“molecular ruler” rather than a series of FISH probes as employed by Martin et al, (2002).  

2. MATERIALS AND METHODS 
 

2.1 Patient selection  
 
 Six patients were selected all of whom had a cryptic unbalanced rearrangement detected 

by subtelomere FISH. All patients had had formal assessment by a Clinical Geneticist and 

the phenotype of each was well documented. Patients 5 and 6 have been previously 

reported by Baker et al, 2002. 
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2.1.1 Patient 1 46,XY.ish del(9)(q34)(RP11-112N13-) de novo 

  

This patient presented to the laboratory at 12 months of age with infantile spasms and 

developmental regression. His head circumference was below the 2nd centile and weight 

was between the 10 and 25th centile. At a review at 32 months, global developmental 

delay, hypotonia, congenital microcephaly, low anterior hairline, epicanthic folds, 

synophrys, telecanthus, upslanting palpebral fissures, hypertelorism, anteverted nares, 

overfolded helices and a large protruding tongue were some of the additional features 

observed. Subtelomeric FISH using probe RP11-112N13 (D9S2168), revealed a deletion 

of the distal 9q   region. Parental studies were normal. 

2.1.2 Patient 2   46,XY.ish del(4)(q35)(CTC-963K6-) de novo    

 

A 13-year-old boy referred for subtelomeric testing. He presented with mild to borderline 

intellectual disability and dysmorphic features which included, pulmonary stenosis, uretal 

stenosis, hypoplastic 5th finger nails and 5th toe nails. Unusual facial features noted 

included ptosis, high arched eyebrows, anteverted nares and a down turned mouth with a 

thin upper lip. Subtelomere FISH showed a deletion of the distal 4q probe CTC-963K6 

(chr 4:190,928,607 - 191,030,215). Parental studies were normal. 

 

2.1.3 Patient 3 

46,XX.ish der(4)t(4;10)(q35.2;p15.3)(CTC-963K6-,CTC-306F7+)de novo 

 

This patient was a girl who presented with intellectual disability and motor delay. 

Dysmorphic facial features were noted and included long face, low forehead, heavy chin, 

high arched palate, broad nose and thin upper lip. There was no documented evidence of 

immune deficiency in this family. Subtelomere FISH showed an unbalanced 

translocation, with an additional copy of the 10p probe CTC-306F9 present on distal 4q. 

The distal 4q probe CTC-963K6 was not present. Parental studies were normal. 
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2.1.4 Patient 4 

46,XY, der(10)t(10;11)(q26.1;q23.3)(CTB-137E24-,PAC770G7+)mat  

 

Patient 4 was a man who presented to the laboratory at 18 years of age with intellectual 

disability, autism, cerebral palsy, scoliosis and short stature. Facial dysmorphic features 

included narrow forehead, synophrys and a long nose with high nasal bridge. Sub 

telomere FISH showed an unbalanced translocation, with an additional copy of the 11q 

probe PAC770G7 present on distal 10q. The distal 10q probe CTB-137E24 was not 

present. This unbalanced translocation was shown to have resulted from malsegregation 

of a maternally derived balanced translocation. 

 

2.1.5 Patient 5 

46,XX.ish der(5)t(5;16)(q35.3;q24.3)(CTC-240G13-,c372B12/c301F3+)pat  

 
The patient at the time of cytogenetic assessment was a 6-year-old girl with moderate 

intellectual disability and mild dysmorphic features (dense hair, prominent forehead, 

large mouth, thin upper lip, and thick lower lip). Her height was on the 10th centile and 

head circumference 50th centile. Sub telomere FISH showed an unbalanced translocation, 

with additional copies of the 16q cosmid probes c372B12 and c301F3 present on distal 

5q. The distal 5q probe CTC-240G13 was not present. The unbalanced translocation was 

shown to have resulted from malsegregation of a paternally derived balanced 

translocation. 

 

2.1.6 Patient 6 

46,XX.ish der(5)t(5;16)(q35.3;q24.3)(CTC-240G13-, /372B12/c301F3+) de novo   

 
The patient at the time of cytogenetic assessment was a 12-year-old girl with 

psychometric scores at the low/average range. Her poor verbal language performance was 

scored at 70-79. Mild dysmorphic features were noted (depressed nasal bridge, up 

slanting palpebral fissures, small epicanthic folds). Her height was on the 75th centile and 

head circumference 50th centile. At birth mild pulmonary stenosis, a large VSD and 

vesicoureteric reflux were evident. Subtelomere FISH showed an unbalanced 

translocation, with an additional copy of the 16q cosmid probes c372B12 and c301F3 
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present on distal 5q. The distal 5q probe CTC-240G13 was not present. Parental studies 

were normal. 

2.2 Array CGH  
Array CGH was performed as outlined in chapter 2, section 4.0. In an endeavour to 

reduce costs dye swap experiments were not carried out. All patient samples were 

labelled with CY3 and normal pooled control DNA was labelled with CY5. All 

hybridisations were performed using control DNA of the opposite sex. 

3.0  RESULTS  

3.1 Patient 1    46,XY.ish del(9)(q34)(CTD-112N13-) de novo 
 

3.1.1 Array CGH mapping of 9q deletion. 

An early experimental array, which included six BAC/PAC clones spanning the distal 

1.94 Mb of 9q was used to map the imbalance in this patient. Array CGH results 

indicated a 9q deletion represented by 5 clones (figure 1a and table 1). The breakpoint 

was mapped between BAC clones RP11-611D20 and RP11-83N9. The size of the 

deletion was estimated to be 1.62-1.94 Mb based on Ensembl mapping. The array CGH 

results were confirmed by FISH to metaphase spreads of the patient (figure 1b).  

 

Patient 1    46,XY.ish del(9)(q34)(CTD-112N13-) de novo 
 

Clone name Log2 ratio                    FISH     
Mapping 
position(bp) 
(Ensembl build 26 ) 

Distance from 
telomere (Mb) 

CTD-112N13 -0.46 deleted D9S2168 0.12 
RP11-424E7 -0.37 not tested 140007384-140207237 0.1 
RP11-417A4 -0.64 not tested 139523184-139715973 0.5 
RP11-216L13 -0.57 not tested 138735789-138917791 1.29 
RP11-611D20 -0.74 deleted 138559112-138590222 1.62 
RP11-83N9 0.07 present 138121793-138276710 1.94 

 
Table1. Summary showing Array CGH log

2 
ratios, FISH results and mapping data for 

patient 1. Five clones showed log2 ratios consistent with a deletion of distal 9q in this 

patient. The deletion of the most proximally deleted clone with Array CGH was RP11-
611D20. This deletion was confirmed by FISH to patient metaphases. RP11-83N9 was 
shown to be present. This maps he deletion of 9qter to between 1.62 and 1.94 Mb. 
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Figure 1a.  Results from array CGH in patient 1 showed a deletion of five 9q clones, all 
mapping to distal 9q34.3. The most proximal deleted clone RP11-611D20 and the 
adjacent clone RP11-89N9 (not deleted) are indicated with red arrows. 
 
 

 
 
 
 
 
 
 
 
Figure 1b. FISH confirmation of 
breakpoints in patient 1. RP11-83N9 is 
present of both chromosome 9s (green 
signal), while the red signal of RP11-
611D20 is missing on the deleted 9 
(indicated by arrow) 
 

 
3.1.2 Fine FISH mapping of the 9q breakpoint  

Further FISH investigation with three BAC clones, RP11-413M3, RP11-695L17 and 

RP11-487H13 which spanned the gap between RP11-611D20 and RP11-83N9 were used 

to fine map the breakpoint in this patient.  RP11-413M3 and RP11-695L17 were present 

on both the deleted 9q and normal 9q. The most distal clone RP11-487H13 showed a 

discrete, diminished signal on the deleted 9q in all metaphases examined (figure 2). The 

putative breakpoint for this patient is likely to be within RP11-487H13 placing the 

deletion around 1.62 Mb from the telomere of chromosome 9 (figure 3).   
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Figure 2. Partial metaphase for patient 1, the red arrow indicates the diminished 

hybridisation signal of RP11-487H13 on the deleted chromosome 9.  

 
 

 
 

Figure 3. Ensembl mapping position of distal 9q34.3. Clones RP11-83N9, RP11-413M3 
and RP11-695L17 were all shown to be present on both the normal and deleted 
chromosome 9. As RP11-487H13 showed a very discrete, diminished signal on the 
deleted 9q in all metaphases examined, the putative breakpoint for the deletion is 
suggested to be within this clone (indicated with red arrow). RP11-611D20 which 
overlaps with the distal region of this clone was deleted.  
 

 
 

Figure 3. Ensembl mapping position of distal 9q34.3. Clones RP11-83N9, RP11-413M3 
and RP11-695L17 were all shown to be present on both the normal and deleted 
chromosome 9. As RP11-487H13 showed a very discrete, diminished signal on the 
deleted 9q in all metaphases examined, the putative breakpoint for the deletion is 
suggested to be within this clone (indicated with red arrow). RP11-611D20 which 
overlaps with the distal region of this clone was deleted.  
 

3.2 Patient 2 46,XY.ish del(4)(q35)( CTC 963K6-)de novo 
3.2.1 Array CGH  mapping of 4q deletion. 

 

Eleven PAC and BAC clones were selected to cover the distal region of 4q. Array CGH 

results indicated a 4q35.1 deletion represented by six clones (table 2).The deletion was 

thought to fall between clones RP11-217E13 and RP11-173M11 and was estimated to be 

3.05-3.8 Mb, based on Ensembl mapping. Subsequent FISH investigation showed that 

two adjacent proximal clones, RP11-173M11 and RP11-301L8 were also deleted (figure 

4). These results reassigned the breakpoint proximal to RP11-301L8, but distal to RP11-

386B13, and therefore between 4.43 and 4.95 Mb from the telomere of 4q. 

RP11-611D20 

RP11-413M3 

RP11-83N9 

RP11-695L17 

RP11-487H13 
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Two clones RP11-366H4 and RP11-565A3 which were positioned in the predicted 

deletion interval showed log2 ratios which fell within the normal range. FISH 

investigation of these clones showed that RP11-366H4 cross hybridised to multiple sites, 

RP11-565A3 hybridised to distal 4q and 4p. 

 

Patient 2 46,XY.ish del(4)(q35)(CTC-963K6-)de novo 

Clone name 

Log2 
 ratio         FISH     

Mapping position(bp) 
 (Ensembl) 

Distance from  
telomere Mb) 

CTC-963K6 -0.67 deleted 190,928,607 - 191,030,215 0.23 
RP11-45F23 -0.50 not tested 190,510,006 - 190,678,424 0.59 
RP11-545D9 -0.44 not tested 190,250,798 - 190,371,955 0.89 
RP11-354H17 -0.49 not tested 189,948,830 - 190,159,921 1.11 
RP11-347K3 -0.44 deleted 189,690,508 - 189,788,943 1.48 
RP11-366H4 -0.20 Cross hybridises 189,265,199 - 189,447,969 1.79 
RP11-565A3 -0.26 Cross hybridises to 4p 188,666,922 - 188,869,650 2.4 
RP11-217E13 -0.43 deleted 188,006,164 - 188,216,209 3.05 
RP11-173M11 -0.24 deleted 187,281,317 - 187,466,748 3.8 
RP11-301L8 -0.26 deleted 186,642,578 - 186,830,398 4.43 

RP11-386B13 -0.21 present 186,146,413 - 186,315,674 4.95 

 
Table 2. Summary of Array CGH log2 

ratios, FISH results and mapping data for patient 

2. Array CGH results indicated a 4q deletion represented by six clones, the most proximal 
one being RP11-217E13. Follow up FISH studied indicated that RP11-173M11 and 
RP11-301L8 were also deleted. BAC clones RP11-366H4 and RP11-565A3 were shown 
by FISH to cross hybridise to other sites on the genome, thus explaining the aberrant log2 
ratios of these clones. 
 

 
 
 
 
 
 
 
 
Figure 4. The breakpoint position was 
reassigned after FISH investigation 
indicated that clones RP11-173M11 and 
RP11-301l8 were also deleted. As indicted 
by the yellow arrow clones RP11-173M11 
(labelled red) and RP11-217E13 (labelled 
green) are both deleted in metaphase 
spreads from this patient. 
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3.3       Patient 3  

46,XX.ish der(4)t(4;10)(q35.2;p15.3)( CTC -963K6- , CTC -306F7+)de novo       
 
This unbalanced reciprocal  translocation results in a deletion of distal 4q and a 

duplication of distal 10p in this patient. 

 

3.3.1 4q mapping 

Eleven BAC/PAC clones spanning 4.95 Mb were selected to cover the distal region of 4q. 

Array CGH results indicated a 4q deletion represented by 6 clones ((table 3 and figure 

5a). The re-ligating point of the breakpoint on the der(4) was initially mapped between 

BAC clones RP11-217E13 and RP11-173M11. The resultant size of the der(4) deletion 

was first estimated to be 3.05-3.8 Mb based on Ensembl mapping. This was changed 

following subsequent FISH investigation with probes for clones, RP11-217E13, RP11-

173M11, RP11-301L8 and RP11-386B13. FISH with clone RP11-173M11 showed 

diminished signal on the derivative chromosome 4 in all metaphases examined suggesting 

the 4q breakpoint and re-annealing position for the translocation was within this clone 

(figure 6). This new information re-estimated the size and position of the deletion on the 

der(4)  to the interval to be between 3.8 and 4.43Mb from the telomere of 4q. Both 

proximal clones RP11-301L8 and RP11-386B13 were shown to be present on both 

chromosome 4s (data not shown). Clones RP11-366H4 and RP11-565A3 gave log
2 

ratios 

which fell within the normal range for this experiment. As it was previously determined 

from FISH studies on patient 2 that these clones cross hybridised with other chromosome 

arms, these clones were not investigated further. 

 

3.3.2 10p mapping 

Fifteen BAC/PAC clones spanning 5.33 Mb were selected to cover the distal region of 

Chromosome 10p. Array CGH results indicated a 10p duplication represented by 13 

clones (figure 3a and table 3). The breakpoint was mapped between BAC clones RP11-

117P22 and RP11-445P17. FISH investigation with these clones confirmed these results 

(data not shown). The size of the duplication was estimated to be 4.7-5.33 Mb based on 

Ensembl mapping. A single BAC RP11-486H9 which would have been expected to show 

a log
2 

ratio signifying duplication fell within the normal range. Ensembl mapping 
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positioned this BAC at 0.47Mb from the telomere, however, FISH investigation showed it 

to localise proximal to RP11-445P17 (i.e.> than 5.335Mb from 10p telomere) (figure 7).  

Patient 3 46,XX.ish der(4)t(4;10)(q35.2;p15.3)(PAC963K6-,PAC306F7+)de novo 
 

4q clones       

Clone name Log
2
 ratio         FISH results 

Mapping position(bp) 
 (Ensembl) 

Distance from 
telomere (Mb)

CTC-963K6 0.13 deleted 
190,928,607 - 
191,030,215 0.23 

RP11-45F23 -0.73 not tested 
190,510,006 - 
190,678,424 0.59 

RP11-545D9 -0.75 not tested 
190,250,798 - 
190,371,955 0.89 

RP11-354H17 -0.68 not tested 
189,948,830 - 
190,159,921 1.11 

RP11-347K3 -0.74 deleted 
189,690,508 - 
189,788,943 1.48 

RP11-366H4 0.02 x/hybridises 
189,265,199 - 
189,447,969 1.79 

RP11-565A3 -0.28 x/hybridises to 4p 
188,666,922 - 
188,869,650 2.4 

RP11-217E13 -0.48 deleted 
188,006,164 - 
188,216,209 3.05 

RP11-173M11 -0.22 deleted  
187,281,317 - 
187,466,748 3.8 

RP11-301L8 -0.19 present 
186,642,578 - 
186,830,398 4.43 

RP11-386B13 -0.17 present 
186,146,413 - 
186,315,674 4.95 

10p clones   FISH results    
CTC- 306F7 0.62 not tested  259607-365076 0.36 
RP11-10D13 0.39 not tested 204,400 - 296,972 0.29 

RP11-486H9 -0.17 
maps proximal to 
RP11-445P17 

276,973 - 476,727 0.47 

RP11-62O22 0.42 not tested 492,609-628,119 0.62 
RP11-809C18 0.28 not tested 628,120-725,010 0.72 

RP11-38M7 0.38 not tested 1039160-1159602 1.15 
RP11-466B20 0.39 not tested 1532002-1623332 1.62 
RP11-69C17 0.45 not tested 2010934-2214167 2.22 
RP11-526P5 0.49 not tested 2494024-2652802 2.65 
RP11-118K6 0.49 not tested 3035538-3133935 3.13 
RP11-482E14 0.51 not tested 3494280-3672842 3.67 
RP11-433J20 0.55 not tested 4027764-4247795 4.24 
RP11-117P22 0.48 not tested 4592014-4704683 4.7 
RP11-445P17 0.18 not duplicated 5192800-5338491 5.33 

 

Table 3. Array-CGH log
2 

ratios, subsequent FISH results and mapping data for patient 3. 
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Figure 5a. Results for 4q clones from array CGH in patient 3 showing a deletion of five 
4q clones, all mapping to distal 4q35.2. Two clones RP11-366H4 and RP11-565 
(indicated by green arrows) gave log2 

ratios which fell within the normal range. FISH 
studies showed both of these clones cross hybridised with other sites on the genome. 
 

 
Figure 5b. Results for 10p clones from array CGH in patient 3 showing a duplication of 
13 clones (CTC- 306F7 in duplicate). One clone RP11-486H9 (indicated by green arrow) 
which mapped within this duplicated region gave a log2 

ratio which fell within the normal 
range. Subsequent FISH mapping showed this clone in fact mapped proximal to RP11-
445P17 which places it greater than 5.33 Mb from the telomere of 10p. 
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Figure 6. FISH with clone RP11-

173M11   showed a diminished signal 

on one chromosome 4q suggesting the 

breakpoint may fall within this clone. 

 

 

 

 

 

 

 

 

 

Figure 7. FISH with 10p clone RP11-486H9 (labelled red) 

showed that it hybridised proximal to the most proximal 10p 

clone on the array, RP11-445P17 (labelled green). 

RP11-486H9 



                                                       

 46 

3.4     Patient 4   

46,XY,der(10)t(10;11)(q26.1;q23.3)(CTB-137E24-,PAC770G7+)mat  
 
This unbalanced reciprocal  translocation results in a deletion of distal 10q and a 

duplication of distal 11p in this patient. 

 

3.4.1 10q mapping 

Thirteen BAC/PAC clones spanning 5Mb were selected to cover the distal region of 

chromosome 10q. Array CGH results indicated a 10q deletion represented by 12 of these 

clones (table 4 and figure 8). As the most proximal BAC clone RP11-333H4 was deleted 

the size of the 10q deletion could not be determined, but was estimated to be greater than 

5Mb. The deletion of RP11-333H4 was confirmed by FISH. Array CGH results for BAC 

clone RP13-439H18 which maps 0.5Mb from the telomere did not appear to be deleted, 

however follow up FISH investigation showed that it too was deleted (data not shown).  

This signal suppression may have occurred as a result of hybridisation of part of the clone 

sequences to other array clones. 

 

3.4.2 11q mapping 

Twelve BAC/PAC clones spanning 5.1Mb were selected to cover the distal region of 

Chromosome 11q. Array-CGH results indicated an 11q duplication represented by 11 

clones (table 4 and figure 8). The breakpoint was mapped between BAC clones RP11-

535N6 and RP11-567M21. The size of the duplication was estimated to be 4.6-5.1Mb 

based on Ensembl mapping. BAC clone RP11-535N6 showed a log
2 

ratio of 0.281, which 

is a value just outside of three standard deviations for this experiment (0.275). When this 

BAC was investigated with FISH there was a diminished signal on the der(10q) which 

suggests the 11q breakpoint for this translocation is within this BAC clone (figure 10).  
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Clone name Log
2
 ratio        FISH results 

Mapping position(bp) 
 (Ensembl) 

Distance from 
Telomere (Mb)

10q clones     
PAC137E24 -0.48 deleted 135071930-135247831 0.1 
PAC137E24 
(duplicate) -0.36 deleted 135071930-135247831 0.1 
RP11-108K14 -0.51 not tested 135078854-135240497 0.1 
RP11-122K13 -0.60 not tested 134955982-135072292 0.3 
RP13-439H18 -0.23 deleted 134694412-134904611 0.5 
RP11-288G11 -0.83 not tested 134340940-134549003 0.9 
RP11-140A10 -0.63 not tested 133776459-133922088 1.5 
RP11-245K15 -0.76 not tested 133329259-133486279 1.9 
RP11-408L20 -0.56 not tested 132841326-133030870 2.4 
RP11-113P9 -0.52 not tested 132214224-132386535 3.0 
RP11-500G10 -0.54 not tested 131714014-131923540 3.5 
RP11-109A6 -0.51 not tested 131379988-131510179 3.9 
RP11-168C9 -0.52 not tested 130845700-130997880 4.4 
RP11-333H4 -0.60 deleted 130194946-130325519 5.0 
11q clones  FISH results    
PAC 770G7 0.39 not tested Not mapped on Ensembl  
RP11-555G19 0.36 not tested 134259946-134422067 0.2 
RP11-410I24 0.39 not tested 134148704-134259945 0.3 
RP11-469N6 0.33 not tested 133983990-134148703 0.5 
RP11-627G23 0.43 not tested 133832598-133898497 0.6 
RP11-700F16 0.35 not tested 133501481-133599748 0.9 
RP11-448P19 0.49 not tested 133005685-133161988 1.4 
RP11-545G16 0.39 not tested 132451658-132626345 2.0 
RP11-697E14 0.60 duplicated 131229546-131428624 3.2 
RP11-116B3 0.35 duplicated 130938011-131056835 3.5 

RP11-535N6 0.28 
diminished 
signal  129870869-130032143 4.6 

RP11-567M21 0.14 not tested 129326430-129514601 5.1 
 
Table 4. Array-CGH log

2 
ratios, FISH results and mapping data for patient 4. 
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Figure 8. Log2 results for 10q and 11q clones from array CGH in patient 4 showing a 

deletion of twelve 10q clones (blue/green diamonds) and a duplication of ten 11q clones 
(blue/red diamonds). BAC clone RP13-439H18 (indicated by arrow) did not appear 
deleted, however follow up FISH investigation showed a deletion of this clone. 

 

 

 

 

 

 

 
Figure 9. The deletion of the most 
proximal 10q clone, RP11-333H4 was 
confirmed by FISH (indicated by red 
arrow) 
 
 

 

 

 

 

Figure 10. FISH with clone RP11-535N6 showed a 

diminished signal on one chromosome 11q (indicated 

by red arrow) suggesting the duplication breakpoint 

may be within this clone. 
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3.5 Patient 5 46,XX.ish der(5)t(5;16)(q35.3;q24.3)(CTC-240G13-
,c372B12/c301F3+)pat. 
 
This unbalanced reciprocal  translocation results in a deletion of distal 5q and a 

duplication of distal 16q in this patient. 

 

3.5.1 5q mapping 

Eleven BAC/PAC clones spanning 4.6Mb were selected to cover the distal region of 

chromosome 5. Array CGH results indicated a 5q deletion represented by 5 clones (table 

5 and figure 11a). The re-ligation point was mapped between BAC clones RP11-703G5 

and RP11-281O15. The resultant size and position of the der(5) deletion was estimated to 

be 1.7-2.5Mb from the telomere of 5q based on Ensembl mapping. FISH investigation 

with these two BAC clones confirmed this result (figure 12). BAC clone RP11-252I14 

showed a log
2 ratio (-0.101) which fell within the normal range for this experiment. FISH 

investigation with this probe showed that it was deleted on the der(5q) , however it also 

cross hybridised to distal 6p (data not shown). 

 

3.5.2 16q mapping 

Fourteen BAC/PAC/cosmid clones spanning 5.2 Mb were selected to cover the distal 

region of Chromosome 16q. Array CGH results indicated a 16q duplication represented 

by 8 of these clones (table 5 and figure 11b).  The breakpoint was mapped between BAC 

clones RP11-568J23 and RP11-442O01, with the duplication estimated to be 4.5-5.3 Mb, 

and this was confirmed with FISH (figure 13). Within this putative duplication region 

five BAC clones showed a normal log2 ratio. Two clones RP11-92B18 and RP11-58A18 

hybridised to different chromosomes; 15q and 4q (data not shown). BAC clone RP11-

356C4 was shown to hybridise to multiple chromosome loci (data not shown). RP11-

278A23, mapped on Ensembl to ~2.5Mb from the telomere, by FISH mapped proximal to 

the most proximal BAC clone RP11-442O01 (data not shown). One 16q clone, RP11-

514D23, showed a normal ratio in three independent hybridisations. (log2=0.098, 0.17, 

0.14 data not shown). Metaphase FISH however, showed a duplication of this clone with 

signals present on both normal 16qs and the derivative 5q indicating this clone gave a 

false negative result on array CGH. (figure 14).  
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Clone name Log
2
 ratio  FISH results 

Mapping position(bp) 
(Ensembl) 

Distance  
fromtelomere 
 (Mb) 

5q clones     

CTC-240G13 -0.60 deleted 180512398-180626608 0.1 

RP11- 754A4 -0.27 not tested 180044370-180113617 0.6 

RP11-78N9 -0.50 not tested 180076815-180114141 0.6 

RP11- 451H23 -0.30 not tested 179870132-180060155 0.8 

RP11-252I14 -0.10 
deleted with cross hybridisation 

to 6p 
179511595-179627387 1.1 

RP11-703G5 -0.59 deleted  1.7 

RP11-281O15 0.03 normal-signal on both 5qs 178243599-178455573 2.5 

RP11-520O10 0.02 not tested 177813406-177961747 2.8 

RP11-889L3 -0.06 not tested 177368344-177590638 3.3 

RP11-265K23 0.10 not tested 176550927-176701325 4.1 

RP11-16L24 -0.04 not tested 176024811-176213687 4.6 

16q clones     

16q301F3 0.46 duplicated not mapped on Ensembl  

16q372B12 0.44 duplicated not mapped on Ensembl  

16q439G8 0.34 duplicated not mapped on Ensembl  

RP11-356C4 0.16 Cross hybridises to multiple sites 88569477-88779922 0.3 

RP11-566K11 0.45 not tested 88466850-88613383 0.4 

RP11-368I7 0.28 not tested 88179650-88335583 0.6 

RP11-830F9 0.48 duplicated 87372588-87580219 1.4 

RP11-93B18 -0.06 Fish localises to clone 14q 86794658-86879701 2 

RP11-278A23 -0.11 Maps proximal to RP11-44201 86229900-86364022 2.6 

RP11-899L11 0.38 duplicated 85698798-85853236 3.1 

RP11-58A18 -0.05 Fish localises clone to 4q 85210952-85297865 3.6 

RP11-514D23 0.10 duplicated 84812502-84922043 4 

RP11-568J23 0.50 duplicated 84281216-84474216 4.6 
RP11-442O01 -0.01 2 copies on 16q only 83623054-83749376 5.2 

 
Table 5. Array CGH log

2 
ratios, FISH results and mapping data for patient 5. 
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Figure 11a. Results for 5q clones from array CGH in patient 5 showing a deletion of 5 
clones. RP11-252I14 (indicated by red arrow) showed a log2 ratio which indicated this 
clone was not deleted. Follow up FISH showed although there was a deletion of this 
clone present that it also crossed hybridised to 6p. 
 

 
 
Figure 11b. Results for 16q clones from array CGH in patient 5 showing a duplication of 
8 clones.  
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Figure 12. FISH investigation with BAC clones RP11-703G5 and RP11-281O15 showed 
that RP11-703G5 which maps 1.7Mb from the telomere was deleted; the proximal clone 
RP11-281O15 which maps 2.5Mb from the telomere was present. The size of the deletion 
is estimated to be between 1.7 and 2.5Mb.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. FISH investigation with BAC clones RP11-568J23 and RP11-442O01showed 
that RP11-568J23 which maps 4.5Mb from the telomere was duplicated, the proximal 
clone RP11-442O01 was normal. The size of the duplication was estimated to be 4.5-5.3 
Mb.  
 

 
 
 
 
 
 
Figure 14. FISH investigationn showed 
that RP11-514D23 was duplicated even 
though 3 independent array hybridisations 
indicated that it should be normal. 

 
514D23 
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3.6 Patient 6 46,XX.ish.der(5)t(5;16)(q35.3;q24.3)(CTC-240G13-
,c372B12/c301F3+)de novo 
   
This unbalanced reciprocal  translocation results in a deletion of distal 5q and a 

duplication of distal 16q in this patient. 

 

 3.6.1 5q mapping 

Eleven BAC/PAC clones spanning 4.6Mb were selected to cover the distal region of 

chromosome 5. Array CGH results indicated a 5q deletion represented by 4 clones (table 

6 and figure 15a). The re-ligation point was mapped between BAC clones RP11-451H23 

and RP11-703G5. The resultant size and position of the deletion on the der(5) was 

estimated to be 0.98-1.3Mb from the telomere of 5q based on Ensembl mapping. FISH 

investigation with these two BAC clones confirmed this result (figure 16). 

 

3.6.2 16q mapping 

Fourteen BAC/PAC/cosmid clones spanning 5.2Mb were selected to cover the distal 

region of chromosome 16q. Array CGH results indicated a 16q duplication represented by 

6 of these clones (table 6 and figure 15a). The duplication was between BAC clones 

RP11-830F9 and RP11-899L113. As previous FISH studies for patient 6 had shown 

RP11-93B18 and RP11-278A23 were mis-mapped, the size of the duplication was 

estimated to be 1.48 and 3.1Mb. This result was confirmed by FISH (figure 17). 



                                                       

 54 

Patient 6.    46,XX.ish der(5)t(5;16)(q35.3;q24.3)(PAC240G13-,c372B12/c301F3+)de novo 
 

5q clones 
 Log

2
 ratio  

 FISH results 
 Mapping position(bp) 
(Ensembl) 

 Distance  
fromtelomere 

 (Mb)  
CTC-240G13 -0.39 deleted  0.1 

RP11- 754A4 -0.35 not tested 180044370-180113617 0.6 

RP11-78N9 -0.47 not tested 180076815-180114141 0.6 

RP11- 451H23 -0.51 deleted 179870132-180060155 0.8 

RP11-252I14 0.01 present  no signal on 6p 179511595-179627387 1.1 

RP11-703G5 0.04 signal on both 5qs  1.7 

RP11-281O15 -  178243599-178455573 2.5 

RP11-520O10 0.40 not tested 177813406-177961747 2.8 

RP11-889L3 -0.15 not tested 177368344-177590638 3.3 

RP11-265K23 0.19 not tested 176550927-176701325 4.1 

RP11-16L24 0.42  176024811-176213687 4.6 

16q clones       
16q301F3 0.45 duplicated   
16q372B12 0.54 duplicated   
16q439G8 0.27 duplicated   

RP11-356C4 0.12 
not tested cross hybridises 
to multiple sites 88569477-88779922 

0.3 

RP11-566K11 0.47 not tested 88466850-88613383 0.4 
RP11-368I7 0.30 not tested 88179650-88335583 0.6 
RP11-830F9 0.64 duplicated 87372588-87580219 1.4 

RP11-93B18 -0.004 
not tested FISH localises 
clone to 14q  86794658-86879701 

2 

RP11-278A23 -0.07 
Maps proximal to RP11-
44201 86229900-86364022 

2.6 

RP11-899L11 -0.08 
normal-signal on both 
16qs 85698798-85853236 

3.1 

RP11-58A18 -0.06 
not tested FISH localises 
clone to 4q  85210952-85297865 

3.6 

RP11-514D23   84812502-84922043 4 
RP11-568J23 0.16 not tested 84281216-84474216 4.6 
RP11-442O1 0.03 not tested 83623054-83749376 5.2 

 
Table 6. Array-CGH log

2 
ratios, FISH results and mapping data for patient 6. 
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Figure 15a. Results for 5q clones from array CGH in patient 6 showing a deletion of 4 
clones. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15b. Results for 16q clones from array CGH in patient 6 showing a duplication of 
6 clones. BAC clone RP11-356C4 (indicated by red arrow) was shown to hybridise to 
multiple chromosome loci. 
 
 

 

 

Figure 16. FISH investigation with BAC clones 

RP11- 451H23 (labelled green) and RP11-252I14 

(labelled red) showed that RP11- 451H23 which 

maps 0.8Mb from the telomere was deleted, the 

proximal clone RP11-252I14 which maps 1.1Mb 

from the telomere was present. The size of the 

deletion is estimated to be between 0.8 and 1.1Mb.  
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Figure 17. FISH investigation with BAC clones RP11- 830F9 
(labelled green) and RP11-899L11 (labelled red) showed that 
RP11- 830F9 which maps 1.48Mb from the telomere was 
duplicated, the proximal clone RP11-899L11 which maps 
3.1Mb from the telomere was present. The size of the 
duplication is estimated to be between 1.48 and 3.1Mb.  
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3.7 Summary of clone performance for two sex is-mapped experiments. 
 

Table 7 summarises the results of two array CGH experiments; patient 2, a female is 

hybridised to a pooled normal male control, patient 6, a male, is hybridised to a pooled 

normal female control. Forty one clones are represented in all, twenty five from the X 

chromosome and sixteen from the Y chromosome. 
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Clone name location patient 2 patient 6  FISH validation 

    male female  
Expected log ratio  
Yes/No 

Yes/No 

c34F5 Xp/Yp -0.02 0.24 Y Y 

RP13-465B17 Xp/Yp -0.21 0.18 Y  

RP13-76L22 Xp/Yp -0.10 -0.04 Y  

RP11-309M23 Xp/Yp -0.16 -0.02 Y Y 

RP13-297E16 Xp/Yp -0.03 -0.10 
Y  B group 

chromosome 

RP11-325D5 Xp/Yp -0.006 0.009 Y  

RP11-558O12 Xp/Yp -0.04 0.006 Y  

RP11-418N20 Xp -0.31 0.45 Y  

RP11-46C18 Xp -0.65 0.80 Y Y 

RP11-62N12 Xp -0.41 0.53 Y  

RP11-60N3 Xp -0.38 0.42 Y  

RP11-218L14 Xq -0.30 0.27 Borderline Y 
RP13-228J13 Xq -0.43 0.44 Y Y 
RP11-524G17 Xq -0.45 0.23 Y Y 
RP5-865E18 Xq -0.73 0.64 Y Y 
RP11-66N11 Xq -0.82 0.63 Y Y 
RP11-473F11 Xq -0.43 0.58 Y Y 
RP5-892C22 Xq -0.41 0.10 Y Y 

RP4-687A5 Xq -0.12 0.14 
N   Yp and proximal to 

49C9 
RP11-49C9 Xq -0.33 0.43 Y Y 
Xq181N1 Xq26 -0.68 0.73 Y Y 
Xq2426 Xq26 -0.67 0.84 Y Y 
Xq57A13 Xq26 -0.58 0.73 Y Y 
RP11-454E1 Xq/Yq -0.33 0.12 Y Y 
RP11-879P22 Xq/Yq 0.06 -0.07 Y Y 
RP11-400O10 Yp 0.76 -0.07 Y X and Yp 
RP11-115E20 Yp 0.25 -0.008 N Xq and Yp 
RP11-125B15 Yp 0.10 -0.02 N  
RP11-145J12 Yp 0.017 -0.07 N  
RP11-524G14 Yp -0.017 -0.06 N Y and Xq 
RP11-122L9 Yp 0.017 0.02 N  
RP11-192N14 Yp -0.07 0.03 N Y and Xq 
RP11-242E13 Yq 2.46 -4.41 Y Y heterochromatin 
RP11-357E16 XKRY 2.10 -2.07 Y  
RP11-292P9 Yq11.223 0.30 -0.42 Y Y 
RP1139P20 Yq11.223 2.14 -1.78 Y Y 
RP11-86G22 Yq11.223 1.78 -1.37 Y Y 
RP11-214M24 Yq11.223 2.32 -1.25 Y  
RP11-557B9 Yq 0.22 -0.24 borderline  
RP11-428D10 Yq 0.29 -0.30 borderline  
RP11-245K4 Yq 1.35 -1.79 Y Y 

 
Table 7. Array-CGH log

2 
ratios, FISH results for patient 2 (male) and patient 6(female). 
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3.8 Summary of mismapped, cross hybridising and false negative clones. 
 
Table 8 summarises the number of clones which either mis-mapped (to a different 
chromosome or position on the same chromosome), cross hybridised or gave a false 
negative result during the course of the experiments. 
 
Clones which 
map to different 
chromosome 

Clones which map 
to a different 
position on same 
chromosome 

Clones which 
hybridise to other 
site/s 

False negative clones 

  

16q RP11-93B18 10p  RP11-486H9 4q   RP11-366H4 4q   RP11-173M11 

16q RP11-58A18 4p   RP11-489M13 4q   RP11-565A3 4q   RP11-301L8 

  16q RP11-278A23 5q   RP11-252I14 10q  RP13-439H18 

   16q RP11-356C4 16q  RP11-514D23 

2.5% 3.7% 4.9% 4.97% 

 

 
Table 8. Summary of clones which mis-mapped, cross hybridised or showed a false negative 
result. 
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4.0 DISCUSSION  

4.1 Clinical implications of mapping data. 
4.1.1 Patient 1. 46,XY.ish del(9)(q34)(RP11-112N13-) de novo 

 

A characteristic phenotype associated with deletions of distal 9q34.3 was first suggested 

in 1997 by Ayyash et al.  Further reports supported an emerging syndrome of which the 

key clinical features included severe mental retardation, hypotonia, brachycephaly or 

microcephaly, epileptic seizures and distinctive facial features (hypotonic/flat face, 

hypertelorism, synophrys, anteverted nares,  carp mouth with macroglossia) (Cormier-

Daire et al, (2003), Iwakoshi et al, (2004), Stewart et al, (2004), Neas et al, (2005)). 

Cardiac defects, behavioural problems and genital anomalies in males were also frequent 

findings. 

Cormier-Daire et al, (2003) in two reported patients, mapped the critical region of the 

syndrome to approximately 3Mb from the 9q telomere. Stewart et al, (2004) from their 

patient cohort, identified a minimal critical region of overlap within 1.2Mb from the 

telomere of 9q. Fourteen recognised genes were characterised within this 1.2Mb interval. 

Harada et al, (2004b) using FISH mapping data defined the smallest region of overlap 

(SRO) in their patient group to be distal to BAC clone RP11-417A4, which is positioned 

within 1Mb from the telomere of 9q. This then enabled the number of candidate genes to 

be narrowed down to less than eight. Yatsenko et al, (2005) studied five patients in detail 

by FISH and mapped the extent of 9q34.3 deletion in direct relationship to phenotype. 

The minimum critical region was shown to be approximately 700kb and encompass only 

two known genes, calcium channel, voltage-dependent, N-type alpha-1B subunit 

(CACN1B) and euchromatic histone methytransferase (EHMT1). Both CACN1B and 

EHMT1 are highly expressed in the brain. Yatsenko et al, (2005) suggested that 

haploinsufficiency of gene(s) in this critical region were responsible for the common 

craniofacial dysmorphism, hypotonia, microcephaly and delay or absence of expressive 

speech. The other reported clinical manifestations (cardiac defects, seizures, abnormal 

genitalia) were thought to be closely associated with larger deletion sizes. 

In a patient studied with a balanced t(X;9) translocation it was shown the 9q34.3 

breakpoint disrupted the EHMT1 gene (Kleefstra et al, 2006). Therefore rather than a 

contiguous gene syndrome, haploinsufficiency of this gene was directly implicated in the 
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manifestation of the 9q34 deletion phenotype. Follow up investigations by the same 

authors detected three deletions in twenty three patients studied. Significantly, one patient 

had a small interstitial deletion (380kb) which encompassed exons 1-6 of the CACN1 

gene and the entire EHMT1. Sequencing of the remaining ‘non-deleted’ patients 

identified two causative nucleotide changes within the gene EHMT1. As no obvious 

differences were shown in the clinical finding between patients with deletions or 

mutations, EHMT1 was clearly implicated as the causative gene in 9q34 deletion 

syndrome. As seizures and cardiac anomalies were present in one of the patients 

identified from mutation analysis, this study was unable to support the correlation of the 

size of the deletion to additional clinical manifestations as suggested by Yatsenko et al, 

(2005).  

Patient 1 was shown to have a deletion of distal 9q in the order of 1.62 Mb. The patient 

exhibits many of the hallmark signs of this deletion syndrome namely, global 

developmental delay, hypotonia, microcephaly, synophrys and large protruding tongue.  

The clinical diagnosis of deletion 9q34.3 syndrome is supported by the array CGH 

mapping, as the breakpoint is proximal to the critical gene EHMT1.  

 

4.1.2 Patient 2. 46,XY.ish del(4)(q35)( CTC 963K6-)de novo 

 

Patient 2 showed a deletion of 4q35.1 which was between 4.43 and 4.95 Mb in size. The 

deletion was not cytogenetically visible. He showed mild dysmorphic features and the 

degree of intellectual disability was considered mild to borderline. Deletions associated 

with large visible deletions of 4q (bands q31-q32-qter) result in a severe phenotype and 

associated moderate to severe mental retardation (Fryns et al, 1981, Mitchell et al,1981).   

Only a few reports documenting small deletions have been reported in the literature. 

Descartes et al, (1996) reported a boy with failure to thrive and mild dysmorphic features, 

who, when investigated cytogenetically was shown to have a deletion of distal 4q (band 

q34). His half sibling and mother also showed the same terminal deletion of 4q. Some 

minor dysmorphic features and a history of learning difficulties were noted in the mother. 

Caliebe et al, (1997) reported a 4q34 deletion in a child with a relatively mild phenotype 

and slightly delayed milestones. Although the deletion was assigned to band q34.2 in both 

cases, molecular mapping was not performed. The putative breakpoint in patient 2 is 

assigned to band q35.1, making the size of this deletion significantly smaller than the 

above mentioned reports. 
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Subtelomeric screening of patients with intellectual disability has revealed numerous 

reports of 4qter deletions. The largest screening survey reported to date found nine cases 

with 4qter deletions; four were available for parental follow up (Ravnan et al, 2006). 

Three were inherited from a carrier parent; two were reported as variants as the deletion 

was also present in a phenotypically normal parent. Interestingly, in the third case the 

deletion was not seen as benign as the carrier mother in this case also had an abnormal 

phenotype. The deletion in the fourth case was considered causative as it was found to be 

de novo. No mapping data were available for these cases. Mascarello et al, (2003) 

reported five cases of 4qter deletions ascertained with subtelomere FISH all of which 

were shown to be familial variants. Four of these deletions were visible using 

conventional light microscopy. 

 Numerous non-pathogenic copy number variations within distal 4q have been now been 

documented (http://projects.tcag.ca/variation). Triplications and duplications of the 

subtelomeric region appear to have no phenotypic effect (Hengstschlager et al., 2005). 

 

Since visible deletions of 4q can be associated with normal phenotype, other factors may 

have a role in the phenotype of patients with distal 4q deletions (Ravnan et al. 2006). The 

genotype/phenotype correlations for distal 4q deletions remain equivocal. Further reports 

which include molecular mapping are necessary to unravel the clinical significance of 

such deletions. Patients ascertained usually present with a degree of intellectual disability, 

it would be a useful exercise to screen these patients with a whole genome array to ensure 

that the intellectual disability has no other underlying chromosomal cause. 

 

4.1.3 Patient 3. 46,XX.ish der(4)t(4;10)(q35.2;p15.3)(CTC-963K6-,CTC-306F7+)de 

novo 

 

For Patient 3, array CGH showed the deletion of 4q35.1 was between 3.8 and 4.43Mb and 

duplication of 10p was between 4.7-5.33 Mb. Whilst the breakpoints were well 

characterised,  review of the literature identified only two other cases involving 

imbalances of the same chromosome arms. Wiktor et al, (1994) describes a patient with a 

severe failure to thrive, mild to moderate developmental delay, cleft lip and palate with an 

unbalanced der(4)t(4;10)(q35;p11.23) translocation. This case showed a significantly 

larger 10p duplication (~20Mb) than that of patient 3. It is therefore difficult to draw any 
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real comparison between this patient and patient 3. Cingoz, et al (2006) reported an 

association of immunological dysfunction in two family members with a unbalanced 

translocation, der(4)t(4;10)(q35;p15). Other clinical similarities between the two reported 

patients included learning disability, a mask like facial appearance and hypotelorism. 

Using FISH mapping, the extent of the genomic imbalance for the 4q deletion was shown 

to be 7.3 Mb and the 10p duplication 6.5 Mb from the terminal end of each chromosome. 

Both these imbalances are larger than that of patient 3.  Four genes were discussed as 

possible candidates for the cause of the immune dysfunction in this family. Toll-like 

receptor 3 (TLR3) on 4q; maps proximal to the BAC clones involved in the proposed 

4q35.1 breakpoint of patient 3, (between RP11-173M11 and RP11-301L8 at 3.8 and 

4.43Mb respectively). The other three candidate genes on 10p; protein kinase C-theta 

(PRKCQ), interleukin 2 receptor-alpha subunit (IL2RA) and interleukin 15 receptor-alpha 

subunit (IL15RA) map between 6.0 and 6.5 Mb from the 10pter. As all four genes lie 

outside the proximal boundaries of the breakpoints for patient 3, these genes remain 

intact. Patient 3 had no reported immunodeficiency, therefore it still remains possible that 

these genes may be implicated in the immune deficiency which segregates with the der(4) 

in the family reported by Cingoz et al, (2006).  

 

It appears that even relatively large deletions of 4q (greater than 7.3 Mb) and duplications 

of 10p (greater than 6.5 Mb) result in a relatively mild phenotype. Due to the very limited 

number of reports in the literature a characteristic phenotype for “4q deletion/10p 

duplication syndrome” cannot be established.  

 

4.1.4 Patient 4. 46,XY,der(10)t(10;11)(q26.1;q23.3)(CTB-137E24- 

 ,PAC770G7+)mat  

 

For Patient 4, array CGH showed the deletion of 10q to be greater than 5.0Mb and the 

duplication of 11q24.3 was 4.6-5.1 Mb. Only a single case report exists in the literature of 

a unbalanced translocation which results in both monosomy for 10q and trisomy for 11q: 

der (10)t(10;11)(q26.3;q14.2) pat (Maruyama et al, 2001).  

 

The patient in this report was a male neonate with low anterior hairline, hypertelorism, 

broad and prominent nasal bridge, low set ears, duodenal atresia, imperforate anus and 

cardiac defects that included ventricular septal defect, coarctation of the aorta and patent 
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ductus arteriosus. The patient died of cardiac failure at 30 days of age. The unbalanced 

translocation was clearly visible with conventional microscopy, the deletion of 10q was 

reported to be around 3Mb, whilst the duplication of was 11q was at least 46 Mb.   

 

The proximal breakpoint for the deletion of 10q could not be determined by the array for 

patient 4. As the size of the duplication for 11q the patient reported by Maruyama et al, ( 

2001) was so large it is not practical to compare this patient to patient 4 in this study. A 

recent review of fifteen patients by Courtens et al,(2006) showed that the degree of 

intellectual disability in patients with “pure” 10q monosomy did not necessarily correlate 

with the extent of the genetic imbalance. The degree of intellectual disability can vary 

even within families who have the same deleted 10q. Frequent findings associated with 

the “10q- phenotype “include low birthweight and microcephaly at birth, together with 

short stature, genital anomalies and behavioural problems. Facial dysmorphisms include 

broad nasal bridge, strabismus, thin upper lip and fifth finger clinodactly. Infrequent 

findings included feeding difficulties, hypotonia, syndactyly, short neck, and scoliosis. 

There are some similarities of these features to patient 4 (short stature and scoliosis) 

however what contribution the trisomy of chromosome 11q plays in his phenotypic 

manifestations remains unclear. 

 

4.1.5 Patient 5  

46,XX.ish der(5)t(5;16)(q35.3;q24.3)(PAC240G13-,c372B12/c301F3+)pat. 

Patient 6  

46,XX.ish der(5)t(5;16)(q35.3;q24.3)(PAC240G13-,c372B12/c301F3+). 
 

The initial subtelomere FISH investigation for patient 5 and 6 gave little information as to 

the degree of genetic imbalance present. By mapping the breakpoints, array CGH has 

highlighted the genomic differences between the patients and contributed towards 

explaining the differences in their phenotypes. Patient 5 was shown to have a 1.7-2.6 Mb 

deletion of 5qter, whilst patient 6 had a smaller 0.98-1.3Mb 5qter deletion. Likewise, 

patient 5 was shown to have a larger 4.54-5.27 Mb duplication of 16qter, whilst patient 6 

had a 1.46-3.2 Mb duplication of 16qter. There is a correlation between extent of 

chromosome imbalance and degree of intellectual disability, in that Patient 5 with the 

larger net chromosome imbalance has more severe intellectual disability.  A “5q 
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deletion/16q duplication syndrome’ was not recognised - while both patients have 

intellectual disability, their dysmorphic facial features, which are mild, are dissimilar.  

The fact that only patient 6, with the smaller deletion and smaller duplication, had 

congenital heart disease, suggests that a region (or regions) within chromosomes 5q 

and/or 16q involved in the imbalance and shared by both patients, can create 

susceptibility to congenital heart disease but is not sufficient to cause it.  Alternatively, 

patient 6 could have a susceptibility polymorphism within the shared regions of 

imbalance, not present in patient 6, in a gene involved in heart development. The 

possibility remains however that the congenital heart disease results from susceptibility 

polymorphisms which lie outside the regions of common overlap and are unrelated to the 

imbalance of chromosome 5q and 16q.  

 

Extensive literature review showed that these are the only two cases in the literature with 

cryptic unbalanced rearrangements involving 5q and 16q. Other cases were confounded 

by involvement of a different second contributing chromosome.  

 

Schafer et al, (2001) reviewing nine patients with either terminal or interstitial deletions 

of distal 5q, noted phenotypic variation between patients. This supports the findings of 

this study. The two most consistent features reported by Schafer et al, (2001) were 

developmental delay and abnormal craniofacial growth.  

 

To our knowledge, the smallest isolated deletion of 5q in the literature involved a patient 

with a 3.5Mb distal deletion reported by Rauch et al, (2003). This patient showed 

multiple anomalies including kyphoscoliosis, pectus carinatum, frontal bossing, 

prominent cheeks, upward slanting palpebral fissures, epicanthic folds, flat nasal bridge, 

small mouth, short fingers and mild syndactyly of the 2nd and 3rd toes. Although patient 6 

did show some of these features, namely, upward slanting palpebral fissures, small 

epicanthic folds and depressed nasal bridge, no other similarity to this patient was evident 

and indeed these features are common in many patients with cytogenetic imbalance. 

Hypotonia, post natal short stature and a bell shaped thorax with pectus carinatum were 

reported by Rauch to be characteristic findings for distal 5q deletion syndrome. While the 

height of patient 5 was on the 10th centile, no other common phenotypic features were 

identified to the patient reported by Rauch et al, (2003). As patient 5 and 6 both had 
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smaller deletions than the 3.5 Mb deletion in the patient reported by Rauch et al, (2003) 

the causative genes for the skeletal anomalies may lay 1.7 to 3.5Mb proximal to 5qter.  

 

In a follow up article, Rauch and Dörr, (2007) proposed guanine nucleotide binding 

protein beta polypeptide 2-like gene (GNB2L1) as a candidate gene for short stature in 

patients with 5q subtelomeric syndrome. This gene is positioned ~0.25Mb from the 5q 

telomere and deleted in both patient 1 and 2; however neither patient showed abnormal 

height parameters.  

 

To our knowledge no case of isolated distal 16q duplication has been reported in the 

literature. Whilst Brisset et al, (2002) reported a patient with a duplication of distal 16q 

and a deletion of distal 7p was also present. The duplication of 16q in this patient was 

estimated to be 5.3-6.2 Mb; the breakpoint mapped by FISH between two BAC clones 

RP11-457K7 and RP11-44201. The 7p deletion in this patient was around 5 Mb. 

Proposing a tentative phenotypic map for 16q, the most distal region of 16q was thought 

to be critical for low birth weight, generalised hypotonia, severe mental retardation, 

feeding difficulties, and distinctive facies, (periorbital oedema in the newborn period, 

high/ prominent forehead, bitemporal narrowing), multiple vertebral anomalies, abnormal 

genitalia and anal malposition. As this patient also had a 7p deletion it is difficult to 

delineate a phenotype of 16q duplication from that of 7p deletion in a single report.  

Martin et al, (2002) proposed the use of “molecular rulers” to aid in the correlation of 

clinical findings with the size of molecular imbalance between patients with subtelomeric 

abnormalities involving the same chromosome arm/s. Mapping the breakpoints of the 

deletions/duplications patients 5 and 6 is a good example where the principle of a 

“molecular ruler” has been applied in patients with similar abnormalities to give useful 

information to interpret phenotype/genotype correlation.  
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4.2 Assessment of clone performance 
The array was able to give accurate mapping information for the extent of chromosomal 

imbalance for the majority of patients.  

 

The deletion in Patient 1 was fully characterised from the breakpoint indicated with array 

CGH. Whilst the deletion of 4q was detected for patient 2, two false negative clones 

resulted in an underestimation of the extent of this deletion. The breakpoints and size of 

segmental imbalance in patient 3 were fully characterised to within 0.5-0.8Mb. For 

patient 4 the size of the duplication was characterised to within ~0.5 Mb, however the 

extent of the deletion could not be determined as it was greater than 5 Mb and beyond the 

extent of the clone coverage. Even though the extent of the imbalance of chromosome 

10q in patient 4 was shown to be greater than 5Mb it was not detected initially using 

conventional microscopy. The breakpoints for patients 5 and 6 were resolved but not to a 

resolution of 0.5Mb.  

 

These array hybridisation experiments enabled a large sub set of autosomal clones (81) 

from nine chromosome arms to be evaluated. In addition, all patients were hybridised to 

an opposite sex control allowing the efficiency of the forty X and Y clones to be 

evaluated. 

 

Of the eighty one autosomal clones evaluated twelve were excluded from the mapping 

results as they failed to give the expected result for the predicted copy numbers 

imbalances (summarised in table 8). Two clones (2.5%) were shown to hybridise to 

different autosomes, whilst three (3.7%) hybridised to a different position on the same 

chromosome. Four clones (4.9%) showed cross hybridisation (due to sequence similarity) 

to multiple chromosome locations and four (4.9%) gave false negative results. Assuming 

all clones were correctly identified, and extrapolating from these figures it is likely that 

up to ~ 16% of all the autosomal clones on the array may not be effective in predicting 

copy number imbalances. 

 

 Forty sex chromosome clones were evaluated from opposite sex hybridisations: the 

results of a female and male patient are summarised in table 7. Eight clones were selected 

to cover the Xp/Yp pseudoautosomal region. One clone RP11-297E16, did not give the 
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expected ratios and was shown upon FISH investigation to hybridise to a B group 

chromosome. All of the four Xp clones gave the appropriate ratios on unlike sex 

hybridisations. 

 

Fourteen clones were selected to cover the Xq and the Xq/Yq pseudoautosomal region 

and all but one showed the expected ratios in the two patient reverse sex hybridisations. 

The aberrant clone RP5-892C22 upon FISH investigation was shown to map to Yp and 

proximal to Xq clone RP11-49C9 (a clone positioned at the edge of the 5Mb boundary). 

The seven Yp clones did not appear to perform well, FISH investigation of four showed 

they also cross hybridised to the X chromosome and were not unique to the Y 

chromosome. All Yq clones selected appeared to show appropriate Log2 ratios. Of the 

forty sex chromosome clones 20% mis-mapped or cross hybridised, the Yp clones 

contributing to most of this figure. 

 

In the development of a targeted clinical array by Bejjani, et al, (2005), 7% of the clones 

selected to develop that array hybridised to different chromosomes and 16% hybridised to 

multiple sites of the genome. This figure for mis-mapped clones was contested by 

Veltman and De Vries (2006) to be actually less than 1% as they stated most existing 

BAC clone sets used for array CGH had been extensively tested by FISH, DNA finger 

printing and end sequencing. (Veltman and De Vries ,2006). A review by Bejjani and 

Schaffer, (2006) showed 2.2% of the selected clones were mis-mapped and 22% 

hybridised to multiple sites. This high percentage of cross hybridisation may in part result 

from the fact they were targeting highly repetitive regions (and so sharing sequence) such 

as the subtelomeric and pericentromeric chromosomal regions. Approximately 11% of 

clones mismapped or cross hybridised in this study. In this study clones which showed 

hybridisation to multiple sites mapped to within ~ 2Mb of the telomere. Bejjani and 

Shaffer, (2006) rejected a substantial portion of clones due to their poor hybridisation 

efficiency using FISH (35%). The FISH testing during the development of this array 

failed to show a correlation between clones with poor hybridisation efficiency and 

ineffectual array discrimination (data not shown).  

 

The three clones which gave false negative results did hybridise to the expected mapped 

chromosome position. Tyson et al, (2005) when screening 22 patients found that most but 

not all (41/45) of abnormal clones in the deletion/duplication intervals showed the 
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expected ratio. However it was not stated whether FISH confirmation of these clones had 

been carried out to determine the underlying reason for these false negative clones.  

 

The experienced gained from the construction of this array will be applied to the 

construction of the 1Mb whole genome array. The clone set which will be utilised as the 

“backbone” of this array will be a FISH validated clone available from the Children’s 

Hospital Oakland Research Institute. It is envisaged by using FISH validated clone set the 

percentage of mis-mapped clones will fall significantly. 

 

At the beginning of this study it was envisaged the degree of chromosome imbalance of 

all patients would be successfully determined using the Subtelomere/clinical array. Whilst 

for all patients, the extent of the chromosome imbalance was determined; array clones 

which mis-mapped or cross hybridised resulted in decreased sensitivity in the estimation 

of the size of the chromosome imbalance in some patients.  

From these studies genotype/phenotype correlation was attempted for all patients with 

varying degrees of success. For some (patient 1) the phenotype could be directly related 

to the degree of genomic imbalance, whilst for others, lack of similar cases in the 

literature made correlation difficult (patient 4).  



    

Chapter four 

 
 

 

 

USING THE SUBTELOMERE 

CLINICAL ARRAY TO SCREEN 

PATIENTS WITH IDIOPATHIC 

INTELLECTUAL DISABILITY  
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1.0 INTRODUCTION 
Cryptic subtelomere rearrangements have been shown to be a significant cause of 

intellectual disability in the population (Flint et al (1995), Knight et al(1999)). Most 

studies have been based on highly selected patient groups, often with moderate to severe 

intellectual disability and dysmorphism or congenital abnormalities. The reported rate of 

abnormality from these groups varies considerably; the rate of abnormality in these 

studies where only truly cryptic changes are detected has been estimated at 2.6% (Yu et 

al. 2005). A recent extensive survey of over 11,600 patients showed the detection rate of 

causative unbalanced rearrangements in unselected patients was 2.5% (Ravnan et al. 

2006). 

 

To date the few array CGH subtelomere studies, have involved either patients with 

known subteleomeric abnormalities or groups of patients which met formal assessment 

criteria. (Veltman et al, (2002), Harada et al, (2004a), Kok et al, (2005)).  

 

Veltman et al, (2002) were the first to assess the applicability of array CGH, then, a 

relatively new technology to accurately detect subtelomeric abnormalities. The view was 

that this technology could be applied as a high throughput multiplex FISH “molecular 

karyotype”. Eighteen patients with previously ascertained subtelomeric abnormalities 

were tested together with two patients with interstitial deletions who were “normal 

controls”. The array consisted of seventy seven clones, some subtelomeric regions being 

represented by up to three different clones. Fifteen patients including the two controls 

showed copy number imbalances which were concordant with the original diagnosis. The 

five remaining patients in his study were correctly elucidated and a number of 

unidentified rearrangements were characterized. 

 

A similar subtelomere array consisting of forty three clones by Harada et al, (2004a) 

followed. Sixty nine patients were screened using this array; all with idiopathic mental 

retardation with or without multiple congenital abnormalities (MCA). All were reported as 

normal by cytogenetic analysis at the 400 band level. Subtelomeric abnormalities were 

detected in four patients, giving a detection rate of 5.8%. Two unbalanced translocations 

were detected, together with a previously described deletion of 9qter. The fourth patient 
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had a duplication of 12pter inherited from her phenotypically normal mother. The 

abnormality rate of ‘causative’ copy number changes from this group was 4.3%.   

 

A higher density array of 484 clones was applied to one hundred patients with idiopathic 

mental retardation (Kok et al, 2005). Patients were selected according to the criteria set out 

by de Vries et al,( 2001) where a ‘score’ is applied to each patient. The patient score is 

determined by a number of factors which includes the family history, pre and post natal 

growth retardation and the presence of facial dysmorphism and/or congenital abnormalities. 

Eight copy number changes affecting at least two consecutive clones were found giving a 

detection rate of 8%. Deletions were detected in three patients, including a familial 

interstitial deletion of 3p. The remaining two were de novo. A familial unbalanced 

translocation which resulted in a 6q deletion and 16q duplication was found in a fourth 

patient. Duplications were detected in four patients, including a de novo duplication of 21q. 

The origins of the remaining three duplications were not determined. The abnormality rate 

of ‘causative’ copy number changes from this group is difficult to precisely determine, an 

estimated figure between 4-7% is probable. 

 

The published subtelomere arrays to this point had only been used on highly selected 

patients. The subtelomere clinical array developed by the author as shown in chapter 

three, has been used to map the extent of imbalance in a number of patients with known 

subtelomeric arrangements. This array had yet to be tested on patients in whom the cause 

of their intellectual disability was unknown. Fifteen patients were selected for this 

purpose. The aim was to identify copy number changes (as gain or loss), and evaluate 

whether the changes identified contributed to the patients phenotype. When de novo copy 

number change has been ascertained it is necessary then to determine if the phenotype of 

the affected patient is associated with the copy number change. Similarly, there are now 

many examples of inherited copy number changes which are considered pathogenic; an 

assessment of this as a possibility would need to be considered. 

 

Once the copy number change has been confirmed with an independent method family 

studies are indicated. If the change is de novo it is generally considered that the change is 

likely to be causative. “Traditional’ interpretation of cytogenetic variants held that if a 

variant chromosome was seen in a clinically normal parent then it was considered to be 

clinically innocuous. 
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It was envisaged that patients would be able to be classified into 2 distinctive groups: 

1. Those where the copy number change was likely to be the cause of the phenotype. 

2. Those where the copy number changes could be considered as non-pathogenic and 

of no clinical significance.  

 
The study was designed to determine the abnormality rates on a group of unselected 

patient referrals which best reflects a true diagnostic cytogenetic environment. Often in 

the pursuit of a diagnosis for their patients, clinicians order a number of concurrent 

genetic tests for their patients. Using the array developed both the distal 5 Mb and a 

number of interstitial regions responsible for microdeletion/duplication syndromes will be 

tested simultaneously.  

 

A number of useful databases have been established to aid in the interpretation of array 

CGH results. These databases assist in the determination of whether a copy number 

change is a benign variant seen in normal individuals or may be a change with a predicted 

pathogenic effect. The Database of Genomic Variants (http://projects.tcag.ca/variation) 

gives a comprehensive summary of the catalogued published variants in normal 

individuals and includes the frequency, copy number type and genes surrounding this 

region. The Database of Chromosomal Imbalance and Phenotype in Humans using 

Ensembl Resources (DECIPHER) (https://decipher.sanger.ac.uk) collects data from 

numerous molecular cytogenetic laboratories with the aim to relate array CGH copy 

number changes directly to patient phenotype. All changes can be visualized directly on 

the Ensembl mapping interface. 
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2.0 MATERIALS AND METHODS 
 

2.1 Patent selection  
 
The minimum inclusion criterion for screening was developmental delay, learning 

disability or intellectual disability. This information was extracted directly from the 

patient referral request form. Patients were selected retrospectively from routine 

diagnostic cytogenetic samples. All patients had a normal karyotype at 400-550 banding 

resolution and had not previously been screened by subtelomere FISH. The clinical 

findings for each patient are summarized in table1. 

This study was approved by the Women’s and Children’s Hospital Ethics committee. 

 

Patient  Given clinical notes Result 

Number of 

clones size 

Patient 1 Developmental delay, several soft dysmorphic features NAD   

Patient 2 Dysmorphic, developmental delay ,severe behavioral disordersNAD   

Patient 3 Hearing loss, ,post auric pits, polydactyly, NAD   

Patient 4 Global delay, prominent forehead, un-descended testis dup  9q 2 <1Mb 

Patient 5 Intellectual disability (family history-2 brothers/mat uncle) dup 11q 2 < 1Mb 

Patient 6 Autism, intellectual disability (also in brother ) NAD   

Patient 7 Global developmental delay, hypotonic NAD   

Patient 8 Developmental delay, especially speech dup 17p11.2 10 3.6-4.2Mb 

Patient 9 Intellectual disability cleft lip, autism dup 17p13.3 1  0.8Mb 

Patient 10 Developmental delay also in brother. NAD    

Patient 11 Developmental delay, dysmorphic NAD    

Patient 12 Global developmental delay, short stature, clumsy co-ordinationNAD    

Patient 13 Grossly overweight, developmental delay NAD    

Patient 14 Infantile spasms, developmental delay NAD    

Patient 15 Severe language disorder, developmental delay NAD   

NAD: no abnormality detected. 

Table 1. Clinical summary and array CGH results for the 15 patients in this study. 
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2.2 Array CGH 
 

The array CGH experiments were carried out as outlined in chapter 3. In an endeavour to 

reduce costs, dye swap experiments were not carried out. All patient samples were 

labelled with CY3 and the normal pooled control DNA was labelled with CY5. 
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3.0  RESULTS 
 

Four patients were identified to have copy number changes all of which were 

independently confirmed by FISH or MLPA. Results are summarized in table 1. 

 

3.1 Patient 4– Duplication of 9q34.3 
 
Array CGH showed a duplication of 2 contiguous clones RP11-424E7 and RP1-115N13 

at distal 9q34.3 (figure 1). Interphase FISH studies using these two clones confirmed the 

duplication in the patient (figure 2). Both clones have been reported as non-pathogenic 

copy number variants (figure 3,4). Parental studies were requested to determine the origin 

of this copy number change, however they remain unavailable to date. The patient has a 

brother with developmental delay, cerebellar vermis hypoplasia and dysmorphic facial 

features which when combined with a cleft lip/palate suggests Pierre Robin syndrome 

although these features are thought to be clinically unrelated to the problems of the 

proband.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Results from the array CGH for patient 4 showed a duplication of two 9q 
clones, both mapping to distal 9q34.3. All clones from the array are represented on the 
graph and are arranged sequentially from chromosome 1 through to chromosome Y. The 
two duplicated clones are indicated by the red arrows. 
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Figure 2. Two colour interphase FISH studies 
using the probes RP11-424E7 (labelled red) and 
RP1-112N13 (labelled green) confirmed the 
duplication of these two probes in the patient. A 
third probe which hybridises to distal 9p was used 
as a control probe in the cell (labelled red). This 
probe is indicated by yellow arrows. 
 

 
 
 

Figure 3. Ensembl map showing the position of RP11-424E7 at distal 9q34.3. This clone 
overlaps with a reported copy number variant (Redon et al, 2006) and has been observed 
previously in thirteen normal individuals. RP1-115N13 is not shown on this map, 
however has been reported as a genomic variant by Iafrate et al, (2006) (see figure 6d). 

RP11-
424E7 

RP1- 112N13 

RP11- 424E7 
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Figure 4. RP1-115N13 was reported as a genomic variant by Iafrate et al, (2004). This 
region directly overlaps with the copy number variant reported by Redon et al, (2006). 
RP1-112N13 is not mapped on the current build of Ensembl (build 36). 
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3.2 Patient 5 – Duplication of 11q25 
 
Array CGH showed an interstitial duplication of two overlapping clones RP11-410I24 

and RP11-469N6 at distal 11q25 (figure 5). Ensembl mapping positions for the clones at 

distal 11qter are illustrated in figure 6.  Interphase FISH studies confirmed the duplication 

of RP11-469N6 (figure 7) however RP11-410I24 failed to convincingly show the 

duplication with interphase FISH (data not shown). Interphase FISH studies on the 

proximal and distal flanking clones to these two clones were also undertaken. Results 

indicted that the proximal clone, RP11-627G23 was duplicated (figure 8). The distal 

flanking clone RP11-555G19 did not appear to show duplication with interphase FISH 

(data not shown). Lack of microsatellite markers for the region encompassing RP11-

410I24 made confirmation by an independent method difficult. It is possible that the 

duplication of RP11-410I24 was not detectable using interphase FISH as the duplication 

domains are not spatially far enough apart in the cells. 

 

Follow up family studies were available for the probands, father, sister and brother. The 

duplication appeared to be present in the probands’ father and sister but not in the brother. 

The Results are summarised in table 2. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  5. Results from the array CGH in patient 5 showed a duplication of 
two 11q clones, both mapping to distal 11q25. All clones from the array are 
represented on the graph and are arranged sequentially from chromosome 1 
through to chromosome Y. The two duplicated clones are indicated as green 
diamonds.  

Duplication of chromosome 11q

-1.2

-0.9

-0.6

-0.3

0

0.3

0.6

0.9

1.2

4

RP11- 424E7
RP11- 424E7



                                                       

 80 

 

 
 
Figure 6. Ensembl map of distal 11q25. Array CGH showed an interstitial 
duplication of RP11-469N6 and RP11-410I24. The duplication of RP11-469N6 was 
confirmed with interphase FISH. The duplication of RP11-410I24 was not detectable 
using interphase FISH. Lack of suitable microsatellite markers in this region made 
confirmation of the duplication RP11-410I24 problematic. The region is gene poor, a 
single gene Q6ZV35 Human is the only gene represented in this region. 
 
 

 
 
 
 
 
 
 
Figure 7. Interphase FISH studies using 
the probe RP11-469N6 (labelled green). 
The duplication is indicated by the green 
arrow.  
 

 
 

 
 
 
 
 
 
 
 
 
Figure 8. Interphase FISH studies of the 
distal flanking clone RP11-627G23 
showed this clone was duplicated 
(indicated by green arrow.). RP11-627G23 
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 RP11-627G23 RP11-469N6 RP11-410I24 RP11-555G19 
Proband Duplicated Duplicated  normal normal  
Father Not done Duplicated Duplicated  Normal  
Sister Not done Duplicated  Duplicated  Normal  
Brother Not done Normal  Normal  Normal  

 
Table 2 Interphase FISH results for the proband (patient 5), father, sister and brother for 
four clones at distal 11q25.  
 
 

3.3 Patient 8 – Duplication of   17p11.2 
 
Array CGH indicated an interstitial duplication of ten clones at 17p11.2 (figure 9). A 

partial metaphase spread from the patient is shown in figure 10i indicates the duplication 

may have been visible using conventional cytogenetic microscopy. The distal breakpoint 

was confirmed to be between clones RP11-209J20 and RP11-219A15. FISH confirmation 

of the duplication of RP11-219A15 is shown in figure 10ii.The proximal breakpoint was 

confirmed by interphase FISH to be between RP5-836L9 and RP11-344E13. FISH 

confirmation of the duplication of RP5-836L9 is shown in figure 10iii. 

The size of this duplication is between 3.6-4.2 Mb. Parental studies were requested and 

investigation by interphase FISH showed both were normal. The duplication is therefore 

de novo.   
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Figure 9. Array CGH Results from patient 8 showing duplication of ten clones mapping 
to 17p11.2 (indicated as red diamonds). The graph shows only a portion of the total 
clones of the array, the chromosome location is described on the X axis. The duplicated 
clones all fall within 17p11.2. The size of the duplication is approximately 3.6-4.2Mb. As 
the fluorescent intensities for this hydridisation were low resulting in higher than usual 
standard deviations for each block, the log2 ratio standard deviation threshold was set for 

this experiment at +/- 0.3 (as shown in red rectangle). All clones outside this ratio where 
considered as outliers and investigated further.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Retrospective examination of the region 17p11.2 in the patient showed the 
duplication may have been cytogenetically visible (i). The duplication of the proximal 
17p11.2 clone RP11-219A15 and the distal clone RP11-836L9 were confirmed with 
interphase FISH and are shown in figures (ii) and (iii) respectively.  
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3.4 Patient 9 – Duplication of   17p13.3 
  
Array CGH identified a copy number gain of a single clone RP11-818O24 at 17p13.3 in 

two independent experiments (figure 11 shows the results of one experiment). A second 

clone, RP11-334C17 at 17q25.3 also showed a ratio change which was indicative of a 

copy number gain; this clone partially overlaps with a region of known copy number 

variation. The duplication of RP11-818O24 was confirmed in the patient by interphase 

FISH. (figure 12). The adjacent proximal and distal clones from the array, RP11-216P06 

and RP11-233O10 situated ~0.1Mb and ~0.4Mb from this clone showed a normal copy 

number ratio which was subsequently confirmed with interphase FISH. (result not 

shown). The duplication was therefore estimated to be between 0.3 and 0.7Mb. Within 

this interval a gene YWHAE or 14-3-3 protein epsilon is placed. The duplication of this 

gene was independently confirmed using Multiplex ligation-dependant probe 

amplification (MLPA) studies (figure 13). 

 

Deletions of this gene together with an adjacent distal gene CRK are thought to be 

important in the manifestation of the severity of Miller Dieker syndrome in patients with 

large deletions of 17p13.3.( Cardoso et al, 2003) (For detailed map of this area see figure 

14). As this region has significant clinical importance, the extent of the duplication was 

further characterised using interphase FISH. Further investigation with, three additional 

clones proximal to RP11-818O24, (RP11-210O04, RP11-60OC18 and RP11-627J12) 

obtained from the 32K BAC library provided by Children’s Hospital Oakland Research 

Institute (CHORI) (http://bacpac.chori.org/) were investigated in the patient. RP11-

210O04 and RP11-60C18 appeared to be duplicated whereas RP11-627J12 was normal 

(data not shown). This then defined the duplication to be 0.47 Mb in size and encompass 

eleven genes (details in figure 14). 

Family studies are indicated and to date remain unavailable. 
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Figure 11. Array CGH Results from patient 9 showing duplication of a single clone 
RP11-818O24 which maps to 17p13.3. A subset of clones from the array is represented 
on the graph and is arranged sequentially from chromosome 15 through to chromosome 
18. The second clone indicated RP11-344C17 is known to fall within a region of known 
copy number variation. 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 12. Interphase FISH 
studies of the clone RP11-818O24 
showed this clone was duplicated 
(indicated by grey arrows). 
Interphase cells were co-
hybridised with a 17p subtelomere 
probe (indicated by green signal).  
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Figure 13. Multiplex ligation-dependant probe amplification (MLPA) using   

SALSA MLPA KIT P061 (Lissencephaly) (MRC Holland) indicated a duplication in the 
patient of both YWHAE gene probes (as indicated by solid blue arrows and red squares in 
plotted results)  
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Figure 14. Detailed map of 17p13.3. The three clones represented within this region on 
the array are contained within red boxes. A single clone RP11-818O24 was duplicated. 
The two flanking clones, RP11-216P06 and RP11-233O13 showed normal Log2 ratios. 
Further FISH investigation using three clones proximal to RP11-818O24 (contained 
within blue boxes) showed that RP11-210O04 and RP11-60C18 appeared to be 
duplicated whereas RP11-627J12 was normal. 
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3.6 Single clone abnormalities expected to be polymorphic changes 
 
The initial screen for copy number imbalances concentrated on copy number changes 

which involves two or more clones. A number of changes were noted which upon 

investigation were thought to represent copy number variants (CNV) and be non-

pathogenic in nature. The basis of this decision was that the same clone or region had 

been reported on the Database of Genomic Variants as a non-pathogenic change. 

http://projects.tcag.ca/variation/. 

Copy number changes thought to be consistent with benign CNVs were seen in nine of 

the fifteen patients studied. Four patients showed a single benign CNV, whilst four 

showed two different benign CNVs, one patient three benign CNVs and one four benign 

CNVs. Identical benign CNVs were observed in two different patients on three occasions. 

The total number of benign CNVs observed was nineteen. 

No further investigation was initiated to follow up these benign CNVs. 

 

A summary of each copy number variant is detailed in table 2. 
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region clone patient 
Change 
 in patient 

Database of Genomic Variants  
 
 

Reported  
change in  
database 

1p36.32 RP4-785P20 7 loss Encompassed within variation number 4196 
gain/loss 

2p25.3 RP11-379N10 11 gain Encompassed within variation numbers 2361,30931,3341,8356 
gain 

3q29 RP11-480A16 12 loss Encompassed within variation number 3472 
gain/loss 

4q35.3 RP11-366H4 6 loss Partially overlaps with copy number loss in Ensembl 
loss 

5q35.3 RP11-703G5 12 loss Encompasses variation number 0068 
loss 

6q27 RP5-894D12 9 gain Encompassed within variation number 3657 
gain 

6p25.3 RP11-532F6 9 gain Encompassed within variation number 3593 
gain/loss 

7p22.3 RP11-90P13 7 loss Encompassed within variation number 3659 
gain/loss 

7q36.3 RP4-782K24 13 gain Encompassed within variation numbers 3715,5249,8585 
gain 

8p23.3 RP11-63E5* 6,7  loss Encompassed within variation number 3716 
gain/loss 

8p23.1 RP11-287P18 11 loss Encompassed within variation numbers 2732, 0296, 31424, 32996, 3719 
gain/loss 

9q34.3 RP11-112N13 1,4 gain Encompassed within variation number 0134 
gain 

14q32.33 RP11-535K02 14 loss 
Encompassed within variation numbers,4855, 22954, 317, 7026, 7027, 35213, 352 
35220 

gain/loss 

14q32.33 RP11-982M15 12 loss 
Partially overlaps with copy numbers29962, 29963, 29964 loss 

16p13.3 

RP11-161M6 
 4,8  loss Encompassed within variation numbers 3987, 5329 

gain/loss 

16p13.3 RP11-20I23 15 gain Encompassed within variation numbers 3988, 5329 
gain/loss 

* also observed in normal control during methodogy evaluation. 
Table 2.  Summary of single clone copy number variants detected in the fifteen patients studied.
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4.0 DISCUSSION 
 
Array CGH, allows the screening of multiple contiguous or non-contiguous sites of the 

genome for neoplastic or constitutional changes in a single hybridization. High 

throughput screening of patients for genomic imbalance remains one of the promises of 

array CGH.  

Studies which applied the use of subtelomere array CGH to screen patients with 

idiopathic intellectual disability are few. (Harada et al, 2004a, Kok et al, 2005).  In both 

these studies patients were selected on the basis of phenotype and degree of mental 

retardation. 

Most subtelomeric studies to date have been based on subtelomeric FISH although 

newer technologies such as Multiplex ligation-dependant probe amplification (MLPA) 

are affirming their usefulness for the detection of aberrations (Northrop et al, 2005, 

Monfort et al, 2006). The lack of published literature of the application of array CGH 

for subtelomere screening most likely lies in the fact that the field of array CGH has 

expanded so rapidly since its inception and most researchers now use higher resolution 

whole genome array CGH.  

 

Problematic to any array CGH technology is the interpretation of the significance of 

copy number variation. Changes within the subtelomeres of 2p,  2q, 3p, 3q,  4p,  4q, 5p, 

6p, 7q, 8p, 9p, 10q, 11q, 14q, 16q, 17p, 17q, 18p, 20p, 20q,  21q, 22q, Xp, Xq and Yp 

have been describe as harmless polymorphisms or variants (reviewed by Hengstchlager 

et al, 2005 and Balikova et al, 2007). Subtelomeric variants have also been reported in 

normal control individuals. (Joyce et al, 2001).  Other rearrangements are clearly not 

benign and are associated with abnormal phenotypes. Examples of these include 1pter-, 

1qter-, 3qter-, 9qter- and 22qter- (Gajecka et al, 2007, van Bon et al, 2008, Willatt et 

al., 2005, Ballif et al, 2008, Stewart et al, 2004, Manning et al, 2004 ). 

 

Follow up studies which characterize the extent of imbalances are rare (Walter et al, 

2004, Bocian et al, 2004, Helias-Rodzewicz et al, 2002) often making a direct 

comparison of subtelomeric imbalance to associated phenotype difficult. Insufficient 

knowledge of the size of an imbalance between patients with the same purported 

subtelomeric abnormality may partly explain the reported differences between patients; 



                                                       

 90 

in one patient what appears to be a benign variant in another is associated with 

phenotypic abnormalities (Ravnan et al, 2006).  

 

A general assumption made was that if a subtelomeric abnormality was seen in a 

clinically normal parent then it is unlikely to be a cause of the patient’s presenting 

phenotype. This idea has recently been challenged (Balikova et al, 2007). In studying 

twelve patients (with multiple congenital abnormalities and mental retardation) with 

unbalanced subtelomeric rearrangements inherited from a normal carrier, the sizes of 

chromosomal imbalance ranged from 0.15 to 7.8 Mb. The two largest imbalances, a 3.6 

Mb deletion of 10qter and a 7.8 Mb duplication of 10qter which encompassed 59 and 

78 genes respectively gave rise to the speculation that it was doubtful that these 

changes could not cause a phenotypic effect. A number of mechanisms were suggested 

to explain these observations: the variable expressivity of affected genes; the 

unmasking of recessive alleles in the affected patients; somatic mosaicism in the 

normal parent thus reducing the effect of the expression of critical genes and possible 

epigenetic modification. An additional example of this was illustrated by Klopocki et 

al, 2007). In thirty patients with Thromocytopenia-Absent Radius (TAR) Syndrome 

investigated by array CGH a common deletion of 1q21.1 was observed in all patients. 

The deletion was inherited in seventy five percent of cases from a normal parent, with 

both paternal and maternal inheritance documented. The deletion had not been reported 

in the copy number databases or in seven hundred other patients by array CGH. This 

led the authors to speculate that the deletion itself was not sufficient to cause TAR 

syndrome but predisposes an individual to the syndrome in the presence of other as yet 

unknown genetic modifiers.  

 

The fact that patients with TAR syndrome have normal intelligence opens the way for 

investigation by array CGH of other syndromes (without intellectual impairment) 

which appear to have an autosomal recessive pattern of inheritance segregating within 

the families. 
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4.1 Interpretation of copy number changes (Copy number variation) 
 

The degree of variation in the human genome is vast and exists on many different 

levels. One of the main challenges remaining is to relate how this variation influences 

the phenotype and disease states of an individual. Classification of variation is based on 

the size and composition of the genomic sequences. Single base pair changes termed 

single nucleotide polymorphisms (SNPs) involve single nucleotide changes and have 

been shown to be directly associated with differences in the expression of disease. 

(Grant and Hakonarson, 2008)). 

  

Sequences of 1-6 base pairs repeated tandemly to lengths of 200 base pairs termed 

microsatellite markers are frequently used to track the segregation of disease within 

families. Sequences of 1-100 base pairs present as 20-50 copies are termed 

minisatellites (Feuk et al, 2006). Lengths of DNA greater than 5 Kb, which are not 

entirely composed of repetitive elements but which have > 90% sequence homology 

referred to as segmental duplications or duplicons (Ji et al., 2000). It has been 

established that as much as 5% of the genome is comprised of segmental duplications. 

The low copy repeats (LCRs) which make up ‘duplicons’ have been directly implicated 

in a number of recurring clinical syndromes mediated by meiotic homolgous 

recombination (Peoples et al, 2000). These repetitive elements can be positioned at 

different loci in the genome; a database of segmental duplications is available at 

http://humanparalogy.gs.washington.edu or in the Database of Genomic Variants 

http://projects.tcag.ca/variation/. 

 
DNA segments larger than 1kb present in variable copy numbers when compared to a 

reference genome are called copy number variants or CNVs (Stranger et al, 2007). 

These regions have sequence identity of at least ninety percent and are not composed 

entirely of repetitive elements (Cheung et al, 2001). These copy number variants can be 

present as either deletions or duplications. The impact of copy number variants (CNVs) 

is yet to be fully elucidated. Many copy variants contain entire genes which in effect 

results in the gain or loss of entire genes and encoding sequences (Feuk et al, 2006). As 

a direct consequence gene expression may be down regulated (Iafrate et al, 2004, Sebat 

et al, 2004, Lee et al, 2007) or up regulated. (Linzmeier and Ganz, 2005 ). Large Copy 
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number variants may also indirectly effect gene expression through long range 

disturbance of gene regulation. (Feuk et al, 2006, Stankiewicz and Lupski 2006, 

Kleinjan et al ,2006). 

 

With the application of array CGH the extent of variation in the human genome is 

only just being realized. A number of whole genome surveys have been published 

from a number of array platforms in an endeavour to catalogue the degree of variation 

in the human genome ( Iafrate et al, 2004, Sharp et al,2005, McCarroll et al, 2006, 

Conrad et al, 2006, Redon et al, 2006, Sebat et al 2006 ). Copy number variation has a 

major contribution to the genetic diversity that exists between individuals. The future 

challenge is to unravel the difference between variation which is non-pathogenic and 

that which is disease causing. For many copy number variants the clinical significance 

remains uncertain and awaits additional studies (Lee et al, 2007).  

 

Nineteen copy number variants were identified in this study from the fifteen patients 

studied. All were believed, given current knowledge, to be clinically innocuous 

therefore family studies were not initiated. 

4.2 Array CGH copy number changes from this study which are likely to be 
clinically significant. 
 
4.2.1 Patient 8 – Duplication of   17p11.2 

 
Array CGH studies for patient 8 showed a large de novo interstitial duplication of 

17p11.2 encompassing 3.6-4.2Mb. Deletions or duplications of the proximal region of 

17p11.2-p12 are associated with four distinctive genomic disorders (Shaw et al, 2004). 

Deletions of 17p12 result in Hereditary Neuropathy with liability to Pressure Palsies 

(HNPP) while duplications of the same chromosomal segment results in Charcot Marie 

Tooth Syndrome (CMT1A). Deletions of the adjacent region at 17p11.2 results in 

Smith Magenis Syndrome. Duplications of 17p11.2 have recently been characterized. 

(Potocki et al, 2000). The phenotypic manifestations of this syndrome are relatively 

minor; mild to borderline intellectual disability, short stature, dental abnormities and 

behavioural difficulties (Attention Deficit Disorder, hyperactivity) were common 

findings. In general, normal facies were reported in the patients studied. All 

duplications in the study by Potolki were de novo.  
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Duplications and deletions of 17p11.2-p12 are not rare and the mechanism for their 

formation has been extensively characterised (Chen et al, 1997, Potoki et al, 2000). 

Most rearrangements result from unequal crossing over at non allelic directly repeated 

sequences between sister chromatids or homologous chromosomes at meiosis.  These 

repeated sequences, termed low copy repeats (LCRs) are also implicated in a number of 

other common deletion or duplication syndromes; Williams’s syndrome, Prader Willi 

syndrome, Angelman syndrome, DiGeorge and 22q11.2 duplication syndrome. 

 

Patient 8 had a duplication of 3.6-4.2 Mb. The given clinical notes: developmental 

delay, especially speech is fitting with the 17p11.2 duplication found in this patient and 

the diagnosis of Potocki-Lupski syndrome.  

 

4.3 Array CGH copy number changes which are likely to be clinically 
insignificant (based on the evidence in the current literature). 

 
4.3.1  Patient 4– Duplication of 9q34.3 

 
Array CGH studies for patient 4 showed a contiguous duplication of two BAC clones, 

RP11-424E7 and RP1-115N13 on distal 9q. Parental studies were requested but 

remained unavailable so the origin of this duplication remains uncertain. The region 

encompassed by clone RP11-424E7 completely overlaps .a copy number variant (as a 

gain) reported by Redon et al (2006) (see figure 3). RP1-115N13 is not mapped on the 

current Ensembl assembly, but has been reported as a variant in the Database of 

Genomic Variation by Iafrate et.al (2004) (see figure 4). 

After considering the current literature it appears that this genomic change is a copy 

number variant of no clinical significance. Further reports in the literature will assist in 

determining the true significance of this duplication and its characterisation as a benign 

CNV.  

 

4.3.2 Patient 5 – Duplication of 11q25 

 
Array CGH studies of patient 5 showed a duplication of two BAC clones RP11-410I24 

and RP11-469N6 at distal 11q. Interphase FISH studies confirmed the duplication of 
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RP11-469N6 but failed to show the duplication of RP11-410I24. The most likely 

explanation for this result is that the clone RP11-410I24 is only partially duplicated and 

is beyond the resolution for detection by interphase FISH. The estimated size of the 

duplication is ~0.4Mb.  This region at 11q25 is a gene poor region and includes a single 

gene, Q6ZV35 HUMAN a hypothetical protein coding gene consisting of two exons. 

The duplicated region spanning RP11-469N6 and proximal adjacent clone RP11-678G5 

is fully contained within variants reported in the Database if Genomic variants. RP11-

410I24 is partially encompassed within a reported variant in this region. The 

duplication appears to be inherited from the patient’s father. There is a strong history of 

learning disability within this family; all siblings and the patient’s Father report 

schooling difficulty. These learning difficulties do not appear to be associating with the 

11q25 duplication in this family as the proband’s brother does not appear to have 

inherited this duplicated segment. A similar duplication has recently been reported by 

Balikova et al, (2207). This report showed a duplication of RP11-469N6 in a patient 

presenting with a ventricular septal defect, patent ductus arteriosus, absence of right 

tibia and fibula and shortening of the right femur. Ptosis of the right eyelid was also 

noted. No psychomotor retardation was present at 9.5 months. Family studies indicated 

the duplication was inherited from her healthy father. Given that the phenotype of the 

patient in that study is unlike that of patient 5, and the fact that the segregation of this 

duplication does not appear to be associating with the schooling difficulties in the 

family, it appears at this stage to be unrelated to her problems. 

 

4.4 Array CGH copy number changes from this study of which the clinical 
significance remains inconclusive. 
 
4.4.1 Patient 9 – Duplication of   17p13.3 

 
Array CGH studies for patient 9 showed duplication at 17p13.3 of a single BAC clone 

RP11-818O24. Two genes fall directly within the region of RP11-818O24, YWHAE 

(or 14-3-3 epsilon) and CRK. These genes when deleted in patients with large deletions 

of 17p13.3 result in the severest form of Miller Dieker Syndrome (MDS). Given the 

importance of these two genes, further interphase FISH studies were undertaken to 

determine the extent of the duplication in the patient. The size of the duplication was 

shown to be 0.47 Mb and encompassed eleven genes.  
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Chromosome 17p duplications specifically involving 17p13.3 have not been reported in 

the literature. A number of factors suggest that this duplication may be the causative 

change which is responsible for the patient’s phenotype. The duplication appears to be 

very rare; taking into consideration that the clone RP11-818O24 is present on the 32K, 

tiling path and 1Mb clone sets and similar duplication is yet to be reported either as a 

causative changes or as a copy number variant by any group in the literature. In 

addition, a large survey of approximately eight hundred patients (Dr Thomy Ravel 

personal communication) has not shown a duplication of this region in any of the 

patients studied. Personal communication with William Dobyns and Anthony 

Wynshaw-Boris (who have studied this region extensively) reported a rare duplication 

of 17p13.3 of unspecified size in a patient with mild-moderate mental retardation and 

cerebellar hypoplasia. This region was supposed to involve many more genes than just 

YWHAE. 

 

The 0.47 Mb duplication in patient 9 encompasses eleven genes: Q7RTU4, TUSC5, 

YWHAE, CRK, MYO1C, SKIP, PITPNA, SLC43A2, SCARF1, RILP and PRPF8). 

The previously mentioned, genes 14-3 -3 epsilon (YWHAE) and CRK were shown by 

Cardoso et al, (2003) to be deleted in the cases of severe MDS. The best candidate gene 

contributing to the severe migrational detects in patients with MDS was 14-3 -3 

epsilon.  Toyo-oka et al, 2003 using. a mouse knockout model showed 14-3 -3 epsilon 

had a critical role in neuronal migration and normal brain development. The degree of 

migration disruption was directly dose dependant; homozygous mice had slower rates 

of neuronal migration compared to heterozygous mice. Therefore it is assumed that as 

patient 9 who has duplication in the region of this gene may show higher expression of 

this gene. How over expression of this gene may affect the patient’s phenotype remains 

uncertain. Without family follow up this remains speculative.  
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4.2 Array CGH copy number changes from this study which are likely to be 
clinically significant. 
 
4.2.1 Patient 8 – Duplication of   17p11.2 

 
Array CGH studies for patient 8 showed a large de novo interstitial duplication of 

17p11.2 encompassing 3.6-4.2Mb. . Deletions or duplications of the proximal region of 

17p11.2-p12 are associated with four distinctive genomic disorders (Shaw et al. 2004). 

Deletions of 17p12 result in Hereditary Neuropathy with liability to Pressure Palsies 

(HNPP) while duplications of the same chromosomal segment results in Charcot Marie 

Tooth Syndrome (CMT1A). Deletions of the adjacent region at 17p11.2 results in 

Smith Magenis Syndrome. Duplications of 17p11.2 have only recently been 

characterized. (Potocki et al, 2000). The phenotypic manifestations of this syndrome 

are relatively minor; mild to borderline intellectual disability, short stature, dental 

abnormities and behavioural difficulties (Attention Deficit Disorder, hyperactivity) 

were common findings. In general, normal facies were reported in the patients studied. 

All duplications in the study by Potolki were de novo.  

 

Duplications and deletions of 17p11.2-p12 are not rare and the mechanism for their 

formation has been extensively characterised (Chen et al. 1997, Potoki et al. 2000). 

Most rearrangements result from unequal crossing over at non allelic directly repeated 

sequences between sister chromatids or homologous chromosomes at meiosis.  These 

repeated sequences, termed low copy repeats (LCRs) are also implicated in a number of 

other common deletion or duplication syndromes; Williams’s syndrome, Prader Willi 

syndrome, Angelman syndrome, DiGeorge and 22q11.2 duplication syndrome. 

 

Patient 8 had a duplication of 3.6-4.2 Mb. The given clinical notes: developmental 

delay, especially speech is fitting with the 17p11.2 duplication found in this patient.  
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4.3 Array CGH copy number changes which are likely to be clinically 

insignificant (based on the evidence in the current literature). 

 
4.3.1  Patient 4– Duplication of 9q34.3 

 
Array CGH studies for patient 4 showed a contiguous duplication of two BAC clones, 

RP11-424E7 and RP1-115N13 on distal 9q. Parental studies were requested but 

remained unavailable so the origin of this duplication remains uncertain. The region 

encompassed by clone RP11-424E7 completely overlaps a copy number variant (gain) 

reported by Redon et al. 2006 (see figure 3). RP1-115N13 is not mapped on the current 

Ensembl assembly, but has been reported as a variant in the Database of Genomic 

Variation by Iafrate et al. 2004 (figure 4). 

After considering the current literature it appears that this genomic change is a copy 

number variant of no clinical significance. Further reports in the literature will assist in 

determining the true significance of this duplication and its characterisation as a benign 

CNV.  

4.3.2 Patient 5 – Duplication of 11q25 

 
Array CGH studies of patient 5 showed a duplication of two BAC clones RP11-410I24 

and RP11-469N6 at distal 11q. Interphase FISH studies confirmed the duplication of 

RP11-469N6 but failed to show the duplication of RP11-410I24. The most likely 

explanation for this result is that the clone RP11-410I24 is only partially duplicated and 

is beyond the resolution for detection by interphase FISH. The estimated size of the 

duplication is ~0.4Mb.  This region at 11q25 is a gene poor region and includes a single 

gene, Q6ZV35 HUMAN a hypothetical protein coding gene consisting of two exons. 

The duplicated region spanning RP11-469N6 and proximal adjacent clone RP11-678G5 

is fully contained within variants reported in the Database of Genomic variants. RP11-

410I24 is partially encompassed within a reported variant in this region. The 

duplication appears to be inherited from the patient’s Father. There is a strong history 

of learning disability within this family; all siblings and the patient’s Father report 

schooling difficulty. These learning difficulties do not appear to be associating with the 

11q25 duplication in this family as the proband’s Brother does not appear to have 

inherited this duplicated segment. A similar duplication has recently been reported by 

Balikova et al, (2007). This report showed a duplication of RP11-469N6 in a patient 

presenting with a ventricular septal defect, patent ductus arteriosus, absence of right 
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tibia and fibula and shortening of the right femur. Ptosis of the right eyelid was also 

noted. No psychomotor retardation was present at 9.5 months. Family studies indicated 

the duplication was inherited from her healthy father. Given that the phenotype of the 

patient in that study is unlike that of patient 5, and the fact that the segregation of this 

duplication does not appear to be associating with the schooling difficulties in the 

family, it appears at this stage to be unrelated to her problems. 

 

4.4 Array CGH copy number changes from this study of which the clinical 
significance remains inconclusive. 
 
4.4.1 Patient 9 – Duplication of   17p13.3 

 
Array CGH studies for patient 9 showed duplication at 17p13.3 of a single BAC clone 

RP11-818O24. . Two genes fall directly within the region of RP11-818O24, YWHAE 

(or 14-3 -3 epsilon) and CRK. These genes, when deleted in patients with large 

deletions of 17p13.3 result in the severest form of Miller Dieker Syndrome (MDS). 

Given the importance of these two genes, further interphase FISH studies were 

undertaken to determine the extent of the duplication in the patient. The size of the 

duplication was shown to be 0.47 Mb and encompassed eleven genes.  

 

Chromosome 17p duplications specifically involving 17p13.3 have not been reported in 

the literature. A number of factors suggest that this duplication may be the causative 

change which is responsible for the patient’s phenotype. The duplication appears to be 

very rare; taking into consideration that the clone RP11-818O24 is present on the 32K, 

tiling path and 1Mb clone sets, a similar duplication is yet to be reported either as a 

causative changes or as a copy number variant by any group in the literature. In 

addition, a large survey of approximately eight hundred patients (Dr Thomy Ravel 

personal communication) has not shown a duplication of this region in any of the 

patients studied. Personal communication with William Dobyns and Anthony 

Wynshaw-Boris (who have studied this region extensively) reported a rare duplication 

of 17p13.3 of unspecified size in a patient with mild-moderate mental retardation and 

cerebellar hypoplasia. This region was supposed to involve many more genes than just 

YWHAE. 
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The 0.47 Mb duplication in patient 9 encompasses eleven genes: Q7RTU4, TUSC5, 

YWHAE, CRK, MYO1C, SKIP, PITPNA, SLC43A2, SCARF1, RILP and PRPF8). 

The previously mentioned. genes 14-3 -3 epsilon (YWHAE) and CRK were shown by 

Cardoso et al, (2003) to be deleted in the cases of severe MDS. The best candidate gene 

contributing to the severe migrational detects in patients with MDS was 14-3 -3 

epsilon.  Toyo-oka et al, (2003) using a mouse knockout model showed 14-3 -3 epsilon 

had a critical role in neuronal migration and normal brain development. The degree of 

migration disruption was directly dose dependant; homozygous mice had slower rates 

of neuronal migration compared to heterozygous mice. Therefore it is assumed that as 

patient 9 who has duplication in the region of this gene may show higher expression of 

this gene. How over expression of this gene may affect the patient’s phenotype remains 

uncertain. Without family follow up this remains speculative.  
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PART B 

WHOLE GENOME ARRAY 



 

Chapter 5 

 

 

 

USING THE WHOLE GENOME 

ARRAY TO SCREEN FOR 

COPY NUMBER IMBALANCE 

IN PATIENTS WITH 

INTELLECTUAL DISABILITY.



1. 0 INTRODUCTION  
 

Intellectual Disability (also referred to as Mental Retardation) occurs in 2-3% of the 

population. The detection of visible cytogenetic imbalances in patients with idiopathic 

intellectual disability is estimated to be ~3.7% (Shevell et al,2003). In unselected 

idiopathic disability populations an additional 2.5-2.6% is detected using subtelomere 

FISH (Yu et al, 2005, Ravnan et al, 2006). 

 

Array CGH has been shown to significantly enhance the detection of genomic 

imbalances. In a review by Stankiewicz and Beaudet (2007), chromosome 

abnormalities were detected in up to 17% of patients with idiopathic mental retardation. 

Detection rates varied, the highest (17% and 16%) were based on groups of patients 

who had chromosome testing alone, without previous additional subtelomere FISH or 

MLPA investigation. In groups where subtelomere testing had been partially or fully 

investigated the detection rate was 5.5-14%.  

 

Clinical pre-selection of patients who have idiopathic intellectual disability and 

additional dysmorphic features and growth abnormalities were shown to increase the 

detection rate of de novo copy number alterations (de Vries et al, 2005). Utilising a 

previously published scoring system, which was based on five criteria; family history of 

mental retardation, prenatal growth retardation, post natal growth retardation, facial 

dysmorphism and non-facial dysmorphism and congenital abnormalities (de Vries et al. 

(2001), patients were given a score between 0-10. From this study of 100 patients, 10 

(whose an average score was 4.4±1.7), were shown to have de novo alterations. 

Although the score given to these patients did not vary significantly from that of the 

other ninety patients in which no alteration as detected, there was a significant 

difference when compared to unselected patients (2.2±1.7).   

 

In order to realize the maximum efficiency of array CGH screening an alternative ‘in 

house’ scoring system was devised to identify patient most at risk of having a 

pathogenic copy number change. Facilitated by an experienced Clinical Geneticist this 

scoring system was based on four selection criteria: degree of intellectual 
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disability/developmental delay, dysmorphism, presence of malformations and the 

presence of an apparently balanced cytogenetic rearrangement.  

The scores for each selection criteria from which the patient score was totalled were 

given as follows: 

1. Intellectual disability/developmental delay. 

      Score  

Borderline ID           1 

Mild ID            1 

Mild dev delay           1  

Moderate ID           2 

Severe ID            2 

Moderate dev delay             2 

Severe dev delay          2 

2. Dysmorphic features. 

Each feature scored with a maximum of 2 points 

No dysmorphism        0 

1 dysmorphic feature        1 

≥ 2 dysmorphic features         2 

3. Malformations. 

Each feature scored with a maximum of 2 points 

No malformations        0 

1 malformation         1 

≥ 2 malformations          2 

4. Apparently balanced cytogenetic rearrangements. 

Apparently balanced, (inherited  

from a parent without phenotype)        0 

Apparently balanced,  

(Inherited from a parent with phenotype)     1 

Apparently balanced (de novo)      2 

 

The maximum score achievable is 8 (only in those patients with an apparently balanced 

balanced de novo rearrangement). Patients without apparently balanced de novo 

rearrangements can be given a maximum score of 6. Other clinical features such as 

family history of intellectual disability, growth abnormality (pre or postnatal onset) and 
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other pertinent findings (eg, autism, skeletal abnormalities, deafness) were noted but 

not scored. 

The aim of this scoring system was to assess if patients with a higher scoring 

assessment were more likely to have an underlying cryptic chromosome abnormality. 

 

2.0 MATERIAL AND METHODS 

2.1     Patent selection   
Twenty five patients were screened all of whom had intellectual disability ranging from 

mild to severe. All patients had formal assessment by a clinical geneticist and 

additional malformations and/or dysmorphic features were noted. Patients were given a 

score based on their clinical presentation. All had recent cytogenetic assessment at the 

550-800 banding level and no abnormality or loss at translocation breakpoints were 

detected. Most patients had also undergone subtelomeric FISH and/or MLPA screening 

and were reported as normal.  The majority of patients had also been screened for one 

or more chromosome specific microdeletion/duplication syndromes by MLPA or FISH. 

Patient details (including the scoring evaluation) are summarised in table 1. 

 

2.2      Array CGH 
 

Twenty five patients were screened with the 0.2-1 Mb array. Unique copy number 

changes were ascertained in four patients. Array CGH results are summarised in table 

1. 
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Score Age ID Dysmorphic features Malformations Clinical features 
Subtelomere 
investigation 

Other 
FISH/MLPA 
investigations 

Karyotype

 

 

 

1 6 6 
mild 

High nasal bridge, broad & square nasal 
root, prominent forehead, dystopia 
canthorum 
 

Cystic dysplastic kidney, Gut 
malrotation 

 
No 

            
46,XY inv(1)(q25.3q44)mat 

2 6 2 severe 
high forehead,telecanthus, Brushfield 
spots, short columella, short philtrum, 
small mouth, thin upper lip 

Horseshoe kidney, 
undescended testis 

 
Yes, MLPA 

 
4p16.3, 17p11.2 

 
46,XY  

 

3 6 11 
mild 

Uplslanting palpebral fissures, small 
mouth, abnormal folding of L ear, 
narrow hands and feet 
 

Malrotatation  
No 

 
22q11.2 

 
46,XX,t(8;22)(q24.13;q11.21) 
de novo 

4 6 20 
moderate 

Ptosis, long nose, overhanging 
columella, thin upper lip, upslanting 
palpebral fissures, bushy eyebrows, 
promient chin, large ears  

Supernummary teeth, 
small hands, bilateral 
clinodactyly, left 
undescended testis 

 
Yes, FISH 

 
22q11.2 

 

5 6 3 
severe 

Hairy Forehead, Thick eyebrows, Loose 
Skin, anteverted earlobes 

Cleft palate, short ribs, 
bilateral inguinal 
herniae,skeletal 
abnormailities 

 

 
Yes, MLPA 

7q11.2 46,XY  

6 17 
severe 

Ptosis, prominent upper lip, small 
protruding teeth, asymmetric face. 
 

ASD, bilateral radio-ulnar 
synostosis 

 
Yes, MLPA 

7q11.23, 7p11.2 
22q11.2,10p- 

46,XY  

7 6 19 
moderate 

Low set/small ears, flared nose, smooth 
philtrum, thin upper lip, small mouth 

 
 
Metopic suture synostosis, 
cleft palate, hypospadias, 
VAS, scoliosis 
 

Autism, mild to 
moderate 
conductive 
deafness, myopia, 
GOR, self injury 
behaviour. 

Yes, 

MLPA/FISH 

22q11.2 46,XY  

8 6  

mild 
deep-set eyes, hypotelorism, anteverted 
ears, flat philtrum 
 

syndactly of toes  
Yes, FISH 

 46,XX,der(2)der(8),der(10) 
de novo 

Two interstitial 
 deletions 11q 

9 6 4 
moderate 

Broad mouth, wide spaced teeth, 
brachycephaly 
 

 severe feeding 
difficulties  

7q11.2 

Array CGH 
result 
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10 6 6 
moderate 

small mouth, prominent philltrum, simple 
 ears, sparse hair 
 

hydrocephalus, 
strabismus 

 
 

8q24.12, 22q11.2 

11 6 4 

moderate 
Long narrow face, high forehead, open 
mouth appearance, upturned nose, short 
thick philtrum 

Bilateral congenital 
cataracts, 

Severe Ichthyosis 

Bilateral S/N 
deafness, severe 
hypotonia, 
aspiration 
  

 22q13, normal 12p 
Pallister Killian 

12 6 19 

moderate 
Mild hypotelorism, wide mouth Short 4th and 5th 

metacarpals, broad thumbs, 
high arched palate 

 

 Yes, FISH 7q11.23, 22q11.2 duplication 17q 

13 6 19 

severe 
high forehead, widely set eyes, 
hypoplastic malar region ,flat mid face, 
long philtrum, micrognathia 
 

hypospadius, coloboma 
R macula 

Hoarse voice, 
episodes of stridor 
in past 

Yes, FISH 22q11.2,7q11.2 

14 6 19 

moderate 
Prominent ears, High forehead, cowlick 
hairline, full lower lip, thin upper lip 
 

Bifid uvula, thickened 
interior septum of heart 

 Yes, FISH  

6 

24 

Upslanting palpebral fissures, coloboma 
of right upper eyelid, widely set eyes, 
broad nasal bridge, smooth philtrum, 
transverse  palmar creases, wide  
sandal gap, abnormal ears 

Exomphalus, eyelid 
coloboma 

Myopia/retinal 
detachment, 
Bilateral 
sensorineural 
deafness, scoliosis 

Yes, FISH & 
MLPA 

 

5 15 

hypertelorism, anteverted ears VSD, vertebral fusions, 
duplex urinary drainage 
 

GORD, epilepsy   

5 

18 

Upslanting palpebral fissures, upturned 
ear lobes 

2-3 syndactyly of fingers 
bilateral, micropenis 

Striae, Obesity, 
nephrocalcinosis, 
inverted R nipple, 
hypotonia 

Yes, FISH 22q11..2, 10p13 
MLPA 

46,XY blood and skin biopsy 

3 
5 

 Cleft palate, micronathia Bilateral S/N 
deafness, Autism 

Yes, MLPA 22q FISH, 22q/10p 
MLPA 

46,XY,inv(10)(p11.2p13)mat 

6 

15 

Upslanting palpebral fissures, deepset 
eyes, tented upper lip, broad nose, 
scalloped ala nasae, short philtrum, 
 prominent jaw 
 

mild pectus excavatum, 
bulbous finger tips 

Autism  22q11.2 FISH 
22q13 FISH 

5 13 

Upslanted palpebral fissures, prominemt 
medial epicanthi, anteverted nares, 
smooth philtrum, thin  
lip, small chin 
 

asymmetric chest(mild T 
scoliosis)  Wide 1/2 sandal 
gap toes 

Epilepsy  

 15 

 16 

 19 

 17 

 18 

 20 
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5 
 

Coarse face, deep set eyes, USPF, thick 
lower/thin upper lip 
 

ASD,VSD,congenital hip 
dysplasia 

  

5 

 

Widow's peak, hypertelorism, high nasal 
bridge, nicrognathia, high arched palate 
 

Agenesis of corpus 
callosum, duplex ureters 

Epilepsy, aortic 
root dilatation, 
redundant skin 

22q11.2FISH 

5 

 

Nasal groove, hypertelorism Cystic dysplastic kidney, 
craniosynostosis – sagital 

 
 

Seizures, Brain 
abnormality on 
MRI 
 

 

5 4 

Low set posteriorly rotated ears, high 
nasal bridge, 
 pointed chin, long smooth philtrum, 
epicanthic folds, hypotelorism 

Metopic suture 
synostosis, duplication of R 

thumb 

 

4 22 

 Narrow forehead, deep set eyes, hypotelorism, 
wide mouth, short philtrum 

 Seizures, 
repetative 
behaviours, 
bruxism, poor 
sleep 

 MA Macrocephaly 
ID  Intellectual disability 

 MI Microcephaly VSD  

 SS Short stature nad  No abnormality detected 

Table 1. Clinical summary of the twenty five patients examined. Four unique copy number changes were detected and are indicated in 
right hand column.
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23 

25 

24 
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3.0 RESULTS 
 

3.1 Patient 2. Interstitial duplication of 1p36.11-p36.12 
Array CGH showed an interstitial duplication of two BAC clones RP11-277F18 and 

RP11-57F20 which mapped to the region 1p36.11-p36.12. The estimated size of the 

duplication was 1.16-1.88Mb (table 2 and figure 1). The duplication was confirmed 

using interphase FISH with BAC clones RP11-277F18 and RP11-57F20 (figure 2). 

 

Clone    Log2 ratio  Array result        position(bp) 

RP11-139H5  0.22    normal        22366154-22537464
    RP11-277F18  0.54   duplicated      22689621-22840082 
RP11-57F20  0.72   duplicated     23672049-23850518
  RP11-100A07  0.24   normal     24423689-24612627 

 
Table 2. Summary of array CGH log2 ratios and mapping data for patient 2. 

Two clones RP11-277F18 and RP11-57F20 showed ratios consistent with a 
duplication of the region 1p36.11-p36.12. 
 

 

Figure 1. Results of chromosome 1 array plot for patient 2 showing a duplication 
of two clones mapping to the region 1p36.11-1p36.12. The size of this duplication 
is 1.16-1.188Mb. The genes duplicated in this interval are represented, one of 
particular note AOF2 (LSD1) falls within this duplication interval. 
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Figure 2. Interphase FISH investigation 
with BAC clone  RP11-57F20 (labelled 
red) confirmed the duplication of this 
clone in patient 2 (indicated by red 
arrow). The clone RP11-139H5 (labelled 
green) was not duplicated. 
 

 

3.2 Patient 8. Two interstitial deletions:  11q22.2-q22.3 and 11q25. Patient 8 
also has an apparently balanced translocation involving chromosomes 2, 8 and 
10. 
Array CGH showed an interstitial deletion of two regions on 11q: 11q22.2-q22.3 

and 11q25. The first region involved a deletion of four BAC clones, RP11-134G19, 

RP11-179B7, RP11-51M23 and RP11-276O11 which mapped to the region 11q22.2-

q22.3. The second region involved a deletion of two BAC clones RP11-17M17 and 

RP11-545G16 which map to 11q25 (table 3 and figure 3). 

The estimated size of the first deletion was 3.39-6.23Mb. The estimated size of the 

second deletion was 0.57-1.57Mb. Figure 4 illustrates the genes mapped within the 

two deleted regions. No copy number changes were detected at any of the breakpoints 

involved in the complex translocation. High resolution array CGH, such as an 

oligonucleotide platform may detect cryptic deletions and will be investigated at a 

future date. 
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Clone   dye swap ratios result    mapping position (bp) 

                                         (patient CY5)     (patient CY3) 

Region 1 
RP11-5G24  -0.12      0.05 normal      101,008,112 - 101,191,878

RP11-134G19   0.41  -0.56 deleted    101,600,032 - 101,600,600

RP11-179G7  0.45  -0.53 deleted    103,803,548 - 103,965,007

RP11-51M23   0.36  -0.47 deleted    104,480,486 - 104,480,901

RP11-276O11   0.37  -0.46 deleted    105.3 

RP11-628K08   -    - deleted (FISH)    106212291-106362715 

RP11-42L18  -0.09  0.02 normal    107,422,087 - 107,586,706

Region 2  

RP11-697E14  0.09  0.03 normal    131,229,517-131,428,624 

RP11-17M17  0.80  -0.55 deleted    132,052,508 -132,205,819 

RP11-545G16  1.18  -0.65 deleted     132,451,618 -132,626,355 

RP11-448P19  0.47  0.16 normal    133,006,478-133,163,988 

Table 3. Summary of array CGH log2 ratios and mapping data for patient 8. Two 

regions on 11q; 11q22.2-q22.3 and 11q25 showed log2 ratios consistent with an 

interstitial deletion. The first region, involved BAC clones, RP11-134G19, RP11-
179B7, RP11-51M23 and RP11-276O11, the second region involved two BAC 
clones RP11-17m17 and RP11-545G16. The estimated size of the first deletion was 
3.39-6.23Mb. The estimated size of the second deletion was 0.57-1.57Mb.  

Figure 3. Results of chromosome 11 array plot for patient 8 showing a deletion of 
two regions at 11q22.2-q22.3 and 11q25 (see plot and open red rectangles on 
idiogram).  
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Figure 4. Illustration of the genes deleted in region 1 and region 2. 

 

3.3 Patient 12. Duplication of 17q25.1 inherited from intellectually 
disabled Mother. 
Array CGH showed an interstitial duplication of two BAC clones RP11-41E12 and 

RP11-225G19 which mapped to the region 17q25.1 (table 4). The estimated size of 

the duplication was 1.26-2.22Mb. This duplication was confirmed using interphase 

FISH in the proband and also her intellectually disabled mother (data not shown). The 

probands father, also intellectually disabled was not available for cytogenetic follow 

up. A number of the mothers’ siblings (3 of 7 brothers and 1of 2 sisters) are also 

intellectually disabled. Extensive family studies are under investigation to determine 

if the duplication of 17q25.1 segregates with the intellectual disability in this family. 

Figure 5 illustrates the genes mapped to the duplicated region. The database of 

genomic variants reports three copy number variants within this region, however all 

are smaller than the region reported in patient 12. 

Region 1: 11q22.2-q22.3 

Region 2: 11q25 
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Clone   dye swap ratios result    mapping position (bp) 

                                         (patient CY5)     (patient CY3)  

RP11-65C22  -0.30 0.007   normal  68165339-68348074 

RP11-41E12  -0.65 0.55   duplicated  68729135-68812299 

RP11-225G19  -0.62 0.38   duplicated  69992352-69992455 

RP11-145C11  -0.08 0.21    normal  70573422-70573552 

 
Table 4. Summary of array CGH log2 ratios and mapping data for patient 12. Two 

clones RP11-41E12 and RP11-225G19 showed ratios consistent with a duplication of 
the region 17q25.1. The estimated size of the duplication was 1.26-2.22Mb. 

 

Figure 5. The genes duplicated in the region 17q25.1 are shown. The database of 
genomic variation documents a region around 69.18-70.23 Mb which has been 
reported as a non-pathogenic variant in normal individuals (shown by orange solid 
bars). The region of duplication in patient 12 is larger than this reported region. 
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3.4 Patient 24.  Interstitial deletion of 9q22.31-q22.31. 

 
Patient 24 presented to the laboratory at four years of age with mild developmental 

delay and facial dysmorphism (epicanthic folds, hypotelorism, long smooth philtrum, 

high nasal bridge, low set posteriorly rotated ears and a pointed chin). He had a 

duplicated right thumb. He had recently undergone surgery to correct metopic suture 

synostosis. 

 

Array CGH showed an interstitial deletion of six BAC clones RP11-77D21, RP11-

95D9, RP11-128O12, RP11-223A21, RP11-54O15 and RP11-34J23 which mapped 

to the region 9q22.1-q22.3 (table 5 and figure 6). The estimated size of the deletion 

was 3.11-6.56 Mb.  Figure 7 illustrates the genes mapped to the deleted interval. The 

deletion was confirmed by FISH using BAC clones RP11-95D9 and RP11-128O12 

(figure 8). Addition, metaphase FISH using two BAC clones RP11-435O5 and RP11-

426M7 which map to the region encompassed by the PTCH 1 gene were deleted (data 

not shown). 

 

Clone    Log2 ratio  Array result        position 

RP11-95G21   -0.03863    normal       92,846,233-93,014,106 

RP11-77D21  -0.69819  deleted       94,154,760- 94,311,113 

RP11-95D9  -0.56729  deleted                   94,156,171-94,261,167 

RP11-128O12  -0.85683  deleted                   95,248,411-95,248,511 

RP11-223A21  -0.51989  deleted                   96,262,026-96,262,128 

RP11-139A17  not informative           not informative          96,306,969-96,496,760 

RP11-54O15  -0.86767  deleted       96,705,305-96,881,253 

RP11-34J23  -0.63877  deleted       97,083,604-97,266,862 

RP11-23B15  0.03482               normal           99,583,820-99,744,615 

 
Table 5. Summary of array CGH log2 ratios and mapping data for patient 24. Six 

clones RP11-77D21, RP11-95D9, RP11-128O12, RP11-223A21, RP11-54O15 and 
RP11-34J23 showed log2 ratios consistent with an interstitial deletion. The estimated 

size of the deletion was 3.11-6.56 Mb.  
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Figure 6.  Results of chromosome 9 array plot for patient 24 showing a deletion of 
six clones in the region 9q22.1-q22.3 (see plot and solid red rectangles).  
 
 
 

 

 

 

 

 

 

 
Figure 7.   The genes deleted in the region 9q22.1-q22. One of particular note 
PTCH1 falls within this deleted interval. 

 
 
 
 
 
Figure 8. Metaphase FISH 
investigation with BAC 
clones RP11-95D9 (labelled 
green) and RP11-
128O12(labeled red) 
confirmed the deletion 9q22 
of this clone in patient 24 
(red arrow). 
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4.0 DISCUSSION 
A copy number variant (CNV) as described in chapter 4 is a DNA segment (>1Kb) 

with a variable copy number when compared to reference a genome (Lee et al, 2007). 

Within this definition no inference is made as to as to the phenotype associated with a 

CNV. 

CNVs are described in individuals with disease and normal controls; this is in 

contrast to traditional cytogenetic terminology where a ‘variant’ is seen as alterations 

which are not clinically significant. When determining copy number changes from 

whole genome arrays the basis of result interpretation is to determine if the changes 

are pathogenic and therefore clinically significant or non-pathogenic or benign and of 

little clinical relevance. In some cases the lack of similarly reported cases makes it 

difficult to come to a definitive and unambiguous conclusion as to the significance of 

a copy number change.  

 

There have been a large number of patients screened using various whole genome 

arrays (using a number of different platforms) (Shaw-Smith et al 2004, Shoumans et 

al 2005, de Vries et al 2005, Rosenberg et al, 2006) and trends may be emerging as 

to what constitutes a significant copy number variant. When determining the 

significance of copy number variations, a number of factors need to be taken into 

consideration when assessing if a copy number variant is pathogenic or non-

pathogenic. 

 

Lee et al, (2007) presented a summary paper which presented the factors which 

should be taken into consideration the evaluating the significance of a CNV.  

 

Regions in which the underlying genes are known to have a dosage effect (OMIM 

morbid genes) or have an important role in embryonic development will have a 

greater potential to be clinically significant. Larger deletions, particularly those of a 

de novo nature are potentially more pathogenic than small (15-20kb) deletions; the 

average size found in normal healthy individuals (Lee et al, 2007). However, a small 

copy number de novo deletion in a patient with an abnormal phenotype does not 

exclude the possibility that the other allele may also be mutated; making the patient 

effectively homozygous for a critical gene. Generally, the inheritance of a can from 
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an unaffected parent or it presence in another healthy family member suggest it is 

likely to be of a non-pathogenic nature.  

Given the large amount of underlying ‘normal’ variation reported in the genome the 

future challenge will be to determine which changes are pathogenic and therefore the 

cause of the phenotypic findings in a patient. This needs to be determined against the 

background of the large number of regions which appear, at the moment at least, to 

have no clinical significance.  

 

4.1 Patient discussion 
Patient 2 was shown by array CGH to have a 1.16-1.88Mb interstitial duplication of 

the region 1p36.11-36.12. Within this region there is one gene of particular interest 

LSD-1 (also referred to as AOF2). LSD-1 is a flavin-dependent histone demethylase. 

Histone proteins have an important role in chromosome packaging and condensation 

within the nucleus and in the regulation of gene expression via post translational 

phosphorylation, acetylation or methylation (Forneris et al, 2008). Flavin-dependent 

lysine-specific histone demethylases act on mono and di-methylated lysine molecules 

to produce H2O2: LSD1 acts specifically on histone protein H3K4. 

 

LSD-1 acts both as a gene repressor and gene activator (Forneris et al, 2008). Gene 

pathways upon which LSD-1 acts as a repressor include the REST (Repressor 

element 1-silencer factor): this pathway acts to repress the expression of neuronal 

genes Gria2 (glutamate receptor, ionotropic, AMPA 2) an excitatory 

neurotransmitter, and Opmr1 (µ-opioid receptor 1) ( Ooi et al. 2007).  

 

Gene pathways upon which LSD-1 acts as an activator include the gene Pit1 

responsible for pituitary development and hormone expression. Wang et al, (2007) 

showed that although (pituitary specific) LSD-1 deleted mice showed normal 

pituitary morphogenesis, no detectable levels of growth hormone (GH) or thyroid-

stimulating hormone β (TSHβ) was found in these mice. This led to the conclusion by 

Wang et al, (2007) that LSD-1 controls late cell-lineage determination and terminal 

differentiation of the pituitary.  

 



 

 

117 

117 

Patient 2 has congenital hypopituitism with a deficiency of TSH, LH and FSH at 

birth. Although duplications of LSD-1 have not been explored in a mouse model it 

remains likely the duplication plays a critical role in the clinical findings in this 

patient, particularly his hypopituitism.  

 

 Unexpectedly patient 8 was shown to have two non-contiguous interstitial deletions 

of 11q involving bands 11q22.2-q22.3 and 11q25. Routine cytogenetic examination 

of this patient had shown an apparently balanced complex translocation involving 

chromosome bands 2q21, 8q21, 8p21 and 10p15.3. However, no copy number 

changes were found in these regions using the 0.2-1Mb array. 

 

The interstitial deletion of the region 11q22.2-q22.3 was sized at 4.61-6.23Mb. 

Larger visible interstitial deletions of this region have been reported in the literature. 

Ono et al, (1996) studied three patients with visible interstitial deletions proximal to 

11q24.1, ( 1q14.2,-q23.2, 11q21-q23.1 and 11q21-q23). Characteristic to all patients 

was retinal dysgenesis, seizures and severe motor and mental development delay. 

Two of the three patients had cleft palates. 

 

 Horelli-Kuitunen et al, (1999) reported a three year old girl with a relatively mild 

phenotype which included trignocephaly, hypertelorism, low-set malformed ears and 

speech delay with an interstitial deletion of 11q21-11q22.3. From these reports it 

appears than interstitial deletions proximal to 11q21 may result in a more severe 

phenotype than those which involve bands distal to 11q21. 

 

Reports from the literature which the map location, size and position of deletions are 

most useful when assessing the possible clinical impact the 11q22.3-q22.3 deletion 

may have in this patient. Four studies have documented mapping information in the 

region of 11q14.3-q23.2 (Syrrou and Fryns, (2001), Horelli-Kuitunen et al, (1999), Li 

et al, (2002), Ikegawa et al, (1998)). The clinical details from each report are 

summarized in table 6 and figure 9. 
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Patient 8 Syrrou and Fryns,  
2001 

Horelli- Kuitunen 
et. Al, 1999 

Li et al, 2002 Ikegawa et al, 
1998 

11q deletion 
breakpoints 

q22.2-q22.3  
q22.3-q23.2 (de novo) q21-q22.3  

q14.3-q21(pat) q21-q22.2 

Size of deletion 
(Mb/cM) 4.6-6.2Mb ~14-16Mb 20>cM 3.6Mb 0.8-7.3Mb 

hypotelorism  hypertelorism 

 
no facial 

dysmorphism 
 
 

 large mouth   

thin upper lip 
thin upper lip and  
everted lower lip  

 

anteverted ears everted ears 
low set malformed 

ears 
 

 
no facial 

dysmorphism 
 

Facial 
dysmorphism 

 mild trigoncephaly trigoncephaly   

Other 
dysmorphism syndactly toes,  

cleft palate 

 
proximally implanted 

thumbs  

  

mild ID borderline/normal normal 
poor school 

performance* 
normal 

Intellectual 
disability 

 
mild expressive 
language delay speech delay 

  

head circumference 25th centile < 3rd centile >2nd centile   

weight 
 

50th centile 
 

 
10th centile 

 
10centile 

 
5th centile 

 

height 50th centile 10th centile <2nd centile  
Pseudoachondrop

lasia † 

* deletion was found over 3 generations and thought to be unrelated to learning difficulty 
† patient was shown subsequently to  have a deletion in COMP gene (cartlidge oligometric matrix protein)   
 Li et al, (2006) 

 

 
Table 6. Summary of clinical features and mapping data for patient 8 and 
similar reports from literature. 
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Figure 9. Summary of the deletion intervals of patients reported with deletions 

of the region 11q14.3-q22.3 where some molecular characterization has been 

instigated. 

Ikegawaet.
al. 1998 

Li et al., 
2002 

Horelli-
Kuitunen et. 
al. 1999 

Syrrou et al. 
2001 

Patient 8 

GRIA4 

CASP1

MMP12  

YAP1 
ID and mild 
dysmorphism 

Normal Intelligence 
and facies 

Deletion interval mapped 

genes 
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Two of the reports involving patients with interstitial deletions proximal to 11q22.2 

showed normal intelligence and facies (Li et al., (2002), Ikegawa et al., (1998)). The 

report by Syrrou et al. (2001), almost fully encompassed the same region as patient 8 

with both patients having borderline or mild intellectual disability, thin upper lips and 

ear anomalies. This maps a relatively small region on 11q22.3 which results in a mild 

phenotype if deleted. Within this region there are a number of genes (figure 4) 

including yes-associated protein1(YAP1 OMIM #660608), which acts as a  

coactivator of transcription factors; a number of genes from the Matrix 

metalloproteinase (MMP) family (8,10,13,12,20 and 27) which mediate the 

degradation of extracellular matrix;  Dyenein heavy chain isotype 1B (DNCH2) 

involved in motor proteins that produce directed movement along microtubules; 

caspase genes; (CASP1,4,5 and12)  and CASP 5  which are cysteine proteases that 

cleave C-terminal aspartic acid residues on their substrate molecules and Glutamate 

receptor 4 precursor (GRIA4) that mediate fast synaptic excitatory neurotransmission. 

Only one gene, GRIA4 appears to be expressed in the brain; how haploinsufficiency 

of this or other genes contributes to the phenotype in patients who have a deletion in 

the region 11q22.3 remains undetermined. 

 

There was a second region deleted in patient 8, a 0.57-1.57Mb deletion of 11q25 

(figure 4). Search of the Database of Genomic Variation shows two studies which 

report copy number gains of this region as non-pathogenic variants (Pinto et al, 

(2007), Zygopoulos et al, (2007)). The region in patient 8 involves a deletion rather 

than a gain and is larger than these reported regions. Within the maximum deleted 

region there are two genes Ophoid-binding protein/cell adhesion molecule-like gene 

(OPCML OMIM #) and neurotrimin (NTM). OPCML is a protein that binds ophioid 

alkaloids in the presence of acidic lipids and shares structural homology with 

members of the immunoglobulin protein superfamily, in particular cell-adhesion 

molecules. OPCML appears to function as a tumour suppressor gene for ovarian 

cancer and has been shown to be frequently somatically inactivated in epithelial 

ovarian cancer by allele loss or by CpG island methylation (Sellar et al, 2003). 

 

Reports of patients with deletions of 11q25 in the literature are rare. In a survey of 

transmitted unbalanced chromosome abnormalities and euchromatic variants; Barber 

et al, (2005) reported a 6 year old boy with developmental delay with a deletion of 
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11q25 inherited from his phenotypically normal father. In the same survey, a 

phenotypically normal male referred for infertility was ascertained to have a 

del(11)(q25-qter) inherited from his normal father.  

 

Riegel et al, (2005) reported a derivative 11q from an unbalanced maternally derived 

translocation in an infant with dysmorphic features, developmental delay, ASD and 

other malformations which resulted in a 2.09-5.19 Mb interstitial deletion of 11q24.3-

q25 and ~3Mb duplication of 2q36.2-qter. Relating this deletion to patient 8 is 

difficult as the deletion reported by Riegel et al, (2005) is larger and maps beyond 

both the proximal and distal boundary and is confounded by the  presence of the 2q 

duplication.  

 

Evidence suggests that the role of the 11q25 deletion may have little impact on the 

phenotype in patient 8. 

 

The possibility remains of cryptic deletions at the other breakpoints involved in the 

complex de novo 3-chromosome translocation, which brought her to attention 

originally for array studies. Screening this patient on a higher resolution 

oligonucleotide array will soon be initiated.  

 

Patient 12 was shown by array CGH to have a 1.26-2.22Mb interstitial duplication of 

the region 17q25.1 which appears to be inherited from her intellectually disabled 

Mother. Within this duplicated region non-pathogenic CNVs have been reported 

(Simon-Sanchez et al, (2007), Pinto et al, (2007), Zygopoulos et al, (2007)) in 2/272, 

4/1190, and 1/506 normal individuals respectively. All seven CNVs were reported as 

gains.  

 

The interpretation of this copy number change is made difficult by the fact that the 

duplication in patient 12 is larger than any reported non-pathogenic variation and 

hence results in a greater number of genes being affected (figure 5). 

USH1 maps distal and outside the duplicated area encompassed by the CNV. 

Homozygous deletion of this gene cause Usher syndrome characterized by 

sensorineural hearing impairment and progressive visual loss due to retinitis 
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pigmentosa (OMIM #606943). COG1, also mapping outside the region encompassed 

by the CNV, encodes for a subunit of the Conserved Olimeric Golgi Complex (COG) 

which plays a role in protein glycosylation (Zeevaert, et al (2008). Homozygous 

single insertions within COG1 have been shown to cause a congenital disorder of 

glycosylation (Foulquier, et al (2008), heterozygotes are normal. The effect, if any, of 

duplications of this gene remains unclear. Ferredoxin Reductase also mapping outside 

the duplicated region encompassed by reported s is a mitochondrial flavoprotein that 

receives electrons from NADPH, thus initiating the electron-transport chain serving 

mitochondrial cytochromes P450 (OMIM #103270). 

Patient 12 has a strong family history of intellectual disability with three of seven 

brothers and one of two sisters being affected. To aid interpretation, extensive family 

studies are necessary and are in progress; if the same copy number change can be 

shown in an intellectually normal family member then it may be of little clinical 

significance.  

 

Patient 24 was shown by array CGH to have a 3.11-6.56 Mb interstitial deletion of 

the region 9q22.2-q22.32. Two reports have been published with deletion of 9q22 of 

similar size to that of patient 24. Nowakowska et al, (2007 ) reported a patient with a 

7.7Mb interstitial deletion of 9q22.2-q31.2 in a 21 year old patient presenting with 

basal cell carcinomas. Fugii et al, (2007) reported a smaller 5.3 Mb deletion in a 12 

years old patient presenting with severe mental retardation, basal cell carcinomas and 

scoliosis. This deletion of this patient was completely contained within the maximum 

deleted region of patient 24. 

 

 Visible interstitial deletions of the region 9q22-q33.2 have been reported in the 

literature to be associated with Gorlin syndrome (Shimkets et al, 1996, Sasaki et al, 

2000, Mildro et al, 2004, Boonen et al, 2005). 

Described in 1960 by Gorlin and Goltz, Gorlin Syndrome also known Basal cell 

Nevus syndrome (BCNS) is characterised by multiple basal cell carcinomas, 

keratocysts of the jaw, palmar/plantar pits, skeletal anomalies involving the spine, 

ribs and skull and calcification of the falx cerebri. Patients are also at risk of 

developing other unrelated neoplastic conditions such as ovarian fibromas and 

medulloblastoma (Kimonis et al, 1997).  
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The critical gene for the underlying cause of BCNS is the PTCH1 gene (Homolog of 

Drosophilla Patched 1). Johnson et al, (1996) identified different heterozygous 

mutations in the PTCH1 gene in two patients with BCNS. The PTC1 gene, in 

Drosophila controls development by repressing transcription, and interacts directly 

with the Hedgehog proteins.  

 

 As the PTC1 gene has vertebrate homologs (chickens, mice and zebrafish), Johnson 

suggested  the expression of these vertebrate ptc genes in developing sclerotome, 

branchial arches, limbs, and spinal cord is consistent with the rib and craniofacial 

anomalies and other abnormalities seen in patient with BCNS. 

At the same time, Hahn et al (1996) also reported mutations of PTCH1 in patients 

with BCNS. Comparing to a murine model, it was thought that many of the features 

of NCBS could be directly linked to the presumed site of expression of PTCH1 in 

patients with BCNS.  

Diagnosis of BCNS can be problematic as some of the crucial findings such as basal 

cell carcinomas, jaw cysts, ovarian fibromas and palmar pits often do not manifest 

until post puberty. 

Patient 24 has been given a diagnosis of BCNS. He has some structural anomalies 

(metopic suture synostosis duplicated thumb) present which would be in keeping with 

this diagnosis. He is still quite young and regular monitoring would be important to 

see if the other post pubertal findings manifest themselves at a later stage. The patient 

should avoid excessive sun exposure and the use of ionising radiation. Patient 24 has 

mild intellectual disability: intellectual disability is not normally associated in BCNS 

in patients who have mutations of the PTCH1 gene or very small interstitial deletions 

involving only the PTCH1 gene (Fuji et. al 2007). The intellectual disability shown in 

patient with large visible and submicroscopic deletions is thought to be associated 

with haploinsufficiency of other genes within the deleted region. 

 

4.2 Future study 
In summary, of the twenty five patients tested using the 0.2-1Mb array, fifteen 

patients received a score of 6, eight a score of 5, one a score of 4 and one a score of 3 
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(see table 1 for details). From the group with a score of 6, two changes were 

determined likely to be pathogenic; a duplication of 1p36.11-p36.12 and an interstitial 

deletion of 11q22.2-q22.3. A third inherited duplication of 17q25.1 (from an 

intellectually disabled mother) requires further family studies to determine the 

significance of this duplication. From the patients group with a score of 5, one change 

was determined likely to be pathogenic; a deletion of 9q22.2-q22.32.  

This gives the patient group which scored 6, an abnormality rate of 13.3-20% and the 

patient group which scored 5 an abnormality rate of 12.5%. Combining both groups 

an overall abnormality rate of 12-16% was achieved, similar to those reported in the 

literature (Stankiewicz and Beaudet, 2007).  

 

The numbers of patients screened is not yet large enough for each patient group to 

determine the efficacy of the scoring system to predict potential pathogenic copy 

number changes in children with intellectual disability. Further testing will continue 

to obtain sufficient numbers of patients in each group.  



          
             Chapter 6 
 

 

 

USING THE WHOLE GENOME 

ARRAY TO SCREEN FOR COPY 

NUMBER IMBALANCE IN 

NEONATES WITH 

MALFORMATIONS AND/OR 

MULTIPLE DYSMORPHIC 

FEATURES. 
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1. 0 INTRODUCTION  
 

The establishment of the usefulness of array CGH to detect postnatally, cryptic 

cytogenetic rearrangements in patients who present with intellectual disability (with 

or without multiple congenital abnormalities and/or facial dysmorphism) is well 

documented (Shaw-Smith, 2004, Schoumans et al, 2005, Tyson et al, 2005, de Vries 

2005). A group yet to be focused on is neonates with one or more malformations or 

dysmorphic features, in whom the possibility of intellectual assessment is not 

available. The presence of malformations or dysmorphic features raises the 

possibility of an underlying chromosome abnormality being present.  

 

Only a limited number of studies have focused on patients in the prenatal or 

neonatal period using array CGH. Schaeffer et al, (2004), reported one of the first 

studies, investigating the use of array CGH on forty one spontaneous miscarriages 

(≤20weeks). However most of the abnormalities in this study would have been 

detected using routine cytogenetic methodology or molecular methods such as 

MLPA as the majority of abnormalities detected showed aneuploidy for one or more 

chromosomes.  

 

Two other investigations which focused on first trimester spontaneous abortions 

(Benkhalifa et al. (2005) and Shimokawa et al, (2006)) showed very similar results 

with aneuploidy being the predominant findings in the samples investigated with 

array CGH. From these three investigations, the incidence of truly cryptic 

abnormalities (therefore undetectable using conventional cytogenetics) which would 

directly affect the clinical management of patients was very low. 

 

The benefits of array CGH in the investigation of spontaneous first trimester loss is 

provisional. It is already well established, that of all recognised pregnancies, 10-

15% end in miscarriage or spontaneous abortion of which ~50% in the first 

trimester are chromosomally abnormal (Gardner and Sutherland, 2004).  

 

Perhaps a better group to focus on are those pregnancies which have entered the 

second or third trimester which either end in spontaneous miscarriage or are 
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medically terminated due to significant foetal abnormalities, or neonates born with 

malformations and/or dysmorphic features.  

 

This concept is supported by a study by Le Caignec et al (2005b), who investigated 

forty one foetuses from medically terminated pregnancies, and eight spontaneous 

foetal deaths using a small targeted clinical array comprising of 287 clones. From 

this patient cohort, four (8.2%) were shown to have de novo and therefore almost 

certainly causative imbalances. 

 

In this study array CGH will be utilised to investigate samples which fit into one of 

the follow categories: 

1. Medically terminated pregnancies or spontaneous fetal deaths with one 

or more facial dysmorphisms or fetal malformation. 

2. Newborn infants with one or more facial dysmorphism or congenital 

malformation. 

Patients will be screened using the 0.2-1Mb array. 

 

2.0 MATERIAL AND METHODS 

2.1      Patent selection   
Twelve patients were screened all of whom had malformations detected in the 

neonatal period. The patients represented a diverse group of referrals. It was not 

possible to determine the degree of intellectual disability (if any) in this patient 

group. This number of patients available was small, as consent was needed from 

parents. 

The clinical presentation of each patient is summarised in table 1. 

 

Cytogenetic examination revealed a normal karyotype at the 400 or 550 band level, 

with the exception of patient 10 and patient 11. Patient 10 has two maternally 

inherited translocations t(5;12) and t(6;14) which were not known of at birth. 

Patient 11 has an apparently balanced de novo translocation t(2;7)(q21.3;q21.2) 

ascertained during prenatal diagnosis at 18 weeks gestation.  
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2.1 Array CGH 
 
 
Twelve patients were screened with the 0.2-1 Mb array. Eight copy number changes 

were ascertained in five patients, the array CGH results are summarised in table 1. 

Most patients were screened using dye swap experiments.  
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Array CGH findings 

Patient Karyotype  FISH studies Malformations  Dysmorphic 
features 

fetal demise 
liveborn clone/s 

copy 
number 
change 

chromosome 
position 

Database Genomic 
Variation 

1 46,XY 
22q11.2 

Holoprosencephaly, 
hypoplastic left ventricle Flat face 

MTOP RP11-105k5 gain 8q11.2 yes 

2 46,XX    MTOP NAD    

3   VACTERL  MTOP NAD    

4 

46,XY  

Cystic hygroma, ASD, Hypo 
cerebellar vermis, short thumb 
right bi-lobed lung, 
Incomplete intestinal rotation  

MTOP NAD    

5  
 

Diastematomyelia meckels 
diverticulum fusion 2nd/3rd 
ribs  

MTOP RP11-139L04 loss 15q26.1 no 

6  
 

ASD, skeletal dysplasia 
ventrigiomegaly  

MTOP NAD    

RP11-193D10 gain 4p16.1 yes 
7 

 
22q11.2 Situs invertus 

 
MTOP 

RP11-265K23 gain 5q35.3 yes 

RP11-63E5 loss 8p23.3 yes 

RP11-287P18 loss 8p23.1 yes 8 

 

 Bilateral renal agenesis 

 

MTOP 

RP11-100N8 gain 15q22.2 no 

9 
46,XX 11q24.1 

Cardiomyopathy, 
malrotation,optic colobomas 

hypertelorism, 
carp-like mouth, 
abnormal ears 

neonate NAD   

 
RP11-15O04 

RP11-242K09 

RP11-46N22 

RP11-317B05  

10 
46,XX,t(5;12)(p13.
3;p12.2)t(6;14)(q14
.2;p11.2)mat. 

22q11.2 
Pierre Robin disorder, small 
kidneys, cleft palate,  

 

neonate 

RP11-13I21  

loss 

3 non-
contiguous 
deletion at 
putative 6q 
breakpoint 

11 

46,XY,t(2;7)(q21.3;
q21.2)de novo 

 
VSD, undescended testis, 
hearing loss 

frontal bossing, 
lowset crumpled 
ears, down 
slanting 
palpebral 
fissures 

neonate NAD   
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12 

46,XX 
 22q11.2, 4p16.3, 
1p36.3 

Tetralogy of Fallot, cleft 
palate, dilated cerebral 
ventricles dislocated hip, over 
riding 4th  toe    

Microstomia,  
low set ears, 
short palpebral 
fissures, 
micronathia,  

neonate NAD 

   

Table 1. Clinical summary and array CGH results for patients 1-12. 
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3.0 RESULTS 
 

Eight copy number changes were observed. One was considered to be pathogenic 

(patient 10) and five were changes which were documented in the Database of 

Genomic Variation and therefore considered to be non-pathogenic (patients 1,7 and 

8). Two other single clone changes not documented in the database of genomic 

variation were also observed in two patients (patients 5 and 8). All copy number 

changes were observed in reverse dye hybridisations. 

Array CGH results are summarised in table 1. 

 

3.1 Patient 5. Loss of a single clone RP11-139L10 at 15q26.1 
In a dye swap experiment patient 5 showed a copy number loss of a single clone 

RP11-139L10 which maps to 15q26.1. This copy number change has not been 

reported on the Database of Genomic Variation. 

 

3.2 Patient 8. Loss of a single clone RP11-100N8 at 15q22.2 
In a dye swap experiment patient 8 showed a copy number gain of a single clone 

RP11-100N8 which maps to 15q26.1. This copy number change has not been reported 

on the Database of Genomic Variation. 

 

3.3 Patient 10. Three non-contiguous interstitial deletions of 6q- 
6q14.1-q14.3, 6q14.3-q15 and 6q15. This patient was shown upon routine 

cytogenetic investigation to have two maternally inherited translocations 

46,XX,t(5;12)(p13.3;p12.2)t(6;14)(q14.2;p11.2)mat. 

 

Array CGH showed three interstitial non-contiguous deletions of five BAC clones in 

the regions: 6q14.1-q14.3, 6q14.3-q15 and 6q15 (table 2). This deletion is near one of 

the putative breakpoints of one the translocations; t(6;14)(q14.2;p11.2). 

The estimated sizes of the deletions of the three regions were 2.17-3.89, 2.09-2.62 and 

0.21-2.1Mb respectively.  Follow up metaphase FISH investigation confirmed the 

deletions in both the proband and her phenotypically abnormal Mother. 
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Clone   dye swap ratios            result  mapping position (bp) 

                                         (patient CY5)     (patient CY3)  

RP11-13L10*   0.076561 0.033867 normal   81548395-81702124 

RP11-15O04*  0.467408 -0.692408 deleted   82340825-82504217 

RP11-450A16*  not informative    not informative  deleted   83051713-83251931 

RP11-242K09* 0.45822 not informative   deleted    84365525-84511583 

RP11-32O2*   0.184375 -0.152554 normal   85598000-85741000  

RP11-46N22  0.769539 -0.420339 deleted   86249095-86445453 

RP11-317B05   0.902152 -0.25428 deleted   88362499-88544582 

RP11-52B15*   0.22396 -0.185406 normal    89784602-89877257 

RP11-806J11  not informative not informative(ni)  ni    90177196-90354900 

RP11-13I21 *  0.648069 -0.545101 deleted   91249703 -91251837 

RP11-113K7*  -0.148999 0.124242 normal   91999422-92151378 

* Results confirmed using metaphase FISH. 

 
Table 2. Summary of array CGH log2 ratios and mapping data for patient 10. 

Five clones RP11-15O04, RP11-242K09, RP11-46N22, RP11-317B05, RP11-
52B15 and RP11-113K7 showed log2 ratios consistent with an interstitial 
deletion. The estimated size of the deletion was 3.11-6.56 Mb.  
 
 

 

 

 

 

 

 

 

 

Figure 1. Metaphase FISH investigation with BAC clones RP11-13I21 (labelled 
green) confirmed the 6q15 deletion of this clone in patient 10 (red arrow). RP11-
52B15 (labelled red) was present. 
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4.0 DISCUSSION 
 

Of the twelve patients investigated, three copy number changes were detected in 

regions not documented previously as non-pathogenic copy number variants. Whilst 

one is considered likely to be pathogenic the other two remain unconvincing. 

 

Patient 10 at birth showed some degree of hypotonia and was diagnosed with Pierre 

Robin sequence (micrognathia and cleft palate).  Three non-contiguous deletions in 

the regions 6q14.1-q14.3, 6q14.3-q15 and 6q15, close to the original breakpoint 

reported by cytogenetic investigation (6q14) were found in this patient. Patient 10 had 

inherited two apparently balanced reciprocal translocations from her Mother. The 

patient’s mother had an unusual facial appearance with micrognathia, a broad 

forehead, a broad nasal tip. Her intelligence has not been formally assessed but 

appears to be low average or borderline. 

 

Review of the literature, not unexpectedly, failed to show any like cases; interstitial 

deletions of this region appear rare. Passarge et al (2000), reported a patient with a 

cytogenetically visible deletion of band 6q14 in patient with facial dysmorphism 

(ocular hypertelorism, flat nasal bridge and prominent zygomatic bones) and 

deficiencies of motor control, abstract thinking and speech development. 

 

Klein et al, (2007) reported three patients and reviewed a fourth patient with 

interstitial deletions of 6q. Two patients had larger and proximal deletions of the 

region 6q16-6q21. The other patients had deletions of the region 6q15-q21 of which 

the proximal boundary (89.8 and 91.3 Mb) began near that of the breakpoint of the 

most distally deleted region in patient 10 (91.2Mb). These regions therefore overlap 

by only a very small margin and it appears there are large gaps in the array mapping 

data from this report, making it difficult to make any useful comparison between the 

patients discussed by Klein et al (2007) and patient 10. 

De Gregori et al (2007), reported a neonate with IUGR, mild facial dysmorphism, 

severe hypotonia and a low-set right thumb with a 4.2Mb interstitial deletion of 

6q14.3-q15.  The proximal breakpoints at 85.28-86.38 and distal breakpoint at 90.56-

90.59Mb overlap with the second deletion reported in patient 10. Pierre Robin 
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sequence was not reported as part of the phenotypic findings in the patient reported by 

De Gregori et al (2007).  

 

This may then place the causative gene/s for this particular pattern of malformations 

outside the deletion interval reported by De Gregori et al, (2007) and within the 

deleted regions one and three in patient 10.  

 

The three regions are gene rich with >30 genes deleted over the three non-contiguous 

regions. However haploinsufficiency of these genes do not appear to produce a severe 

phenotype and this in itself may explain in part the lack of cases reported in the 

literature. 

 

Patient 5 showed a copy number loss of a single clone at 15q26.1, the deletion 

encompasses a single gene Aggrecan (ACG1) which is a core protein involved as one 

of the main proteoglycan genes of cartilage (Doege et al, 1997). It consists of 19 

exons of which exons 2-19 encode the aggrecan core protein. Within part of exon 12 

is a region with a variable number of tandem repeats (VNTR) ranging from 13-33 

(Gleghorn et al, 2005). Mutations of this VTNR have been associated with 

spondyloepiphyseal dysplasia and premature osteoarthritis (Gleghorn, et al 2005). 

Certain allele lengths of the VTNR have been associated with lumbar disc 

degeneration (Kawaguchi, et al 1999, Solovieva et al, 2007). 

 

It is difficult to relate the copy number change observed in patient 5 to the phenotype. 

The main finding in this patient was diastematomyelia and fusion of the second and 

third ribs. Diastematomyelia involves the splitting of the spinal cord with a bony, 

cartilaginous or fibrous septum present between the two cords. This condition has 

been associated with other clinical findings such as spina bifida. Association of 

deletions of 15q26.1 with this condition have not been reported in the literature, it is 

most likely that the association of the loss of the clone RP11-139L10 is coincidental 

to the clinical findings. 

 

Patient 8 showed a copy number gain which involved a single gene CAXII (Carbonic 

anhydrase XII). CAXII was show to be highly expressed in colon, kidney, and 

prostate and moderately expressed in pancreas, ovary, and testis (Ivanov et al, 1998). 
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There are no reports in the literature showing the association of CAXII with renal 

agenesis.  

 

From the twelve patients screened with the 0.2-1Mb array only one copy number 

change appears to be responsible for the abnormal phenotype of the patient (8.3%). 

This was detected in a patient investigated in the neonatal period. None of the six 

MTOP foetuses showed clearly significant copy number changes. 

 

 A recently reported paper by Shaffer et al, (2008) showed the yield of abnormal cases 

from prenatal referrals (of which the majority were referred to for structural 

abnormalities detected by ultrasound) was low (1.3%). In that same study, the neonate 

group (0-84 days of life) gave a significantly higher yield with an abnormality rate of 

11.4% detected. 

 

The evidence suggests abnormal prenatally detected ultrasound findings are not an 

obvious marker of chromosome deletions or duplications (chromosome trisomies are 

an exception) in patients. However there are a number of qualifying factors which 

need to be considered in these results; namely the small number of patients studied 

and the low resolution of the array.  

 

5.0 FUTURE STUDIES 
To maximize the cost effectiveness of array CGH screening (on a purely economical 

viewpoint), future studies will concentrate on patients within the neonatal period who 

have one or more malformations or dysmorphic features and perhaps show some 

indication of developmental delay (poor feeding, hypotonia). These results will then 

be related to the prenatal period to see if any particular ultrasound marker/s (if 

present) can be related to a higher risk of underlying chromosomal imbalance. Other 

samples such as those of early fetal demise (<12 weeks), where such an assessment 

cannot be made, are perhaps best screened by a less expensive method such as MLPA. 

 

 

 

 



   

 136 

 

 

 

 

     Chapter 7 

 

 

USING THE WHOLE GENOME 

ARRAY TO SCREEN FOR COPY 

NUMBER IMBALANCE IN 

PATIENTS WITH INTRACTIBLE 

EPILEPSY.  
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1. 0 INTRODUCTION  
 

Epilepsy is a relatively common disorder with approximately 3% of the population 

being affected by the condition (Berkovic et al., 2006). Epilepsy is characterised as 

idiopathic; when there is no underlying brain condition associated with the disorder, 

or symptomatic, where an underlying brain condition or brain damage has been 

identified (Berkovic et al, 2007). Idiopathic epilepsies may have a genetic component 

(family history of seizures), whereas symptomatic epilepsies may result from 

congenital conditions (often with a major genetic contribution to their cause) or 

acquired conditions such as head injury, stroke, tumours or infection of the brain. 

 

 Patients with chromosome disorders associated with epilepsy have symptomatic 

epilepsy. More than 400 publications have shown an association between 

chromosome abnormalities and seizures (Singh et al, 2002). For some chromosome 

disorders epilepsy is a primary part of  the clinical diagnosis, (1p36 deletion 

syndrome, Wolf Hirschhorn syndrome, Angelman syndrome, inverted duplication of 

15q11.2 and Miller Dieker syndrome, ring chromosome 14 and ring chromosome 20) 

( Schinzel and Niedrist, 2001, Singh et al 2002). Other chromosome disorders are 

commonly associated with epilepsy. However, epilepsy in these disorders does not 

play a strong part in the provisional diagnosis in a patient, e.g. deletions of distal 1q, 

distal 6q and deletions of 17p11.2. 

 

Chromosome deletions usually result in haploinsufficiency of a number of contiguous 

although not necessarily related genes. If, for example, a gene which is involved with 

cell to cell communication lies within the deleted interval, it would present as a strong 

candidate for the cause of epilepsy in patients. Many “epileptic” genes have a direct 

link to ion channels and the regulation of neuron signalling 

(egs.SCN1A,SCN1B,SCN2A,KCNQ2,KCNQQ3)(Heron et al 2007) . 

 

The actual incidence of epilepsy in children with chromosome abnormalities is 

difficult to determine and varies between and within different chromosome disorders 

(Schinzel and Niedrist, 2001). Early estimates suggested up to 6% of patients with 

learning difficulty and epilepsy had an underlying chromosome disorder. Many 
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patients with epilepsy don’t undergo formal cytogenetic assessment as they do not 

present with intellectual disability and dysmorphism.  

 

 Discovery of the link between several monogenic autosomal dominant epilepsy 

disorders and ion channel genes, GABA and nicotinic receptors has given insight as to 

the underlying cause of these single gene disorders (Grill et al 2008).  

 

Often patients can be managed with anti-epileptic drugs; however some remain 

unresponsive to drug therapy even when multiple drug regimes are initiated 

(refractory or intractable epilepsy). The frequency of epileptic patients considered to 

have refractory epilepsy ranges from 9-24% (French, 2006). 

 

Array CGH studies on patients with intractable epilepsy are yet to be published. In 

this study, nineteen patients with intractable epilepsy will be investigated to determine 

CNVs which change the copy number of genes identifiable as important for normal 

brain function. 

 

2.0 MATERIAL AND METHODS 

2.1     Patent selection   
Nineteen patients all with epilepsy which was refractory to anti-epileptic drugs were 

screened. The epilepsy syndrome of each patient varied. Thirteen of the nineteen 

patients had generalised epilepsy, five had refractory focal epilepsy, one patient had 

both focal and generalised epilepsy syndrome and one was unclassified. Routine 

cytogenetic investigation of patients failed to show any unbalanced rearrangements; 

one patient had an apparently balanced translocation, 46,XY,t(3;16)(p21.32;p11.1) 

inherited from his unaffected father. All patients were screened with both subtelomere 

FISH and subtelomere MLPA using the SALSA P069 and P036B human telomere 

test kits( MRC Holland, Amsterdam,The Netherlands) with no unbalanced 

rearrangements detected. 
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2.2     Array CGH 
 

Due to cost constraints no dye swap experiments were undertaken with this group of 

patients. Due to this fact copy number changes were called if ≥ 2 consecutive clones 

were shown to indicate either a deletion or duplication of a given chromosome region.  

Nineteen patients were screened with the 0.2-1 Mb array. Copy number changes were 

involving two or more consecutive clones were observed in three patients. Results are 

summarised in table 1. 
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P
a

tie
n

t Age at 
time 
of 

study 
(y) 

Age 
at 

onset 
(y) 

Seizure types† 

Number of             
anti-

epileptic 
medications 

EEG* MRI Intellect Diagnosis 
Copy number 

change 

1 22 4 M, T 5 GSW, GPFA Normal Severe ID Refractory SGE 

6q27 loss, 
18q22.1-q22.3 
loss 

 
2 22 14 GTCS, M, Ab 5 GSW, PSW ND Normal Refractory JME NAD 

 

3 16 5.5 FS, GTCS, Ab 3 3Hz GSW ND Normal Refractory generalised epilepsy NAD 

4 26 10 GTCS, Ab, At 12 PSW Normal Normal Refractory generalized epilepsy NAD 

5 4 0.7 GTCS, CPS, 
SPS, Ab 

3 Normal Normal Mild ID Refractory focal epilepsy NAD 

6 41 16 GTCS, M, Ab, 
NCS 

7 2.5-3Hz GSW, PSW Normal Normal Refractory generalized epilepsy NAD 

7 36 4 GTCS, M, Ab, 
At, T, SE, NCS 

8 2-3Hz GSW, GPFA 
with brief seizure 

Normal Normal with 
later decline 

Refractory generalized epilepsy NAD 

8 20 6 AEM, M 2 4-5Hz GSW, GPFA ND Learning 
difficulties 

Absences with eyelid 
myoclonias 

NAD 

9 13 2.5 
FS, GTCS, 
CPS, M, H  

7 
Left temporal 

discharges 
Normal Borderline Refractory focal epilepsy NAD 

10 20 0.1 GTCS, CPS, 
SPS, T, SE 

5 DS Normal Mild ID Refractory focal epilepsy, ataxia NAD 

11 43 10 GTCS, Ab, 
NCS 

15 GSW, PSW Normal Normal Refractory absence epilepsy NAD 

12 44 5 GTCS, Ab 7 2-3Hz GSW, PSW Normal Mild ID Refractory SGE NAD 

13 14 3 Ab, single T 6 3Hz GSW Normal Borderline Refractory CAE NAD 
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14 19 4 GTCS, Ab, M, 
SPS 

12 GSW  Normal Mild ID Refractory generalized epilepsy  NAD 

15 16 1.5 Ab, CPS 6 GSW, PSW DS, 
MFID 

ventriculomegaly Mild ID Refractory TLE and CAE NAD 
 

16 
14 5 Ab, single T 3 GSW, PSW, MFID Normal Mild ID Refractory CAE 

NAD 
 
 17 19 0.5 TCS, CPS, T 10 Slow spike-wave 

with GPFA 
Normal Moderate ID 

with decline 
Refractory SGE NAD 

18 13 5.5 SGTCS, CPS, 
SE 

2 Irregular GSW Hippocampus 
asymmetry 

Normal Refractory epilepsy 
(unclassified) 

19q13.42 gain. 

19 
7 2 

TCS, Ab, AT, 
M 

4 
Right temporo-

occipital discharges 
Normal Mild ID Refractory focal epilepsy NAD 

 

ND=Not done  ID=intellectual disability 
†Ab=Absences, AEM=absences with eyelid myoclonias, At=Atonic, CPS=complex partial seizures, 
FS=febrile seizures, GTCS=generalized tonic clonic seizures, H=hemiclonic, M=myoclonic seizures, 
SE=status epilepticus, SGTCS=secondarily generalized tonic clonic seizures, SPS=simple partial 
seizures, T=tonic 
*GSW=generalized spike and wave, PSW=polyspike and wave, GPFA=generalized paroxysmal fast 
activity, MFID=multifocal interictal discharges, DS=diffuse slowing 
CAE=Childhood Absence Epilepsy, IGE=Idiopathic Generalised Epilepsy, JME=Juvenile Myoclonic 
Epilepsy, SGE=Symptomatic Generalized Epilepsy, TLE=Temporal Lobe Epilepsy 
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3.0 RESULTS 

3.1 Patient 1. Two copy number changes observed; interstitial deletion at 
6q27 and interstitial deletion at 18q22.1-q22.3. 
 
Chromosome 6q27. 

Clone name              Log2 ratio             Base pair location (Ensembl v 36.0) 

RP5-1086L22  0.19   170373197-170423775 

RP5-894D12  -0.71   170423776-170543239 

RP1-140C12  -0.68   170543239-170686235 

CTB-57H4  0.23   170680261 (DS2522) 

Region of copy number loss is fully encompassed within a region reported by 

Redon et al, (2006) as a copy number gain in 12/270 controls, it has not been 

reported as a copy number loss. Size of deletion is 0.25-0.26Mb. 

 

Chromosome 18q22.1-q22.3. 

Clone name              Log2 ratio             Base pair location (Ensembl v 36.0) 

RP11-105L16  0.17   64478283-64627510 

RP11-49H23   -0.73   64956926 - 64977145 

RP11-64C15  -0.46   65577099 - 65597255 

RP11-57F7  -0.56   66873890 - 66894173 

RP11-702M18  0.06   67947524-68119715 

Region of copy number loss is fully encompassed within a region reported by Smith 

et al, (2007) in 2/50 control samples. 

3.2 Patient 18. Single copy number changes observed; interstitial 
duplication at 19q13.42. 
 
Chromosome 19q13.42 

Clone name              Log2 ratio             Base pair location (Ensembl v 36.0) 

RP11-35J17  0.05   58760269-58925754  

RP11-158G19  0.55   59041160-59235466 

RP11-87l13  0.65   60725293 

RP11-394L10  0.06   60914343-61088460 
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This region encompasses many segmental duplications and copy number variations 

both as gains and losses. 
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4.0 DISCUSSION 

 

Two of the nineteen patients investigated showed copy number changes in two or 

more consecutive clones.  

 

Patient 1, with severe intellectual disability had an interstitial copy number loss of 

two clones at 6q27 and an interstitial copy number loss of three clones at 18q22.1-

q22.3. The change at 18q22.1-q22.3 has been reported in the Database of Genomic 

variants as a non-pathogenic variant (Smith et al, 2007); it remains unlikely that it 

contributes to the severe ID and refractory epilepsy in this patient. The change 

detected at 6q27 is more difficult to interpret. Whilst the region has been reported in 

the Database of Genomic variants as a non-pathogenic variant by Redon et al, 

(2006) the variant was only ever observed as a copy number gain in 12/257 control 

samples and never as a copy number loss. Within this region there are three genes; 

proteasome subunit, beta type, 1 (PSMB1), Homo sapiens family with sequence 

similarity 120B(FAM120B) and delta-like 1 (Drosophila) (DLL1). No link between 

deletions of these genes and intellectual disability has been made in the literature so 

the implication of a haploinsufficiency of these genes remains speculative.  

 

Striano et al, (2006) reported a patient who had focal type of epilepsy with a 3Mb 

deletion of 6q27, which fully encompassed the region in patient 1; however the 

breakpoint was ~2.8Mb proximal to that in patient 1. The patient reported by 

Striano et al, (2006), did not have refractory epilepsy and responded well to anti-

epileptic drugs. This patient also showed colpocephaly upon investigation with 

MRI, whereas patient 1 showed normal MRI findings. The association of terminal 

deletions of 6q with epilepsy is strong with many reports now present in the 

literature (Elia, et al, (2006), Striano et al, (2006), Kara, et al, (2008)); in these 

reports the cytogenetic imbalances were large and visible using conventional 

microscopy.  

 

Patient 1 requires follow up studies. Due to logistical issues, the deletion is yet to 

be confirmed, this will be done using a high resolution oligonucleotide array. Once 

confirmed family studies will be initiated.  
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Patient 18, showed an interstitial copy number gain of two clones at 19q13.42. 

Changes in this region have been reported in the Database of Genomic Variants as 

non-pathogenic copy number variants both as gains and losses, the region also 

encompasses many segmental duplications. It remains unlikely that this change 

would be causative of the refractory epilepsy in this patient.  

 

 

5.0 CONCLUSION 
Epilepsy is a complex disease with both genetic and acquired factors playing a role 

in its aetiology (Berkovic et al, 2006). While the results of this study did not 

indicate that genomic copy number changes are a significant etiological factor in 

epilepsy the numbers of patients studied was small and the portion of the genome 

examined by the array used was less than 5%. 

 

 

6.0 FUTURE STUDIES 
 

 

All patients will be re-screened using a high density oligonucleotide platform to 

investigate the possibility of small copy number changes of one or more single 

genes contributing to the patients’ phenotypes. 
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CONCLUSION
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Rapid advances have been made since the publication of the first papers which 

showed the possibility of array CGH to detect copy number imbalances in patients. 

The first published reports verified, using what was then a relatively new 

technology that copy number changes in patients could be detected using array 

CGH. The first arrays were designed to interrogate focused regions of the genome, 

the subtelomeres as an example. These studies prefaced the technology and showed 

the potential for this technology to be expanded to screen the whole genome. 

 

Construction and utilisation of the subtelomere/clinical array (Chapters 3&4), 

showed this technology could be successfully reproduced and applied as a tool to 

both map the extent of genomic imbalance in patients with known cytogenetic 

rearrangements  and discover new copy number changes in patients with idiopathic 

intellectual disability. Relating the size of imbalance directly to the phenotype will 

aid in genetic counselling and the identification of new and novel 

microdeletion/duplication syndromes. 

 
Highlighted also by these studies were the challenges which array technology may 

generate. The evidence of mis-mapped clones reduced the effective resolution of the 

subtelomere/clinical array. Copy number changes can be difficult to interpret; for 

example, the seemingly rare duplication of a dose dependant gene, CRK in a patient 

with idiopathic intellectual disability, autism and cleft lip. If this gene was deleted 

in a patient the clinical outcome would be straight forward (a severe form of Miller 

Dieker syndrome results). The predictive phenotype of such rare copy number 

changes will be made easier as more groups report their patients to international 

data collaborations such as DECIPHER. 

 

Endeavoring to overcome the problem in the first array of mis-mapped clones, the 

second array, the whole genome array was constructed from a backbone of FISH 

validated clones (Chapters 5, 6, &7). Once constructed this array was utilised to 

screen three different patient groups; patients with idiopathic intellectual disability, 

neonates with ultrasound abnormalities or dysmorphism and lastly, patients with 

intractable epilepsy. 
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The detection of novel copy number changes in the group of patients with 

intellectual disability once again highlighted the difficulty of relating copy number 

changes directly to the phenotype of a patient. On occasion, this was relatively 

straight forward, such as the direct association of the 3.11-6.56 Mb interstitial 

deletion of 9q22.2-q22.32 (including PTCH1 gene) with Gorlin syndrome. In a 

patient with a 1.16-1.88Mb interstitial duplication of 1p36.11-p36.12, a dose 

dependant gene LDS-1 was found to be duplicated. The involvement of this gene 

with terminal differentiation of the pituitary in a mouse model strongly suggested 

that this gene may have been responsible for the congenital hypopituitarism in the 

patient. For other copy number changes there was not a clear association between 

the copy number changes and patient phenotypes. 

 

The screening for copy number changes in neonates yielded one possible change (in 

a newborn infant) and two copy number changes in two neonates with ultrasound 

abnormalities. Both of these were difficult to relate back to the patients phenotype. 

Results from this study changed the focus of the application of array technology to 

this group. Additional studies will concentrate on newborn infants with 

dysmorphism/malformation until more extensive studies are reported in the 

literature. 

 

The third group of patients studied, those with intractable epilepsy failed to reveal 

any convincing copy number changes with can be directly related to the patients’ 

phenotype. This study is ongoing, recognizing that the ‘epilepsies’ are a 

heterogeneous group of patients. Higher density array platforms will be utilized to 

aid in the detection of single gene changes which may be causative to the course of 

the disease or infer susceptibility risk. 

 

Relating the results of array CGH to a clinical setting remains a challenge. 

Detection of new copy number changes will in time give insight as to the changes 

which have the potential to cause an abnormal phenotype in a patient or perhaps 

lead to the susceptibility to certain disorders. 

 



   

 149 

The field of array CGH has moved forward at such a rapid rate that it is now not 

uncommon to offer high resolution genome-wide screening in many diagnostic 

Cytogenetic laboratories. 

 

The main difficulty with this study has always been the rapid advance of this new 

technology. BAC arrays are now clearly being replaced by other high resolution 

platforms such as oligonucleotide or SNP arrays. Aside from this, the fundamentals 

of the methodology and result interpretation remains the same regardless of which 

platform is chosen. 
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Appendicies 1 
Subtelomere/Clinical 
array    

  Chromosome arm & 
associated syndromes 

 

Chromosome arm & 
associated 
syndromes  

1p (from telomere) PAC 203K6 1q (from telomere) CTB-160H23 
 RP11-34P13  RP11-438F14 
 RP4-669L17  RP11-407H12 
 RP11-206L10  RP11-230L4 
 RP5-890O3  RP11-634B7 
 RP1-283E3  RP11-551G24 
 RP11-181G12  RP11-690C23 
 RP4-785P20  RP11-74P14 
 RP5-116F10  RP11-522M21 
 RP1-77N19  RP11-399B15 
 RP5-1096P7  RP11-13L16 
 RP4-703E10  RP11-655L13 
 RP11-33M12   
 RP1-202O8   
 RP3-453P22   
 RP5-1115A15   
 RP3-324M8   
 RP4-736L29   
    
2p(from telomere) PAC-892G20 2q(from telomere) PAC-210E14 
 RP11-1N7  RP11-341N2 
 RP11-356M6  RP11-367H1 
 RP11-379N10  RP11-475G3 
 RP11-1268F2  RP11-118M12 
 RP11-163G21  RP11-649N20 
 RP11-352J11  RP11-622A18 
 RP11-168K7  RP11-315F22 
 RP11-327H5  RP11-275G7 
 RP11-146M24  RP11-1367O10 
 RP11-292A20  RP11-574K22 
 RP11-1293J14  RP11-704F14 
   RP11-585E12 
3p(from telomere) PAC-1186B18 3q(from telomere) RP11-694O4 
 RP11-385A18  RP11-803P9 
 RP11-306H5  RP11-23M2 
 RP11-114K9  RP11-496H1 
 RP11-18I13  CTC-196F4 
 RP11-392M7  RP11-470E12 
 RP11-551L4  RP11-480A16 
 RP11-204C23  RP11-506F8 
 RP11-63O1  RP11-178L24 
 RP11-95E11  RP11-279P10 
 RP11-245A6  RP11-135A1 
 RP11-324K15  RP11-479J2 
 RP11-238A9  RP11-143P4 
 RP11-622A14   
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4p(from telomere) 2R88 4q(from telomere) CTC-963K6 
 CTC-36P21  RP11-45F23 
 RP11-478C6  RP11-545D9 
 RP11-2H3  RP11-354H17 
 RP11-1263C18  RP11-347K3 
 RP11-1191J12  RP11-366H4 
 RP11-460I19  RP11-565A3 
 RP11-1398P2  RP11-217E13 
 RP11-262P20  RP11-173M11 
 8C10E4  RP11-301L8 
 L6  RP11-386B13 
 33c6   
 RP11-357G3   
 RP11-489M13   
 RP11-1338A7   
 RP11-326O23   
    
5p(from telomere) PAC189N21 5q(from telomere) CTC-240G13 
 RP11-811I15  RP11-754A4 
 RP11-310P5  RP11-78N9 
 RP11-661C8  RP11-451H23 
 RP11-325I22  RP11-252I14 
 RP11-259O2  RP11-703G5 
 RP11-129I19  RP11-281O15 
 RP11-20K9  RP11-520O10 
 RP11-103L11  RP11-889L3 
 RP11-445O3  RP11-1277A3 
 RP11-531A21  RP11-265K23 
   RP11-16L24 
    
6p(from telomere) CTB-62I11 6q(from telomere) CTB-57H24 
 RP1-24022  RP1-140C12 
 RP11-328C17  RP5-894D12 
 RP11-164H16  RP5-1086L22 
 RP11-532F6  RP11-302L19 
 RP5-856G1  RP1-171H20 
 RP1-118B18  RP11-417E7 
 RP1-33B19  RP1-125N5 
 RP11-145H9  RP11-503C24 
 RP1-40E16  RP3-431P23 
 RP1-72E17  RP1-167A14 
 RP5-1013A10  RP3-427A4 
 RP4-529N6  RP11-459F1 
 RP1-67E13  RP3-416F21 
    
7p(from telomere) CTB-164D18 7q(from telomere) CTB-3K23 
 RP11-90P13  RP4-764O12 
 RP11-1244M4  RP5-1058P19 
 RP11-449P15  RP4-708P22 
 RP11-510K8  RP11-35402 
 RP5-826E18  RP11-518I12 
 RP11-106E3  RP4-782K24 
 RP11-191P7  RP4-814D15 
 RP5-1164K10  RP5-982E9 
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 RP11-42B7  RP11-362B23 
 RP11-160E17  RP11-69O3 
 RP11-147A22  RP11-1430O6 
   RP11-476H24 
   RP5-994I4 
    
  Williams Bueren RP11-41F22 
   CTA-208H19 
    
8p(from telomere) PAC 580L5 8q(from telomere) CTC-489D14 
 RP11-63E5  RP5-1056B24 
 RP11-91J19  RP5-1109M23 
 RP11-43A14  RP11-349C2 
 RP11-116K10  RP11-714N16 
 RP4-605G11  RP11-118P12 
 RP11-1049H7  RP5-1118A7 
 RP11-134O21  RP11-706C16 
 RP11-336N16  RP13-648O9 
 RP11-253N21  RP11-689G24 
 RP11-45M12  RP11-10J21 
 RP11-IK11  RP11-188K5 
 RP11-27A2   
 RP11-11I1   
 RP11-287P18   
 RP11-556O5   
 RP11-10A14   
 RP11-177H2   
 RP11-235I5   
 RP11-303G3   
 RP11-145O15   
    
Langer-Giedion 
syndrome 11152408   
 AA600   
    
9p(from telomere) PAC 43N6 9q(from telomere) PAC 112N13 
 RP11-143M1  RP11-424E7 
 RP11-174M15  RP11-974F22 
 RP11-59O6  RP11-417A4 
 RP11-165F24  RP11-216L13 
 RP11-143M15  RP11-611D20 
 RP11-560G8  RP11-83N9 
 RP11-48M17  RP11-100C15 
 RP11-526D20  RP11-166H7 
 RP11-32F11  RP11-374P20 
 RP11-326A8  RP11-153P4 
 RP11-31M2  RP11-326L24 
 RP11-307I14   
 RP11-12D24   
    
10p(from telomere) CTC-306F7 10q(from telomere) CTB-137E24 
 RP11-10D13  RP11-108K14 
 RP11-486H9  RP11-122K13 
 RP11-62022  RP13-439H18 
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 RP11-809C18  RP13-137A17 
 RP11-38M7  RP11-288G11 
 RP11-466B20  RP11-140A10 
 RP11-69C17  RP11-245K15 
 RP11-526P5  RP11-408L20 
 RP11-118K6  RP11-113P9 
 RP11-482E14  RP11-500G10 
 RP11-433J20  RP11-109A6 
 RP11-117P22  RP11-168C9 
 RP11-445P17  RP11-333H4 
    
11p(from telomere) CTC-908H22 11q(from telomere) PAC 770G7 
 RP11-304M2  RP11-555G19 
 RP13-317D12  RP11-410I24 
 RP13-46H24  RP11-469N6 
 RP11-754B17  RP11-627G23 
 RP11- 532E4  RP11-700F16 
 RP11-295K3  RP11-448P19 
 RP11-113A6  RP11-545G16 
 RP11-11A9  RP11-684N3 
 RP11-120E20  RP11-697E14 
 RP11-23F23  RP11-116B3 
 RP11-648B16  RP11-721F8 
 RP11-309J20  RP11-535N6 
    
WAGR B2-1   
 J74J1   
 PAX6   
 P60   
 KIP2   
    
12p(from telomere) RP11-567M21 12q(from telomere) CTC-221K18 
 CTC-496A11  RP11-46H11 
 RP11-598F7  RP13-672B3 
 RP11-283I3  RP13-503G7 
 RP5-1154L15  RP13-977J11 
 RP11-218M22  RP11-495K9 
 RP11-359B12  RP11-346B9 
 RP3-341D11  RP11-1K22 
 RP5-1096D14  RP11-143E21 

 RP11-407G8  RP11-174M13 
 RP11-543P15  RP11-669N7 
 RP5-1180D12  RP11-271J4 

 RP11-320N7  RP11-417O18 
 RP11-234B24  RP11-526P6 
 RP11-319E16   
    
13q(from telomere) CTB-163C9   
 RP11-569D9   
 RP11-245B11   
 RP11-199F6   
 RP11-391H12   
 RP11-120K24   
 RP11-88E10   
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 RP11-310D8   
 RP11-65D24   
 RP11-494P5   
 RP11-120J20   
 RP11-472K17   
    
14q(from telomere) RP11-313L9   
 CTC- 820M16   
 RP11-535K02   
 RP11-1960O5   
 RP11-417P24   
 RP11-1087P8   
 RP11-982M15   
 RP11-865F7   
 RP11-894P9   
 RP11-736N17   
 RP11-661D19   
 RP11-114H15   
 RP11-796G6   
    
15q(from telomere) CTB-154P1   
 RP11-14C10   
 RP11-497M17   
 RP11-66B24   
 RP11-526I2   
 RP11-530L17   
 RP11-654A16   
 RP11-167B3   
 RP11-753A21   
 RP11-315L6   
 RP11-14A1   
    
PWS  syndrome RP11-125E1 SNRPN/SNURF  
 RP11-701H24 SNRPN/SNURF  
AS syndrome RP13-487P22 UBE3A  
 RP11-466L14 UBE3A  
    
16p Chrtp-P-12I14 16q  
 RP11-344L6   
 RP11-243K18   
 RP11-161M6   
 RP11-31I10   
 RP11-20I23   
 RP11-473M20   
 RP11-433P17   
 RP11-462G12   
 RP11-35P16   
 RP11-127I20   
    
17p(from telomere) PAC 202L17 17q(from telomere)  
 RP11-1260E13   
 RP11-411G7   
 RP11-216P6   
 RP11-818O24   
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 RP11-233O10   
 RP11-135N5   
 RP11-64J4   
 RP11-167N20   
 RP11-141J13   
 RP11-050D4   
    
17p11.2-17p12 RP11-924A14   
 RP11-849N15   
 PMP22-11849   
(SMS/Potocki-Lupski)  RP11-726012   
CMT1A/HNPP) RP11-640I15   
 RP11-651L9   
 RP11-209J20   
 RP11-219A15   
 RP11-416I2   
 RP11-45M22   
 RP11-524F11   
 RP11-1084K4   
 RP11-384M20   
 RP11-258F1   
 RP1-178F10   
 RP11-815I9   
 RP11-28B23   
 RP11-160E2   
 RP11-311F12   
 RP11-78O7   
 RP5-836L9   
    
18p(from telomere) RP11-153A23 18q(from telomere) RP11-92G19 
 P1 52M11  CTC-964M9 
 RP11-705O1  RP11-795F19 
 RP11-324G2  RP11-248M19 

 RP11-720L2  RP11-154H12 
 RP11-14P20  RP11-567M18 
 RP11-806L2  RP11-1136J12 
 RP11-689C9  RP11-715C4 
 RP11-291G24  RP11-16L7 
 RP11-870F11  RP11-63N3 
 RP11-419P8  RP11-4B16 
 RP13-270P17  RP11-111H3 
 RP11-874J12  RP11-94B19 
 RP11-502P1  RP11-321M21 
 RP11-183C12   
    
19p(from telomere) CTC-546C11 19q(from telomere) RP11-500M12 
 CTD-3113P16  GSI-1129C9 
 CTD-3195E18  CTD-261J13 
 RP11-878J15  CTD-3138B18 
 RP11-317H11  RP11-15H12 

 CTB-25B13  CTC-444N24 
 RP11-846C18  CTC-258N23 
 CTB-31O20  RP11-764N09 
 RP11-268O21  CTD-2086L14 
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 RP11-554A7  RP11-346P13 
   RP11-394L10 
   RP5-1060P11 
    
20p(from telomere) RP11-158G19 20q(from telomere) RP5-1116H23 
 PAC 1061L1  CTB-81F12 
 RP11-530N10  RP11-476I15 
 RP5-1103G7  RP5-1022E24 
 RP5-852M4  RP13-152O15 
 RP5-824F16  RP11-358D14 
 RP4-576H24  RP5-885L7 
 RP11-55O08  RP5-908M14 
 RP4-686C3  RP5-1107C24 
 RP5-1187M17  RP5-827E24 
 RP4-741H3  RP5-1040G13 
 RP11-352D3  RP11-459I16 
 RP1-189G13  RP5-1043L13 
    
21q(from telomere) RP11-164D18   
 P1 9H11   
 P1 1D4   
 RP11-178H12   
 RP1-101D8   
 RP1-310E12   
 RP5-1023B21   
 RP1-225L15   
 RP11-397E9   
 RP11-351D2   
    
22q(from telomere) RP11-113F1   
 CTB-99K24   
 RP1-104C13   
 RP3-402G11   
 RP3-355C18   
 RP11-35412   
 RP11-262A13   
 RP1-100G10   
 RP11-652F11   
 RP11-191L9   
 RP3-477J10   
 RP3-439F8   

22q13 deletion 
syndrome (Phelan-
Mcdermid syndrome) CTA-799F10 SHANK3 ARSA  
    
Xp(from telomere) c34F5 Xq(from telomere) RP11-879P22 
 RP13-465B17  RP11-954J6 
 RP13-76L22  RP11-218L14 
 RP11-309M23  RP13-228J13 
 RP13-297E16  RP11-524G17 
 RP11-325D5  RP5-865E18 
 RP11-418N20  RP11-66N11 
 RP11-558O12  RP11-473F11 
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 RP11-46C18  RP11-1007I13 
 RP11-62N12  RP5-892C22 
 RP11-585K14  RP4-687A5 
 RP11-60N3  RP11-49C9 
   PAC-181N1 
   PAC-2426 
   PAC-57A13 
   RP11-454E1 
    
Yp(from telomere) RP11-400O10 Yq(from telomere) RP11-242E13 
 RP11-115E20  RP11-357E16 
 RP11-125B15 AZFa RP11-292P9 
 RP11-145J12 AZFb RP1139P20 
 RP11-524G14 AZFd RP11-86G22 
 RP11-122L9 AZFc RP11-214M24 
 RP11-192N14  RP11-557B9 
   RP11-428D10 
   RP11-245K4 
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Appendicies 2 
Whole genome 
array     

Chromosome 1     
PAC-203K6 RP11-192a12 RP11-027A24 RP11-620O19 RP11-123o6 
RP11-82d16 RP11-428O04 RP11-91i11 RP11-80b20 RP11-216f1 
RP1-283E3 RP11-708H15 RP11-699D18 RP11-80d6 RP11-193p21 
RP11-181G12 RP11-88o2 RP11-545A09 RP11-193j5 RP11-90a5 
RP11-61G19 RP11-253m24 RP11-698E17 RP11-234m3 RP11-74e6 
RP4-785P20 RP11-165N17 RP11-272D15 RP11-28d10 RP11-124a11 
RP1-77N19 RP11-52i2 RP11-743I08 RP11-167m6 RP11-131m16 
RP5-1096P7 RP11-026H15 RP11-156m23 RP11-249c5 RP11-260a10 
RP4-703E10 RP11-353J23 RP11-138k16 RP11-171h24 RP11-114B04 
RP11-62m23 RP11-235b24 RP11-553E12 RP11-001F07 RP11-211k12 
RP11-111o5 RP11-186C18 RP11-685L18 RP11-184n12 RP11-143N12 
RP11-33M12 RP11-601F17 RP11-681L05 RP11-165a8 RP11-135J02 
RP1-202O8 RP11-627G19 RP11-178m11 RP11-139K23 RP11-149c8 
RP11-51b4 RP11-195g13 RP11-182h2 RP11-125j13 RP11-381O10 
RP3-453P22 RP11-55m23 RP11-90h3 RP11-177m16 RP11-043I08 
RP11-60j11 RP11-210e5 RP11-162h15 RP11-137n24 RP11-466L16 
RP5-1115A15 RP11-149k24 RP11-396N10 RP11-064I24 RP11-192m1 
RP3-324M8 RP11-12l18 RP11-483I13 RP11-4j2 RP11-747K10 
RP4-736L29 RP11-454N17 RP11-692G20 RP11-196b7 RP11-211C16 
RP11-720E09 RP11-066M21 RP11-96f24 RP11-212k9 RP11-417M15 
RP11-610K11 RP11-8f24 RP11-260a24 RP11-328I09 CTD-2554I10 
RP11-199o1 RP11-110a23 RP11-284n8 RP11-118p13 RP11-709B15 
RP11-178m15 RP11-89o16 RP11-150k20 RP11-162l13 RP11-210e16 
RP11-219f4 RP11-248i3 RP11-752P10 RP11-475E13 RP11-800J05 
RP11-265f14 RP11-185E18 RP11-72m14 RP11-339I02 RP11-155c15 
RP11-145c4 RP11-30a5 RP11-615F19 RP11-758F04 RP11-622N07 
RP11-251k5 RP11-265c4 RP11-254k1 RP11-90i5 RP11-037J02 
RP11-91k11 RP11-246n19 RP11-130b18 RP11-618P09 RP11-068D10 
RP11-224f8 RP11-86k19 RP11-378H22 RP11-045P24 RP11-0730K06 
RP11-155l18 RP11-500D11 RP11-192j8 RP11-815D14 RP11-0136B18 
RP11-685E01 RP11-102M16 RP11-63i1 RP11-768J17 RP11-210f8 
RP11-139h5 RP11-89k2 RP11-29m22 RP11-134c1 RP11-194f13 
RP11-277f18 RP11-111n18 RP11-105e14 RP11-173e24 RP11-212e22 
RP11-57f20 RP11-180O05 RP11-30i17 RP11-154a22 RP11-644D07 
RP11-72i19 RP11-667C04 RP11-706C10 RP11-383P18 RP11-782J20 
RP11-100A07 RP11-634D10 RP11-679H23 RP11-029E09 RP11-535H01 
RP11-448K03 RP11-480P09 RP11-772D10 RP11-419B18 RP11-655L13 
RP11-349K08 RP11-423I07 RP11-043N07 RP11-249c10 RP11-13L16 
RP11-285h13 RP11-114K16 RP11-121A12 RP11-51b4 RP11-399B15 
RP11-4o6 RP11-806G12 RP11-71l20 RP11-246j15 RP11-522M21 
RP13-485J14 RP11-80g24 RP11-724H12 RP11-65i22 RP11-74P14 
RP11-242L13 RP11-198h14 RP11-139D23 RP11-70g20 RP11-172p12 
RP11-276l11 RP11-267m21 RP11-048P22 RP11-148k15 RP11-690C23 
RP11-62b23 RP11-89a19 RP11-759F05 RP11-155f3 RP11-551G24 
RP11-104j13 RP11-6b16 RP11-214h6 RP11-243m13 RP11-57i17 
RP11-201O14 RP11-78e18 RP11-016E22 RP11-249h15 RP11-634B7 
RP11-4p6 RP11-246o4 RP11-137m19 RP11-219p13 RP11-230L4 
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RP11-51a20 RP11-604I21 RP11-91g14 RP11-145i13 RP11-407H12 
RP11-161a11 RP11-254e16 RP11-97g24 RP11-45f21 RP11-438F14 
RP11-118e3 RP11-211d4 RP11-8d14 RP11-79m12 CTB-160H23 
RP11-452M14 RP11-769G03 RP11-79m15 RP11-167j2  
RP11-219o7 RP11-125p20 RP11-196A16 RP11-66m7  
RP11-207p5 RP11-044G21 RP11-260g23 RP11-104a2  
RP11-89o18  RP11-80d6 RP11-89n3  

Chromosome 2     
PAC-893G20 RP11-065P17 RP11-015J07 RP11-67j2 RP11-30m1 
RP11-1N7 RP11-693D10 RP11-1425D09 RP11-319G15 RP11-34n13 
RP11-356M6 RP11-318A19 RP11-625O03 RP11-451O08 RP11-91m5 
RP11-379N10 RP11-034L01 RP11-67l23 RP11-72h23 RP11-91m5R 
RP11-1268F2 RP11-128c5 RP11-542d13 RP11-760G17 RP11-57c6 
RP11-168K7 RP11-194L01 RP11-692C08 RP13-764P03 RP11-47e6 
RP11-352J11 RP11-119j12 RP11-436F06 RP11-13c20 RP11-225l15 
RP11-163G21 RP11-119j12 RP11-580J12 RP11-185m22 RP11-4b6 
RP11-327H5 RP11-180l21 RP11-068P02 RP11-410A14 RP11-23g2 
RP11-146M24 RP11-180l21 RP11-681C10 RP11-44n6 RP11-247e23 
RP11-292A20 RP11-015I20 RP11-801D07 RP11-191i9 RP11-183n7 
CTD-2037E22 RP11-101E12 RP11-801B07 RP11-177D03 RP11-68h19 
RP11-200f14 RP11-281B24 RP11-89o10 RP11-81p1 RP11-91j17 
RP11-7J16 RP11-89g16 RP11-8c18 RP11-797D23 RP11-90l9 
RP11-642E24 RP11-354K14 RP11-95h5 RP11-50j20 RP11-71h20 
RP11-185p14 RP11-295D06 RP11-158I21 RP11-626C09 RP11-91n19 
RP11-90a1 RP11-627G13 RP11-715B14 RP11-9l19 RP11-176l22 
RP11-185p14 RP11-805M12 RP11-1211N24 RP11-79l13 RP11-188b21 
RP11-87j7 RP11-779D07 RP11-137L18 RP11-619G20 RP11-156m13 
RP11-87j7 RP11-693L07 RP11-218f21 RP11-624F04 RP11-21k1 
RP11-345J13 RP11-81l7 RP11-033I22 CTD-2006C03 RP11-116m19 
RP11-375p12 RP11-338K04 RP11-639D07 RP11-796K05 RP11-201f21 
RP11-375p12 RP11-90d1 RP11-731K11 RP11-39a8 RP11-155j6 
RP11-760H09 RP11-401G22 RP11-121A01 RP11-434H02 RP11-704F14 
RP11-760H09 RP11-79k21 RP11-098C01 RP11-807C18 RP11-574K22 
RP11-91e9 RP11-772D22 RP11-713C14 RP11-718H11 RP11-206j15 
RP11-81f24 RP11-257N14 RP11-190D23 RP11-218d15 RP11-275G7 
RP11-81f24 RP11-051N05 RP11-795C01 RP11-81f17 RP11-315F22 
RP11-282g6 RP11-765O07 RP11-649K01 RP11-91l3 RP11-622A18 
RP11-522L14 RP11-747B14 RP11-476H02 RP11-91l3R RP11-649N20 
RP11-803N12 RP11-613B18 RP11-666M02 RP11-099O03 RP11-118M12 
RP11-171a13 RP11-720H14 RP11-775H08 RP11-572N21 RP11-475G3 
RP11-624N20 RP11-189C01 RP11-048K07 RP11-61n23 RP11-367H1 
RP11-597D07 RP11-91e19 RP11-67g15 RP11-12n7 RP11-341N2 
RP11-715E18 RP11-148C03 RP11-535F09 RP11-632P05 PAC-210E14 
RP11-428A24 RP11-722C04 RP11-81h7 RP11-599C07  
RP11-796K12 RP11-24p23 RP11-32c20 RP11-95i17  
RP11-736N19 RP11-140K04 F0633J16 RP11-250b10  
RP11-730L21 RP11-723H01 RP11-784L11 RP11-88l24  
RP11-385I17 RP11-580J02 RP11-1l22 RP11-96m11  
RP11-57f9 RP11-90c9 RP11-295K01 RP11-281A11  
RP11-71j7 RP11-719N15 RP11-726P03 RP11-397C02  
RP11-72h12 RP11-63d13 RP11-564I23 RP11-69g4  
RP11-177E08 RP11-89c12 RP11-119n3 RP11-38i11  
RP11-71j7 RP11-87c16 RP11-062M14 RP11-621M06  
RP11-093O02 RP11-113n17 RP11-171b14 RP11-346D09  
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RP11-382F15 RP11-027D19 RP11-349I07 RP11-372A06  
RP11-77g15 RP11-82b19 RP11-605O14 RP11-90c5  
RP11-215M06 RP11-84m16 RP11-620A03 RP11-069M14  
RP11-163n11 RP11-81f3 RP11-799C14 RP11-88l20  
RP11-128c5 RP11-21p18 RP11-393I07 RP11-432O10  
     

Chromosome 3     
PAC-1186B18 RP11-459C18 RP11-89h10 RP11-737A15 RP11-157N20 
RP11-79c12 RP11-637B24 RP11-79o5 RP11-529F04 RP11-114m1 
RP11-385A18 RP11-316L20 RP11-473M17 RP11-715A09 RP11-91k9 
RP11-306H5 RP11-286g5 RP11-594C08 RP11-642K15 RP11-305O03 
RP11-114K9 RP11-170E06 RP11-143B12 RP11-446K03 RP11-89b3 
RP11-18I13 RP11-209o16 RP11-619J02 RP11-79l21 CTD-2380J05 
RP11-392M7 RP11-90m23 RP11-291P10 RP11-91k8 RP11-786O07 
RP11-551L4 RP11-795E01 RP11-1E05 RP11-91o5 RP11-79k10 
RP11-204C23 RP11-110B04 RP11-81d17 RP11-220j13 RP11-312D10 
RP11-129k1 RP11-90b15 RP11-79f5 RP11-219p10 RP11-178k17 
RP11-204c23 RP11-241p3 RP11-482K02 RP11-162j10 RP11-54l9 
RP11-63O1 RP11-119l2 RP11-639H15 RP11-79l9 RP11-88m1 
RP11-129l14 RP11-449C07 RP11-81p15 CTD-2200M06 RP11-91m9 
RP11-95E11 RP11-189h19 RP11-570I07 RP11-166d18 RP11-143P4 
RP11-245A6 RP11-111p21 RP11-91a15 RP11-89e16 RP11-183F01 
RP11-32f23 RP11-91e8 RP11-439O20 RP11-483A13 RP11-479J2 
RP11-324K15 RP11-380M12 RP11-285j14 RP11-160a13 RP11-135A1 
RP11-238A9 RP11-808N18 RP11-91m15 RP11-165m11 RP11-279P10 
RP11-765G03 RP11-390L05 RP11-606G02 RP11-72e23 RP11-178L24 
RP11-7m24 RP11-798M15 RP11-271J08 RP11-21M04 RP11-506F8 
RP11-13F06 RP11-665B04 RP11-292M02 RP11-273C21 RP11-480A16 
RP11-404E14 RP11-11A03 RP11-190F17 RP11-652I03 RP11-470E12 
RP11-128a5 RP11-122d19 RP11-138H06 RP11-229g6 CTC-196F4 
RP11-170H19 RP11-124o2 RP11-129g16 RP11-145f16 RP11-233n20 
RP11-126L09 RP11-169g24 RP11-736M10 RP11-64f6 RP11-496H1 
RP11-105h19 RP11-229a12 RP11-798RP11-5 RP11-65l11 RP11-23M2 
RP11-175g7 RP11-189k9 RP11-432P16 RP11-80i14  
RP11-79P19 RP11-120c2 RP11-69n24 RP11-372M20  
RP11-271e2 RP11-39l1 RP11-91b3 RP11-379H17  
RP11-279l16 RP11-80h18 RP11-158E21 RP11-802D20  
RP11-255o19 RP11-107G01 RP11-129p2 RP11-801I08  
RP11-80d24 RP11-573L21 RP11-166c10 RP11-752N17  
RP11-464H02 RP11-640B05 RP11-200E13 CTD-2190G16  
RP11-90i9 RP11-114p15 RP11-12p11 CTD-2332C24  
RP11-90i13 RP11-108a8 RP11-165F08 RP11-203l15  
RP11-444A04 RP11-129b22 RP11-153k19 RP11-90m7  
RP11-343H03 RP11-89o2 RP11-5k13 RP11-80l14  
RP11-444A04 RP11-179b9 RP11-708N22 RP11-572M13  
RP11-343H03 RP11-745RP11-3 RP11-214a5 RP11-448J13  
CTD-2007O17 RP11-780K19 RP11-33E19 RP11-264d7  
RP11-208g16 RP11-146e16 RP11-220g20 RP11-91b7  
RP11-245e5 RP11-81n13 RP11-165b13 RP11-24l16  
RP11-89f18 RP11-89a12 RP11-91f9 RP11-141c22  
RP11-41f5 RP11-421M06 RP11-233l3 RP11-151p12  
RP11-164A23 RP11-460N16 RP11-169n13 RP11-170G01  
RP11-266L12 RP11-90h15 RP11-750O03 RP11-163h6  
RP11-626E24 RP11-154h23 RP11-79m2 RP11-196f13  
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RP11-11l6 RP11-522RP11-9 RP11-747M17 RP11-172g5  
RP11-103n21 RP11-606P16 RP11-95h16 RP11-148d23  
RP11-775G14 RP11-743L05 RP11-205a6 RP11-91a17  
RP11-624O23 RP11-473O09 RP11-59j16 RP11-494D13  

Chromosome 4     
CTC-36P21 RP11-60d24 RP11-583D03 RP11-100e15 RP11-81p7 
RP11-478C6 RP11-108h14 RP11-121p22 RP11-130m1 RP11-89i8 
RP11-2H3 RP11-24g16 RP11-67g24 RP11-27c19 RP11-41g4 
RP11-467O04 RP11-126c7 RP11-131o10 RP11-107e21 RP11-1g8 
RP11-69l7 RP11-11A02 RP11-11p12 RP11-15o17 RP11-12G04 
RP11-20i20 RP11-38m16 RP11-7g22 RP11-649K03 RP11-177l7 
RP11-460I19 RP11-138f23 RP11-87j14 RP11-2l11 RP11-458I16 
RP11-237c24 RP11-264n7 RP11-91j11 RP11-52o3 RP11-6l19 
RP11-1398P2 RP11-227F19 RP11-185b5 RP11-11p20 RP11-51h8 
RP11-1398P02 RP11-113f10 RP11-283h13 RP11-46o15 RP11-199o10 
RP11-318G06 RP11-80d22 RP11-36g19 RP11-257C21 RP11-130i2 
RP11-372F02 RP11-151E13 RP11-31i17 RP11-14n24 RP11-254a7 
RP11-357G03 RP11-253o5 RP11-91e6 RP11-756K24 RP11-6e9 
RP11-489M13 RP11-105f21 RP11-120b2 RP11-778B10 RP11-272n13 
RP11-91b20 RP11-238d1 RP11-130o10 RP11-94N02 RP11-119j20 
RP11-326O23 RP11-786O22 RP11-203p12 RP11-149a7 RP11-110o14 
RP11-7a6 RP11-121c2 RP11-17p8 RP11-40d5 RP11-189f4 
RP11-119J09 RP11-42a17 RP11-36k8 RP11-89p23 RP11-182g5 
RP11-97h19 RP11-232d21 RP11-132f20 RP11-94j9 RP11-257P08 
RP11-101j14 RP11-72p14 RP11-49m7 RP11-127A09 RP11-122d8 
RP11-193D10 RP11-109p3 RP11-221m14 RP11-218i24 RP11-140m13 
RP11-507K03 RP11-217b22 RP11-167J07 RP11-53c1 RP11-272o3 
RP11-17i9 RP11-32k21 RP11-115o16 RP11-128j2 RP11-696K24 
RP11-34c20 RP11-210d19 RP11-16i17 RP11-89i24 RP11-171g12 
RP11-784O01 RP11-175i24 RP11-125P21 RP11-26d15 RP11-244k2 
RP11-81n5 RP11-89b16 RP11-21o14 RP11-22o8 RP11-125m9 
RP11-29j24 RP11-21A18 RP11-144b4 RP11-5k16 RP11-18d7 
RP11-362E01 RP11-7j22 RP11-203m9 RP11-135o7 RP11-85p1 
RP11-171p21 RP11-98g22 RP11-85i10 RP11-79e2 RP11-275j17 
RP11-662D16 RP11-25L05 RP11-183b1 RP11-122i3 RP11-196k13 
RP11-89h17 RP11-138A06 RP11-110c16 RP11-82l8 RP11-90e7 
RP11-79n22 RP11-455I07 RP11-619K05 RP11-33c6 RP11-243d3 
RP11-357G3 RP11-42g2 RP11-771RP11-9 RP11-47p10 RP11-13o14 
RP11-11m9 RP11-440A06 RP11-567RP11-2 RP11-89e4 RP11-256m13 
RP11-151g21 RP11-01M13 RP11-88d10 RP11-134l22 RP11-267e24 
RP11-238l9 RP11-484B23 RP11-767I15 RP11-210f12 RP11-228f3 
RP11-431J16 RP11-63e13 RP11-757F09 RP11-180j5 RP11-386B13 
RP11-35e16 RP11-234l24 RP11-631H03 RP11-789C08 RP11-203l17 
RP11-276o17 RP11-453E17 RP11-42h6 RP11-502G16 RP11-159a22 
RP11-118c24 RP11-185H06 RP11-89d13 RP11-773A01 RP11-301L8 
RP11-119n7 RP11-419B08 RP11-570A04 RP11-218a2 RP11-173M11 
RP11-239c17 RP11-121p15 RP11-260e23 RP11-77f4 RP11-213a19 
RP11-441B12 RP11-682F10 RP11-119k21 RP11-101a21 RP11-173m11 
RP11-194b9 RP11-117b11 RP11-27O02 RP11-73g16 RP11-262i1 
RP11-210b2 RP11-155p6 RP11-18O22 RP11-761L20 RP11-178c12 
RP11-53f2 RP11-69p19 RP11-458P15 RP11-119b13 RP11-217E13 
RP11-266e24 RP11-88j6 RP11-265A02 RP11-84m15 RP11-91j3 
RP11-205n12 RP11-94k4 RP11-6k22 RP11-759G24 RP11-237d3 
RP11-53f9 RP11-78k8 RP11-18f11 RP11-90k3 RP11-347K3 
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RP11-180g13 RP11-115k14 RP11-101n17 RP11-136d2 RP11-354H17 
RP11-1413G23 RP11-80i4 RP11-26m17 RP11-231j7 RP11-545D9 
CTD-2008A15 RP11-144i19 RP11-131k16 RP11-89c4 RP11-40o3 
RP11-79e3 RP11-105f22 RP11-494K24 RP11-192d11 RP11-45F23 
RP11-89i4 RP11-17p19 RP11-78a18 RP11-27h11 CTC-963K6 
     

Chromosome 5     
PAC189N21 RP11-422j14 RP11-188O14 RP11-209f21 RP11-128e4 
RP11-310P5 RP11-94e6 RP11-90a9 RP11-436A05 RP11-90c21 
RP11-661C8 RP11-76A20 RP11-81h9 RP11-42m12 RP11-99A07 
RP11-94j21 RP11-4n21 RP11-47n20 RP11-85n3 RP11-35o10 
RP11-325I22 RP11-79c6 RP11-207b2 RP11-45l19 RP11-14k9 
RP11-13f18 RP11-760F01 RP11-275e14 RP11-356I16 RP11-15f10 
RP11-259O2 RP11-253b9 RP11-11J22 RP11-114H07 RP11-182e4 
RP11-129I19 RP11-90p7 RP11-159C23 RP11-524E11 RP11-9i14 
RP11-20b3 RP11-806E18 RP11-258m21 RP11-89g4 RP11-69a18 
RP11-20K9 RP11-320H23 RP11-135f5 RP11-13h10 RP11-88l12 
RP11-82m24 RP11-19f12 RP11-612B17 RP11-4e3 RP11-193d11 
RP11-103L11 RP11-9g14 RP11-393D20 RP11-21c10 RP11-48k2 
RP11-103l11 RP11-117C01 RP11-45o11 RP11-21j3 RP11-105l4 
RP11-227m19 RP11-548F08 RP11-763B03 RP11-630I19 RP11-125l2 
RP11-445O3 RP11-760E04 RP11-88d22 RP11-680K04 RP11-62P10 
RP11-58a5 RP11-134RP11-5 RP11-238J22 RP11-233e5 RP11-645F06 
RP11-531A21 RP11-269M20 RP11-213A08 RP11-114A13 RP11-16L24 
RP11-35k22 RP11-439K05 RP11-145B24 RP11-115i4 RP11-756D05 
RP11-36h5 RP11-272D02 RP11-719P17 RP11-55m16 RP11-265K23 
RP11-46o23 RP11-160f8 RP11-204d12 RP11-14k13 RP11-2i16 
RP11-426L04 RP11-17h13 RP11-526d16 RP11-722H02 RP11-520O10 
RP11-91e7 RP11-203o23 RP11-810O24 RP11-678F23 RP11-281O15 
RP11-91m12 RP11-143o12 RP11-90m19 RP11-79i9 RP11-703G5 
RP11-145b1 RP11-22l20 RP11-606G05 RP11-586A03 RP11-451H23 
RP11-72c10 RP11-47p7 RP11-89c2 RP11-124b12 RP11-78N9 
RP11-29n3 RP11-190c5 RP11-10l13 RP11-109g16 RP11-754A4 
RP11-346F09 RP11-59g13 RP11-203j7 RP11-216n13 CTC-240G13 
RP11-412O08 RP11-19i19 RP11-115l24 RP11-19c10  
RP11-121K01 RP11-464E10 RP11-777F24 RP11-89f1  
RP11-5n8 RP11-631M06 RP11-592P08 RP11-82p23  
RP11-135m13 RP11-469K07 RP11-89f5 RP11-21I20  
RP11-261b20 RP11-174i22 RP11-277n18 RP11-128c13  
RP11-260e18 RP11-79c4 RP11-252i13 RP11-63J18  
RP11-269o14 RP11-138O03 RP11-391C13 RP11-109b15  
RP11-90b23 RP11-480h11 RP11-325L01 RP11-86c20  
RP11-88l18 RP11-87d20 RP11-671K07 RP11-91g17  
RP11-81b23 RP11-15p2 RP11-13o21 RP11-170l13  
RP11-91a5 RP11-40n8 RP11-89l24 RP11-31b18  
RP11-79i8 RP11-91c10 RP11-64f17 RP11-47o12  
RP11-631P02 RP11-267k19 RP11-58g19 RP11-82e8  
RP11-45G01 RP11-600P06 RP11-335P03 RP11-134n14  
RP11-88h16 RP11-589F05 RP11-81c5 RP11-4j6  
RP11-91e20 RP11-350A19 RP11-056J07 RP11-352O01  
RP11-91l13 RP11-801L20 RP11-73n22 RP11-90n23  
RP11-166I05 RP11-122F20 RP11-312B21 RP11-89p1  
RP11-792D20 RP11-91m11 RP11-680L06 RP11-62g13  
RP11-230I05 RP11-172k14 RP11-15p5 RP11-210k16  
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RP11-768E21 RP11-618O07 RP11-47l19 RP11-88j19  
RP11-141B11 RP11-432P23 RP11-90g5 RP11-94l2  
RP11-693B07 RP11-62d9 RP11-81l1 RP11-355E11  
RP11-5n11 RP11-1h14 RP11-265m23 RP11-173f9  
RP11-67p13 RP11-1e10 RP11-738G18 RP11-13h20  
     

Chromosome 6     
CTB-62I11 RP11-119c22 RP11-13L10 RP11-351D01 CTB-57H24 
RP1-24022 RP11-197p9 RP11-15O04 RP11-414G19  
RP11-328C17 RP11-139j19 RP11-450A16 RP11-139o22  
RP11-24f12 RP11-174e21 RP11-32o2 RP11-810D21  
RP11-164H16 RP11-450J18 RP11-242K09 RP11-177m14  
RP11-532F6 RP11-136c6 RP11-46N22 RP11-54p6  
RP5-856G1 RP11-133j6 RP11-317B05 RP11-349J05  
RP11-488J04 RP11-14g23 RP11-52b15 RP11-195b12  
RP11-722M06 CTD-2210D02 RP11-806J11 RP11-91g15  
RP1-118B18 RP11-809I06 RP11-13i21 RP11-445B02  
RP1-33B19 RP11-10m23 RP11-113k7 RP11-15h7  
RP11-376C02 RP11-91h14 RP11-243O17 RP11-728A18  
RP11-145H9 RP11-81f7 RP11-404K10 RP11-89a10  
RP11-442O10 RP11-121g20 RP11-502N24 CTD-2011F14  
RP1-40E16 RP11-79f13 RP11-173G24 RP11-620N13  
RP1-72E17 RP11-89l17 RP11-359A22 RP11-381B24  
RP5-1013A10 RP11-365K20 RP11-515I20 RP11-272E07  
RP11-53p21 RP11-39c2 RP11-788D23 RP11-464J11  
RP4-529N6 RP11-3m23 RP11-14g17 RP11-64E10  
RP1-67E13 RP11-668O01 RP11-79g15 RP11-40o24  
RP11-24n8 RP11-511D03 RP11-14i4 RP11-455K21  
RP11-168g4 RP11-790I23 RP11-641G10 RP11-660N11  
RP11-177c16 RP11-40p17 RP11-73d20 RP11-435G16  
RP11-1j24 RP11-349G11 RP11-83a13 RP11-88D07  
RP11-66e14 RP11-7h16 RP11-438n24 RP11-190G07  
RP11-89l9 RP11-284e1 RP11-47e20 RP11-812M02  
RP11-15I14 RP11-172L24 RP11-352K22 RP11-154P17  
RP11-263D22 RP11-146b10 RP11-639O15 RP11-20h19  
RP11-79l3 RP11-230G23 RP11-165e15 RP11-133M04  
RP11-126j14 RP11-111p16 RP11-78p9 RP11-816H20  
RP11-83b17 RP11-418F04 RP11-685E24 RP11-589H21  
RP11-599C02 RP11-232C06 RP11-634B20 RP11-21K23  
RP11-113k20 RP11-493C05 RP11-113D17 RP11-43b19  
RP11-88e14 RP11-330M10 RP11-75c8 RP11-159M09  
RP11-163e21 RP11-164c22 RP11-28l24 RP11-752M13  
RP11-22p23 RP11-281A18 RP11-51n24 RP11-608RP11-7  
RP11-90m17 RP11-277k21 RP11-59f18 RP11-788I06  
RP11-43b4 RP11-680B23 RP11-456N11 RP11-422J19  
RP11-159c8 RP11-722H01 RP11-101I17 RP11-115O04  
RP11-288m24 RP11-686P01 RP11-694I18 RP3-416F21  
RP11-3d15 RP11-164N24 RP11-171j20 RP11-459F1  
RP11-273j1 RP11-781C08 RP11-149m1 RP11-263P15  
RP11-53i19 RP11-14P04 RP11-28k19 RP3-427A4  
RP11-224b15 RP11-2m9 RP11-59d10 RP1-167A14  
RP11-52c20 RP11-451B17 RP11-207F16 RP3-431P23  
RP11-91h17 RP11-328E03 RP11-528E07 RP11-503C24  
RP11-145m23 RP11-28p18 RP11-166L06 RP11417E7  
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RP11-634L01 RP11-122P04 RP11-231f3 RP1-171H20  
RP11-786A02 RP11-409E15 RP11-12c21 RP11-302L19  
RP11-2p4 RP11-781P12 RP11-16H12 1086L22  
RP11-88d2 RP11-217l13 RP11-107m3 RP5-894D12  
RP11-54h13 RP11-681G09 RP11-661E15 RP1-140C12  
     

Chromosome7     
RP11-90P13 RP11-138e20 RP11-89a20 RP11-51m22 RP11-58f7 
CTB-164D18 RP11-87m15 RP11-219M08 RP11-706D04 RP4-782K24 
RP11-449P15 RP11-75o22 RP11-379D10 RP11-702P18 RP11-518I12 
RP11-510K8 RP11-771P20 RP11-672F22 RP11-304F13 RP11-35402 
RP5-826E18 RP11-115g1 RP11-35h4 RP11-2C10 RP4-708P22 
RP11-106E3 RP11-64i2 RP11-56c16 RP11-3l10 RP5-1058P19 
RP11-234n20 RP11-3l22 RP13-486L04 RP11-112p4 RP4-764O12 
RP11-191p7 RP11-15m23 RP11-219n12 RP11-633J06 CTB-3K23 
RP5-1164K10 RP11-70d20 RP11-115o3 RP11-592J18  
RP11-42B7 RP11-100c21 RP11-284I24 RP11-90c13  
RP11-183o1 RP11-141p12 RP11-24F04 RP11-105E03  
RP11-160E17 RP11-97p11 RP11-612G11 RP11-562D24  
RP11-147A22 RP11-141p12 RP11-126a20 RP11-282F23  
RP11-90j23 RP11-97p11 RP11-592A12 RP11-66f23  
RP11-2k20 RP11-81f19 RP11-22m18 RP11-69C01  
RP11-161c7 RP11-112b7 RP13-483O24 RP13-554J11  
RP11-530D12 RP11-52m17 RP11-669A08 RP11-420J02  
RP11-745B04 RP11-217o10 RP11-46o13 RP11-118j20  
RP11-621A21 RP11-126k7 RP11-624I03 RP11-195M05  
RP11-84D09 RP11-109n2 RP13-508F18 RP11-140i14  
RP11-708A09 RP11-146c1 RP11-371H19 RP11-16K07  
RP11-773N16 RP11-271o10 RP11-126b8 RP11-88k4  
RP11-79g16 RP11-11d14 RP11-49n15 RP11-236o18  
RP11-89b15 RP11-123f4 RP11-57C04 RP11-148f17  
RP11-123e5 RP11-48b18 RP11-127f3 RP11-80j18  
RP11-173p9 RP11-33L07 RP11-32c15 RP11-29b3  
RP11-70k3 RP11-15l23 RP11-63H09 RP11-137o4  
RP11-51l23 RP11-576H09 RP11-380G21 RP11-269n18  
RP11-49n21 RP11-95C05 RP11-10d8 RP11-116RP11-1  
RP11-71f18 RP11-383O08 RP11-717M24 RP11-172l23  
RP11-627G03 RP11-14k11 RP11-344K24 N1172G19  
RP11-523E13 RP11-34j24 RP11-80p24 RP11-795E24  
RP11-243c6 RP11-251i15 RP11-163m5 RP11-717H20  
RP11-160l16 RP11-784D21 RP11-226H09 RP11-188a12  
RP11-158O04 RP11-025D18 RP11-689F03 RP11-79k23  
RP11-601F07 RP11-45n18 RP11-72j24 RP11-89p11  
RP11-165K05 RP11-1162A20 RP11-532G04 RP11-106c6  
RP11-66o14 RP11-90o18 RP11-61c18 RP11-81i21  
RP11-52e9 RP11-746P02 RP11-46j20 RP11-143G02  
RP11-81f15 RP11-214k14 RP11-77e2 RP11-767K21  
RP11-81h15 RP11-06C21 RP11-86p18 RP11-43l19  
RP11-17h7 RP11-89d15 RP11-90n13 RP11-79k9  
RP11-34n11 RP11-114e12 RP11-647L12 RP11-86l18  
RP11-292F07 RP11-170h15 RP11-80n18 RP11-476H24  
RP11-93j6 RP11-96o16 RP11-92j13 RP11-684M07  
RP11-139K08 RP11-88e13 RP11-91f7 RP11-60D05  
RP11-128o3 RP11-193j17 RP11-12l9 RP11-69O03  
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RP11-89n17 RP11-35p20 RP11-88j20 RP11-69O3  
RP11-95n10 RP11-334D20 RP11-78c11 RP11-362B23  
RP11-178p2 RP11-644H24 RP11-110c11 RP5-982E9  
RP11-115g23 RP11-137e8 RP11-95l16 1P4-814D15  

Chromosome 8     
PAC 580L5 RP11-606J09 RP11-727C12 RP11-80c11 RP11-91m23 
RP11-91j19 RP11-51c1 RP11-149g12 RP11-8H12 RP11-91o11 
RP11-63E5 RP11-191p9 RP11-175h20 RP11-653L09 RP11-150n13 
RP11-43A14 RP11-233h21 RP11-83o14 RP11-7N21 RP11-142p5 
RP4-605G11 RP11-93d21 RP11-175h20 RP11-90o15 RP11-89k10 
RP11-240a17 RP11-50e20 RP11-83o14 RP11-80p18 RP11-128g18 
RP11-1049H7 RP11-110i16 RP11-24l2 RP11-90g19 RP11-90g11 
RP11-82k8 RP11-274m9 RP11-221p7 RP11-626K06 RP11-145g10 
RP11-134O21 RP11-89m8 RP11-105k5 RP11-738E15 RP11-237f24 
RP11-336N16 RP11-204m16 RP11-127b4 RP11-627A06 RP11-248D12 
RP11-121f7 RP11-288n10 RP11-99m6 RP11-89f14 RP11-227f7 
RP11-253N21 RP11-158f9 RP11-172d2 RP11-118o8 RP11-437A16 
RP11-79i19 RP11-76b12 RP11-213k11 RP11-3j21 RP11-158g1 
RP11-45m12 RP11-70l1 RP11-157J01 RP11-27i15 RP11-128p9 
RP11-45M12 RP11-164h24 RP11-639J15 RP11-88j22 RP11-184m21 
RP11-113b7 RP11-90m13 RP11-669H14 RP11-638I14 RP11-88m23 
RP11-140k14 RP11-199n14 RP11-258b14 RP11-90b7 RP11-189e11 
RP11-89i12 RP11-232j22 RP11-10g10 RP11-387M09 RP11-21h16 
RP11-112o8 RP11-138j2 RP11-91i20 RP11-131o16 RP11-28a4 
RP11-27A2 RP11-116f9 RP11-264k12 RP11-680G02 RP11-122h7 
RP11-11I1 RP11-188f16 RP11-429B03 RP11-131d12 RP11-16J12 
RP11-10H07 RP11-275k7 RP11-234f8 RP11-125o21 RP11-65A5 
RP11-287p18 RP11-277i21 RP11-252m13 RP11-287h4 RP11-13a18 
RP11-556O5 RP11-5j20 RP11-182b21 RP11-282m7 RP11-557A20 
RP11-556O05 RP11-280c9 RP11-92m10 RP11-136h10 RP11-74F07 
RP11-10A14 RP11-279j6 RP11-89a16 RP11-208e21 RP11-188K5 
RP11-235f10 RP11-287n19 RP11-282d10 RP11-142f22 RP11-10J21 
RP11-262b15 RP13-541P01 RP11-212p10 RP11-102k7 RP11-689G24 
RP11-112g9 RP11-57i3 RP11-271o1 RP11-486H20 RP13-648O9 
RP11-241i4 RP11-122d17 RP11-782B20 RP11-346H21 RP5-1118A7 
RP11-177H2 RP11-258m15 RP11-493K05 RP11-318M02 RP11-714N16 
RP11-235o5 RP11-91p13 RP11-79g22 RP11-652RP11-2 RP11-235f7 
RP11-112G9 RP11-274f14 RP11-120n14 RP11-624K22 RP11-349C2 
RP11-252K12 RP11-237m13 RP11-746L20 RP11-79f7 RP5-1109M23 
RP11-252K12 RP11-89m20 RP11-379N15 RP11-79o20 RP5-1056B24 
RP11-92C1 RP11-210f15 RP11-148m7 RP11-574M23 CTC-489D14 
RP11-252k12 RP11-90p5 RP11-107f3 RP11-89i16  
RP11-254e10 RP11-265k5 RP11-117n14 RP11-500K01  
RP11-235I5 RP11-100b16 RP11-203c23 RP11-573O04  
RP11-235i5 RP11-262i23 RP11-33d7 RP11-762A03  
RP11-80b8 RP11-133o7 RP11-88n8 RP11-764P21  
RP11-182g2 RP11-284j3 RP11-225j6 RP11-593I18  
RP11-218n24 RP11-213c20 RP11-135K01 RP11-486B24  
RP11-303G3 RP11-64c22 RP11-115I09 RP11-687G11  
RP11-31b7 RP11-89a4 RP11-93j13 RP11-730E09  
RP11-92c1 RP11-73m19 RP11-91p17 RP11-816L05  
RP11-145O15 RP11-282j24 RP11-90b7 RP11-88j18  
RP11-035E19 RP11-12l15 RP11-79h23 RP11-540F05  
RP11-236o1 RP11-217n16 RP11-195p3 RP11-158k1  
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RP11-274k12 RP11-268n2 RP11-214e11 RP11-229l23  
RP11-90i3 RP11-416E08 RP11-93e11 RP11-89p9  
     
     

Chromosome 9     
PAC-43N06 CTD-2154o24 RP11-44o3 RP11-81n19  
RP11-174M15 RP11-141j7 RP11-77d21 RP11-540K18  
RP11-59O6 RP11-118c13 RP11-128o12 RP11-17o4  
RP11-165F24 RP11-17j8 RP11-223a21 RP11-666O24  
RP11-143M1 RP11-18k11 RP11-54o15 RP11-130e20  
RP11-560G8 RP11-165h19 RP11-34j23 RP11-40a7  
RP11-28n6 RP11-37f22 RP11-139A17 RP11-81l11  
RP11-48M17 RP11-61g7 RP11-23b15 RP11-81p5  
RP11-122a20 RP11-39i6 RP11-106n7 RP11-723C24  
RP11-526D20 RP11-154m9 RP11-147h22 RP11-666F23  
RP11-32F11 RP11-61i3 RP11-32a11 RP11-326L24  
RP11-326A8 RP11-144l7 RP11-69f21 RP11-153P4  
RP11-31M2 RP11-808I14 RP11-91d7 RP11-374P20  
RP11-280i16 RP11-645RP11-5 RP11-20e13 RP11-166H7  
RP11-307I14 RP11-164J21 RP11-4b2 RP11-100C15  
RP11-125k10 RP11-416F19 RP11-52e12 RP11-83N9  
RP11-12D24 RP11-294N11 RP11-39l9 RP11-611D20  
RP11-12n24 RP11-353M14 RP11-84c18 RP11-216L3  
RP11-165o14 RP11-399F07 RP11-5k11 RP11-417A4  
RP11-79k3 RP11-16n10 RP11-80h12 RP11-424E07  
RP11-117j18 RP11-44j18 RP11-52E12 PAC-112N13  
RP11-439I06 RP11-19o14 RP11-5F08   
RP11-288N02 RP11-8l13 RP11-743L17   
RP11-50c21 RP11-373A09 RP11-589C15   
RP11-264o11 RP11-54o21 RP11-354J03   
RP11-58b8 RP11-141M11 RP11-32m4   
RP11-26k11 RP11-14j9 RP11-39j22   
RP11-32d4 RP11-57n18 RP11-473C10   
RP11-115i23 RP11-112I04 RP11-792P04   
RP11-26h17 RP11-136m18 RP11-81p13   
RP11-29I05 RP11-517M04 RP11-57o13   
RP11-795K04 RP11-31d18 RP11-4o1   
RP11-132g20 RP11-79g7 RP11-95j4   
RP11-48C05 RP11-797K03 RP11-10i9   
RP11-460F23 RP11-731I08 RP11-46p18   
RP11-582B01 RP11-8d10 RP11-9m16   
RP11-61d22 RP11-22c13 RP11-16a3   
RP11-89c6 RP11-142p12 RP11-46e19   
RP11-459O18 RP11-8c21 RP11-88f16   
RP11-344A07 RP11-74f15 RP11-44c14   
RP11-33M18 RP11-273j10 RP11-229n14   
RP11-33o15 RP11-20b20 RP11-102f20   
RP11-249H05 RP11-65c15 RP11-150l1   
RP11-55p9 RP11-41k9 RP11-85p21   
RP11-621I07 RP11-65b23 RP11-59o19   
RP11-348H08 RP11-88j16 RP11-74e13   
RP11-791C08 RP11-105e2 RP11-116c10   
RP11-18a21 RP11-89k14 RP11-13c11   
RP11-70f16 RP11-31n23 RP11-62a6   
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RP11-139g9 RP11-9i18 RP11-91g7   
RP11-52i10 RP11-95g21 RP11-233F19   
RP11-79e21 RP11-95d9 RP11-85C21   
     

Chromosome 10     
CTC-306F7 RP11-2N07 RP11-88b18 RP11-32m14 RP11-48L24 
RP11-10D13 RP11-60j16 RP11-25D08 RP11-121P20 RP11-498B04 
RP11-62022 RP11-34i5 RP11-418B16 RP11-711N15 RP11-577F23 
RP11-10d13 RP11-230a13 RP11-179b15 RP11-9m11 RP11-51g15 
RP11-69n2 RP11-18b14 RP11-79i23 RP11-57c13 RP11-77e11 
RP11-809C18 RP11-43k6 RP11-50a5 RP11-79a15 RP11-79m19 
RP11-38M7 RP11-14a8 RP11-4G06 RP11-129g17 RP11-48b22 
RP11-79k24 RP11-200c22 RP11-72f15 RP11-168O10 RP11-257o17 
RP11-180c18 RP11-66f24 RP11-763M06 RP11-67l13 RP11-240l14 
RP11-1466B20 RP11-90f7 RP11-8e20 RP11-90b18 RP11-7p17 
RP11-111o7 RP11-73j23 RP11-14i14 RP11-166j24 RP11-255d5 
RP11-69C17 RP11-89j6 RP11-237j7 RP11-670L03 RP11-262e19 
RP11-6h14 RP11-176p2 RP11-48p18 RP11-721D10 RP11-101i20 
RP11-526P5 RP11-75n18 RP11-33o2 RP11-81n7 RP11-162a23 
RP11-89k18 RP11-29i13 RP11-280h23 RP11-79m5 RP11-70e19 
RP11-118K6 RP11-66p13 RP11-99d16 RP11-8d20 RP11-47g11 
pRP11-482E14 RP11-80c16 RP11-86k9 RP11-35j23 RP11-5m6 
RP11-23o12 RP11-218d6 RP11-8d13 RP11-83c5 RP11-8o10 
RP11-433J20 RP11-15h10 RP11-6p16 RP11-123g19 RP11-16p8 
RP11-59d4 RP11-181i11 RP11-52k17 RP11-19k9 RP11-32h11 
RP11-117P22 RP11-89i20 RP11-104f15 RP11-97H01 RP11-42k2 
RP11-445P17 RP11-35o12 RP11-41f17 RP11-80h11 RP11-31a20 
RP11-77o20 RP11-45l17 RP11-91a1 RP11-4g4 RP11-48a2 
RP11-30l1 RP11-70b16 RP11-29p24 RP11-316m21 RP11-333H4 
RP11-5b23 RP11-149k18 RP11-58o1 RP11-260l2 RP11-583E19 
RP11-85m7 RP11-18e15 RP11-50k4 RP11-34d15 2RP11-168C9 
RP11-90m21 Rp11-152O06 RP11-69i18 RP11-37l21 RP11-109A6 
RP11-72c6 Rp11-489N11 RP11-28e3 RP11-105n15 Rp11-442B06 
RP11-33j8 RP11-48o11 RP11-282n18 RP11-89g15 RP11-500G10 
RP11-197k17 RP11-89j23 RP11-152n13 RP11-21n23 RP11-113P9 
RP11-42i17 RP11-20j15 RP11-62e15 RP11-677L01 Rp11-047C11 
RP11-29d1 RP11-127l3 RP11-243c1 RP11-16h23 RP11-142i8 
RP11-35i11 RP11-600F13 RP11-90d9 RP11-287g20 RP11-408L20 
RP11-561C14 RP11-794B16 RP11-112f5 RP11-128h11 RP11-245K15 
Rp11-438B03 RP11-462F17 RP11-45p20 RP11-41d21 RP11-27F2 
RP11-11l13 RP11-123F14 RP11-19c18 RP11-246b13 RP11-140A10 
RP11-99o22 RP11-772K06 RP11-17o5 RP11-49h17 RP11-35C24 
RP11-40d12 RP11-92i18 RP11-78f9 RP11-469m11 RP11-288G11 
RP11-61p15 RP11-27p22 RP11-31l4 RP11-3g2 RP11-137A17 
RP11-22k18 RP11-71n21 RP11-93o23 RP11-182c2 RP13-439H18 
RP11-19l14 RP11-240k9 RP11-342m3 RP11-182p7 RP11-122K13 
Rp11-606G04 RP11-67o23 RP11-529C24 RP11-1i16 RP11-91E2 
Rp11-163C07 RP11-133c15 RP11-298H01 RP11-31o24 RP11-108K14 
RP11-25e5 RP11-449J03 RP11-10O05 RP11-106n20 CTB-137E24 
RP11-80j20 RP11-314P06 RP11-284d10 RP11-32i9  
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Chromosome 11     
CTC-908H22 RP11-414B15 RP11-135h8 RP11-91o4 RP11-32a17 
RP11-304M2 RP11-230g20 RP11-217g11 RP11-217e8 RP11-126d18 
RP13-317D12 RP11-15a11 RP11-77m17 RP11-56f12 RP11-145i11 
RP13-46H24 RP11-203l7 RP11-75h24 RP11-15j1 RP11-87o12 
RP11-532E4 RP11-460A21 RP11-205i14 RP11-184g18 RP11-35m6 
281~11p532E4 RP11-16h3 RP11-743C17 RP11-13l14 RP11-11c15 
RP11-113A6 RP11-1l12 RP11-5f17 RP11-97d3 RP11-164a10 
RP11-11A9 CTD-2248B15 RP11-49d19 RP11-16k5 RP11-100P11 
RP11-120E20 RP11-11n17 RP11-35f11 RP11-73M04 RP11-50b3 
RP11-23F23 RP11-79e9 RP11-80b24 RP11-267l1 RP11-15j15 
RP11-209m9 RP11-215h22 RP11-20k4 RP11-692M18 RP11-20m1 
RP11-309J20 RP11-113m18 RP11-9k14 RP11-443E05 RP11-41k5 
RP11-57f14 RP11-246j1 RP11-15l8 RP11-443E05 RP11-121g24 
RP11-622b13 RP11-215f2 RP11-160l9 RP11-258c1 RP11-112m22 
RP11-98l18 RP11-710L02 RP11-038N23 RP11-40b14 RP11-62a14 
RP11-290f24 RP11-127k23 RP11-278a17 RP11-126l20 RP11-8k10 
RP11-30i3 RP11-51j14 RP11-120p20 RP11-5g24 RP11-56O01 
RP11-645i8 RP11-102c11 RP11-53L14 RP11-134g19 RP11-2L05 
RP11-93a12 RP11-282O18 RP11-256p19 RP11-43b2 RP11-567M21 
RP11-560b16 RP11-283o4 RP11-51m9 RP11-33f6 RP11-535N6 
RP11-715m10 RP11-3e12 RP11-44j5 RP11-179b7 RP11-116B3 
RP11-205o15 RP11-90f13 RP11-96d22 RP11-51m23 RP11-7f12 
RP11-89d4 RP11-145b20 RP11-102m18 RP11-276o11 RP11-697E14 
RP11-25d22 RP11-128f16 RP11-168b13 RP11-628K08 RP11-17m17 
RP11-133h19 RP11-103p20 RP11-91p18 RP11-42l18 RP11-545G16 
RP11-33h21 RP11-36h11 RP11-165c10 RP11-209e9 RP11-448P19 
RP11-540D07 RP11-187a8 RP11-119c13 RP11-39C17 RP11-27h17 
RP11-170f20 RP11-102n4 RP11-115o9 RP11-2f21 RP11- 700F16 
RP11-47d7 RP11-72a10 RP11-98g24 RP11-97j23 RP11-627G23 
RP11-82l24 RP11-591O02 RP11-31f2 RP11-49a9 RP11- 469N6 
RP11-206l19 RP11-726K20 RP11-7h7 RP11-262j9 RP11-410I24 
RP11-156a13 RP11-14k17 RP11-32d14 RP11-270n1 RP11-555G19 
RP11-170h2 RP11-18b9 RP11-215h8 RP11-163a13 PAC-770G7 
RP11-98j9 RP11-114g6 RP11-355G10 RP11-47n15  
RP11-21l19 RP11-34f8 RP11-1e8 RP11-3f7  
RP11-72l17 RP11-220c23 RP11-34l12 RP11-79i17  
RP11-39f19 RP11-79g4 RP11-40g3 RP11-100j10  
RP11-7o20 RP11-150d18 RP11-102k15 RP11-5n6  
RP11-91i5 RP11-18d13 RP11-89m14 RP11-113m2  
RP11-79n15 RP11-12d19 RP11-19p3 RP11-36m5  
RP11-435C13 RP11-79o11 RP11-131c11 RP11-279m1  
RP11-166e15 RP11-102e22 RP11-80p16 RP11-713B09  
RP11-89p14 RP11-12c11 RP11-90k17 RP11-15H08  
RP11-81d23 RP11-206i1 RP11-119m23 RP11-284O21  
RP11-80b10 RP11-369O04 RP11-80f20 RP11-35p15  
RP11-13o19 RP11-29o22 RP11-89h11 RP11-112i9  
RP11-62g18 RP11-39g12 RP11-91e22 RP11-158i9  
RP11-2c23 RP11-18f22 RP11-10C10 RP11-45n4  
RP11-11a11 RP11-379M04 RP11-30c9 RP11-94c16  
RP11-140j4 RP11-56e13 RP11-42g23 RP11-117k21  
RP11-56j22 RP11-85a19 RP11-798B05 RP11-89c24  
RP11-589C13 RP11-222g13 RP11-203F08 RP11-89p5  
RP11-749J16 RP11-275o16 RP11-163o18 RP11-133i16  
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Chromosome 12     
CTC-496A11 RP11-39g24 RP11-3p19   
RP11-110k11 RP11-35g5 RP11-3e7   
RP11-283I3 RP11-276l24 RP11-321E21   
RP5-1154L15 RP11-97a6 RP11-287d11   
RP11-218M22 RP11-61p1 RP11-138g1   
RP11-359B12 RP11-196h14 RP11-237C13   
RP3-341D11 RP11-16m7 RP11-90f3   
RP5-1096D14 RP11-220l3 RP11-51k17   
RP11-407G8 RP11-18b8 RP11-297D04   
RP11-543P15 RP11-109l8 RP11-119j23   
RP5-1180D12 RP11-5j6 RP11-55L22   
RP11-320N7 RP11-5j6 RP11-143P03   
RP11-74m9 RP11-15l3 RP11-322N07   
RP11-234B24 RP11-90g3 RP11-173P15   
RP11-319E16 RP11-89m22 RP11-403N24   
RP11-166g2 RP11-606G03 RP11-408I18   
RP11-433J06 RP11-81h3 RP11-89j2   
RP11-555G18 RP11-56g10 RP11-733L04   
RP11-561P12 RP11-647M08 RP11-526P6   
RP11-496P09 RP11-347C05 RP11-78d24   
RP11-711K01 RP11-96f19 RP11-417O18   
RP11-59h1 RP11-632O11 RP11-271J4   
RP11-96k24 RP11-90c1 RP11-69l19   
RP11-174l5 RP11-230i13 RP11-669N7   
RP11-672B09 RP11-80b4 RP11-174M13   
RP11-776I15 RP11-440M12 RP11-81g12   
RP11-85g7 RP11-534K23 RP11-143E21   
RP11-91b19 RP11-692C05 RP11-119j21   
RP11-80n2 RP11-317E02 RP11-1k22   
RP11-49g2 RP11-88n10 RP11-89f23   
RP11-473B08 RP11-81h17 RP11-1K22   
RP11-114g18 RP11-51m11 RP11-346B9   
RP11-64j22 RP11-89f16 RP11-495K9   
RP11-64n21 RP11-141n1 RP13-503G7   
RP11-74j4 RP11-166e4 RP11-46H11   
RP11-100p18 RP11-82i16 CTC-221K18   
RP11-78f16 RP11-74k11    
RP11-56j24 RP11-215g13    
RP11-242N14 RP11-31a19    
RP11-413B19 RP11-282g15    
RP11-90i21 RP11-69e3    
RP11-88l2 RP11-64j11    
RP11-29g23 RP11-89e9    
RP11-738B15 RP11-90e9    
RP11-89h19 RP11-165h12    
RP11-25k5 RP11-18f1    
RP11-112m10 RP11-18j7    
RP11-32k17 RP11-609G15    
RP11-88m8 RP11-5o2    
RP11-97n16 RP11-3e2    
RP11-101h10 RP11-83g24    
RP11-132h4 RP11-141f8    
RP11-181E19 RP11-110l13    
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Chromosome 13     
RP11-8c15 RP11-11c5 RP11-199F6   
RP11-87e7 RP11-94f7 RP11-245B11   
RP11-31h2 RP11-31c6 RP11-569D9   
RP11-80j14 RP11-81d9 CTB-163C9   
RP11-204d11 RP11-30c8    
RP11-88J11 RP11-79i4    
RP11-7g2 RP11-46l3    
RP11-89j10 RP11-9p22    
RP11-35m5 RP11-43p9    
RP11-89p22 RP11-137m6    
RP11-90m5 RP11-122n18    
RP11-64c21 RP11-93g2    
RP11-63c16 RP11-773L04    
RP11-666K13 RP11-454P04    
RP11-81f11 RP11-193G17    
RP11-564G18 RP11-89a14    
RP11-90f5 RP11-118k20    
RP11-624H01 RP11-29C08    
RP11-441E23 RP11-51c8    
RP11-14a4 CTD-2010P10    
RP11-718A20 RP11-86c3    
RP11-89l15 RP11-732C07    
RP11-53f19 RP11-165n12    
RP11-9f13 RP11-40h10    
RP11-88n4 RP11-747M20    
RP11-13i8 RP11-14c20    
RP11-249J19 RP11-19j14    
RP11-21h9 RP11-122a8    
RP11-34k15 RP11-23m9    
RP11-17i11 RP11-113f15    
RP11-30n18 RP11-16f6    
RP11-217h23 RP11-7b23    
RP11-52b21 RP11-29b2    
RP11-120g8 RP11-793C03    
RP11-90k7 RP11-86b6    
RP11-54g17 RP11-25e13    
RP11-240F24 RP11-46N20    
RP11-93h24 RP11-183a20    
RP11-586L20 RP11-183a20    
RP11-211j11 RP11-61i17    
RP11-256B07 RP11-61i17    
RP11-234m13 RP11-90l1    
RP11-205j24 RP11-230a15    
RP11-590A05 RP11-472K17    
RP11-430I03 RP11-120J20    
RP11-586C17 RP11-494P5    
RP11-286F06 RP11-3p8    
RP11-37i8 RP11-65D24    
RP11-695D05 RP11-310D8    
RP11-771E21 RP11-88E10    
RP11-452P23 RP11-19o15    
RP11-465K12 RP11-120K24    
RP11-490G11 RP11-391H12    
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Chromosome 14     
RP11-14j7 RP11-761O18 RP11-345I17   
RP11-98n22 RP11-351A02 RP11-736N17   
RP11-14o20 RP11-2l22 RP11-894P9   
RP11-152g22 RP11-64i19 RP11-812G18   
RP11-67g19 RP11-88l10 RP11-865F7   
RP11-84d12 RP11-251L01 RP11-982M15   
RP11-481C14 RP11-145o12 RP11-1087P8   
RP11-70f9 RP11-14c21 RP11-417P24   
RP11-68m15 RP11-206j4 RP11-1960O5   
RP11-189n14 RP11-44k16 RP11-535K02   
RP11-256c2 RP11-63g22 CTC-820M16   
RP11-256d1 RP11-655F20    
RP11-89k22 RP11-182d6    
RP11-170d9 RP11-156e22    
RP11-94d17 RP11-79b13    
RP11-109d12 RP11-74m3    
RP11-560O13 RP11-59m15    
RP11-125a5 RP11-1j10    
CTD-2305P23 RP11-72j8    
RP11-48l1 RP11-18g18    
RP11-2k1 RP11-623E13    
RP11-91k19 RP11-31E03    
RP11-37f23 RP11-804J22    
RP11-54h22 RP11-285p21    
RP11-105f9 RP11-63d17    
RP11-29a7 RP11-46l17    
RP11-26m6 RP11-80l10    
RP11-355C03 RP11-426D12    
RP11-91h1 RP11-22K10    
RP11-322F11 RP11-688D15    
RP11-23d3 RP11-479H04    
RP11-88n14 RP11-84g6    
RP11-189h22 RP11-79j20    
RP11-758F23 RP11-40p23    
RP11-121B16 RP11-16o4    
RP11-614F23 RP11-90h21    
RP11-429F05 RP11-140i4    
RP11-52o23 RP11-28g16    
RP11-94k16 RP11-368N07    
RP11-90k14 RP11-160p21    
RP11-218e20 RP11-26j5    
RP11-137d17 RP11-80f23    
RP11-262m8 RP11-111f22    
RP11-122a4 RP11-86o9    
RP11-12p7 RP11-128l1    
RP11-221k16 RP11-90g22    
RP11-45h9 RP11-9d19    
RP11-172g1 RP11-123m6    
RP11-205k20 RP11-796G6    
RP11-29b7 RP11-121h7    
RP11-105h21 RP11-114H15    
RP11-10p7 RP11-208P19    
RP11-21p8 RP11-661D19    
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Chromosome 15     
RP11-194h7 RP11-80n16 RP11-164C12   
RP11-218m19 RP11-61k4 RP11-185d5   
RP11-98D02 RP11-25g4 RP11-57p19   
RP11-87i21 RP11-30i7 RP11-18P13   
RP11-125E1 RP11-276o16 RP11-14A1   
RP11-171c8 RP11-34o20 RP11-315L6   
RP11-701H24 RP11-213h12 RP11-522B15   
RP13-487P22 RP11-99l18 RP11-120n1   
RP11-466L14 RP11-120o11 RP11-753A21   
RP13-687N06 RP11-79j15 RP11-167B3   
RP11-256m2 RP11-18b17 RP11-9b21   
RP11-38e12 RP11-74k1 RP11-80f4   
RP11-81f13 RP11-90a19 RP11-654A16   
RP11-641K15 RP11-376H21 RP11-530L17   
RP11-16E12 RP11-100n8 RP11-526I2   
RP11-115g22 RP11-50n10 RP1115q-66B24   
RP11-94g7 RP11-107i6 RP11-90e5   
RP11-81n9 RP11-107i6 RP11-497M17   
RP11-3d4 RP11-70a7 RP11-14C10   
RP11-15c9 RP11-54p3 CTB-154P1   
RP11-3d4 RP11-85e15    
RP11-35o8 RP11-207j8    
RP11-814P05 RP11-221p9    
RP11-173e7 RP11-28d6    
RP11-81o20 RP11-101c13    
RP11-597G23 RP11-64k10    
RP11-604NO3 RP11-2i17    
RP11-62l9 RP11-106m3    
RP11-46o11 RP11-473E05    
RP11-127c24 RP11-46c10    
RP11-133k1 RP11-775D01    
RP11-18c1 RP11-95I05    
RP11-239o2 RP11-91j9    
RP11-117j16 RP11-10k12    
RP11-2d17 RP11-7p8    
RP11-355d13 RP11-91m4    
RP11-78i21 RP11-81a1    
RP11-88j10 RP11-60j21    
RP11-27p20 RP11-784P11    
RP11-226c3 RP11-152f13    
RP11-58n19 RP11-90b9    
RP11-6l16 RP11-58c20    
RP11-90j19 RP11-81l17    
RP11-89o12 RP11-68p22    
RP11-138P11 RP11-43k17    
RP11-49k3 RP11-116l7    
RP11-57j20 RP11-60p2    
RP11-66l23 RP11-80j8    
RP11-39n23 RP11-131k19    
RP11-221h24 RP11-139L04    
RP11-418B13 RP11-693F05    
RP11-47p5 RP11-350E04    
RP11-548m13 RP11-102I20    
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Chromosome 16     
Chrtp-P-12I14 RP11-283c7 RP11-1b11   
RP11-344L6 RP11-452g23 RP11-178p16   
RP11-243K18 RP11-259n3 RP11-223i9   
RP11-161M6 RP11-545e2 RP11-90j5   
RP11-31I10 RP11-48i18 RP11-81l5   
RP11-20I23 RP11-21b23 RP11-110l8   
RP11-473M20 RP11-20a10 RP11-162i18   
RP11-433P17 RP11-327f22 RP11-140k16   
RP11-433p17 RP11-89n7 RP11-80h6   
pRP11-462G12 RP11-381l15 RP11-254f19   
RP11-95p2 RP11-131k14 RP11-442O1   
RP11-35p16 RP11-67i13 RP11-59a12   
RP11-89m4 RP11-566E02 RP11-60b6   
RP11-89m4 RP11-360C21 RP11-118f19   
RP11-127I20 RP11-61i15 RP11-122p17   
RP11-489J02 RP11-90h1 RP11-568J23   
RP11-167b4 RP11-212i21 RP11-514D23   
RP11-349E19 RP11-2d4 RP11-899L11   
RP11-79m18 RP11-2i4 c301F3   
RP11-24m13 RP11-109j21 CTD-2505I05   
RP11-475d10 RP11-250e14 CTD-2195G01   
RP11-51p23 RP11-106l3 RP11-830F9   
RP11-58m17 RP11-132m21 RP11-368I7   
RP11-51o5 RP11-11e14 RP11-79a1   
RP11-89d3 RP11-246m14 RP11-566K11   
RP11-66h6 RP11-89g14 c439G8   
RP11-49m06 RP11-89o14 c372B12   
RP11-520b23 RP11-50c5    
RP11-165b11 RP11-110a13    
CTA-388d4 RP11-25k3    
RP11-170o16 RP11-52b24    
RP11-448P21 RP11-83h21    
RP11-629E08 RP11-154n7    
CTA-991h5 RP11-3a9    
CTA-589h1 RP11-5a19    
RP11-283m20 RP11-151m19    
RP11-109d4 RP11-84c4    
CTA-521a12 RP11-123c5    
CTA-670b5 RP11-52e21    
RP11-186e3 RP11-14j15    
RP11-181o4 RP11-81l21    
RP11-343H14 RP11-89k4    
RP11-391G19 RP11-230e8    
RP11-146j7 RP11-58m3    
CTA-485g10 RP11-36n1    
CTA-951c11 RP11-27d1    
RP11-297O21 RP11-217k3    
RP11-368n21 RP11-12h11    
RP11-150k5 RP11-345K17    
RP11-18h23 RP11-61l1    
RP11-587G18 RP11-284g2    
RP11-80f22 RP11-476H08    
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Chromosome 17     
PAC-202L17 RP11-73f15 RP11-559N14   
RP11-71h6 RP11-381L05 RP11-84j3   
RP11-411G7 RP11-314P05 RP11-128j1   
RP11-61b16 RP11-118G23 RP11-398J5   
RP11-91c8 RP11-252n11 RP11-46e14   
RP11-26n16 RP11-58o8 RP11-334C17   
RP11-216P6 RP11-58o9 RP11-160f4   
RP11-818O24 RP11-600K04 RP11-313F15   
RP11-4f24 RP11-121G16 RP11-149I9   
RP11-233O10 RP11-600J16 RP13-1032I1   
RP11-135n5 RP11-87n6 RP11-1376P16   
RP11-135N5 RP11-241h2 RP11-165m24   
RP11-64J4 RP11-29c11 RP11-525L23   
RP11-208j12 RP11-266i24 RP11-567O16   
RP11-167N20 RP11-546M21 RP11-497H17   
RP11-141J13 RP11-52n13 PAC-362K04   
RP11-664D05 RP11-9m20    
RP11-61b20 RP11-162O14    
RP11-9a21 RP11-234j24    
RP11-89d11 RP11-36j16    
RP11-55c13 RP11-110h20    
RP11-89a15 RP11-329H07    
RP11-163I09 RP11-45O08    
RP11-184D16 RP11-143m4    
RP11-629O10 RP11-131c4    
RP11-333I05 RP11-42m14    
RP11-666B05 RP11-488O03    
RP11-328M21 RP11-515J20    
RP11-924A14 RP11-272A10    
RP11-79e15 RP11-016A07    
RP11-849N15 RP11-506H21    
RP11-726012 RP11-118k23    
RP11-209J20 RP11-653P10    
RP11-219A15 RP11-598B11    
RP11-416I2 RP11-535B03    
RP11-45M22 RP11-89h15    
RP11-524F11 RP11-81d7    
RP11-1084K4 RP11-89l7    
RP11-384M20 RP11-52b5    
pRP11-258F1 RP11-157J07    
RP1-178F10 RP11-293K20    
RP11-815I9 RP11-679E01    
RP11-28B23 RP11-84e24    
RP11-160E2 RP11-65c22    
RP11-311F12 RP11-41e12    
RP11-78O7 RP11-225g19    
RP5-836L9 RP11-145c11    
RP11-344E13 RP11-76g4    
RP13-743M18 RP11-201e5    
RP11-645F04 RP11-263G15    
RP11-95E03 RP13-783G20    
RP11-100l12 RP11-153A23    
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Chromosome 18     
P1-52M11 RP11-719B04    
RP11-324G2 RP11-20h17    
RP11-14P20 RP11-43k24    
RP11-689C9 RP11-790E19    
RP11-291G24 RP11-436A17    
RP11-256k9 RP11-725K08    
RP11-419P8 RP11-370J10    
RP13-270P17 RP11-814G21    
RP11-414c23 RP11-160b24    
RP11-88f4 RP11-153b11    
RP11-874J12 RP11-359B16    
RP11-214m24 RP11-4g8    
RP11-502P1 RP11-12j12    
RP11-91a13 RP11-40d15    
RP11-183C12 RP11-88j4    
RP11-92G19 RP11-15c15    
RP11-91n9 RP11-732P12    
RP11-91i8 RP11-75o12    
RP11-658L02 RP11-3k7    
RP11-383K17 RP11-881O14    
RP11-5c5 RP11-563H06    
RP11-67i20 RP11-105l16    
RP11-24g5 RP11-49h23    
RP11-7e5 RP11-64c15    
RP11-93H10 RP11-57f7    
RP11-16a21 RP11-702M18    
RP11-96i11 RP11-533F21    
RP11-151d11 RP11-53n15    
RP11-411b10 RP11-760G14    
RP11-11O07 RP11-321M21    
RP11-10g8 RP11-61a18    
RP11-601P01 RP11-94B19    
RP11-59e12 RP11-111H3    
RP11-10l24 RP11-4b17    
RP11-94h23 RP11-4B16    
RP11-05G23 RP11-130j1    
RP11-349N23 RP11-90l3    
RP11-111h24 RP11-16L7    
RP11-29E21 RP11-63N3    
RP11-316H07 RP11-1136J12    
RP11-798F18 RP11-7h17    
RP11-19f14 RP11-567M18    
RP11-63n12 RP11-87c15    
RP11-133a7 RP11-154H12    
RP11-90b5 RP11-248M19    
RP11-25I24 CTC-9654M9    
RP11-465E08     
RP11-265i6     
RP11-87h5     
RP11-154L17     
RP11-20a13     
RP11-19l3     
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Chromosome 19     
CTC-546C11 RP11-2j15    
CTD-3113P16 RP11-423F12    
RP11-75h6 RP11-39j16    
RP11-878J15 RP11-236b14    
RP11-317H11 RP11-795H08    
RP11-846C18 RP11-89p20    
RP11-49m3 RP11-35j17    
RP11-268O21 RP11-158G19    
RP11-54g9 RP5-1060P11    
RP11-554A7 RP11-87l13    
RP11-500M12 RP11-394L10    
RP11-211i3 RP11-346P13    
RP11-294F21 RP11-12c9    
RP11-668C08 RP11-764N09    
RP11-84c17 RP11-15H12    
RP11-19i2 CTD-3138B18    
RP11-31n2 GSI-1129C9    
RP11-201f4     
RP11-56k21     
RP11-107o2     
RP11-121i1     
RP11-789A22     
RP11-381I18     
RP11-88i12     
RP11-751N23     
RP11-634O13     
RP11-66H12     
RP11-798M16     
RP11-630I12     
RP11-206o6     
RP11-152p7     
RP11-46i12     
RP11-110j19     
RP11-679A07     
RP11-18j6     
RP11-147d7     
N1101H09     
RP11-32h17     
RP11-92j4     
RP11-484L11     
RP11-91h20     
RP11-140e1     
RP11-283b8     
RP11-118p21     
RP11-104I17     
RP11-208i3     
RP11-18j23     
RP11-210c7     
RP11-18j23     
RP11-210c7     
RP11-358O18     
RP11-19h11     
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Chromosome 20     
PAC 1061L1 RP11-47o20 RP5-1107C24   
RP11-530N10 RP11-622K24 RP5-885L7   
RP5-1103G7 RP11-601G07 RP11-358D14   
RP5-852M4 RP11-552G16 RP13-152O15   
RP11-24e15 RP11-291H06 RP5-1022E24   
RP5-824F16 RP11-138a15 RP11-476I15   
RP4-576H24 RP11-71n16 CTB-81F12   
RP11-153m12 RP11-9m24    
RP11-55O08 RP11-93l19    
RP11-107l14 RP11-111h12    
RP4-686C3 RP11-17f3    
RP5-1187M17 RP11-13f12    
RP11-26f18 RP11-4a12    
RP4-741H3 RP11-69i10    
RP11-48m7 RP11-29h19    
RP11-352D3 RP11-30f23    
RP1-189G13 RP11-169a6    
RP11-78p4 RP11-75c17    
RP5-1116H23 RP11-109c3    
RP11-235c20 RP11-288D17    
RP11-149o7 RP11-51k19    
RP11-9g21 RP11-124d1    
RP11-238d15 RP11-414N24    
RP11-26h9 RP11-72f10    
RP11-624E14 RP11-24k24    
RP11-32o9 RP11-5p14    
RP11-103h2 RP11-10d18    
RP11-24k4 RP11-15m15    
RP11-4G10 RP11-55e1    
RP11-40j24 RP11-55e1    
RP11-60n17 RP11-212m6    
RP11-90e23 RP11-212m6    
RP11-91o7 RP11-4h24    
RP11-287e11 RP11-195n11    
RP11-621F09 RP11-4h24    
RP11-149i18 RP11-195n11    
RP11-158K16 RP11-172c21    
RP11-134g22 RP11-172c21    
RP11-65g18 RP11-206b19    
RP11-11o15 RP11-502C13    
RP11-16n16 RP11-206b19    
RP11-11m17 RP11-502C13    
RP11-792P03 CTD-2010L19    
RP11-110c10 RP11-37E05    
RP11-643N12 RP11-1e23    
RP11-7f10 RP11-41M17    
RP11-77c2 RP11-164D18    
RP11-32n12 RP5-1043L13    
RP11-58b10 RP11-94a18    
RP11-23b22 RP11-459I16    
RP11-134i8 RP5-1040G13    
RP11-57g7 RP5-827E24    
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Chromosome 21     
RP11-66c14     
RP11-61a21     
RP11-31b6     
RP11-181g18     
RP11-196B04     
RP11-143a3     
RP11-660C07     
RP11-585RP11-7     
RP11-247I08     
RP11-86j21     
RP11-301E01     
RP11-13j15     
RP11-88d18     
RP11-53k11     
RP11-89c22     
RP11-15h6     
RP11-108h5     
RP11-6i7     
RP11-83l17     
RP11-115h17     
RP11-539O13     
RP11-74d19     
RP11-70l17     
RP11-30n6     
RP11-32a2     
RP11-96h21     
RP11-61g3     
RP11-12m14     
RP11-125h1     
RP11-191i6     
RP11-5n20     
RP11-147h1     
RP11-54f16     
RP11-89h16     
RP11-213D22     
RP11-8p19     
RP11-17o20     
RP11-12n9     
RP11-105o24     
RP11-1p3     
RP11-114h1     
RP11-120c17     
RP11-113F1     
RP11-351D2     
RP11-397E9     
RP1-225L15     
RP5-1023B21     
RP1-101D8     
P1-1D4     
P1-9H11     
     
     
     



   

 205 

chromosome 22     
RP11-172d7     
RP11-91o6     
RP11-100k2     
RP11-488D20     
RP11-316L10     
RP11-330P17     
RP11-618D02     
RP11-36n5     
RP11-76e8     
RP11-13j4     
RP11-29i20     
RP11-26i11     
RP11-5o6     
RP11-213l15     
RP11-646D14     
RP11-723D05     
RP11-70f2     
RP11-5i24     
RP11-125j19     
RP11-62g2     
RP11-89d12     
RP11-105i18     
RP11-35i10     
RP11-90i17     
RP11-235o23     
RP11-108c6     
RP11-290I02     
RP11-794G14     
RP11-116k16     
RP11-49m22     
RP11-61l22     
RP3-439F8     
RP11-620A14     
RP3-477J10     
RP11-191L9     
RP11-66m5     
RP11-652F11     
RP1-100G10     
RP11-262A13     
RP11-133p21     
RP11-35412     
RP3-355C18     
RP3-402G11     
RP11-104C13     
CTB-99K24     
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Chromosome X     
C34F5 RP11-75h8 RP11-142m16   
RP13-465B17 RP11-90n17 RP11-221g13   
RP13-76L22 RP11-90i7 RP11-49C9   
RP11-309M23 RP11-147g1 RP4-687A5   
RP13-297E16 RP11-30m20 RP5-892C22   
RP11-325D5 RP11-149i10 RP11-473F11   
RP11-418N20 RP11-726L06 RP11-66N11   
RP11-558O12 RP11-204d21 RP5-865E18   
RP11-46C18 RP11-177a4 RP11-524G17   
RP11-62N12 RP11-183f2 RP13-228J13   
RP11-60N3 RP11-341D19 RP11-218L14   
RP11-44F02 RP11-51l20 BAC-879P22   
RP11-143e20 RP11-192I24    
RP11-404I03 RP11-454E1    
RP11-8H07 RP11-441A13    
RP11-730J09 RP11-91j20    
RP11-543H16 RP11-704A15    
RP11-102M02 RP11-468K10    
RP11-693F13 RP11-704E19    
RP11-138N18 RP11-266D18    
RP11-270o2 RP11-491D21    
RP11-80n6 RP11-246g22    
RP11-180f16 RP11-105N07    
RP11-48d14 RP11-446H04    
RP11-2k15 CTD-2509K05    
RP11-526D10 RP13-596B22    
RP11-793H05 RP11-636F23    
RP11-379L22 RP11-77d22    
RP11-777J04 RP11-270o24    
RP11-253I16 RP1-79p11    
RP11-745O16 RP11-71d21    
RP11-46a23 RP11-223k4    
RP11-122n14 RP11-191C22    
RP11-124h12 RP11-768B23    
RP11-70d7 RP11-80k1    
RP11-287e8 RP11-448E12    
RP11-91i16 RP11-266E13    
RP11-258i23 RP11-357A20    
RP11-39e13 RP11-79n19    
RP11-269O06 RP11-224d23    
RP11-24p8 RP11-385O17    
RP11-605I23 RP11-633I23    
RP11-643B24 RP11-633I23    
RP11-631K22 RP11-63e7    
RP11-8g18 RP11-89n19    
RP11-107c19 RP11-96g7    
RP11-265D05 RP11-65i1    
RP11-211H10 RP11-155a5    
RP11-119E20 RP11-97n5    
RP11-363g10 RP11-34j1    
RP11-126a13 RP11-267d20    
RP11-75h8 RP11-112h23    
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RP11-126a13 RP11-130n6    

ChromosomeY     
RP11-400O10     
RP11-115E20     
RP11-48j15     
RP11-414c23     
RP11-4d2     
RP11-125B15     
RP11-115H13     
RP11-145J12     
RP11-115h13     
RP11-105L10     
RP11-524G14     
RP11-47E12     
RP11-375P13     
RP11-122L9     
RP11-82l3     
RP11-192N14     
RP11-91n9     
RP11-723C18     
RP11-71m14     
RP11-757B08     
RP11-91a13     
RP11-135h9     
RP11-20h21     
RP11-764I14     
RP11-256k9     
RP11-65g9     
RP11-185n10     
RP11-5c5     
RP11-414c23     
RP11-140h23     
RP11-247j14     
RP11-214m24     
RP11-245K4     
RP11-428D10     
RP11-557B9     
RP11-214M24     
RP11-86G22     
RP1139P20     
RP11-292P9     
RP11-357E16     
RP11-242E13     
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Two rare cases with a subtelomeric 5q deletion and 16q duplication: clinical and 
molecular characterisation using array-CGH.  
 
 

 
 
 
Abstract 
 
We have compared two patients both with a cryptic 5q deletion and 16q duplication 

detected by subtelomere FISH. Although undistinguishable by subtelomere FISH, Array-

CGH showed that size of the imbalance between was different the two patients and 

correlated with the degree of intellectual disability.  The first patient, case 1, with the 

larger imbalance had moderate intellectual disability whereas second patient, case 2, with 

a smaller imbalance had a borderline intellectual disability. Both patients had mild 

dysmorphic features; however there was little similarity in the features between the two 

patients. Review of the literature failed to find any similar cases making this the first 

report of the molecular characterisation of two cases of cryptic unbalanced translocations 

resulting in a deletion of 5qter and duplication of 16qter. 

 

Key words 
 
Array-CGH, Subtelomere FISH, cryptic chromosome abnormalities, subtelomere 
abnormality 
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1. Introduction 

Unbalanced subtelomeric rearrangements are a significant case of intellectual disability in 

the population. In patients with mental retardation and dysmorphism the average 

detection rate using subtelomere FISH is 5% [4]. The detection rate is 2.6% if only truly 

cryptic changes are included [12]. 
 

From our previous subtelomere FISH studies of 784 children with idiopathic mental 

retardation, two unrelated patients were identified to have a undistinguishable cryptic 

unbalanced translocation, which resulted in a subtelomeric 5q deletion and 16q 

duplication [1,12].
  
  

Simultaneous rearrangements involving these specific chromosome arms are very rare. 

Extensive review of the literature failed to ascertain any similar cases, making these the 

first two reported cases with unbalanced cryptic translocations involving 5q and 16q.  

Here we present the clinical findings of both patients and molecular mapping studies from 

array-CGH. To measure the extent of the 5q deletion and 16q duplication in the patients a 

custom made subtelomeric array was used to determine the distal 5q and 16q breakpoints. 

Knowledge of the extent of imbalance for both patients helped to clarify the discordant 

phenotype between the patients. This study highlights the value of mapping the extent of 

cytogenetic imbalances in patients with subtelomeric rearrangements to gain accurate 

phenotypic correlation between patients.  

 

2. Case reports 
 
Case 1 is a 6 year old girl with moderate intellectual disability (ID), while case 2 is a 12-

year-old girl with borderline ID. The growth parameters and the dysmorphic features of 

both patients are summarised in Table 1. Case 2 also has mild pulmonary valve stenosis, a 

large ventricular septal defect and vesicoureteric reflux.  

Parental studies showed the father of case 1 carried a cryptic balanced translocation 

involving 5q and 16q. Case 2 was shown to be a de novo change as both parents had 

normal karyotypes.  
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This study was approved by the Women’s and Children’s Hospital Research ethics 

committee. 

TABLE 1. Comparison of clinical features between case 1 and 2. 

   __________________________________________ 
     Case 1         Case 2           
_________________________________________________________________________ 
  

Age/gender  6 years / F   12 years / F 

Birth weight    3.7 kg    3.5 kg 

    Minor feeding 
    difficulties  

 
Height        10-25th centile   75th centile 
 
Head circumference 50-90th centile   50th centile 
 
Intellectual disability WPPSI-R   WISC III 

    Full scale: moderate disability Full scale: Low average range  
  Verbal: moderate disability Verbal: Lower end of borderline 

range 
    Performance: mild disability  Performance: Average range  
    Receptive language disorder Receptive and expressive language disorder 

        
 Dysmorphic features Dense hair   Epicanthic folds  

Prominent forehead  Up slanting palpebral fissures 
Large mouth   Depressed nasal bridge 
Thin upper lip   Short philtrum    
Thick lower lip   Long slender fingers 
    Narrow feet, long toes 
 

Other features  Autism    Pulmonary valve stenosis 
       Ventricular septal defect  
       Vesicoureteric reflux 
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3. Materials and methods 

3.1 Array construction 

A custom array was constructed comprising of 584 BAC/PAC/cosmid clones.  The clones 

span the last 5Mb of most chromosome ends.  Three to five clones were positioned within 

1 Mb from the telomere. The interval between the remaining clones was ~500kb.  

Clone selection was based on Ensembl mapping, and where possible, clones with existing 

FISH mapping data were used. Clones were obtained either from the Sanger Centre, 

(sanger.ac.uk/Teams/Team63) or Children’s Hospital Oakland Research Institute, CA, 

(bacpac.chori.org). As part of the array validation we performed hybridisations with DNA 

from five patients with previously determined cytogenetic rearrangements - all of these 

abnormalities were identified correctly. 

The distal region of chromosome 5q was represented by ten BAC clones and one PAC 

clone (figure 1e). These clones spanned the last 4.8 Mb of 5q. The distal region of 16q 

was represented by seven BAC clones and three cosmid clones (figure 1f). These clones 

spanned the last 5.3Mb of 16q. Representative clone DNA was generated using 

degenerate oligonucleotide primed (DOP) PCR based on the method published by Fiegler 

[5].
 
DOP-PCR products were robotically arrayed on amino saline slides (Corning Gap 11) 

using a Virtex SDDC-2 microarray robot. Clones were printed at a final concentration of 

~200ng/ul in quadruplicate.   

 

3.2 Labelling, hybridisation and analysis 

Equivalent amounts of patient and control DNA (300ng) were labelled by random 

priming with either Cy5-dCTP or Cy3-dCTP (BioPrime labelling kit, (Invitrogen, 

Carlsbad, Calif., USA). Prior to hybridisation, slides were blocked with a solution 

containing 50%formamide/5XSSC/0.01%SDS/10mg/ml BSA for 45 min at 42°C. 

Hybridisation and washing was based on that previously published by Veltman et al [13].
 

Slides were scanned using a GenePix 4000B dual wavelength microarray scanner. Clone 

data were generated using GenePixPro4. Replicates with standard deviations greater than 

0.2 were excluded from further analysis. Clones which gave poor fluorescent intensities 

were also excluded from further analysis.  
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3.3 Fluorescence in situ hybridisation (FISH) 

DNA for BAC clones was isolated using a standard miniprep alkaline lysis technique. 

The DNA was labelled with Spectrum-Red-dUTP or Spectrum-Green-dUTP by nick 

translation (Vysis, Ill., USA). The labelled DNA was hybridised to chromosome 

metaphase spreads using standard FISH procedures [1].
 

 
4. Results 

4.1 Case 1 

Array-CGH identified a 5q deletion represented by 5 clones (figure 1a). The breakpoint 

was mapped between clones RP11-703G5 and RP11-281O15. The size of the deletion 

was estimated to be 1.7-2.6 Mb based on Ensembl mapping (figure 1e). The array-CGH 

results were confirmed by metapahase FISH to the patient. Array-CGH also identified a 

16q duplication represented by 8 clones (figure 1c). The breakpoint was mapped between 

clones RP11-442O01 and RP11-568J23. The size of the duplication was estimated to be 

4.54-5.27 Mb based on Ensembl mapping (figure 1f).  The array-CGH results were 

confirmed by metaphase FISH. One 16q clone, 514D23, gave a false negative result on 

array-CGH, and showed a normal ratio in three independent hybridisations. (log2=0.18, 

0.17, 0.14). Metaphase FISH however, showed a duplication of this clone with signals 

present on both normal 16qs and the derivative 5q. We concluded this was a false 

negative result. 

 

4.2 Case 2 

Array-CGH identified a 5q deletion represented by 4 clones (figure 1b). The 

breakpoint was mapped between BAC clones RP11-451H23 and RP11-252I14. The size 

of the deletion was estimated to be 0.98-1.3 Mb based on Ensembl mapping (figure 1e).  

The array-CGH results were confirmed by metaphase FISH. Array-CGH also identified a 

16q duplication represented by 6 clones (figure 1d). The breakpoint was mapped between 

BAC clones RP11-830F9 and RP11-899L11. The size of the duplication was estimated to 

be 1.46-3.2 Mb based on Ensembl mapping (figure 1f). The array-CGH results were 

confirmed by metaphase FISH.  
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5.0 Discussion 

 

The two cases under discussion were initially identified in our previous subtelomere 

FISH study of idiopathic mental retardation [1]. The unrelated cases were found to have 

an unbalanced translocation resulting in a deletion of 5qter and duplication of 16qter. 

Using a custom array, we have used array-CGH technology to characterise the extent of 

the imbalance in both cases. Although the subtelomere FISH results were initially 

identical, array-CGH has shown that the extent of imbalance of both the 5q and 16q are 

different. Case 1 was shown to have a 1.7-2.6 Mb deletion of 5q, whilst case 2 had a 

smaller 0.98-1.3 Mb deletion 5q. Likewise, case 1 was shown to have a larger 4.54-5.27 

Mb duplication of 16q, whilst case 2 had a 1.46-3.2 Mb duplication of 16q.  

There is a correlation between extent of chromosome imbalance and degree of 

intellectual disability; in that case 1 with the greater chromosome imbalance has more 

severe intellectual disability.  We cannot however recognise a ‘5q deletion/16q 

duplication syndrome’ - while both patients have intellectual disability, their dysmorphic 

facial features, which are mild, are dissimilar.  The fact that only case , with the smaller 

deletion and smaller duplication, had congenital heart disease, suggests that a region (or 

regions) within chromosomes 5q and/or 16q involved in the imbalance and shared by 

both patients, can create susceptibility to congenital heart disease but is not sufficient to 

cause it.  Alternatively, case 2 could have a susceptibility polymorphism within the 

shared regions of imbalance, not present in case 1, in a gene involved in heart 

development. It is also possible that the congenital heart disease results from 

susceptibility polymorphisms which lie outside the regions of common overlap and are 

unrelated to the imbalance of chromosome 5q and 16q.  

Extensive literature review showed that these are the only two cases in the literature 

with cryptic unbalanced rearrangements involving 5q and 16q. Other cases were 

confounded by involvement of a different second contributing chromosome. Schaefer, et 

al. [11] when reviewing nine patients with either terminal or interstitial deletions of distal 

5q, noted phenotypic variation between patients. The most consistent features reported 

between patients were developmental delay and abnormal craniofacial growth. The 

smallest isolated deletion of 5q in the literature involves a patient with a 3.5Mb distal 

deletion reported by Rauch, et al.[8]. This patient showed multiple anomalies including 

kyphoscoliosis, pectus carinatum, frontal bossing, prominent cheeks, upward slanting 

palpebral fissures, epicanthic folds, flat nasal bridge, small mouth, short fingers and mild 
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syndactyly of the 2nd and 3rd toes. Although case 2 did show some of these features, 

namely, upward slanting palpebral fissures, small epicanthic folds and depressed nasal 

bridge, no other similarity to this patient was evident and indeed these features are 

common in many patients with cytogenetic imbalance. Hypotonia, post natal short stature 

and a bell shaped thorax with pectus carinatum were reported by Rauch to be 

characteristic findings for distal 5q deletion syndrome. Case 1s height was on the 25th 

centile, other than this no other phenotypic features were identified in common to the 

patient reported by Rauch. Both of our cases, however showed deletions smaller than 3.5 

Mb of the patient reported by Rauch et al. This may suggest that genes which cause 

skeletal abnormalities outlined by Rauch lie outside deleted interval within our patient 

and proximal to 1.7Mb on distal 5q. 

To our knowledge, no case of isolated distal 16q duplication has been reported in 

the literature. Brisset, et al [3] reported a patient with a duplication of distal 16q and a 

deletion of distal 7p. The duplication of 16q in this patient was estimated to be 5.3-6.2 

Mb. The 7p deletion in this patient was around 5 Mb. The author suggested the most 

distal region of 16q was thought to be critical for low birth weight, generalised hypotonia, 

severe mental retardation, feeding difficulties, and distinctive facies, (periorbital oedema 

in the newborn period, high/ prominent forehead, bitemporal narrowing), multiple 

vertebral anomalies, abnormal genitalia and anal malposition. As this patient also had a 

7p deletion it is difficult to delineate a phenotype of 16q duplication from that of 7p 

deletion in a single report.   

This study highlights the difficulty in obtaining the correct phenotype/genotype 

correlation for patients without knowing the extent of chromosome imbalance in patients. 

Only a few subtelomere studies have mapped the extent of the imbalances in patients by 

either FISH [2,6,14] or genotype analysis [9,10]. Martin et al [7], proposed the use of 

“molecular rulers” to aid in the interpretation of clinical findings according to the size of 

molecular imbalance to between patients with subtelomeric abnormalities involving the 

same chromosome arm/s. Illustrated also by this report, mapping the breakpoints of 

deletions/duplications in patients with similar abnormalities gives useful information to 

interpret phenotype/genotype correlation. 
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