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Chapter 3

ABSTRACT

The presence of highly homologous sequences, known as low copy repeats, predis-
poses for unequal recombination within the 22q11 region. This can lead to genomic
imbalances associated with several known genetic disorders. We report here a devel-
opmentally delayed patient carrying different rearrangements on both chromosome
22 homologues, including a previously unreported rearrangement within the 22q11
region. One homologue carries a deletion of the proximal part of chromosome band
22q11. To our knowledge, a ‘pure’ deletion of this region has not been described previ-
ously. Four copies of this 22q11 region, however, are associated with Cat eye syndrome
(CES). While the phenotypic impact of this deletion is unclear, familial investigation
revealed five normal relatives carrying this deletion, suggesting that haplo-insufficiency
of the CES region has little clinical relevance. The other chromosome 22 homologue
carries a duplication of the Velocardiofacial/DiGeorge syndrome (VCES/DGS) region.
In addition, a previously undescribed deletion of 22q12.1, located in a relatively gene-
poor region, was identified. As the clinical features of patients suffering from a dupli-
cation of the VCFS/DGS region have proven to be extremely variable, it is impossible
to postulate as to the contribution of the 22q12.1 deletion to the phenotype of the
patient. Additional patients with a deletion within this region are needed to establish
the consequences of this copy number alteration. This study highlights the value of us-
ing different genomic approaches to unravel chromosomal alterations in order to study

their phenotypic impact.
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A mmp/ex rmrmngemmt on chromosome 22

INTRODUCTION

The 22q11 region contains highly homologous regions known as low copy repeat
(LCR) sequences. Despite the difference in size and organisation of these repeats, the
overall sequence identity is 97-98% (Shaikh ez /. 2000). It has been demonstrated
that the presence of these LCRs can initiate misaligned (non-) allelic homologous re-
combination of the region flanked by these duplicons, resulting in a deletion and an
obligate reciprocal duplication (McDermid and Morrow 2002; Bailey ez al. 2002).
As a result, 22q11 is associated with different genomic disorders (Table 1). The
22q11 related disorders display a wide variety of clinical features, with no obvious
correlation between the size of the genomic imbalance and the severity of the clinical
characteristics.

The most common genetic disorder in this region is the Velocardiofacial syn-
drome/DiGeorge syndrome (VCFS/DGS) [MIM # 192430; MIM #188400], af-
fecting 1:4,000-6,000 individuals. This syndrome is caused by haplo-insufficiency
of the 22q11.2 region. Over 90% of patients suffering from VCES/DGS have a 3
Mb deletion between LCR22-2 and LCR22-4 (Fig. 1), that share a particularly high
degree of homology. The rest of the patients have a smaller rearrangement (1.5 Mb)
with breakpoints located in LCR22-2 and LCR22-3a. Fluorescent in situ hybridisa-
tion (FISH) analysis is 100% accurate in detecting VCFS. However, the DGS pheno-
type can also be caused by other genetic (e.g. 10p13 deletion) or non-genetic causes
(Robin and Sprintzen 2005). Most of the affected organs (thymus, (para)thyroid
gland, outflow area of the heart) in VCES/ DGS (Table 1) are derived from the third,
fourth and sixth branchial arch in early development. Recently, it became apparent
that VCFS/DGS are due to developmental deficiency of the endodermal pharyngeal
pouches and the pharyngeal mesoderm, rather than (migration) defects of the neural
crest cells (Graham 2003). As the 7BXI gene is strongly expressed in the branchial
arches, it is assumed that mutations in this gene are responsible for the majority of
the features of VCFS/DGS (Jerome and Papaioannou 2001; Lindsay ez a/. 2001;
Mercher ez al. 2001).

In 1999, the first report of the reciprocal duplication of the VCFS/DGS region
was published. The phenotypic variability associated with the duplication of the
VCES/ DGS region emerged as a healthy mother and grandmother had the same du-
plication as the affected individual (Edelmann ez a/. 1999). Ensenauer ez al. (2003)
summarised the clinical characteristics of 13 patients with 22q11 duplications of

variable sizes (3, 4, 6 Mb). More recently, the clinical features of another seven
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Table 1. Overview of different 22q11 related syndromes.

Name of syndrome ~ Rearrangement Clinical features

Velocardiofacial Deletion of the DD, facial dysmorphisms (micrognathia, short philtrum and ear
syndrome/DiGeorge  22q11.2 region anomalies), cleft palate, cardiac outflow tract defects, Tetralogy
syndrome of Fallot, nasal speech, hypocalcemia, thymic hypoplasia and

behavioural problems (especially schizophrenia).

22q11.2 duplication  Duplication of the ~ Extremely variable. Clinical features of these patients could show

syndrome 22q11.2 region similarities with those described in VCFS/DGS [DD (+ motor
delay), poor growth, dysmorphic features, velopharyngeal
malformation # cleft palate, urogenital malformations, hearing loss)

However, dysmorphic features and behavioural problems not related

to the VCFS/DGS spectrum have also been described (see text).

Cat eye syndrome Quadruplication of  Ocular coloboma, downslanting palpebral fissures, preauricular

the 22q11.1 region  tags and/or pits, anal atresia with fistula, frequent occurrence of

congenital heart and renal malformations and normal to near-

normal mental development.

DD developmental delay

Figure 1 Overview of three 22q11 related syndromes in relation to the location of the

different MAPH and BAC probes (RP11-66F9, N25) used in this study.
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The size of the majority of the deletions within the VCFS/DGS regions is 3 Mb. The remaining deletions of this region
encompass 1.5 Mb. The distal breakpoint of the duplications of the VCFS/DGS region is not always localised within
LCR-4 (indicated by a dotted line) (Ensenauer et al. 2003). Different types of CES are depicted. This figure is based on

Fig. 2 of McDermid and Morrow et al. (2002).
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A mmp/ex rmrmngemmt on chromosome 22

22q11 duplication syndrome patients were described, showing a very wide range
of clinical variability. Furthermore, the first triplication of 22q11.2 was described
(Yobb et al. 2005).

The Cat eye syndrome (CES [MIM #115470]) has three different subtypes: CES
type I, CES type Ila and CES type IIb (Fig. 1). The endpoint of CES type I colocalises
with LCR-2 and consists of two extra copies of the CES region only. Patients with
CES type Ila have four copies of the CES region combined with three copies of the
VCES/DGS region. CES type IIb consists of four copies of both the CES region and
the VCFS/ DGS region. The endpoint of both CES type Ila and IIB is mapped to
LCR-4 (McDermid and Morrow 2002).

So far, a deletion of the Cat eye critical region has never been reported.

In this report, we describe the clinical features of a patient with complex chromo-
some 22 rearrangements, including a previously undescribed familial deletion of CES
region in one homologue and, a duplication of VCFS/DGS region of the other homo-
logue, in addition to a deletion of 22q12.1. These imbalances were characterised using
different techniques: multiplex amplifiable probe hybridisation (MAPH), multiplex
ligation-dependent amplification (MLPA), fluorescence in situ hybridisation (FISH),
array-based comparative genomic hybridisation (array-CGH).

CLINICAL REPORT

The male patient was born by forceps delivery after an uneventful pregnancy. At birth,
a cleft palate was diagnosed and he was reported to have a double set of teeth. The
cleft palate was corrected by surgical treatment at the age of two and five. He attended
special education because of hearing loss and moderate mental retardation. From his
early adolescence onwards, he has been living in a support home. His further medical
history included cataract and myopia.

At the time of evaluation in the clinical genetics department, this patient was
52 vyears old (Fig. 2). Physical examination showed hypertonia with wooden move-
ments. His speech was slow and difficult to comprehend and he tended to avoid eye
contact. He had a normal height of 172 cm (~1.5 SD), microcephaly (head circumfer-
ence 51.2 cm: —3.8 SD), round face with hypotonic expression, proptosis of the eyes,
prominent simple ears, earpits on both sides and short fifth fingers. His heart tones
were normal and no murmur was diagnosed. His medical record shows no history of

cardiac problems.
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Figure 2 Picture of the proband.

pendix: colour figures.]

Figure 3. The pedigree of proband III-1.
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A square symbol and an arrow mark the proband. The symbol (®)) represents all five unaffected family members with
a deletion of the CES region.
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Familial history

The pedigree of the family is shown in Fig. 3. Familial history included two siblings
with children and grandchildren, all of them healthy. The index patient’s father died
at the age of 81 years of unknown causes. His mother died due to a cardiovascular ac-
cident at the age of 79 years. The overall familial history showed no other individuals

with developmental delay, nor any other genetic disorders.

Additional investigation

Additional investigation showed a normal male karyotype and a normal number of
CGG repeats of the FMRI gene. FISH analysis was performed for the detection of a
deletion of chromosome band 22q11.2 (using TUPLE1 probe) and for the detection
of a deletion of 4p16.3 (Wolf~Hirschhorn syndrome) (using LSI-WHS probe). No
rearrangements were detected. DNA testing for myotonic dystrophy type 1 showed
normal CTG repeats on both alleles.

MATERIALS AND METHODS

Patients
This study was approved by the Institutional Review Board of the Leiden University
Medical Center, conforming to Dutch law. All subjects or their representatives gave

informed consent for DNA studies.

MAPH and MLPA
Multiplex amplifiable probe hybridisation was performed as described by White ez al.
(2002). The probe set used contained 19 probes from genes on chromosome 22 with
approximately 1 Mb spacing, and ten additional genes in the 22q11 region.

A modified protocol of MLPA (Schouten ez al. 2002) was performed as described
by White ez al. (2004).

Array-comparative genomic hybridisation (array-CGH)

The array-CGH procedures were performed as described (Knijnenburg ez a/. 2004).
Briefly, slides containing triplicates of ~-3,500 BAC DNA probes spaced at -1 Mb
density over the full genome were produced in the Leiden Technology Center (LGTC).
The BAC set used to produce these arrays was received from the Welcome Trust Sanger
Institute (UK), and information regarding the full set is available in the genome brows-

er, Ensembl (http://www.ensembl.org/).
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Tiling path array
The chromosome 22 tile path array and its hybridisation and analysis were performed
as described by Woodfine ez al. (2004).

Fluorescence in situ hybridisation (FISH)
The FISH experiments were performed by standard procedures (Dauwerse ez al.
1992).

The CES region specific BAC RP11-66F9 were visualised using Alexa594 (green).
For the identification of chromosome 22, the telomere specific BACs LSI-ARSA and
RP11-3018K1 (22q13) (Flint and Knight 2003) was used and visualised using FITC
(green). The VCES/ DGS region was tested by N25 Probe (Vysis). This probe consists
of N25 in red (SpectrumOrange).

REsuLTs

MAPH and MLPA

Multiplex amplifiable probe hybridisation analysis of the index patients DNA re-
vealed a deletion of probes within the CES region, (CECRI (GenelD: 51816), CECR2
(GenelD: 27443), CECRG6 (GenelD: 27439) sequence) and a duplication of the probes
containing sequences within VCES/DGS region (DGCR2 (GenelD: 9993), DGCRS
(GenelD: 54487), TBXI (GenelD: 6899), UFIDL (GenelD: 7353), HIRA (GenelD:
7290), SERPINDI (GenelD: 3053). The TUBAS8 gene (GenelD: 51807), localised
between CECR and DGCR, showed a normal copy number (Fig. 4).

It was not possible to test the patient’s parents; however, we were able to test several
other healthy family members. The results are summarised in Fig. 3 and show that
both siblings, two of their children and a brother of the patients” father carried the
same deletion in the Cat eye region as the index patient. The duplication of 22q11.2
was absent in all family members tested.

After verification of these findings with MLPA using sequences of CECR2 gene and
DGCR2 gene, the characteristics of the genetic rearrangements of index patient were

refined by different techniques.

Array-CGH
Array-CGH using a 3500 BAC array was initially carried out to define the length

of each of the two rearrangements. However, this analysis revealed a third chromo-
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Figure 4. MAPH analysis of chromosome 22.
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MAPH plot of chromosome 22 revealing a deletion of the CES region and a duplication of the VCES/DGS region in
the proband. A probe covering 22q12.1 was not included. The arrow indicates the locus of the 22q12.1 deletion.

some 22 alteration, namely a deletion of 22q12.1. The deleted area was localised about
25 Mb distal from the 22q11.2 region, between BACs CTA-57G9 and CTB-48E9.
As this deletion was present in a relatively gene-poor region, the chromosome 22-
MAPH-probe set did not contain a probe in this region. The duplication of 22q11.2
and the deletion of chromosome 22q12.1 were not present in the healthy brother of

the index patient.

Chromosome-22-tiling-path array

To map the breakpoints of the alterations at a higher level of resolution, the patient’s
DNA and that of his brother were analysed on a chromosome-22-tiling-path array,
as shown in Fig. 5. The sizes of the deletion and the duplication are 1.5 and 4.1 Mb,
respectively. The transition of the deletion and the duplication within the 22q11 re-
gion maps to the LCR22-2. As the size of the duplication is larger than 3 Mb, the
distal breakpoint of the alteration is not localised within LCR22-4, being localised
more distally. The distal deletion on chromosome band 22q12.1 encompasses 2.3 Mb
on chromosome band 22q12.1 and is not flanked by intrachromosomal LCRs. This
region, however, is flanked by sequences that share high homology with sequences

localised on other chromosomes.
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Figure 5. Chromosome 22 tiling path array.
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A Tiling path array analysis of the proband revealed the deletion and duplication of 22q11 subregions and a distal dele-
tion of chromosome band 22q12.1. The sizes of the rearrangements are 1.5, 4.1 and 2.3 Mb, respectively. One BAC
within the VCFS/DGS region shows an aberrant ratio. The cause of this aberration is currently unknown. B Tiling
path array analysis of the healthy brother of the proband confirmed the presence of the proximal 22q11 deletion but
the absence of the duplication of 22q11 and the deletion of 22q12.1.
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Additional familial investigation using MLPA showed that none of the family
members with a 22q11 deletion carried the distal deletion.

Fluorescence in situ hybridisation (FISH)

Based on FISH studies on both metaphase and interphase nuclei using FISH probes
RP11-3018K1 and LSI-ARSA (both corresponding to the subtelomeric region of chro-
mosome 22q), N25 (corresponding to the VCFS/ DGS region) and RP11-66F9 (cor-
responding to the CES region), it was concluded that the deletion of the CES region
and the duplication of the VCFS/DGS region are localised on different homologues of
chromosome 22 (Fig. 6).

DiscussioNn

The complex rearrangement described here is, to our knowledge, the first report of a
‘pure’ deletion (e.g. not as a part of an unbalanced translocation) located in the CES
region. The question is whether this rearrangement is related to a specific phenotype.
Haplo-insufficiency of the CES region was found among five healthy relatives of the
index patient. In addition, the family study indicates that the patient’s father was an
obligate carrier of the deletion of the CES region, as one of his brothers was a car-
rier of this deletion. A recent publication (Banting ez /. 2005) showed that the vast
majority of mice heterozygous for CECR2 gene mutations were normal and capable
of reproduction, whereas mice homozygous for mutations in the CECR2 gene (corre-
spondingly located on chromosome band 22q11.1 in the human genome) had a high
penetrance of exencephaly. They established that CECR2 plays a role in neurulation
during embryogenesis. These results suggest that, although the CECR2 gene is essen-
tial during early development, a 50% decrease of gene dosage might not be associated
with an aberrant phenotype. Although this data involves only one gene within the
CES region, it is in accordance with our findings that a deletion in this region has no
(obvious) phenotype and might therefore be present in the healthy population. In fact,
the lack of clinical phenotype would explain the absence of reports on this deletion.
Another reason for the lack of reported deletions of the CES region is that there is no
commercial FISH probe available for this region, so it cannot be found ‘coincidentally’
as the duplication of the VCES/DGS region was detected (Edelmann ez a/. 1999).
Furthermore, ascertainment bias might account for this deletion. People with a mild

phenotype will not be tested using high resolution-or whole genome techniques.
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Figure 6. FISH analysis of chromosome 22.

A A partial metaphase of the patient, hybridised with the telomere probe RP11-3018K1 (green; chromosome region 22q13),
N25 (red; VCES/DGS region) and RP11-66F9 (green; CES region). On the right chromosome, green signals of RP11-
3018K1 (telomeric side of chromosome 22) and a red signal N25 corresponding to the VCFS/DGS region are present;
however, the signal of RP11-66F9 is lacking, indicating a deletion of the CES region. On the left chromosome, in addition
to the green signals of RP11-3018K1, a red signal corresponding to the VCFS/DGS regions and a green signal correspond-
ing to the CES region are both present. These latest two signals are partly overlapping. On this chromosome, the signal of
N25 is stronger than the signal on the right chromosome, suggesting a duplication of the VCFS/DGS region. These findings
are confirmed by the result of the interphase nucleus depicted in part b of this figure. B The different chromosomes 22 are
marked 1 and 2. The signal of LST ARSA, corresponding to the telomeric side of chromosome 22, is indicated with a b/ue ar-
row. The red arrow indicates the N25 signal (corresponding to the VCFS/DGS region), which is duplicated in chromosome
22 nr.1 (two red signals). The green arrow indicates the signal of RP11-66F9 (corresponding to the CES region). This signal
is missing on chromosome 22 nr.2, demonstrating the deletion of the CES region. [See appendix: colour figures.]
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Patients with duplication 22q11.2 syndrome show a wide variety of clinical features
ranging from unaffected to severely affected individuals (Edelmann ez al. 1999; Kriek
et al. 2004; Yobb ez al. 2005). Despite this, Ensenauer ez a/. (2003) described six clini-
cal features that are frequent among 22q11.2 patients. Five of these (cognitive deficit,
poor growth, dysmorphic features, cleft palate and hearing loss) were present in our in-
dex patient. The most characteristic dysmorphic features for the duplication 22q11.2
syndrome, however, such as superior placement of eyebrows, widely spaced eyes and
downslanting of the eyes, were absent in our patient. Furthermore, our patient has
several features (myotonic facial expression, proptosis of the eyes and a double set of
teeth) that have not been described previously in other dup22q11.2 patients. Notably,
the patients described by Ensenauer ez a/. (2003) show an ascertainment bias towards
VCES/DGS related features. All 653 patients included in this study were previously
referred for 22q11 deletion screening using FISH on metaphase nuclei. In 2005, the
clinical characteristics of another seven patients showing a duplication of the VCFS/
DGS region were summarised (Yobb ez a/. 2005). This group of patient has a partial
ascertainment bias for VCFS/DGS related features. Five were detected using FISH for
22q11 deletion screening, two were found by screening a cohort of 275 samples that
was referred for fragile X screening. The clinical features of the latest two patients did
not show similarity with VCES/DGS spectrum. This last paper highlights the extreme
variability of this alteration.

It is known that genetic factors localised outside the 22q11 region contribute to the
variable clinical manifestations of 22q11 related alterations. It appeared that Fibroblast
Growth Factor 8 (FGF8) mutant mice show close resemblance to the phenotype of
del22q11.2 syndrome patients (Frank ez al. 2002). Therefore, the FGF8 gene, localised
in the ectoderm and endoderm of the developing pharyngeal arches, might contribute
to the 22q11 features. Stalmans ez a/. (2003) argued, based on mouse experiments, that
the vascular endothelial growth factor gene (VEGF gene) modifies the expression of
the VCFS/DGS syndrome, especially the cardiovascular birth defects. These, or other,
as yet unidentified, modifiers localised outside the 22q11 region could also contribute
to the phenotype of 22q11 duplication cases. Phenotypic variability due to the pres-
ence of a so far unknown modifier of a rearrangement might also play a role in to the
phenotype of the patients with a deletion of the CES region.

In short, the clinical features described can, in theory, be caused by the unique
combination of the three copy number changes on chromosome 22. However, as the
deletion of the CES region probably has no clinical consequences, there is no previous

MR-related literature regarding the deletion of 22q12.1 and the contribution of 22q11
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rearrangements could be altered by other factors, it is not possible to determine the
isolated influence of the different genetic imbalances.

To date, only a few cases with a duplication of the VCFS/DGS region have been
described. It is probable that the majority of these duplications have not been detected
so far due to a combination of phenotypic diversity (mentioned above) and the dif-
ficulty of diagnosis. A good example of the second argument is the clinical report
described here; our patient was tested for a possible deletion in the VCFS/DGS region
using FISH on the metaphase cells and the duplication present in the same region
could not be seen, as two signals were overlapping. To overcome these problems, one
has to focus on applying techniques in a routine diagnostic setting that are capable of
detecting both duplications and deletions, within the same assay. In this way, it will be
possible to increase the number of patients with a genetic diagnosis and, in parallel,
learn more about possible causes of clinical features as we have demonstrated in this
study of 22q11 rearrangement.

Recent initiatives such as those of the Sanger Institute (www.sanger.ac.uk/
PostGenomics/decipher/) to create platforms for compiling molecular cytogenetic data
from clinical genetic studies will hopefully provide a base for understanding the role
of different DNA copy number alterations in genetic diseases. Collecting and under-
standing larger sets of data generated by different genomic approaches, as described
here, will improve our ability to determine which copy number alterations contribute
to abnormal phenotypes, and eventually result in a more consistent application of

these techniques for genetic counseling.
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