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Williams–Beuren syndrome (WBS; OMIM 194050) is caused by heterozygous deletions of ~1.6 Mb of chromo-
somal sub-band 7q11.23. The deletions are rather uniform in size as they arise spontaneously by inter- or
intrachromosomal crossover events within misaligned duplicated regions of high sequence identity that flank
the typical deletion. This review will discuss the status of the molecular characterization of the deletion and
flanking regions, the genes identified in the deletion region and their possible roles in generating the complex
multi-system clinical phenotype.

PHYSICAL AND NEUROBEHAVIORAL PHENOTYPES

Williams–Beuren syndrome (WBS; OMIM 194050) can be
diagnosed clinically by a recognizable pattern of malformations,
uneven cognitive disabilities—with relative preservation of
linguistic abilities and gross deficiencies in visual-spatial
processing—and characteristic behavior patterns. The clinical
findings, including dysmorphologic, cardiovascular, ophthal-
mologic, renal and dental abnormalities, as well as neuro-
logical and cognitive features are variable (1–4). The diagnosis
is confirmed by FISH analysis with cosmids containing part of
the elastin (ELN) gene that is located in the center of the com-
monly deleted region (5). Findings that are either controversial
or novel are discussed below.

Growth delay is multi-factorial with possible parent-of-origin
effect

Short stature is a common feature. When data from all age groups
are combined, 30–40% of WBS individuals fall below the third
percentile of standard growth curves. We previously reported a
significant difference in height, weight and head circumference
depending on the parental origin of the deletion (3). Maternal
origin was associated with lower growth parameters in 38
informative patients. In a series of 22 Danish WBS deletion cases,
Brondum-Nielsenet al. (6) also found ‘a tendency for milder
growth retardation in patients with a paternal versus a maternal
deletion’, but the numbers of informative cases were too small to
be conclusive. In contrast, Wuet al. (7) reported no correlation
with parental origin in 49 informative cases of which 41% were
below the third percentile for growth. The frequencies of vascular
stenoses that could contribute to growth delay were similar in the
two studies. In our series, 50% (24/48) had supravalvar aortic
stenosis (SVAS) and 27% (13/48) had peripheral pulmonary
stenosis, whereas Wuet al.(7) only provided a combined number
of 70% (47/67) for both. From the available data, it is unclear
whether the two patient populations are comparable with respect
to ages at measurement, sex distribution and ethnic origin, all
variables that contribute to the position of a measurement on the

growth curve. A recent longitudinal study of mostly Caucasia
revealed that short stature in WBS is due to a combination
factors: decreased growth rate in early childhood with delay
bone age, followed by a premature and abbreviated pube
growth spurt with accelerated bone age, resulting in a final hei
of 152.4± 5.7 cm for girls and 165.2± 10.9 cm for boys (8).
Bimodality in premature onset of puberty was observed for gi
only, but no information for parental origin of the deletions in th
two groups was reported. It remains to be seen whether there
imprinted genes in the deletion region which influence statu
growth and/or onset of puberty.

Structural brain abnormalities are not consistent

Brain magnetic resonance imaging (MRI) data on 11 WB
subjects (five male, six female, aged 10–20 years) were subje
to quantitative morphometric analyses following an initial repo
of an unusual brain structure in WBS individuals (9). While th
overall size of the WBS brains was diminished, the frontal lob
and the limbic regions of the temporal lobes appeared be
preserved and the neocerebellum was said to be relativ
enlarged (10,11). No consistent cerebral abnormalities w
detected in a recent MRI study of 39 WBS cases (19 females
males, aged 2 months–25years) (12).

Visual-spatial processing dysfunction contributes to apraxia

The gait abnormalities (e.g. gait apraxia) have sometimes b
attributed to cerebellar dysfunction. In the absence of oth
cerebellar signs, it seems more likely that they are caused
problems with visual-spatial integration. Whereas strabismus
common, reduced stereoacuity and binocular vision we
demonstrated even in the absence of strabismus (13,14). Wit
(15) has called attention to the fact that WBS children are reluct
to change the surface on which they are walking or playing a
dislike sandy or uneven surfaces. This ‘new clinical sign’ may n
be limited to children. A recently diagnosed 48-year-old WB
individual stated: ‘I don’t like the ground and it doesn’t like me’.

+Tel: +1 650 725 8089; Fax: +1 650 725 8112; Email: francke@cmgm.stanford.edu
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Personality and behavior change with age

Personality and behavioral characteristics have been well
described for WBS children. Recent comparative studies of
different age groups revealed significant changes over time (16).
Adults are less restless, active, lively, outgoing and quarrelsome
than children with WBS; they are better adjusted and more
withdrawn with a tendency to depression. In a group of 70 adults
with a mean IQ of 62, adaptive behavior scores and measures of
independence were lower than for adults of similar age and
intellectual abilities (17). The WBS group of adults exhibited high
rates of emotional and behavioral problems, poor social
relationships, disinhibitions, preoccupations, obsessions and high
levels of distractibility and anxiety (18). Therefore, the typical
WBS personality and neurobehavioral characteristics are
detectable early in life and undergo changes with adjustments
during lifetime. They are characteristic enough to set this
population apart from others with similar overall intellectual
impairment.

CYTOGENETICS

The typical WBS deletion affects only the Giemsa-light staining
band 7q11.23 that contains ~8× 106 bp. The deletion is visible on
high-resolution chromosomes, but only if the relative position of
the light-gray-staining sub-band 7q11.22 that subdivides band
7q11.2 is considered. Band 7q11.22 is normally placed closer to
the centromere, but on a WBS deletion chromosome it assumes a
central location. This observation led us to suggest that the
deletion may be up to 2 Mb in size, consistent with the 2 cM
genetic distance between the most proximal and most distal intra-
deletion markers (3).

Larger deletions, visible by standard cytogenetic methods and
extending telomerically by polymorphic marker analysis have
been identified in patients with WBS features and seizure
disorders such as infantile spasms with hypsarrhythmia (19–22).

THE WBS DELETION IS FLANKED BY LARGE
REPEATS CONTAINING GENES AND PSEUDOGENES

Our initial hope that the phenotypic variability may be due to var-
iably sized overlapping deletions that would allow the creation of
a ‘phenotype map’ was shattered by the finding of uniform dele-
tion sizes (3). Polymorphic marker typing revealed the extent of
the deletion to be ~1 cM in both directions from the ELN locus. In
all informative WBS patients with ELN deletions detected by
FISH, the proximal deletion breakpoints were between the poly-
morphic markers D7S1816 and D7S489B (Fig. 1). The distal

deletion breakpoints were mapped between D7S1870
D7S489A (3). This conclusion was confirmed in other patie
populations (7,23–25). D7S489A and D7S489B are amplifi
with the same primer pair and are distinguished by the size ran
of the amplicons. At least one other locus (D7S489C) mapping
the proximal flanking region is also amplified with these primer
The notion that the deletion is flanked by highly identical repeat
sequences, as suggested by Pérez-Juradoet al. (3), was further
supported by the finding of sequences related to the human PM
mismatch repair gene at three sites flanking the WBS delet
(26). Human sequence homologs of yeast mismatch repair ge
(PMS), such as the PMS2 gene on 7p22, may be mutated in he
itary non-polyposis colorectal cancer. Several loci related
PMS2 map to distinct regions of chromosome 7 including 7q
and 7q11.23. High levels of sequence identity between the PM
like genes makes it difficult to map them individually; their ass
ciation with the polymorphic dinucleotide repeat marke
D7S489A and C, however, indicates that they are part of the c
ter of repeated genes that flank the WBS deletion region (26).
none of the PMS2-like genes on 7q has been shown to enco
protein, they may be pseudogenes.

The most interesting finding is a partial duplication of th
GTF2I gene that encodes the multifunctional transcription fac
TFII-I (also called SPIN or BAP-135). GTF2I has a unique 5′ end
that is consistently deleted in WBS and a duplicated 3′ portion that
is almost identical to a partially truncated expressed pseudog
(GTF2IP1) which is located in the centromeric flanking regio
and is not deleted (27). Thus, the GTF2I gene demarcates
telomeric end of the unique sequence of the WBS deletion and
centromeric border of the distal duplicated region (Fig. 1). GTF
and GTF2IP1 map to different genomic clone contigs that a
contain other deleted and non-deleted loci.

Immediately telomeric to GTF2I, and in the sam
transcriptional orientation, is neutrophil cytosolic factor 1 (NCF
which encodes the p47 cytosolic component of leukocy
NADPH oxidase (p47-phox). This protein complex is required f
the oxidative burst in neutrophils. Deficiency of any one of th
three subunits causes chronic granulomatous disease (CGD).
gene for NCF1 was mapped by us to 7q11.23 in 1990 (28). T
signal intensity obtained with radioactive chromosomalin situ
hybridization was much stronger than expected for a single co
locus, consistent with multiple copies at this site. Analysis of t
BAC RG269P13 (GenBank accession no. AC005080) seque
revealed a nearly identical pseudogene (NCF1P1) downstrea
GTF2IP1 within the centromeric flanking region duplication
Depending on where in the flanking duplication th
recombination event leading to the WBS deletion occurs,

Figure 1. Map of genes in the WBS deletion region. Symbols for protein coding genes are in italics. Distances between the loci are not drawn to scale
boxes represent the two most closely flanking repeat clusters.
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NCF1 gene may or may not be deleted in WBS individuals.
Hemizygosity at this locus is not expected to produce a phenotype
as heterozygotes for the autosomal recessive form of CGD that is
caused by NCF1 mutations are asymptomatic. About 90% of
autosomal recessive CGD cases world-wide are caused by a
recurrent mutation in NCF1, a GT dinucleotide deletion from a
GTGT tetranucleotide located at the border of intron 1 and exon 2.
As this GT deletion is present in NCF1P1, Görlachet al. (29)
suggested that the frequently recurring mutation is caused by a
homologous recombination or gene conversion event between
NCF1 and an NCF1 pseudogene. Evidence for a second NCF1
pseudogene has been presented (29, 30). Together with the
possibility of a third GTF2I-like gene, called IB291 by Osborneet
al. (26), the existence of a third repeat cluster is a likely
hypothesis. The location and organization of this third repeat and
its possible involvement in WBS deletion formation have been
presented (R. Peoples, Y. Franke, Y.-K. Wang, L. Pérez-Jurado,
T. Paperna and U. Francke, manuscript in preparation).

Another duplicated gene in the 7q11.23 region is ZP3 which
encodes a glycoprotein, located at the zona pellucida of the
oocyte, that functions as a sperm receptor. Besides an intact copy
of ZP3, there is a fusion gene, also at 7q11.23, between the 3′
portion of a duplicated ZP3 gene and a part of a duplicated
POM121 gene. The fusion gene contains a polymorphic G
nucleotide insertion in exon 8 which causes a frameshift and
premature termination codon (31). The precise location of the
ZP3-related genes is yet to be determined.

We estimate the size of the duplicated region in which the WBS
deletion breakpoints cluster to be at least 300 kb, based on high-
throughput genome sequence data from the Washington
University Human Genome Sequencing Center database and our
own pulsed-field gel electrophoresis map and BAC/PAC contig
(R. Peoples, Y. Franke, Y.-K. Wang, L. Pérez-Jurado, T. Paperna
and U. Francke, manuscript in preparation). Sequence
comparisons reveal a very high degree of identity with only ~1 in
1000 nucleotides different.

These low-copy repeats predispose to unequal meiotic
recombination between chromosome 7 homologs and/or to
intrachromosomal rearrangements. Family studies ofde novo
deletion cases with genotyping of the grandparents revealed a high
frequency (about two-thirds of cases) of interchromosomal
rearrangements regardless of whether the deleted chromosome
was maternally or paternally derived (32).

Gtf2i, Ncf1 andZp3 are single copy genes in the mouse and
have been mapped to mouse chromosome 5 near theEln, Limk1,
Cpter1 loci which are homologs of human single copy genes
within the WBS deletion (33). Comparative mapping ofGtf2i/
Ncf1 containing genomic clones by FISH revealed duplications
within 7q11.23 and signals at 7p22 and 7q22 in chimpanzee and
gorilla but single copy signals for mouse (34).

SINGLE COPY GENES WITHIN THE WBS DELETION

Elastin (ELN)

Disruption of the ELN gene by translocation or partial deletion is
associated with SVAS. This discovery provided the first clue to
the location of the WBS microdeletion (35,36). The ELN gene
encoding tropoelastin is composed of 34 exons distributed over
~50 kb in the middle of the 1.6 Mb WBS deletion region (Fig. 1).
ELN mutations leading to premature stop codons also cause

SVAS (37,38). The association between truncating or n
mutations and arterial stenoses is further supported by studie
mutant mice hemizygous for elastin gene expression (39). E
though Eln+/– mice were reported to be clinically and
hemodynamically normal, histological studies revealed increa
numbers of elastic lamellae in their arterial vessel walls, similar
findings in the aortic wall (outside of the stenotic area) in patien
with SVAS. It is intuitively contradictory that reducedEln
expression during intrauterine development should lead
increased thickness of the tunica elastica. In homozygousEln–/–

mice completely lacking tropoelastin synthesis, increas
thickness of the aortic wall due to subendothelial accumulation
smooth muscle developed after embryonic day 17.5 a
eventually led to obliteration of the vascular lumen and neona
death (40).

Of all WBS individuals proven to be hemizygous for ELN, onl
50–60% had documented SVAS (3). Narrowing of other arter
occurs, with peripheral pulmonary stenosis the most common,
can lead to serious complications; e.g. cerebral artery stenos
stroke, renal artery stenosis to severe hypertension, coron
artery stenosis to myocardial infarction. While no extracardi
findings were reported inEln+/– mice, some of the connective
tissue abnormalities in WBS have been attributed to EL
hemizygosity: premature sagging of skin, hoarse voice, periorb
puffiness, herniae and diverticula of colon and bladder. Mo
recent reports, however, present SVAS patients with EL
deletions or mutations with normal facial features (37,38). T
consistency of the facial gestalt of WBS that is lacking in SVA
suggests that genes other than ELN are major contributors.

Mutations leading to structurally abnormal tropoelast
molecules rather than to a reduction of normal molecules
found in autosomal dominant cutis laxa (41,42). The fact th
vascular wall abnormalities and intestinal diverticula may also
present in patients with cutis laxa suggests a continuum
disorders caused by ELN mutations (‘elastinopathies’, in analo
to ‘fibrillinopathies’) (43).

The other known genes in the deletion region are discusse
listed in Table 1, in the order of their discovery.

Replication factor complex subunit 2 (RFC2)

RFC2 encodes the second largest (40 kDa) subunit of this
protein complex that is essential for DNA strand elongatio
during replication. The gene had been mapped to the 7q1
region by Okumuraet al. (44) and was shown to be within the
deletion by Peopleset al. (45) and Osborneet al. (25). The RFC
assembles proliferating cell nuclear antigen (PCNA) and DN
polymeraseδ or ε on primed DNA templates in the presence o
ATP. The RFC2 protein contains the ATP binding domain a
interacts directly with PCNA and the polymerase. Loss of o
copy of the RFC2 gene could affect the efficiency of DN
replication and contribute to growth and developmental defect

LIM kinase-1 (LIMK1)

Located immediately telomeric to ELN (25), this gene is delet
together with ELN in some SVAS families. Encoding a non
receptor serine–threonine kinase containing LIM and PD
domains, LIMK1 gained notoriety when it was implicated in th
impaired visuo-spatial cognition that is characteristic for WB
(46). This claim was not confirmed, however, in recent studies
three SVAS individuals, two familial and one sporadic, wit
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LIMK1 and ELN deletions, who were tested using the same
psychometric test instruments (47). The visuo-spatial cognitive
disabilities of WBS individuals are probably the result of
haploinsufficiency for more than one gene in the deletion. LIMK1
may be a necessary, but insufficient, contributor. The
physiological role of the LIMK1 protein has become clearer with
the recent demonstration that it interacts with the cytoplasmic tail
of the transmembrane receptor neuregulin with which it co-
localizes at the neuromuscular synapse (48). A phosphorylation
target of LIMK1 has been identified as cofilin, a regulator of the
actin cytoskeleton (49), suggesting that LIMK1 may be involved
in Rac-induced actin reorganization and cell movement.

Frizzled 9 (FZD9, previously called FZD3)

CpG island cloning applied to cosmids from the WBS deletion
region led to the identification of a human gene with similarity to
the Drosophilawnt receptorfrizzled(50). The 591 amino acids
include an N-terminal cysteine-rich ligand-binding domain and
seven transmembrane domains.Drosophilaor human cells, when
transfected with a human FZD9 gene construct, bindDrosophila
wingless(wg) protein. FZD9 is highly expressed in all areas of the
brain, and also in eye, testis, skeletal muscle and kidney (50).
Expression of the mouse homolog (Fzd9)was first detected in day
9 embryos in the entire neural tube encompassing the anlagen of
the brain and spinal cord (51). At day 10,Fzd9expression was
strongest in the telencephalon.Fzd9expression was also detected
in derivatives of somites and in differentiating myocytes, the
precursors of trunk skeletal muscle. Furthermore,Fzd9was highly
expressed in all stages of spermatogenesis. Immunolocalization
studies with an antibody against an FZD9 peptide showed that the
protein is located at the cell membrane in unpermeabilized cells
that are transfected with an Fzd9 cDNA clone (51).

Syntaxin 1A (STX1A)

Syntaxin 1A, a member of the syntaxin family, is a 35 kDa brai
specific protein essential for neurotransmitter release fro
synaptic vesicles. It interacts with synaptotagmin and oth
synaptosomal proteins. STX1A was mapped centromeric to E
within the WBS deletion (52). Its consistent deletion wa
confirmed by FISH analysis of 46 patients (53). Whe
Yamaguchiet al.(54) discovered that suppression of syntaxin 1
enhances neurite sprouting, a process underlying neuro
plasticity, they speculated that hemizygosity for STX1A cou
contribute to the enhanced auditory memory documented
some WBS individuals.

Eukaryotic initiation factor 4H (EIF4H)

An unknown transcript (WSCR1, later renamed WBSCR
predicted to encode 232 amino acids including an RNA-bindi
motif was identified in a 500 kb cosmid contig extending from
ELN to the telomere (25). Subsequently, Richter-Cooket al.(55)
isolated a new initiation factor from rabbit reticulocyte lysate th
stimulates translation activities and RNA-dependent ATPa
activities of other translation initiation factorsin vitro. The amino
acid sequence was identical to WBSCR1. The eIF4H prot
serves as a positive regulator of protein synthesis at the leve
translation initiation; it may also direct differential translation o
mRNAs in different tissues.

Cytoplasmic linker 2 (CYLN2)

The cytoplasmic linker protein CLIP-170 (also called resti
attaches endosomes to microtubules. A related microtubu
binding protein, CLIP-115, is expressed predominantly in bra
where it is found in the dendritic lamellar body, an organelle
bulbous dendritic appendages of neurons linked
dendrodendritic gap junctions (56). The human gene for t
protein (CYLN2) was mapped to 7q11.23. It spans at least 140
within the telomeric end of the WBS deletion and includes tw
previously identified transcripts (25) WSCR 3 and 4 (same
WBSCR3 and 4) (57).

FK506-binding protein 6 (FKBP6)

FKBP6 encodes a protein with structural similarity to FKB
immunophilins that function as cellular receptors for th
immunosuppressive drugs FK506 and rapamycin. All ni
FKBP6 exons are contained within a cosmid that is deleted
WBS (58). FKBP6 is a single copy gene located near the comm
centromeric deletion breakpoint.

WBSCR9/WSTF

Southern hybridization with a YAC end sequence revealed cro
species conservation with Chinese hamster and led to the isola
of a gene for a novel putative transcriptional regulator (ge
symbol WBSCR9) (59). The predicted 1483 amino acid
encoded by 20 exons extending over >60 kb, include numer
functional motifs: a bromodomain, a PHD (or C4HC3) finge
domain, putative nuclear localization signals, four nucle
receptor binding motifs and two PEST sequences. Outside th
motifs, the sequence is completely novel. The functional mo
suggest a nuclear protein undergoing rapid degradation
functions in steroid hormone receptor-modulated transcriptio

Table 1.Genes in the WBS deletion (1999)

Genes within the WBS deletion region are listed in the approximate order of
discovery. Alternative names and gene symbols are given in parentheses.

ELN Elastin

RFC2 Replication factor C, subunit 2

LIMK1 LIM kinase-1

FZD9 Frizzled,Drosophilahomolog, 9 (= FZD3)

STX1A Syntaxin 1A

EIF4H Eukaryotic translation initiation factor 4H (= WBSCR1)

GTF2I General transcription factor II-I (= BAP135, SPIN)

CYLN2 Cytoplasmic linker protein (= WBSCR4, CLIP-115)

FKBP6 FK506 binding protein-6

WBSCR9 Bromodomain, PHD finger transcriptional regulator (= WSTF)

BCL7B B-cell lymphoma 7 gene-related

WS-bHLH Basic helix–loop–helix leucine zipper gene

TBL2 Beta transducin related gene-2 (WD40 motifs)

CPETR1 Clostridium perfringensenterotoxin receptor-1 (= CLDN4)

CPETR2 CPE receptor-2 (= RVP1, CLDN3)

GTF2IRD1 TFII-I repeat domain-containing transcriptional regulator
1 (=WBSCR11)
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regulation. By northern analysis, an ~7 kb transcript was found in
all tissues throughout development in humans and mice. In some
human tissues, we also identified a smaller (4.5 kb) transcript
generated by alternative splicing that deletes the large (1703 bp)
internal exon 7. The same gene (called WSTF) was independently
reported by Luet al. (60) who did not describe any alternative
splicing. Due to a sequencing error, WSTF predicts a prematurely
truncated protein of 1425 amino acids.

BCL7B

A gene of unknown function, located between FZD9 and STX1A,
was named BCL7B because of a 90% identity in the 51 N-
terminal amino acids with a gene disrupted by a leukemia
translocation called BCL7A (B cell CLL/lymphoma 7A) on
12q24 (61,62). Six exons spanning 14 kb of genomic DNA
generate a 2.2 kb transcript (1.4 kb in cardiac muscle) that encodes
a 202 amino acid protein without any recognizable motifs.

WS-bHLH

Still without an approved gene symbol, a partial transcript in the
proximal part of the WBS deletion was reported as WS-bHLH
(61). The predicted protein sequence contains highly conserved
bipartite domains for DNA binding and a leucine zipper motif for
protein–protein interaction suggesting a function as a transcription
factor. The characterization of the complete gene is in progress (L.
Pérez-Jurado, personal communication).

TBL2 (transducin b-like 2)

This single copy gene within the WBS deletion encodes a protein
with four putative WD40 repeats of the type first described in the
β-transducin family (63). Most of the >30 known proteins in the
β-transducin family are involved in regulatory functions. Pérez-
Juradoet al.(64) have recently characterized the complete human
and mouse cDNAs and the human genomic structure of TBL2.
Compared with the report of the same gene, named WS-βTRP by
Menget al.(61), TBL2 contains 21 additional amino acids at the
N-terminus. The putative initiation methionine codon that was
suggested for WS-βTRP is not conserved in the mouse sequence.
Loss of one copy of TBL2 in WBS is likely to be significant for
the phenotype because haploinsufficiency for another protein
containing WD repeats, LIS1, causes Miller–Dieker lissencephaly
syndrome (65). Another putative transcription factor containing
four WD40 domains is the product ofTUPLE1 (TUP-like
enhancer of split gene 1) in the DiGeorge/Velocardiofacial
syndrome (VCFS) deletion at 22q11.

Claudin 4 (CLDN4/CPTER1) and claudin 3
(CLDN3/CPTER2)

A novel cDNA isolated from the WBS deletion was found to be
related to the rat ventral prostrate protein (RVP1) (66). When the
gene was independently identified as encoding theClostridium
perfringensenterotoxin receptor, it was named CPTER1. The true
human homolog of RVP1 was also cloned (called CPTER2) and
found to map near CPTER1 (66). The mouse homologsCpter1
andCpter2were identified and assigned to the conserved syntenic
region on mouse chromosome 5. Expression patterns of CPTER1
in both species are specific for lung, kidney, intestine, pancreas
and thyroid, with absence of expression in brain, heart, muscle and
spleen. Sequence analyses of the human and mouse genes

revealed that they are members of the claudin family of fo
transmembrane proteins (66). Recently, the products of mo
Cpter1 and 2 (reported asclaudin 4 and 3, respectively) were
located to tight-junctions of epithelial cells in kidney and live
(67). All claudin family genes are intronless. CPTER1 and 2 a
the most closely related members and likely arose from a g
duplication event. A more distantly related relative, calle
TMVCF or claudin 5, maps within the VCFS deletion at 22q11
(68).

WBSCR11/GTF2IRD1

Another putative transcription factor gene was independen
reported by Osborneet al. (69) as WBSCR11 and Frankeet al.
(70) as GTF2IRD1. The transcript and genomic structure data
in disagreement. We found that expression of GTF2IRD1
ubiquitous with two transcripts of 3.6 and 5.0 kb that are genera
by alternative splicing. The 944 amino acid predicted prote
contains a region of high similarity to a unique motif with helix
loop–helix forming potential that also occurs within th
transcription factor TFII-I (GTF2I). The gene is located ju
centromeric to GTF2I in the same transcriptional orientation.
appears to be single copy and falls entirely within the WB
deletion. GTF2IRD1was independently isolated as the ge
encoding a novel troponin I upstream enhancer binding prote
called Mus TRD1 for muscle TFII-I-repeat domain-containin
protein 1 (71). Although the reported cDNA sequence is alm
identical to GTF2IRD1 and a similar 3.3 kb transcript wa
described, the predicted MusTRD1 protein is only 458 ami
acids long due to an apparent sequencing error (70).

OTHER TRANSCRIPTS

Systematic searches for transcripts in the WBS deletion by cD
selection methods have not revealed any novel genes apart
those summarized above. The status of the putative WSC
transcript (25) remains uncertain. The ‘novel’ transcript WS
reported by Hockenhullet al. (30) is in fact the same as WSCR5
that lies within almost 100 kb of contiguous sequence near RF
(25). The gene has not been fully characterized. It is possible
the transcription of other genes in the deletion region is regula
in a developmental stage- or tissue-specific manner. Alternativ
stable transcript levels could be too low for detection by comm
cDNA selection strategies.

GENES OUTSIDE THE DELETION

The calcitonin receptor gene (CALCR) was an attracti
candidate for involvement in infantile hypercalcemia,
manifestation of WBS. The gene was mapped outside the W
deletion to band 7q21.3 (72). The huntingtin-interacting protein
(HIP1) gene appeared to be located near ELN by RH mappi
We excluded HIP1 from the common deletion region by PC
analysis of WBS-derived somatic cell hybrids and by dosa
blotting (73). Large-scale restriction mapping by PFGE plac
HIP1 in the telomeric flanking region (R. Peoples, Y. Frank
Y.-K. Wang, L. Pérez-Jurado, T. Paperna and U. Franc
manuscript in preparation). The CC chemokine MPIF-2
eotaxin-2 (SCYA24) gene has been assigned to a YAC t
contains the proximal breakpoint region repeat cluster. The g
does not seem to be deleted in WBS (74). Cysteine-rich intest
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protein (CRIP) is the name for a group of LIM/double zinc finger
containing proteins. Of the three known human CRIP genes,
CRIP1 is expressed in heart, not in intestine. By RH mapping,
CRIP1 was located between two markers in the telomeric flanking
region of the WBS deletion (75). No studies of WBS-derived
hybrid lines or dosage blots have been reported to definitely
exclude this locus from the deletion interval.

GENOTYPE–PHENOTYPE CORRELATION

Various partial clone contigs and transcript maps of the WBS
deletion region have recently been published (30,61,69). From
these and our own clone contig and pulsed-field gel
electrophoresis restriction mapping data (R. Peoples, Y. Franke,
Y.-K. Wang, L. Pérez-Jurado, T. Paperna and U. Francke,
manuscript in preparation) we conclude that the deletion is 1.6 Mb
in size. Based on the genomic sizes of the known loci in the
deletion and the abundance of SINE repeats in the sequenced
BACs, we estimate that ~50% of all transcripts may be known.
The completion of the transcript map will probably proceed by
comparative sequencing of the conserved homologous regions in
the human and mouse genomes (34).

The task of determining which of these genes are dosage-
sensitive and contribute to which particular features of the
phenotype appears daunting. The identification of rare individuals
with smaller deletions might be helpful, but any conclusions
derived from them need to be supported by exhaustive clinical and
molecular studies. Tassabehjiet al. (47) reported a girl (CS) with
isolated SVAS and peripheral pulmonary stenosis who was
otherwise normal. PCR analysis of an unspecified number of
somatic cell hybrids derived from a lymphoblastoid cell line
revealed a partial deletion. No data were presented that exclude
the possibility of somatic mosaicism due to post-zygotic origin of
this deletion. Therefore, to exclude all the genes in this patient’s
deletion from contributing to the WBS phenotype appears
certainly premature.

When pondering the phenotypic consequences of chromosomal
microdeletions, different models and mechanisms have to be
considered. Besides an additive effect of individual
haploinsufficient loci, possible interactions between genes that
affect the same molecular pathways, sequence variants of the non-
deleted alleles, parent-of-origin specific modulation of expression
of the remaining alleles, alteration of gene expression in the
flanking regions due to altered chromatin conformation caused by
the deletion, and the effects of genes located elsewhere whose
expression may be affected by the transcriptional regulators
encoded by genes in the deletion already identified, could all play
a role. To further dissect the pathogenetic mechanisms, single and
multiple gene deletion models in animals need to be generated.
Furthermore, small deletions or single gene mutations need to be
identified in human patients who exhibit individual distinct
features of the complex multi-system WBS phenotype.
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