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Williams syndrome is a complex developmental disorder that results from the heterozygous deletion of a
~1.6-Mb segment of human chromosome 7qll.23. These deletions are mediated by large (~300 kb) duplicated
blocks of DNA of near-identical sequence. Previously, we showed that the orthologous region of the mouse
genome is devoid of such duplicated segments. Here, we extend our studies to include the generation of ~3.3
Mb of genomic sequence from the mouse Williams syndrome region, of which just over 1.4 Mb is finished to
high accuracy. Comparative analyses of the mouse and human sequences within and immediately flanking the
interval commonly deleted in Williams syndrome have facilitated the identification of nine previously
unreported genes, provided detailed sequence-based information regarding 30 genes residing in the region, and
revealed a number of potentially interesting conserved noncoding sequences. Finally, to facilitate comparative
sequence analysis, we implemented several enhancements to the program PipMaker, including the addition of
links from annotated features within a generated percent-identity plot to specific records in public databases.
Taken together, the results reported here provide an important comparative sequence resource that should
catalyze additional studies of Williams syndrome, including those that aim to characterize genes within the
commonly deleted interval and to develop mouse models of the disorder.

[The sequence data described in this paper have been submitted to GenBank under accession nos. AF267747,
AF289666, AF289667, AF289664, AF289665, AC091250, AC079938, AC084109, AC024607, ACO074359,
AC024608, AC083858, AC083948, AC084162, AC087420, AC083890, ACO080158, AC084402, AC083889,

AC083857, and AC079872.]

The past decade has brought spectacular advances in our un-
derstanding of the contiguous gene deletion disorder Wil-
liams syndrome (WS, also known as Williams-Beuren syn-
drome; OMIM 194050 [see http://www.ncbi.nlm.nih.gov/
Omim]). This complex and intriguing developmental disorder
is associated with defects in multiple physiological systems,
with the classic phenotypic features including cardiovascular
disease, dysmorphic facial characteristics, infantile hypercal-
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cemia, and unique cognitive and personality components
(Burn 1986; Morris et al. 1988; Bellugi et al. 1990, 1999; Lash-
kari et al. 1999; Mervis et al. 1999; Donnai and Karmiloff-
Smith 2000; Mervis and Klein-Tasman 2000; Morris and
Mervis 2000).

A key turning point in elucidating the genetic basis of
WS came in 1993 with the discovery that the disorder is as-
sociated with hemizygous microdeletions within human
chromosome 7q11.23 that include the elastin gene (ELN;
Ewart et al. 1993). Since that time, there have been numerous
studies aiming to map this region of chromosome 7, identify
the genes residing within the commonly deleted interval, and
associate the phenotypic features of the disorder to the hap-
loinsufficiency of specific genes. These efforts have been aided
by a joint effort between our group and the Washington Uni-
versity Genome Sequencing Center (http://genome.
wustl.edu/gsc) to map and sequence the human WS region.
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However, significant challenges have been encountered. For
example, attempts to establish contiguous and accurate long-
range physical maps of the human WS region have been ham-
pered by a number of problems, including unstable yeast ar-
tificial chromosome (YAC) clones derived from the region
(which are most likely a consequence of the notably high
density of repetitive sequences) and the presence of several
large (~300 kb), closely spaced blocks of DNA with near-
identical sequence (Gorlach et al. 1997; Osborne et al. 1997a;
Hockenhull et al. 1999; Korenberg et al. 2000; Peoples et al.
2000; Valero et al. 2000). The latter genomic segments, which
greatly confound conventional mapping and sequencing
strategies, are particularly important, both because they con-
tain gene and pseudogene sequences (Gorlach et al. 1997;
Osborne et al. 1997a; Perez Jurado et al. 1998) and because
they appear to play a central role in mediating the inter- and
intrachromosomal recombination events that lead to the WS-
associated deletions (Perez Jurado et al. 1996; Robinson et al.
1996; Baumer et al. 1998).

Despite the challenges associated with mapping and se-
quencing the human WS region, numerous genes residing
within the commonly deleted interval and the flanking du-
plicated segments have been identified (Fig. 1; Table 1;
Francke 1999; Osborne 1999; Osborne and Pober 2001). The
diverse phenotypic features associated with WS likely result
from haploinsufficiency of these and/or yet-to-be-identified
genes that reside within the deleted interval. However, with
the exception of ELN and cardiovascular/connective tissue

disease, correlating individual genes with specific phenotypic
features has proven difficult.

As a complement to the above efforts, our interests have
focused on the comparative mapping and sequencing of the
WS region in the human and mouse genomes. Previously, we
established a bacterial clone-based contig map of the mouse
genomic region encompassing the Eln and Ncf1 (p47-phox)
genes (DeSilva et al. 1999); note that NCF1 gene/pseudogene
sequences reside within the duplicated blocks in the human
WS region (Fig. 1; Table 1). Interestingly, we discovered that
the mouse WS region is devoid of the large duplicated seg-
ments that are characteristic of its human counterpart. To
acquire a more detailed view of this important genomic in-
terval, we have now extended our mouse physical mapping
efforts as well as sequenced the entire mouse WS region. Here,
we report the generation of ~3.3 Mb of mouse genomic se-
quence and the results of detailed computational analyses,
which included extensive comparisons with the available se-
quence of the human WS region.

RESULTS
Physical Mapping of the Mouse WS Region

The segment of the mouse genome corresponding to the hu-
man WS region resides on distal mouse chromosome 5. Our
previous clone-based physical mapping efforts resulted in the
construction of a bacterial artificial chromosome (BAC)/P1-
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Figure 1 Long-range organization of human and mouse Williams syndrome (WS) regions. A physical map of the WS regions on human
chromosome 7q and mouse chromosome 5G is depicted emphasizing the positions of the known genes residing within and flanking the interval
commonly deleted in WS (DeSilva et al. 1999; Francke 1999; Hockenhull et al. 1999; Osborne 1999; Korenberg et al. 2000; Peoples et al. 2000;
Valero et al. 2000). In the human WS region, this interval spans ~1.6 Mb (indicated by a bold dashed line) and is flanked by duplicated blocks of
DNA of near-identical sequence (estimated at ~300 kb in size; indicated by dark rectangles). The relative positions of the centromere (CEN) and
telomere (TEL) are indicated in each case. Note the inverted orientation of the two discontiguous segments of human chromosome 7 relative to
the single contiguous segment of mouse chromosome 5G. The relative positions of the known human and mouse genes residing in this region
are indicated, with additional details provided in Table 1. Depicted below the map of the mouse WS region are the 21 overlapping BAC/PAC clones
selected for sequencing (see http://bio.cse.psu.edu/publications/desilva for a complete contig map of the mouse WS region), with the current
sequencing status (finished, full shotgun, or working draft) indicated at the bottom (also see Table 2). Note that the depicted genomic regions

and the BAC/PAC clones are not drawn to scale.
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Sequence of the Mouse Williams Syndrome Region

Table 1. Known Human/Mouse Genes Residing Within or Near the WS Region

Name (human/mouse) Other name(s)

Reference

Reside in single-copy interval commonly deleted in WS

FKBPG6/Fkbp6

FZD9/Fzd9 FZD3
BAZ1B/Baz1b WSTF, WBSCR9
BCL7B/Bcl7b

TBL2/Tbi2 WS-BTRP
WBSCR14/Wbscri4 WS-bHLH
STX1A/Stx1a

CLDN3/Cldn3 CPETR2
CLDN4/Cldn4 CPETR]

ELN/EIn

LIMKT /Limk1

EIF4H/Eif4h WBSCRT
WBSCR15/Whscr15 WBSCRS
RFC2/Rfc2

CYLN2/Cyln2 WBSCR3, WBSCR4
GTF2IRD1/Gtf2ird1 WBSCR11, MusTRD1,

CREAM1, BEN

Reside in duplicated segment in human

GTF2I/Gtf2i TFII-1, BAP135, SPIN
NCF1/Ncf1 p47-phox
POM121/Pom121

Reside in regions flanking the WS region in human
GUSB/Gusb

ASL/Asl

HIP1/Hip1

MDH2/Mdh2

POR/Por

ZP3/Zp3

PAl/Pai

CUTL1/Cutll

Meng et al. 1998b

Wang et al. 1997; Wang et al. 1999

Lu et al. 1998; Peoples et al. 1998

Jadayel et al. 1998; Meng et al. 1998a

Meng et al. 1998a; Perez Jurado et al. 1999

Meng et al. 1998a; de Luis et al. 2000

Osborne et al. 1997b; Nakayama et al. 1998

Paperna et al. 1998

Paperna et al. 1998

Fazio et al. 1991; Ewart et al. 1993; Wydner et al. 1994

Frangiskakis et al. 1996; Tassabehji et al. 1996

Osborne et al. 1996

Doyle et al. 2000; Martindale et al. 2000

Peoples et al. 1996

Hoogenraad et al. 1998

Tassabehiji et al. 1999; Yan et al. 2000;
Bayarsaihan and Ruddle 2000

Perez Jurado et al. 1998; Wang et al. 1998
Francke et al. 1990; Jackson et al. 1994;

Gorlach et al. 1997; DeSilva et al. 2000
Hallberg et al. 1993

Oshima et al. 1987
Todd et al. 1989
Wedemeyer et al. 1997
Habets et al. 1992
Shephard et al. 1992
van Duin et al. 1992
Loskutoff et al. 1987
Scherer et al. 1993

derived artificial chromosome (PAC) contig spanning a large
portion of this genomic region, including the entire interval
flanked by the Eln and Ncf1 genes (DeSilva et al. 1999). As part
of a broader effort to generate BAC-based physical maps of the
portions of the mouse genome orthologous to human chro-
mosome 7 (Thomas et al. 2000), we extended this contig map
to encompass the entire WS region (including the interval
commonly deleted in WS, the segment that is duplicated in
human, and additional flanking DNA). The complete contig
map is available as part of an electronic supplement accom-
panying this paper (at http://bio.cse.psu.edu/publications/
desilva). Based on our earlier (DeSilva et al. 1999) and ex-
panded physical mapping efforts, a set of 21 clones, which
together fully encompass the mouse WS region, was selected
for systematic sequencing (Fig. 1).

Consistent with our previous mapping studies (DeSilva
et al. 1999), we encountered no evidence for the presence of
large, duplicated blocks of DNA within the mouse WS region,
such as those residing in the orthologous segment on human
chromosome 7q11.23. Indeed, the clone-based physical map-
ping of the mouse WS region proceeded smoothly, in striking
contrast to our efforts and those of others (Osborne et al.
1996; Hockenhull et al. 1999; Korenberg et al. 2000; Peoples et
al. 2000; Valero et al. 2000) in mapping the human WS re-
gion.

The long-range organization of the mouse and human
WS regions is also different in other ways. Specifically, a single
contiguous block of mouse chromosome 5 encompassing the
WS region is orthologous to two discontiguous segments of

human chromosome 7, one on 7q11.23 and one on 7q22. The
former segment contains the interval commonly deleted in
WS and the flanking duplicated blocks; interestingly, the ori-
entation of the central portion of this region is inverted in
mouse versus human (Fig. 1). The inverted orientation of the
mouse WS region (compared to the human WS region) was
confirmed by two-color fluorescent in situ hybridization
(FISH) studies with NcfI1- and Fkbp6-containing BACs; the re-
sults clearly showed that NcfI is at the centromeric end and
Fkbpé6 at the telomeric end of the WS region on mouse chro-
mosome 5 (data not shown). These physical mapping studies
are consistent with the BSS JAX panel genetic mapping data
(http://www.jax.org/resources/documents/cmdata/bkmap/
BSS.html). Importantly, the breakpoints associated with this
evolutionary inversion correspond to the locations of the du-
plicated blocks in the human WS region, which are also the
most common sites of deletion breakpoints seen in WS (Fig.
1). Our finding of an inverted orientation of the mouse versus
human WS region is consistent with data generated by others
(Peoples et al. 2000; Valero et al. 2000).

Immediately telomeric to the interval commonly deleted
in WS is a genomic segment encompassing the HIP1/Hipl,
MDH2/Mdh2, POR/Por, and ZP3/Zp3 genes; this region is ori-
ented the same in mouse and human. However, in mouse,
this segment is contiguous (in the telomeric direction) with a
region that is orthologous to human 7922 and that contains
the Cutll and Pai genes. In human, this segment is not con-
tiguous with the WS region and, in fact, is inverted in orien-
tation (relative to the mouse segment; see Fig. 1).
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Sequencing of the Mouse WS Region

The 21 overlapping mouse clones depicted in Figure 1 were
sequenced by a shotgun sequencing strategy. The GenBank
accession number for each resulting sequence is provided in
Table 2. Note that the first five clones (391016, 92N10,
P510M19, 303E12, and 42J20) were isolated from libraries de-
rived from the 129SV mouse strain and sequenced prior to the
decision to use the C57BL/6] mouse strain (with an emphasis
on the RPCI-23 mouse BAC library) for sequencing the mouse
genome as part of the Human Genome Project (Battey et al.
1999; Denny and Justice 2000). The remaining 16 clones were
isolated from the RPCI-23 library. Taken together, a total of
~3.3 Mb of nonredundant mouse genomic sequence was gen-
erated, of which a single contiguous block of just over 1.4 Mb
is finished, high-accuracy sequence (i.e., with an error rate of
<1 in 10,000 bp), another ~1.4 Mb is at a full-shotgun stage
(with ~11-fold average coverage in Phred Q20 bases; Ewing et
al. 1998; Ewing and Green 1998) and is currently being fin-
ished, and the remaining ~0.5 Mb is at a working-draft stage
(with ~5-fold average coverage in Phred Q20 bases), as indi-
cated in Figure 1 and Table 2.

Mouse-Human Comparative Sequence Analysis
The resulting mouse genomic sequence was subjected to rig-
orous computational analyses. Emphasis was placed on study-
ing the large (~1.4 Mb), contiguous block of finished se-
quence, which included the entire region orthologous to the
interval commonly deleted in WS. For comparison to the fin-
ished mouse sequence, we were able to identify finished or
draft-level human sequence in GenBank for all but ~200 kb of
the corresponding region on human chromosome 7q11.23
(with the notable segments unavailable for comparative
analyses being ~40 kb encompassing the gene represented by
AKO005040, ~100 kb at the 5" end of ELN, and ~20 kb just 5’ to
CLDN?3).

The central analytical and organizational tool for our
comparative sequence analyses was the program PipMaker
(Hardison et al. 1997; Ellsworth et al. 2000; Schwartz et al.

Table 2. Sequenced Mouse Clones

Clone name Clone type Status GenBank No.
391016 BAC Finished AF267747
92N10 BAC Finished AF289666
P510M19 PAC Finished AF289667
303E12 BAC Finished AF289664
42|20 BAC Finished AF289665
RP23-315E02 BAC Finished AC091250
RP23-201C09 BAC Finished AC079938
RP23-38B15 BAC Finished AC084109
RP23-240H06 BAC Finished AC024607
RP23-289)24 BAC Finished AC074359
RP23-333124 BAC Finished AC024608
RP23-423A22 BAC Full Shotgun AC083858
RP23-67P07 BAC Full Shotgun AC083948
RP23-11P12 BAC Full Shotgun AC084162
RP23-314001 BAC Full Shotgun AC087420
RP23-284P20 BAC Full Shotgun AC083890
RP23-311J12 BAC Full Shotgun AC080158
RP23-419B02 BAC Full Shotgun AC084402
RP23-271A20 BAC Working Draft AC083889
RP23-372D12 BAC Working Draft AC083857
RP23-299E16 BAC Working Draft AC079872
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2000). The core function of this program is to perform direct
comparisons between large blocks of orthologous sequences.
In addition, though, PipMaker provides an effective and con-
venient mechanism for assimilating and displaying relevant
annotations about large segments of genomic sequence, in-
cluding the location of repetitive elements and CpG islands,
the intron-exon organization of genes, and, most impor-
tantly, the areas (both coding and noncoding) found to be
highly conserved between two orthologous sequences. To en-
hance the utility of PipMaker, we recently added a feature
that incorporates hyperlinks from annotated regions of the
resulting percent-identity plot (PIP) to relevant Internet sites.
This allows the creation of an informative and dynamic elec-
tronic supplement that captures the key elements of each
comparative analysis. An illustration of this new pPipMaker
feature is provided in Figure 2, which shows a small portion of
the PIP generated by comparing the sequences of the mouse
and human WS regions (note that the entire PDF-formatted
PIP is available at http://bio.cse.psu.edu/publications/
desilva).

Our comparative analyses revealed a number of interest-
ing general features of the WS region. First, the GC content of
the mouse and human WS regions is similar, both the overall
level (48.8% and 49.2%, respectively) and the relative unifor-
mity across the region (ranging from 41.7% to 51.7% in
mouse and 40.2% to 55.5% in human when calculated in
50-kb windows). In contrast, the mouse and human WS re-
gions differ substantially in their repeat content, for example,
consisting of 35.9% and 54.2% interspersed repetitive ele-
ments (mostly SINES and LINES), respectively. In addition,
there is a notable lack of uniformity of repeat content across
the region, ranging from 30.6% to 62.7% in mouse and 27.9%
to 84.3% in human (when calculated in 50-kb windows). The
difference in the amount of repetitive sequences largely ac-
counts for the slight compression of the mouse WS region
compared to its human counterpart. For example, this is
clearly evident in the interval encompassing the genes
GTF2IRD2/Gtf2ird2, NCF1/Ncfl, and GTF2I/Gtf2i, with fin-
ished sequence being available for both the mouse and hu-
man regions; the size of the same genomic segment is ~124 kb
and ~169 kb in mouse and human, respectively (consisting of
34.3% and 50.0% interspersed repeats, respectively). Finally,
PipMaker analysis revealed numerous segments that are
highly conserved between the mouse and human WS regions.
Most of these correspond to exons within known and newly
identified genes (see below); however, many others appear to
be conserved noncoding sequences. Specifically, within the
~1.4 Mb of finished mouse sequence, 55 gap-free alignments
of =100 bp in length and with =70% mouse-human se-
quence identity were identified that do not overlap any of the
identified exons. Two of these are shown in Figure 2, with the
complete list available at http://bio.cse.psu.edu/publications/
desilva.

PipMaker analysis also revealed that mouse-human se-
quence conservation across the WS region is relatively low
compared to other genomic regions examined to date, both in
terms of the total amount of noncoding, nonrepetitive se-
quence that is at least moderately conserved (i.e., can be reli-
ably aligned between mouse and human) and the amount
that is highly conserved. To quantify this, we focused atten-
tion on the finished sequence from the mouse WS region.
Following removal of segments for which the orthologous
human sequence was not available and the masking of both
repeats and annotated coding regions, the remaining mouse






























