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Abstract. High-resolution molecular cytogenetic tech-
niques such as genomic array CGH and MLPA detect sub-
microscopic chromosome aberrations in patients with un-
explained mental retardation. These techniques rapidly
change the practice of cytogenetic testing. Additionally,
these techniques may improve genotype-phenotype studies
of patients with microscopically visible chromosome aber-
rations, such as Wolf-Hirschhorn syndrome, 18q deletion
syndrome and 1p36 deletion syndrome. In order to make
the most of high-resolution karyotyping, a similar accuracy
of phenotyping is needed to allow researchers and clinicians
to make optimal use of the recent advances. International

agreements on phenotype nomenclature and the use of
computerized 3D face surface models are examples of such
improvements in the practice of phenotyping patients with
chromosomal anomalies. The combination of high-resolu-
tion cytogenetic techniques, a comprehensive, systematic
system for phenotyping and optimal data storage will fa-
cilitate advances in genotype-phenotype studies and a fur-
ther deconstruction of chromosomal syndromes. As a re-
sult, critical regions or single genes can be determined to be
responsible for specific features and malformations.
Copyright © 2006 S. Karger AG, Basel

New molecular cytogenetic techniques like array-based
comparative genomic hybridization (array CGH) (Pinkel et
al., 1998; Speicher and Carter, 2005) and Multiplex Liga-
tion-dependent Probe Amplification (MLPA) (Schouten et
al.,2002) can be used to search for submicroscopic chromo-
some aberrations in patients with unexplained mental re-
tardation (Koolen et al., 2004; de Vries et al., 2005). In ad-
dition, these techniques will improve genotype-phenotype
studies of patients with microscopically visible chromo-
somal imbalances by precisely determining the genomic
region affected. The exact determination of breakpoints
needed for genotype-phenotype studies used to be very
time-consuming and only feasible for rather common cyto-
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genetic syndromes. Examples are the determination of the
Wolf-Hirschhorn syndrome critical region on chromosome
4p and the cat-cry region on chromosome 5p in Cri du Chat
syndrome (Niebuhr, 1978b; Wright et al., 1997). An over-
view of current cytogenetic and molecular techniques used
in clinical cytogenetics is given in Table 1.

Nowadays, size and location of chromosome aneuploi-
dies can be determined with very high accuracy by tiling
path BAC arrays, oligonucleotide arrays or SNP arrays in
one single test run (Barrett et al., 2004; Slater et al., 2005;
Vissers et al., 2005).

As high-resolution genotyping is rapidly becoming rou-
tine, phenotyping with an equally high accuracy is needed
to fully benefit from the advantages of these new tech-
niques.

In this report the impact of new techniques on genotype-
phenotype studies is reviewed on the basis of various chro-
mosomal syndromes. Advantages and limitations of the
new approaches will be discussed, as will the need for so-
phisticated phenotyping and data collection.
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Deconstructing chromosomal syndromes

With the use of new molecular techniques, various chro-
mosome syndromes have been analyzed in detail. Whereas
in some a single gene appeared to be responsible for most of
the phenotypic features, for other syndromes an increasing
number of critical regions for specific clinical features can
be determined. In this section we first describe the detec-
tion of critical regions and some candidate genes in a num-
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Fig. 1. Schematic overview of the clinical features of Cri du Chat
syndrome and the associated critical regions on chromosome 5p. Array
CGH was used in the study shown on the right, resulting in a signifi-
cant refinement of the critical regions. MR = Mental retardation.

Table 1. Overview of techniques used in clinical cytogenetics

ber of microscopically visible chromosome disorders. Sub-
sequently, some examples are given of submicroscopic aber-
rations in which single genes appear to play a major role in
the phenotypes of patients.

Cri du Chat syndrome (5p-)

Cri du Chat syndrome (CDC, OMIM 123450) was first
described by Lejeune and co-workers in 1963 (Lejeune et al.,
1963). The syndrome is caused by a partial deletion of the
short arm of chromosome 5 and is characterized by a high-
pitched cat-like cry, microcephaly, facial dysmorphology
and mental retardation (Niebuhr, 1978a). Chromosome
analysis showed different deletion sizes, but no clear asso-
ciation between deletion size and the clinical features could
be demonstrated (Miller etal., 1969).1In 1978, Niebuhr made
an attempt to locate the genetic segment responsible for the
clinical features of Cri du Chat syndrome by investigating
35 individuals with a 5p- karyotype (Niebuhr, 1978b). He
concluded that the typical features of this syndrome were
probably caused by a deletion of the midportion of the 5p15
segment, more specifically 5p15.2. This region is shown in
the schematic overview in Fig. 1.

These findings have subsequently been confirmed (Over-
hauser et al., 1994; Church et al., 1995; Gersh et al., 1995;
Mainardi et al., 2001).

Recently, Zhang and co-authors applied the new array
CGH technique to analyze genomic DNA of 94 patients

Technique Resolution; Detectable level of Detection Turn- Additional Relative estimated
deletion sizes to mosaicism of balanced  around requirements costs
be detected aberrations  time
Routine =5-10 Mb Depending on number Possible 3-10 days - Experienced personnel Low
karyotyping of cells examined; =1% for correct interpretation
FISH 100 kb =20% Possible 1-7 days - Clinical indication of High; depending on
possible loci responsible number of annual
- Labour intensive investigations
Multicolour 2-3 Mb 10% Possible 1-7 days - Clinical indication of High
FISH/SKY suspected loci responsible
Comparative =3-10 Mb =50% Not possible 5-7 days - Experienced personnel High
genomic - Labour intensive
hybridisation
MLPA ~0.1kb =40% Not possible 1-4 days - Clinical indication of Low; depending on
possible loci responsible number of annual
investigations
BAC array Depending on Depending on size of Not possible 1-4 days - Sophisticated equipment High
(3-32K) number of clones;  aberration and array - Standardized storage system
100 kb-1 Mb coverage; =30% - Thorough statistical support
Oligonucleotide Depending on Depending on size of aber- Not possible 1-4 days - Sophisticated equipment Very high
array number of clones; ration and array coverage; - Standardized storage system
1-250 kb currently unknown - Thorough statistical support
SNP array Depending on Depending on size of aber- Not possible 1-4 days - Sophisticated equipment Very high
(100-500 K) number of clones; ration and array coverage; - Standardized storage system
10-250 kb currently unknown - Thorough statistical support
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with known deletions of 5p (Zhang et al., 2005). A detailed
clinical description was available for all patients. The au-
thors were able to define three critical regions for the cry,
speech delay, and facial dysmorphology on 5pl5.31,
5p15.32—p15.33 and 5p15.2—pl5.31, respectively. More-
over, they concluded that there were three adjacent regions
on chromosome 5p that have differential effects on the lev-
el of mental retardation (MR) if deleted. A distal 1.2-Mb
deletion in 5p15.31 produces moderate MR, whereas iso-
lated deletions of more proximal located regions result in
mild or no discernable MR. In Fig. 1 an overview of critical

regions associated with the different clinical features is pro-
vided.

Wolf-Hirschhorn syndrome (4p-)

In 1965, groups led by Wolf and Hirschhorn each de-
scribed a patient with a deletion of the short arm of chromo-
some 4 presenting with growth delay, mental retardation,
and congenital anomalies suggestive of a midline fusion de-
fect (Hirschhorn et al., 1965; Wolf et al., 1965). Numerous
case-reports on similar patients followed.

One of the first studies in which the investigators tried
to localize the segment of chromosome 4p associated with
the clinical features of Wolf-Hirschhorn syndrome (WHS,
OMIM 194190) was published in 1981 (Wilson et al., 1981).
Giemsa-banding (GTG) was performed in 13 patients. The
authors concluded that the critical region involved in WHS
is within 4p16, the most distal band of the p-arm (Fig. 2).

However, a terminal deletion could not be detected in all
patients displaying the clinical features of WHS by routine
karyotyping. The contribution of new molecular cytogenet-
ic techniques such as fluorescence in situ hybridisation
(FISH), enabled the diagnosis of WHS in patients with sub-
microscopic interstitial or terminal deletions or subtle un-
balanced translocations (Altherr et al., 1991; Johnson et al.,
1994).

A preliminary phenotypic map of chromosome 4p16 was
put forward in 1995. A systematic genotype-phenotype
analysis was performed in 11 patients with chromosome 4p
deletions and/or rearrangements (Estabrooks et al., 1995).
It was suggested that specific regions within 4p16 correlated
with different clinical features.

In 1997 the WHS critical region (WHSCR) was refined
to 165 kb with FISH using a series of landmark cosmids
from a collection of WHS patient-derived cell lines (Wright
et al., 1997; see Fig. 2). The WHSCR is a gene-rich region
and contains, among others, the FGFR3 gene, which is mu-
tant in achondroplasia and other skeletal dysplasias.

Another gene designated as Wolf-Hirschhorn Syndrome
Candidate 1 (WHSCI) was described in 1998 (Stec et al.,
1998). This 25 exon gene was found to be expressed ubiqui-
tously in early development and to undergo complex alter-
native splicing and differential polyadenylation. It encodes
a 136-kDa protein containing four domains also present in
other developmental proteins. It is expressed preferentially
in rapidly growing embryonic tissues, in a pattern corre-
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Fig. 2. Schematic overview of the deconstruction of the Wolf-
Hirschhorn syndrome in critical regions and candidate genes. WHS =
Wolf-Hirschhorn syndrome; WHSCR = WHS critical region;
WHSCR-2 = WHS critical region 2; WHSCI = WHS candidate gene 1;
WHSC2 = WHS candidate gene 2.

sponding to the affected organs in WHS patients. The na-
ture of the protein motifs, the expression pattern, and its
mapping to the critical region led the authors to propose
WHSCI as a good candidate gene for WHS. A second can-
didate gene (WHSC2) was identified one year later (Wright
etal.,, 1999). The location of both candidate genes is depict-
ed in Fig. 2.

In 2000 an Italian group reported the cytogenetic, mo-
lecular, and clinical findings in 16 WHS patients (Zollino
et al., 2000). Submicroscopic deletions ranging from 2.8 to
4.4 Mb were detected in four patients. In one patient, no
molecular deletion could be detected within the WHSCR.
The precise definition of the cytogenetic defect permitted
an analysis of genotype/phenotype correlations in WHS,
leading to the proposal of a set of minimal diagnostic crite-
ria. Deletions of less than 3.5 Mb resulted in a mild pheno-
type in which major malformations were absent. The au-
thors proposed a ‘minimal’ WHS phenotype in which the
clinical manifestations are restricted to the typical facial ap-
pearance, mild mental and growth retardation, and con-
genital hypotonia.

In 2003, the same group reported their findings in eight
patients carrying a 4pl6.3 microdeletion (Zollino et al.,
2003). The WHSCR was fully preserved in one patient with
a 1.9-Mb deletion, in spite of a typical WHS phenotype.
Therefore, the authors proposed a new critical region,
WHSCR2,2a300-kbintervallocated distally from the known
WHSCRI (Fig. 2). Furthermore, for the purpose of genetic
counseling, they recommended dividing the WHS pheno-
type into two distinct clinical entities, i.e., a ‘classical’ and a
‘mild’ form, which are usually caused by cytogenetically
visible and submicroscopic deletions, respectively. Another
patient with a 1.9-Mb subtelomeric deletion was described
in 2005, which supports the proposed WHSCR2 (Rodriguez
et al., 2005).
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Fig. 3. Overview of the short arm of chromosome 18 and the critical
regions defined for distinctive clinical features. MR = Mental retarda-
tion; CAA = congenital aural atresia.

A Belgian group reported six additional patients with an
atypical 4pl16.3 deletion, of whom five patients showed a
(very) mild form of WHS and one patient had no clinical
signs of WHS (Van Buggenhout et al., 2004). By means of a
contiguous 4pter BAC array, the sizes and breakpoints were
physically mapped and four terminal deletions (range 0.4-
3.81 Mb) and two interstitial deletions (1.55 and 1.7 Mb)
were revealed. This study enabled further refinement of the
phenotypic map of this region, suggesting hemizygosity of
WHSCI to cause the typical WHS facial appearance.

In summary, although molecular analysis allows a more
detailed view of the WHS critical regions, the exact contri-
bution of each of the proposed critical regions to the WHS
phenotype still remains to be determined.

De Grouchy syndrome (18q-)

The 18q deletion syndrome (OMIM 601808) was de-
scribed first in 1964 by de Grouchy et al. (1964). Most 18q
cases are associated with terminal deletions and the pheno-
type of this syndrome is mainly characterized by mental
retardation, hypotonia, short stature, ear anomalies and a
flat midface. A first preliminary phenotypic map based on
seven patients with deletions of 18q21.3 or 18q22.2 to 18qter
was published in 1993 (Kline et al., 1993). In Fig. 3 an over-
view of clinical features and associated chromosome re-
gions is provided.

Moreover, a substantial percentage of 18q- patients has
congenital aural atresia (CAA), leading to hearing loss
(Cody et al., 1999).

By applying array CGH, a critical region for CAA was
mapped on 18q22.3—>q23 (Veltman et al., 2003). The au-
thors used a 670-kb resolution chromosome 18-specific
BAC array to analyse genomic DNA of 20 patients with
CAA. Of'these, 18 patients had a microscopically visible 18q
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deletion. In two patients, a submicroscopic 18q deletion was
detected which allowed the mapping of CAA to a region of
5 Mb located in 18q22.3—q23 (Fig. 3).

2q deletions

Since 1988 a few patients with a deletion of 2q32—q33
have been described (Miyazaki et al., 1988; Palmer et al.,
1990; Kreuz and Wittwer, 1993; Vogels et al., 1997).

BAC array and FISH analyses were used to delineate the
deletion size to a critical region of 8.1 Mb in four patients
(Van Buggenhout etal., 2005). Three patients displayed psy-
chiatric and behavioural problems (hyperactivity, aggres-
siveness, anxiety) and shared a commonly deleted region of
0.5 Mb just proximal of the proximal deletion breakpoint of
the fourth patient, who lacked behavioural problems. With-
in this region two genes are located that could cause the be-
havioural phenotype.

1p36 deletions

This relatively common chromosome aberration has
been known for less than ten years as it was discovered only
in 1997 (Shapira et al., 1997). With an estimated prevalence
of one in 5,000 live births, monosomy of 1p36 (OMIM
607872) is the most common terminal deletion syndrome
(Shaffer and Lupski, 2000). Because of the variability in de-
letion size, parental origin and clinical presentation, it has
been proposed that monosomy 1p36 is a contiguous gene
syndrome in which haploinsufficiency of functionally un-
related genes leads to the phenotypic features (Wu et al.,
1999).

In 2003, a first physical map of 1p36 deletions was pub-
lished (Heilstedt et al., 2003). First, DNA samples of 61 pa-
tients were screened with 25 microsatellite markers for the
most distal part of 1p36. Then, a contig of 99 overlapping
large-insert clones of this 10.5-Mb region was used to fur-
ther refine the deletion size. Furthermore, clinical pheno-
types of 30 patients were carefully defined. The authors pro-
posed critical regions for hypotonia (2.2-Mb region from the
telomere), a large fontanel (2.2 Mb), hearing loss (2.5 Mb),
cardiomyopathy (3.1 Mb), hypothyroidism (4.1 Mb) and
clefting (4.1 Mb). Because the terminal region of 1p36 is gene
rich, no candidate genes could be determined.

In the same year, this group published their data using a
dedicated 1p36 array CGH (Yu et al., 2003). This array was
designed by using the previously assembled contig, consist-
ing of 97 clones from 1p36, supplemented by clones for the
subtelomeric regions of all chromosomes and clones for
both sex-chromosomes. Genomic DNA of twenty-five pa-
tients with well-defined 1p36 deletions was studied and the
array results agreed with the previously determined dele-
tion sizes and breakpoint locations as detected by FISH and
microsatellite analyses.

Recently, a tiling resolution BAC array covering 99.5% of
the euchromatic parts of chromosome 1 has been applied to



study six patients with a 1p36 deletion phenotype. In all pa-
tients a 1p36 deletion was confirmed, with sizes ranging
from 2 to 10 Mb. Remarkably, in two clinically similar pa-
tients two non-overlapping deletions were detected. There-
fore, the authors concluded that the 1p36 phenotype is a
consequence of distinct and non-overlapping deletions hav-
ing a positional effect rather than being a true contiguous
gene deletion syndrome (Redon et al., 2005).

Cytogenetic microdeletion syndromes and the impact
of single genes

In a number of (micro)deletion syndromes, the molecu-
lar determination of breakpoints together with a compari-
son of clinical features has resulted in such small critical
regions that single genes appear to be responsible for the
(majority of) phenotypic features.

An example is Smith-Magenis Syndrome (SMS, OMIM
182290), characterized by behavioural problems, speech de-
lay, psychomotor and growth retardation and distinct cra-
niofacial anomalies (Smith et al., 1998). About 75% of the
SMS patients have a common deletion spanning 3.5 Mb in
the 17p11.2 region, although deletion sizes vary from 1.5 to
9 Mb (Greenberg et al., 1991; Vlangos et al., 2003). Recently,
a number of patients who fulfil the criteria for SMS but
without the 17p11.2 deletion were analyzed for mutations of
the RAII gene, located within the central portion of the crit-
ical region for SMS, using PCR and sequencing strategies
(Slager etal.,2003; Bietal., 2004; Girirajan etal., 2005). This
resulted in the identification of nine patients having RAII
mutations and to the conclusion that haploinsuffiency of
this gene is associated with the craniofacial, behavioral and
neurological symptoms of SMS.

The 22q13 deletion syndrome (OMIM 606232) is char-
acterized by neonatal hypotonia, severe expressive language
delay in combination with mild mental retardation (Prasad
etal.,2000). Included in the critical region of this syndrome
is the SHANK3/ProSAP2 gene, which is preferentially ex-
pressed in the cerebral cortex and the cerebellum. DNA
analysis of SHANK3/ProSAP2 in a patient carrying a de
novo balanced translocation between chromosomes 12 and
22,1(12;22)(q24.1;q13.3), revealed a disruption within exon
21 (Bonaglia et al., 2001). Since the patient displayed all
22ql13.3 deletion features, the authors proposed that
SHANK3/ProSAP2 haploinsufficiency is the cause of the
22q13 deletion syndrome. This finding was supported by
another group who tested 45 patients with variable sizes of
22q13 deletions, thereby confirming a deletion for the
SHANK3/ProSAP2 gene in all patients (Wilson et al., 2003).
A recent study using array CGH for molecular characteriza-
tion of nine patients with 22q13 aberrations identified dele-
tion sizes ranging from 3.3 to 8.4 Mb (Koolen et al., 2005).
The authors did not observe a relation between clinical fea-
tures and deletion size, thereby supporting the idea that
a gene in the 3.3-Mb minimal deleted region, notably
SHANK3/ProSAP2, may be the major candidate gene in the
22q13 deletion syndrome. Another group using array CGH

Table 2. Examples of cytogenetic microdeletion syndromes in
which single genes appear to be responsible for the (majority of) clini-
cal features

Syndrome Chromosome  Gene responsible
location

Smith Magenis syndrome 17p11.2 RAII

22q13 deletion syndrome 22q13.3 SHANK3/ProSAP2

9q34 deletion syndrome 9q34 EHMTI

Rubinstein-Taybi syndrome 16p13.3 CREBBP, EP300

Sotos syndrome 5q35 NSDI

DiGeorge/VCES syndrome 22q11.2 TBX1

reported their findings in two unrelated 22q13.3 deletion
patients (Bonaglia et al., 2006), which were consistent with
the concept of SHANK3/ProSAP2 being the best candidate
gene for the neurological deficits in the 22q13.3 syndrome,
although patients with the same kind of SHANK3/ProSAP2
disruption can exhibit different degrees of severity in their
phenotype.

Another terminal deletion syndrome is the 9934 subtelo-
meric deletion syndrome. This syndrome is characterized
by severe mental retardation, hypotonia, microcephaly and
atypical face with midface depression, hypertelorism, evert-
ed lower lip, cupid bow configuration of the upper lip, and
a prominent chin. The minimum critical region involved is
~1.2 Mb in size and encompasses at least 14 genes (Stewart
et al,, 2004). In a mentally retarded patient with a typical
9qter deletion phenotype, a balanced translocation t(X;9)
(p11.23;q34.3) was detected (Kleefstraetal.,2005). Sequence
analysis of the breakpoints revealed a disruption of EHMT],
indicating that haploinsuffiency of this gene may be respon-
sible for the 9q subtelomeric deletion syndrome. In fact, we
have since analysed the EHMTI gene in a series of patients
with clinical phenotypes suggestive of a 9qter deletion
whose telomere region was intact according to FISH and
MLPA. We found a de novo nonsense mutation in one such
patient and a frameshift in another (Kleefstra et al., 2006).
This establishes that EHMTI haploinsufficiency is indeed
the cause of the 9qter deletion phenotype.

Other examples of cytogenetic syndromes of which the
(majority of) clinical features appear to be caused by muta-
tions in single genes are Rubinstein-Taybi Syndrome (RSTS,
OMIM 180849), Sotos syndrome (OMIM 117550) and Di-
George/VCEFS Syndrome (DGS, OMIM 188400) (Petrij et
al., 1995; Jerome and Papaioannou, 2001; Kurotaki et al.,
2002; Yagietal., 2003; Roelfsema et al., 2005). Furthermore,
it has been described that atypical deletions may be associ-
ated with variant phenotypes (Rauch et al., 2003, 2005).

These examples illustrate how the boundary between
cytogenetic deletion syndromes and single gene conditions
isbecoming more and more indistinct. Ultimately, we should
be able to assess the phenotype contribution of each gene
within known microdeletion/microduplication syndromes.

An overview of the above-mentioned syndromes and the
possible genes responsible for most phenotypic features is
given in Table 2.
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The phenotype; how and what to describe

The phenotype, defined as the appearance (physical, bio-
chemical and physiological) of an individual which results
from the interaction of the environment and the genotype,
is usually presented in scientific articles by a clinical de-
scription, sometimes accompanied by clinical photographs.
Any description of clinical features of a patient is inher-
ently subjective. It varies between independent physicians
and any emphasis on specific features may reflect the back-
ground speciality of the observer.

Description of phenotypes

To overcome the bias of subjectivity, proposals have been
made to standardize the phenotype description by a system-
atic collection of clinical information (Freimer and Sabatti,
2003; Hall, 2003; Merks et al., 2003).

A detailed proposal for the organization and standard-
ization of clinical descriptions of human malformations has
recently been made (Biesecker, 2005). The author felt that,
in contrast to the enormous improvements in molecular bi-
ology, the processes and approaches of the clinical compo-
nent of molecular dysmorphology have not changed sub-
stantially. He argued that the current way of collecting phe-
notypic information holds several weaknesses. The quality
and completeness of clinical descriptions published in the
medical literature depend on the authors and editors in-
volved. Another threat is confusion in understanding the
terms used by the authors, due to the existence of synonyms,
various definitions for one word, and sometimes overlap-
ping of two different terms. The author pointed out a num-
ber of criteria for an ideal standardized clinical genetics no-
menclature.

Standardization of phenotype descriptions will be cru-
cial for a ‘Human Phenome Project’, in which comprehen-
sive databases are created for such systematically collected
phenotypic information (Freimer and Sabatti, 2003). The
authors argued that phenotypic information should be col-
lected on different levels: molecules, cells, tissues and whole
organisms.

Visualization of phenotype

In a number of cytogenetic syndromes, such as WHS or
1p36 deletion syndrome, the clinical diagnosis is primarily
based on characteristic facial features. Clinical geneticists
are trained in recognizing specific patterns in different syn-
dromes and can do this relatively well (Winter, 1996). Mul-
tiple efforts have been made to implement objective, quan-
titative criteria and analytical techniques for craniofacial
assessments (Allanson, 1997; Shaner et al., 2001). In previ-
ous decades, anthropometry, photogrammetry and cepha-
lometry have been applied as diagnostic methods (Garn et
al., 1984, 1985; Richtsmeier, 1987; DiLiberti and Olson,
1991).
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More recently, computer programs have been designed
to analyze and identify faces of patients with certain syn-
dromes on the basis of specific craniofacial features. In one
study, standardized photographs of 55 patients with differ-
ent syndromes were analyzed in a mathematical way by
comparing feature vectors at 32 facial nodes (Loos et al.,
2003). Over 75% of the patients were correctly classified by
the computer, whereas clinicians who were shown the same
pictures achieved a recognition rate of 62%.

More recently, a large study on computer-based three-
dimensional (3D) imaging of the face of 696 individuals was
published (Hammond et al., 2005). This study demonstrat-
ed the potential contributions of dense surface models
(DSM) in clinical training, making clinical diagnoses and
objective comparisons. Such mathematical pattern recogni-
tion might improve phenotype-genotype analyses, particu-
larly in patients with rare or atypical chromosome aberra-
tions.

A first application of 3D face surface models in geno-
type-phenotype studies was demonstrated in Williams-
Beuren syndrome (WBS, OMIM 194050), involving a
7q11.23 deletion (Tassabehji et al., 2005). As the typical de-
letion size in WBS is 1.5 Mb and contains 28 genes, a clear
genotype-phenotype correlation for craniofacial features
could not be made so far. In this study, a patient with a small,
atypical deletion was identified and 3D surface images of
this patient’s face were compared with those of WBS-indi-
viduals and controls. The patient was classified as border-
line WBS with mildly dysmorphic features. Chromosome
analysis revealed a heterozygous deletion at 7q11.23 of
~1 Mb, resulting in reduced expression of the GTF2IRDI
gene. In mice, homozygous loss of Gtf2irdl results in cra-
niofacial abnormalities reminiscent of those seen in WBS,
together with growth retardation. These observations sug-
gest that GTF2IRDI plays a role in mammalian craniofacial
and cognitive development. The authors suggested that cu-
mulative dosage of TFII-I family genes explains the main
phenotypes of WBS. Gtf2irdI-null mice and classic WBS
patients have two functional copies (in trans and cis, respec-
tively), whereas the atypical patient had three functional
genes of the GTF2IRD1/GTF2I cluster and showed a milder
WBS phenotype.

Storage of genomic and clinical data

Cytogenetic and clinical information concerning specif-
ic chromosomal disorders are continuously published in the
(inter)national medical literature. Thus, systematic collec-
tion and archiving are essential.

Many of these reports have been collected in the ‘Cata-
logue of Unbalanced Chromosome Aberrations in Man’,
containing around 2,000 descriptions of patients with a rare
chromosome aberration (Schinzel, 2001). This catalogue
provides an unprecedented resource for genotype-pheno-
type studies in cytogenetically visible chromosome anoma-
lies. In order to perform searches directed towards specific
chromosome aberrations and/or clinical features, a com-



puterized version is commercially available as the Zurich
Cytogenetic Database, which contains cytogenetic and clin-
ical information on more than 7,200 cases from the medical
literature and references to the original papers (Schinzel,
1994).

In the past decennium, a number of internet databases
have been created. These databases allow users online ac-
cess to databases which are constantly being updated.

One of the databases collecting cytogenetic, molecular,
and clinical information on patients with rare unbalanced
chromosome aberrationsis the ECARUCA database (http://
www.ecaruca.net) (Feenstra et al., 2006). This database is
based on information from the Zurich Cytogenetic Data-
base, and is frequently supplemented by new data of patients
with (sub)microscopic chromosomal aberrations by a Euro-
pean network of cytogenetic laboratories. In this password
protected database, geneticists can search for information
on more than 1,500 different chromosome aberrations of
almost 4,100 cases. Frequent submission of new cases is per-
formed by the account holders, thereby ensuring the up-to-
date quality of the collection. In addition, data is centrally
checked for usage of correct cytogenetic nomenclature and
description of clinical features before inclusion in the data-
base. ECARUCA is interactive, dynamic and has long-term
possibilities to store molecular data. Also, parents of chil-
dren whose data have been entered in the database can
anonymously add follow-up information through the web-
site.

A specialized database for submicroscopic chromosome
aberrations is Decipher (http://www.sanger.ac.uk/PostGe-
nomics/decipher/). This database currently contains infor-
mation on 38 microdeletion/-duplication syndromes and,
like ECARUCA, members are asked to actively participate
in the submission of new cases.

Linking the above mentioned databases to genome
browsers allows users to directly search for molecular infor-
mation in their chromosome region of interest. By compar-
ing the clinical features of different patients and their (non)
overlapping aberrations at the molecular level, this can be a
helpful tool in genotype-phenotype studies.

Analysing data stored in databases

Using a mathematical model, chromosome maps for spe-
cific malformation patterns based on the catalogue of un-
balanced chromosome disorders and associated congenital
malformations collected in the Zurich Cytogenetic Data-
base were created (Brewer et al., 1998, 1999). The chromo-
somal deletion map was assembled through the analysis of
1,753 patients with a single, non-mosaic contiguous autoso-
mal deletion and the presence of common major malforma-
tions. This resulted in 284 positive associations between
specific malformations and deleted bands, distributed
among 137 malformation-associated chromosome regions
(MACRsS).

In a second article, a chromosomal duplication map was
described. Here, a total of 143 MACRs were identified, of
which 21 were highly significant.

Obviously, such maps should always be interpreted with
care. Although the number of cases available for analysis
was high, the accuracy of breakpoints is not known since
the cytogenetic analyses were mostly performed with stan-
dard karyotyping. Nonetheless, this type of analyses can
point to those chromosome regions where the search for loci
involved in congenital malformations is most likely to be
successful. This has been abundantly proven in the case of
holoprosencephaly, where at least four genes have been
found based on chromosomal mapping of critical regions
(Muenke et al., 1994; Brown et al., 1995, 1998; Overhauser
et al., 1995; Schell et al., 1996; Wallis et al., 1999).

As more and more submicroscopic deletions and dupli-
cations are mapped, further candidate genes for specific
malformations will be revealed. For instance, a recent study
in 100 patients with mental retardation and malformations
detected a small duplication in 5¢35.1 in a patient with lobar
holoprosencephaly (de Vries et al., 2005). This region con-
tains seven known genes of which FBXW11 is a likely can-
didate gene for holoprosencephaly (Koolen et al., 2006).

Conclusion and future prospects

There are many rapid advances in genotype-phenotype
studies in chromosome disorders. Many improvements
have been made in the field of genotyping, leading to the
detection of smaller and smaller genomic deletions and du-
plications. Moreover, new cytogenetic molecular techniques
allow for the exact determination of breakpoints in micro-
scopically visible aberrations.

The capacity to investigate a high number of patients by
undertaking automated genotyping projects is no longer the
limiting step in elucidating the molecular basis of cytoge-
netic syndromes. Only an equally high accuracy of pheno-
typing will allow researchers and clinicians to make opti-
mal use of the recent advances in genotyping. Objective,
standardized descriptions and/or visualizations of the phe-
notype will be critical to determine the role of critical re-
gions or candidate genes detected by new molecular tech-
niques.

The combination of high-resolution cytogenetic tech-
niques, a comprehensive, systematic approach for pheno-
typing and collection of this information in sophisticated
databases will lead to advances in genotype-phenotype
studies. Thereby, a further deconstruction of chromosomal
syndromes in which critical regions or single genes appear
to be responsible for specific features is to be expected.
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