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Summary

DiGeorge syndrome (DGS) is a developmental defect of
some of the neural crest derivatives. Most DGS patients
show haploinsufficiency due to interstitial deletions of
the proximal long arm of chromosome 22. Deletions of
22q11 have also been reported in patients with the velo-
cardio-facial syndrome and familial conotruncal heart
defects. It has been suggested that the wide phenotype
spectrum associated with 22q11 monosomy is a conse-
quence of contiguous-gene deletions. We report the iso-
lation of human cDNAs homologous to the Drosophila
dishevelled (dsh) segment-polarity gene. Sequences ho-
mologous to the 3’ UTR of these transcripts (DVL-22)
were positioned within the DGS critical region and were
found to be deleted in DGS patients. Human DVL
mRNAs are expressed in several fetal and adult tissues,
including the thymus and, at high levels, the heart. Two
transcripts, 3.2 and 5 kb, were detected, in northern
blot analysis, with different expression patterns in the
surveyed tissues when different cDNAs were used. The
isolated cDNAs exhibit high amino acid homology with
the mouse and Xenopus Dvli-1 gene, the only other verte-
brate dsh homologues so far isolated. The pivotal role
of dsh in fly development suggests an analogous key
function in vertebrate embryogenesis of its homologue
genes. Since DGS may be due to perturbation of differen-
tiation mechanisms at decisive embryological stages, a
Dsh-like gene in the small-region overlap (SRO) might
be a candidate for the pathogenesis of this disorder.
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Introduction

DiGeorge syndrome (DGS; MIM 188400) is a develop-
mental defect of the neural crest derivatives from the
third and fourth pharyngeal pouches (Kirby et al. 1983,
1985; Bockman and Kirby 1984; Kirby and Bockman
1984; van Mierop and Kutsche 1986). DGS is character-
ized by thymus and parathyroid gland a/hypoplasia as
well as by cardiac defects (Conley et al. 1979). DGS
usually occurs sporadically, but it may be inherited as
an autosomal dominant condition (Greenberg 1993).
The incidence, based on the ascertainment of severe
cases, has been estimated at 1/4,000 (Burn et al. 1995).
Chromosome studies reveal a cytogenetic anomaly of
the 22q11 region in approximately one-fifth of DGS
patients (de la Chapelle et al. 1981; Kelley et al. 1982;
Greenberg et al. 1988). Molecular cytogenetics detects
submicroscopic hemizygosity of 22q11 in ~90% of
DGS patients (Scambler et al. 1991; Driscoll et al.
19924). DGS has an extensive phenotypic overlap with
the velo-cardio-facial syndrome (VCES; MIM 19243)
(Shprintzen et al. 1978). An etiologic relationship be-
tween these two diseases has been confirmed by the dem-
onstration of chromosome 22q11 hemizygosity in ap-
proximately two-thirds of VFCS patients (Driscoll et al.
1992b). Deletions of 22q11 have also been detected in
patients with sporadic heart defects, notably conotrun-
cal abnormalities, suggesting that monosomy at this lo-
cus is common in congenital heart diseases (Scambler et
al. 1992; Scambler 1993; Goldmuntz et al. 1993; Dris-
coll et al. 1995). However, the DGS/VCFS phenotype
can be wider and may include psychiatric, ocular, and
renal abnormalities (Goldberg et al. 1993). The majority
of DGS/VCFS patients have deletions of =2 Mb with a
critical region of deletion overlap (i.e., SRO) contained
between the markers scF5 and scl1.1a separated by
~300 kb (Halford et al. 1993; Morrow et al. 1995).
These two markers flank a balanced translocation seen
in a unique patient (ADU) with DGS/VCFS phenotype
(Augusseau et al. 1986). It has been postulated that the
translocation breakpoint disrupts a potentially major
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gene involved in the pathogenesis of these syndromes
(Halford et al. 1993; Wadey et al. 1995). However, it
has also been suggested that the ADU translocation may
disturb, via position effect, the regulation of a close gene,
separating the gene itself from a control region.

DGS abnormalities are compatible with disturbances
of a gene(s) important in controlling the rostral neural
crest contribution to development (Payne et al. 1995).
Several cDNAs have been isolated as mapping into the
DGS critical region. Some of them—COMT, LZTR-1,
and Gplb—map within the common deleted region but
outside the SRO (Grossman et al. 1992; Budarf et al.
1995b; Kurahashi et al. 1995). Two additional genes—
TUPLE1/HIRA and IDD/DGCR2/LAN—have been po-
sitioned within the SRO (Halford et al. 1993; Budarf et
al. 19954; Demczuk et al. 1995; Lamour et al. 1995;
Wadey et al. 1995). They code for a transcriptional regu-
lator and for an integral membrane protein, respectively,
whose role in human embryogenesis remains hypotheti-
cal. Neither gene is disrupted by the ADU translocation.

Recently, the ADU translocation breakpoint has been
cloned and sequenced (Budarf et al. 19954). It spans a
putative exon sequence, rnex40, with weak similarity to
rat and mouse androgen-receptor genes. However, no
full-length transcript has been isolated and characterized
thus far. Therefore, any inference about the functional
role of the rnex40 gene in the pathogenesis of DGS and
related syndromes must await more-conclusive studies.

We isolated and characterized several human-homo-
logue ¢cDNAs of the Drosophila dishevelled polarity
gene, which is required for the establishment of fly em-
bryonic segments (Perrimon and Mahowald 1987). A
human cDNA 3’ UTR-like sequence (designated
“DVL-22”) was positioned within the DGS SRO and
was demonstrated to be deleted in DGS/VCES patients.

Material and Methods

cDNA Direct Selection

Total yeast DNA was partially digested with Sau3A
and was subcloned into superCos cosmid vector (Stra-
tagene). Three thousand cosmids were plated and
probed with 3?P-dCTP-labeled total human genomic
DNA. Twenty randomly picked human clones were iso-
lated and digested to completion with Sau3A. Fragment
protruding ends were filled by use of a deoxynucleotide
mix containing biotin-conjugated dUTP (Boehringer-
Mannheim) and Klenow fragment of DNA polymerase
I. Total RNA was extracted from human fetal brain
and sympathetic ganglia by use of the single-step acid-
guanidinium thiocyanate-phenol-chloroform method
(Chomczynski and Sacchi 1987). Fetal tissues were ob-
tained according to the current Italian regulation. Poly-
A* RNA was isolated by filtration on oligo-dT cellulose.
Poly-A* RNA (5 pg) was treated with 1 U of RNase-
free DNase (Pharmacia) in 20 pl of final solution at
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37°C for 1 h. After DNase heat-inactivation, double-
strand cDNA was synthesized by use of the TimeSaver
c¢DNA synthesis kit (Pharmacia). One microgram of
poly-A* RNA was retrotranscribed by use of 0.5 ug of
oligo-dT and 0.75 pg of random hexamers. Two hun-
dred micrograms of cDNA were ligated to No¢I linkers.
After Notl digestion, 200-800-bp cDNA molecules were
size selected on 1% agarose gel and ligated to an Notl
adapter (5’ GGC CGC AAG CAT GCG AAT TCA GGA
TCC 3'). One to four nanograms of cDNA was ampli-
fied by PCR using an oligonucleotide complementary to
the adapter sequence. Amplified cDNA (500 ng) and
biotin-labeled cosmid fragments'(50 ng) were denatured
and hybridized for 48 h at 65°C. The hybridization was
performed in 100 pl of 5 X SSPE, 5 X Denhardt’s, 0.1%
SDS. Ten micrograms of human genomic DNA, § pg
of yeast DNA, and 1 ug of pBR 322 were used to com-
pete for repetitive sequences. After hybridization, 50 ul
of streptavidin-conjugated magnetic beads (DYNA-
BEADS®; Dynal) were added to the mix. The beads/
biotinylated YAC fragments/cDNAs complexes were
magnetically separated. After being washed in 0.5
X SSC at 65°C for 15 min, the cDNAs were recovered
by boiling (5 min at 100°C). cDNAs were amplified by
PCR using the oligonucleotide complementary to the
Notl adapter sequence and were cloned in a T-cloning
vector (pBluescript; Stratagene). Single cloned cDNAs
were amplified by PCR using the adapter primer. PCR
products were blotted onto nylon membrane (Hybond
N; Amersham) and hybridized to human genomic DNA,
yeast genomic DNA, and pBR 322, in order to rule
out clones containing repetitive sequences, vector DNA
contaminants, and ribosomal cDNAs. The remaining
cDNAs were hybridized to grid-arrayed cosmid clones.
Those hybridizing one or more cosmids were sequenced
by use of the automated ABI 370A DNA Sequencer and
were characterized.

Northern Analysis

Northern blot filters were purchased from Clontech
Laboratories and were probed according the manufac-
turer’s instruction. The filters were washed at a final
stringency of 0.1 X SSC, 0.1% SDS at 65°C. Human
beta-actin (Clontech) was used as an internal standard.

Library Screening

One million ¢cDNA clones of a human adult caudate
nucleus library in lambda ZAPII (Stratagene) were
plated. Phage were replicated onto nylon membranes,
hybridized for 24 h to **P-dCTP-labeled probes, and
were washed at a final stringency of 0.1 X SSC, 0.1%
SDS at 65°C. After three rounds of selection, pBluescript
phagemids were rescued from the positive clones, ac-
cording to the manufacturer’s instructions. Clone length
was checked by PCR amplification of the inserts by use
of universal and reverse M13 primers.
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FISH

Metaphase chromosomes were prepared from human
peripheral blood lymphocytes obtained from DGS/
CVFS patients and normal controls, as described else-
where (Baldini and Ward 1991). Purified cosmid DNA
was labeled with biotinylated dATP and digoxigenated
dUTP by nick translation (Life Technologies) and hy-
bridized to chromosome spreads, according to routine
procedures. Chromosomes were counterstained with
DAPI and were visualized as described elsewhere (Bal-
dini and Ward 1991; Calabrese et al. 1994). Fiber-FISH
analysis was performed by use of sodium hydroxide—
treated slides. Cosmid clones either were biotin-labeled
and detected with fluorescein isothiocyanateF-avidin or
were digoxigenin-labeled and detected with anti-digoxi-
genin rhodamine-conjugated antibody. Images were
charge-coupled—device captured and were merged
through a Vidas Image Analyzer (Zeiss) (Fidlerova et al.
1994).

Results

Isolation and Mapping of Human Sequences
Homologous to dishevelled (dsh)

YAC clones 966a8 and 706b10 were isolated from
the CEPH YAC library by PCR screening, by use of
oligonucleotides designed on the 3’ UTR of the TUPLE1
gene (TUP1 5§’ CAG TCA TCG GGC AGA ACC TCC
G 3' and TUP2 5’ AGC TGG GCT GGC GCT GGT
GC 3’). Both YACs were subcloned in cosmids and were
used for the direct selection of human fetal CNS and
peripheral nervous system (PNS) transcripts. Trapped
c¢DNA sequences were assigned to single cosmid sub-
clones by dot-blot hybridization. Positive cosmids were
mapped by FISH. Two overlapping cosmid clones—
c029 and c037—hybridizing to a single 200-bp cDNA
(D12) were positioned within the DGS SRO. Fiber-FISH
experiments showed the cosmid position to be ~10 kb
from the TUPLE1 gene (fig. 1A), between the TUPLE
1 gene itself and the more centromeric IDD gene. As
expected, c029 and co37 revealed the 22q11 hemizygos-
ity in a panel of 7 VCFS patients, previously found de-
leted by use of TUPLE1 probes (fig. 1B). GenBank ho-
mology search revealed that the last 60 bp of cDNA
D12, just preceding the polyA stretch, were identical to
the 3’ end of the Dvl-1 cDNA, the mouse homologue of
the Drosophila segment-polarity gene dishevelled (dsh)
(Sussman et al 1994).

c¢DNA D12 was used for screening a human adult
caudate c¢DNA library. Four independent cDNA
clones—c3, c5, c8, and c10—were isolated. The com-
plete sequence of cDNA c3 and cDNA c¢5 showed an
identical ~700-bp insert, with the PolyA stretch at one
end (fig. 2A), representing part of the 3’ UTR of a novel
human gene. The identity to the trapped cDNA D12 was
absolute. The last 60 bp of the cDNAs were identical to
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the mouse Dvl-1 gene (fig. 2B). cDNA ¢8 (1,600 bp)
covered a whole 1,000 bp of the 3' UTR and 600 bp of
the coding region. cDNA ¢10 was 1,400 bp long and
contained a 115-bp coding region (homologous to the
corresponding region of Dvl-1) and a complete 1,250-
bp 3’ UTR (350 bp longer than c8) (fig. 2A).

The homology between human c8 and c10 cDNAs
and the mouse Dvl-1 in the longest open reading frame
was >85%. In contrast, the rest of the human DVL 3’
UTR did not show any significant homology to the
mouse, except in the last 60 bp. Interestingly, the mouse
Dvl-1 3' UTR contains a 12-bp tandemly repeated se-
quence also present in all the isolated human clones,
where it is present as a single copy. It is possible that it
represents a regulating element, for either RNA tran-
scription or RNA processing. In order to rule out the
chimerism of the original YACs, an ~100-kb fosmid
contig obtained from a specific chromosome 22 library
and mapping centromeric to TUPLE 1, was hybridized
with three cDNAs—c$5, c8, and c¢10—providing posi-
tive signals in a single clone (A7). These data confirm
the presence and position of human DVL sequences in
the DGS/VCFS SRO. Using a synthetic oligonucleotide
designed on the very end of the mouse Dvl-1 cDNA
sequence (D12: 5’ CAT TTA CAC AGA AGC AGC
TCT ATG 3'), we directly sequenced ~200 bp of both
c029 and cosmid A7. The resulting sequences were iden-
tical to each other and highly (90%) homologous to the
human DVL ¢DNA 3’ UTR sequence (GenBank acces-
sion numbers V46461 and V46462).

In order to complete the human DVL cDNA se-
quence, we amplified, by PCR, the 5’ DVL-coding re-
gion. Oligonucleotides Dvl-1 (5' ATG GAC GAG GAG
GAG ACG CCG TAC 3') and Dvil-3 (5’ GAA ACC
ACC CGG CCA TTG AAG CAG 3') were designed
on the mouse Dvl-1 cDNA sequence and were used in
restriction transciption-PCR on human fetal brain
cDNA. A 200-bp fragment (Dvl-1 and Dul-3), starting
27 bp after the first ATG, was amplified, cloned, and
sequenced (fig. 2A). cDNA Duvl-1/Dvl-3 showed 97%
identity to the corresponding mouse sequence. Dvl-1/
Dul-3 was used for cDNA library walking. Several posi-
tive cDNAs were isolated. A 1.8-kb positive clone (4B)
overlapped the c8 sequences and was completely se-
quenced (fig. 2C).

Figure 2C shows the amino acid homologies between
the mouse Dvl-1 and the protein product predicted from
the human 4B and c8 ¢cDNAs sequences. As shown, a
domain of 25 amino acids, corresponding to positions
377-401 of the mouse sequence, is lacking in the puta-
tive human protein derived from the c8 cDNA sequence.
According to Sussman et al. (1994), the absence of this
domain in the mouse Duvl-1 transcripts is typical of em-
bryo-derived isoforms. However, cDNA c8 was isolated
from a human adult caudate-nucleus library. A region
of alternative splicing between clone c8 and 4B is also
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A

Figure 1 FISH mapping of cosmid clones. A, Fiber-FISH analysis with clone co29 (green signals) and scFS cosmid (red signals). co29
and scFS (TUPLE1) appear contiguous, with a partial overlap (yellow signals [due combined red and green fluorescence]). B, Analysis with
clone c029 in a partial metaphase of a DGS patient, showing signals on one chromosome 22 only (yellow spot). A cosmid clone for the BARK2
gene (mapping on 22q11) was used as a control probe and indicates the chromosome 22 pair (red spots).
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FECELEEEEEEREr e bbb
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AR RNy
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Dvl-1 VDWLYTHVEGFKERREARKYASSMLKHGFLRHTVNKITFSEQCYYVFGDL 500
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DVL VDWLYTHVEGFKERREARKYASSLLKHGFLRHTVNKITFSEQCYYVFGDL 475
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Dvl-1 PAYQDPGFSC! ‘TRSSHRTPGRE-ERRATGAGGS 599
||I||||I|IIIIIIIIIIIIIIIIIIII | L

DVL PAYQDPGFSYGSGS, TRNTLRPPACEKE! A DG 575
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A, Graphic representation of the 3.2-kb human DVL transcripts. The relative position and the length of the cloned cDNAs are

reported. The positions of the start and stop codons are also indicated, as well as some restriction sites. B = BamHI; H = HindIll; P = Pstl;
and E = EcoRI. The alternatively spliced region of clone 4B is represented by the gap in the straight line. B, Alignment of the 3’ end of human
DVL cDNA to the mouse homologue, Dvl-1. A complete identity is evident in the last 60 bp of the sequence. The remaining 3’ UTRs are
different. The mouse tandemly repeated motif (5’ TTC TGT GTA AAT CCT GCT 3') is present in single copy in the human homologous
gene. The complete cDNA sequence (C) has been deposited in GenBank. Comparison is between the Dvl-1 and human DVLI1 1 peptides
derived from cDNA c8 and 4B sequences. Amino acid sequences derived from Dvl-1 and the human cDNAs are aligned, with sequence identity
represented by vertical lines. A domain of 25 amino acids (positions 377-401 of the mouse sequence) is lacking from the putative human
protein derived from the sequence of cDNA clone C8. The underlined region corresponds to an alternatively spliced exon. The conserved dlg-
like sequence is shown in boldface. Two RGD recognition sequences are underscored with asterisks. The complete peptide sequence will be

deposited in GenBank.

reported from nucleotide 479 to nucleotide 486 of DVL.
A 48-amino-acid region from position 277 to position
324 shows homology to a sequence known as the
“GLGF repeat,” or “disk-large homology region”
(DHR) (Bryant and Woods 1992). This motif is common
to other proteins supposed to be part of cell junctions,
such as the Drosopbila dlg sequence. The DHR is also
present as an identical sequence in all dsh-related genes
known at present. Human DVL contains two RGD (ar-
ginine-glycine-aspargine) tripeptide sequences, a motif
that is associated with recognition systems for cell-sur-
face signaling in proteins shown to play a role in cell
adhesion. RGD sites are not present in the Drosophila
dsh but are conserved in the mouse and Xenopus gene.

Expression Analysis

Northern blot analysis using clone ¢10 revealed two
transcripts: one 5 kb and one 3.2 kb (fig. 3A and B).
cDNA c8 reveals only a single band, of 3.2 kb (fig. 3C).
In a comparison of the sequence identities between c10
and the other cDNA clones, it is likely that it represents
an alternative spliced form of the same human DVL
gene, with a larger 3’ UTR. However, the possibility
that c8 and c10 represent the 3’ UTR of strictly related
genes cannot be ruled out. There must be more than one
DVL gene in the human genome. In fact, the library
screening performed by use of Dvl-1/Dyl-3 cDNA re-
vealed the presence of other highly homologous Dvi-1-
like transcripts different from the c8/4B sequences and
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Figure 3
C) and fetal (B) human tissues. The hybridizations were performed
by use of cDNA clone ¢10 (A and B) and ¢8 (C) as probes. Two major
RNA forms, 3.2 and 5 kb long, are revealed. Clone C8 hybridizes
only the 3.2-kb form. Control hybridization to the actin probe is
shown.

Expression of the human DVL gene in adult (A and

thus belonging to other gene units—and sometimes also
sharing the same 3’ UTR.

Various fetal and adult human tissues express both
the 5-kb transcript and the 3.2-kb transcript. Only the
5-kb form is expressed in the liver and in the kidney,
whereas the 3.2-kb form is the predominant transcript
in the brain, skeletal muscle, and pancreas. Only the 5-
kb form is present in the thymus at different stages of
differentiation (data not shown).

Discussion

Expressed sequences related to a new human gene
family have been isolated from the DGS critical region
on chromosome 22 by cDNA direct selection and have
been mapped by use of clones deriving from two inde-
pendent genomic sources. These sequences were demon-
strated to be identical to 3’ UTR portions of a homo-
logue of the Drosophila dsh segment-polarity gene.

The Drosopbila dsh is involved in the Wnt signaling
pathway (Theisen et al. 1994). Wnt genes encode se-
creted glycoproteins that determine cell proliferation
and differentiation during normal development in both
vertebrates and invertebrates (Dickinson and McMahon
1992). Wnt genes have been isolated from different spe-
cies, including Caenorhabditis elegans, Drosophila,
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Xenopus laevis, mouse, and humans (Nusse and Varmus
1992). They are highly conserved in evolution and in-
clude the Drosopbila wingless (wg) and the mouse Wnt-
1 genes (Rijsewijk et al. 1987; Siegfried et al. 1994). The
wglwnt cascade represents a common strategy, during
evolution, for establishing embryonic polarity. In Dro-
sopbila, dsh is required for wg signaling, acting down-
stream to wyg itself, as a transducing molecule. dsh codes
for a cytoplasmic phosphoprotein (Yanagawa et al.
1995). The wg function is required for important devel-
opmental processes such as segmentation and neuroblast
specification (Yanagawa et al. 1995). This suggests that
both wg homologues and dsh homologues may play
multiple roles in vertebrate morphogenesis as well. In
fact, the demonstration of dorsalizing and neuralizing
properties of the Xenopus homologue of dsh (Xdsh) is
consistent with this idea. It is therefore possible that
human D VL sequences act as a cell development—regu-
lating gene in human embryogenesis also. Although
there is not direct evidence of involvement of a DVL-
family gene in DGS/VCEFS, functional characteristics of
dsh suggest that a deficiency in DVL proteins might lead
to imbalance of the fate-addressing mechanisms in spe-
cific DGS/VCFS-affected cell populations. Interestingly,
Wu et al. (1995) have demonstrated that wg, whose
action is regulated by dsb, is required for heart develop-
ment in Drosopbila. It is therefore likely that DVL gene
abnormalities may cause heart-development defects in
humans. Northern blot analysis showed that human
DVL-gene(s) expression (at least for the transcripts that
we isolated) is not limited to specific cell lineages. It is
possible that different cell populations are specifically
sensitive to the dosage effect resulting from hemizygosity
at DVL locus/loci. On the other hand, some cell popula-
tions might rely on the complementing expression of
other genes with analogous function. More than one
DVL-like sequences may exist in the human genome.
On the basis of comparative mapping, the mouse Dvl-
1 gene location predicts the presence of a similar gene
on human chromosome 1, but it does not exclude the
existence of a wider gene family (Beier et al. 1992).
We isolated and partially characterized different similar
c¢DNAs, which map on different human chromosomes
(authors’ unpublished data), confirming the presence of
multiple Dvl-like sequences in the human genome. The
complete-genome characterization of these genes will
allow a more accurate definition within this gene family.

DVL-22 is deleted in DGS/VCFS patients, as are the
other two genes isolated from the critical region (Half-
ord et al. 1993). Because of its position, the DVL-22
gene should not be involved in the ADU translocation.
However, this does not exclude the possibility that posi-
tion effects due to the translocation rearrangement may
influence the DVL-22 expression, by separation of con-
trol regions located upstream. A similar mechanism has
been suggested for cases of Grieg syndrome, campomelic
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dysplasia, and aniridia, all associated with transloca-
tions placed at a great distance from the gene responsible
for them (Vortkamp et al. 1991; Jordan et al. 1992;
Foster et al. 1994; Wagner et al. 1994).

DVL-22 may represent an additional example of con-
served genes involved in human syndromes. It is notable
that it is homologous to regulators of developmental
processes in Drosopbila. It is notable that examples in-
clude the Pax3 gene in Waardenburg 1 syndrome and
Waardenburg 3 syndrome, Pax6 in aniridia, and the c-
kit oncogene in piebaldism (Jordan et al. 1992; Spritz
et al. 1992; Tassabehji et al. 1992). The exact mecha-
nism by which hemizygosity of DVL-22 is associated
with DGS/VCFS abnormalities will be the main target
of future studies.

Acknowledgments

We thank Daniela Toniolo, from the YAC Screening Center
(Milan), for YACs selection and screening. This work was
supported by a grant from European Economic Community,
by the Biomed-1 Project, by MURST 60%, by the Italian Min-
istry of Health, and by Italian telethon (grant D27).

References

Augusseau S, Jouk ], Jalbert P, Prieur M (1986) DiGeorge
syndrome and 22q11 rearrangements. Hum Genet 74:206

Baldini A, Ward DC (1991) In situ hybridization banding of
human chromosomes with Alu-PCR products: a simultane-
ous karyotype for gene mapping studies. Genomics 9:
770-774

Beier DR, Dushkin H, Sussman DJ (1992) Mapping genes in
the mouse using single strand conformation polymorphism
analysis of recombinant inbred strains and interspecific
crosses. Proc Natl Acad Sci USA 89:9102-9106

Bockman DE, Kirby ML (1984) Dependence of thymus devel-
opment on derivatives of the neural crest. Science 223:
498-500

Bryant PJ, Woods DF (1992) A major palmitoylated mem-
brane protein of human erythrocytes shows homology to
yeast guanylate kinase and to the product of a Drosophila
tumor suppressor gene. Cell 68:621-622

Budarf ML, Collins J, Gong W, Roe B, Wang Z, Bailey LC,
Sellinger B, et al (19954) Cloning a balanced translocation
associated with DiGeorge syndrome and identification of a
disrupted candidate gene. Nat Genet 10:269-278

Budarf ML, Konkle B, Ludlow BL, Michaud D, Li M, Yama-
shiro DJ, McDonald-McGinn D, et al (1995b) Identification
of a patient with Bernard-Soulier syndrome and a deletion
in the DiGeorge/Velo-cardio-facial chromosome region in
22q11.2. Hum Mol Genet 4:763-766

Burn J, Wilson DI, Cross I, Atif U, Scambler P, Takao A,
Goodship J (1995) The clinical significance of 22q11 dele-
tion. In: Clark EB, Markwald RR, Takao A (eds) Develop-
mental mechanism of heart disease, Futura Publishing, Ar-
monk, NY, pp 559-567

Calabrese G, Sallese M, Stornaiuolo A, Stuppia L, Palka G,
De Blasi A (1994) Chromosome mapping of the human

Am. J. Hum. Genet. 58:722-729, 1996

arrestin (SAG), B-arrestin 2 (ARRB2), and -adrenergic recep-
tor kinase 2 (ADRBK2) genes. Genomics 23:286-288

Chomczynski P, Sacchi N (1987) Single-step of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extrac-
tion. Anal Biochem 162:156-159

Conley ME, Beckwith JB, Mancer JFK, Tenckhoff L (1979)
The spectrum of the DiGeorge syndrome. ] Pediatr 94:
883-890

de la Chapelle A, Herva R, Koivisto M, Aula O (1981) A
deletion in chromosome 22 can cause DiGeorge syndrome.
Hum Genet 57:253-256

Demczuk S, Aledo R, Zucman J, Delattre O, Desmaze C, Dau-
phinot L, Jalbert P, et al (1995) Cloning of a balanced trans-
location breakpoint in the DiGeorge syndrome critical re-
gion and isolation of a novel potential adhesion receptor
gene in its vicinity. Hum Mol Genet 4:551-558

Dickinson ME, McMahon AP (1992) The role of Wnt genes
in vertebrate development. Curr Opin Genet Dev 2:562-566

Driscoll DA, Budarf ML, Emanuel BS (19924) A genetic etiol-
ogy for DiGeorge syndrome: consistent deletions and micro-
deletions of 22q11. Am ] Hum Genet 50:924-933

Driscoll DA, Goldmuntz E, Emanuel BS (1995) Detection of
22q11 deletions in patients with conotruncal cardiac mal-
formations, DiGeorge, velocardiofacial, and conotruncal
anomaly face syndromes. In: Clark EB, Markwald RR, Ta-
kao A (eds) Developmental mechanism of heart disease. Fu-
tura Publishing, Armonk, NY, pp 569-575

Driscoll DA, Spinner NB, Budarf ML, McDonald-McGinn
DM, Zackal EH, Goldberg RB, Shprintzen R], et al (1992b)
Deletions and microdeletions of 22q11: a genetic etiology
for velo-cardio-facial syndrome. Am | Med Genet 44:
261-268

Fidlerova H, Senger G, Kost M, Sanseau P, Sheer D (1994)
Two simple procedures for releasing chromatin from rou-
tinely fixed cells for fluorescence in situ hybridization. Cyto-
genet Cell Genet 65:203-205

Foster JW, Dominguez-Steglich MA, Guioli S, Kwok C, Weller
PA, Stevanovich M, Weissenbach ], et al (1994) Campo-
melic dysplasia and autosomal sex reversal caused by muta-
tions in an SRY-related gene. Nature 372:525-530

Goldberg R, Motzkin B, Marion R, Scambler PJ, Shprintzen
RJ (1993) Velo-cardio-facial syndrome: a review of 120 pa-
tients. Am ] Med Genet 45:313-319

Goldmuntz E, Driscoll DA, Budarf ML, Zackai EH, McDon-
ald-McGinn DN, Biegel JA, Emanuel BS (1993) Microdele-
tions of chromosomal region 22q11 in patients with congen-
ital conotruncal cardiac defects. ] Med Genet 30:807-812

Greenberg F (1993) DiGeorge syndrome: an historical review
of clinical and cytogenetic features. ] Med Genet 30:
803-806

Greenberg F, Elder FFB, Haffner P, Northrup H, Ledbetter D
(1988) Cytogenetic findings in a prospective series of pa-
tients with DiGeorge anomaly. Am ] Hum Genet 434:
605-611

Grossman MA, Emanuel BS, Budarf ML (1992) Chromosomal
mapping of the human catechol-O-methyltransferase gene
to 22q11.1-q11.2. Genomics 12:822-825

Halford S, Wilson DI, Roberts C, Daw SCM, Whiting JA,
O’Donnell H, Dunham I, et al (1993) Isolation of a putative
transcriptional regulator from the region of 22q11 deleted



Pizzuti et al.: Human Homologue of dsh Drosophila Gene in DGS

in DiGeorge syndrome, Shprintzen syndrome and familial
heart disease. Hum Mol Genet 2:2099-2107

Jordan T, Hanson I, Zaletayev D, Hodgson S, Prosser J, Sea-
wright A, Hastie N, et al (1992) The human PAX6 gene is
mutated in two patients with aniridia. Nat Genet 1:328-332

Kelley RI, Zackai EH, Emanuel BS, Kistenmacher M,
Greenberg, Punnett HH (1982) The association of the Di-
George anomaly with partial monosomy of chromosome
22. J Pediatr 101:197-200

Kirby ML, Bockman DE (1984) Neural crest and normal de-
velopment: a new perspective. Anat Rec 209:1-6

Kirby ML, Gale TF, Stewart DE (1983) Neural crest cells
contribute to aorticopulmonary septation. Science 220:
1059-1061

Kirby ML, Turnage KL, Hays BM (1985) Characterization of
conotruncal malformations following ablation of “cardiac”
neural crest. Anat Rec 213:87-93

Kurahashi H, Akagi K, Inazawa J, Ohta T, Niikava N, Kaya-
tani F, Sano T, et al (1995) Isolation and characterization
of a novel gene deleted in DiGeorge syndrome. Hum Mol
Genet 4:541-549

Lamour V, Lécluse Y, Desmaze C, Spector M, Bodescot M,
Aurias A, Osley MA, et al (1995) A human homolog of the
S. cerevisiae HIR1 and HIR2 transcription repressors cloned
from the DiGeorge syndrome critical region. Hum Mol
Genet 4:791-799

Morrow B, Goldberg R, Carlson C, Das Gupta R, Sirotkin H,
Collins J, Dunham I, et al (1995) Molecular definition of
the 22q11 deletions in velo-cardio-facial syndrome. Am ]
Hum Genet 56:1391-1403

Nusse R, Varmus HE (1992) Wnt genes. Cell 69:1073-1087

Payne MR, Johnson MC, Grant JW, Strauss AW (1995) To-
ward a molecular understanding of congenital heart disease.
Circulation 91:494-504

Perrimon N, Mahowald AP (1987) Multiple functions of seg-
ment polarity genes in Drosopbila. Dev Biol 119:587-600

Rijsewijk F, Schuermann M, Wagenaar E, Parren P, Weigel
D, Nusse R (1987) The Drosophila homolog of the mouse
mammary oncogene #nz-1 is identical to the segment polarity
gene wingless. Cell 50:649-657

Scambler PJ (1993) Deletions of chromosome 22 and associ-
ated birth defects. Curr Opin Genet Dev 3:432-437

Scambler PJ, Carey AH, Wyse RKH, Roach S, Dumanski P,
Nordenskjold M, Williamson R (1991) Microdeletions
within 22q11 associated with sporadic and familial Di-
George syndromes. Genomics 10:201-206

729

Scambler PJ, Kelly D, Lindsay E, Williamson R, Goldberg R,
Shprintzen R], Wilson DI, et al (1992) Velo-cardio-facial
syndrome associated with chromosome 22 deletions encom-
passing the DiGeorge locus. Lancet 339:1138-1139

Shprintzen R], Goldberg RB, Lewin ML, Sidoti EJ, Berckman
MD, Argamaso RV, Young D (1978) A new syndrome in-
volving cleft palate, cardiac anomalies, typical facies, and
learning disabilities: velo-cardio-facial syndrome. Cleft
Palate ] 15:56-62

Siegfried E, Wilder EL, Perrimon N (1994) Components of
wingless signalling in Drosophila. Nature 367:76-80

Spritz RA, Droetto S, Fukushima Y (1992) Deletion of the
KIT and PDGFRA genes in a patient with piebaldism. Am
J Med Genet 44:492-495

Sussman DJ, Klingensmith J, Salinas P, Adams PS, Nusse R,
Perrimon N (1994) Isolation and characterization of a
mouse homolog of the Drosophila segment polarity gene
dishevelled. Dev Biol 166:73-86

Tassabehji M, Read AP, Newton VE, Harris R, Balling R,
Gruss P, Strachan T (1992) Waardenburg’s syndrome pa-
tients have mutations in the human homologue of the PAX3
paired box gene. Nature 355:635-636

Theisen H, Purcell J, Bennett M, Kansagara D, Syed A, Marsh
JL (1994) Dishevelled is required during wingless signaling
to establish both cell polarity and cell identity. Development
120:347-360

van Mierop LHS, Kutsche LM (1986) Cardiovascular anoma-
lies in DiGeorge syndrome and importance of neural crest
as a possible pathogenetic factor. Am J Cardiol 58:133-137

Vortkamp A, Gessler M, Grzeschik KH (1991) GLI-3 zinc-
finger gene interrupted by translocations in Greig syndrome
families. Nature 352:539-540

Wadey R, Daw S, Taylor C, Atif U, Kamath S, Halford S,
O’Donnell H, et al (1995) Isolation of a gene encoding an
integral membrane protein from the vicinity of a balanced
translocation breakpoint associated with DiGeorge syn-
drome. Hum Mol Genet 4:1027-1033

Wagner T, Wirth J, Meyer ], Zabel B, Held M, Zimmer J,
Pasantes J, et al (1994) Autosomal sex reversal and campo-
melic dysplasia are caused by mutations in and around the
SRY-related gene SOX9. Cell 79:1111-1120

Wu X, Golden K, Bodmer R (1995) Heart development in
Drosophila requires the segment polarity gene wingless. Dev
Biol 169:619-628

Yanagawa S, van Leeuwen F, Wodarz A, Klingensmith J,
Nusse R (1995) The dishevelled protein is modified by wing-
less signaling in Drosophila. Genes Dev 9:1087-1097



