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Abstract. Williams syndrome (WS) is a complex neurodevelop-
mental disorder arising from a microdeletion at Chr band 7q11.23,
which results in a hemizygous condition for a number of genes.
Within this region we have completely characterized 200 kb con-
taining the genes LIMK1, WBSCR1, and RFC2. Evidence was
also found for WBSCR5 in this region, but not the previously
proposed genes WSCR2 and WSCR6. The syntenic region in
mouse was also sequenced (115 kb) and characterized, and a com-
parative sequence analysis with a percent identity plot (PIP) easily
allowed us to identify coding exons. This genomic region is GC
rich (50.1% human, 49.9% mouse) and contains an unusually high
abundance of repetitive elements consisting primarily of Alu
(45.4%, one of the highest levels identified to date) in human, and
the B family of SINES (30.6% of the total sequence) in mouse.
WBSCR1 corresponds to eukaryotic initiation factor 4H, identified
in rabbit, and is herein found to be constitutively expressed in both
human and mouse, with two RNA and protein products formed
(exon 5 is alternatively spliced). The transcription pattern of WB-
SCR5 was also examined and discussed along with its putative
amino acid sequence.

Introduction

Williams syndrome (WS; also known as Williams-Beuren syn-
drome) is a genetic disorder affecting multiple physiological sys-
tems [Online Mendelian Inheritance in Man (OMIM) 194050;
http://www.ncbi.nlm.nih.gov/omim]. WS is characterized by a
characteristic craniofacial dysmorphology, cardiovascular disease,
hypertension, infantile hypercalcemia, dental abnormalities, her-
nias, and diverticuli, as well as a distinct cognitive and personality
profile (Morris et al. 1988; Bellugi et al. 1990; Keating 1997).
Although most WS individuals have a short attention span, re-
duced spatial skills, and mild mental retardation, many also tend to
have a good memory, expressive language, and musical talent. The
typical WS personality includes a combination of friendliness and
anxiety (Bellugi et al. 1999a, 1999b).

The genetic basis of WS is just beginning to be understood.
The starting point for much of the recent work stems from the
finding that WS results from hemizygous microdeletions at Chr
7q11.23 that include the elastin gene (ELN) (Ewart et al. 1993).
The commonly deleted interval includes the genes sequenced and
analyzed in this paper: LIMK1 (encoding LIMkinase-1) (Fran-
giskakis et al. 1996; Osborne et al. 1996; Tassabehji et al. 1996);
WBSCR1 (William-Beuren syndrome critical region 1; originally
called WSCR1 and encoding eIF4H), (Osborne et al. 1996; Rich-

ter-Cook et al. 1998); WBSCR5 (originally called WSCR5 and
tentatively identified by an EST) (Osborne et al. 1996); and RFC2
(encoding replication factor C subunit 2) (Osborne et al. 1996;
Peoples et al. 1996). See Fig. 1A for a schematic physical map
incorporating these genes and others within this region.

The size of the commonly deleted region associated with WS
has been found to span approximately 1.5–2 Mb of DNA (Osborne
et al. 1996; Perez Jurado et al. 1996; Robinson et al. 1996; Urban
et al. 1996; Wang et al. 1997; Meng et al. 1998; Wu et al. 1998;
Hockenhull et al. 1999). Recently, Botta et al. (1999) described
two patients with the full Williams syndrome phenotype who car-
ried deletions from just before the ELN gene to just past marker
D7S1870 within the GTF2I gene (Fig. 1A); this ‘minimal’ region
defines a region estimated to be approximately 850 kb. The se-
quences analyzed in this paper are within this smaller defined
region.

The WS commonly deleted region at human Chr 7q11.23 has
been found to have conserved synteny to a region on the distal
portion of mouse Chr 5 (DeBry and Seldin 1996; DeSilva et al.
1999). Comparative physical mapping of the human and mouse
WS regions indicates that while the duplicated regions bounding
the human common deleted region are absent in mouse (DeSilva et
al. 1999), the expected genes residing betweenEln andp47-phox
are present.

In this paper we report the sequence of both the human and
syntenic mouse regions containing the known genes LIMK1, WB-
SCR1, and RFC2 and a novel gene, WBSCR5. The transcription
patterns of WBSCR1 and WBSCR5 are examined and a brief
analysis of the product of the mouseWbscr1gene is included.
Alternative splicing is demonstrated for both of these genes. Un-
usual characteristics of this genomic region are noted and dis-
cussed.

Materials and methods

DNA sequencing and analysis.A sublibrary was constructed (Rowen
and Koop 1994) for each of the cosmids and the BAC clone (Fig. 1B,C).
Briefly, DNA from each cosmid or BAC was isolated and randomly
sheared by nebulization. The sheared DNA was then fractionated by aga-
rose gel electrophoresis, and fragments (2–4 kb) were collected, blunt-
ended, and cloned into M13mp19 by standard techniques. Random clones
from each sublibrary were sequenced with the aid of ABI 373 or 377
sequencing machines and fluorescently labeled primers (ABI, Amersham).
DNAStar software was used for gel trace analysis and contig assembly, as
well as DNA and protein alignments. DNA and protein sequences were
examined against available public databases by using the various Blast
programs available through the network server at the National Center for
Biotechnology. Repeat elements were characterized by using RepeatMas-
ker2 (A.F.A. Smit and P. Green; http://ftp.genome.washington.edu/cgi-bin/
RepeatMasker). Comparative sequence alignment was done with PipMaker
(http://globin.cse.psu.edu/cgi-bin/pipmaker), which produces the percent
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identity plot (PIP). The dot-plot output was also obtained with the Pip-
Maker program, which generates alignments by using the alignment engine
BlastZ (Schwartz et al. 2000). Putative exons were identified by a variety
of programs (Xgrail_1.3, FGENES, FGENESH, FGENES-M; http://
dot.imgen.bcm.tmc.edu:9331/seq-search/gene-search.html).

Isolation and characterization of clones.The human genomic DNA
cosmid clones used in this study were obtained from the Chr 7-specific
cosmid library of the Lawrence Livermore National Laboratory
(LL07NCC01). They were identified, mapped, and initially analyzed as
described previously (Osborne et al. 1996). The mouse genomic DNA
BAC clone (BAC146D5) was obtained from the mouse ES-129/SvJ I BAC
library of Genome Systems, Inc. (St. Louis, Mo., USA) by using PCR
probes for the mouseLimk1(LIMK1F: 58-CGC TTC AGT TGA CCA TCT
AGG-38 and LIMK1R: 58-CTG AGT TTG GGT TCA TTC CTG-38).

Cloning and expression of Wbscr1 coding fragment of mouse
eIF4H. The complete coding region ofWbscr1 (681 or 741 bp) was
amplified with the PCR primers WBSCR-C1F (58-CGG GAT CCC GCG
GAC TTC GAT ACC TAC GAC-38) and MWS681R (58-GGG GTA CCC
TTC TTG CTC CTT CTG AAC CA). The PCR products from the ampli-
fied mouse liver cDNA were T-A cloned into pGEM-T vector (Promega,
Madison WI USA) and sequenced. Two clones, L2 (spliced exons form)
and L5, were subcloned into the expression vector pQE30 (Qiagen, Inc,
Valencia, CA, USA) and transformed intoE. coli strain M15 [pREP4]. The
L2/pQE30 construct codes for a 25-kDa 6xHis-tag recombinant protein,
and the L5/pQE30 construct codes for a 27-kDa 6xHis-tag recombinant
protein. The expressed proteins were confirmed with immunoblots with
anti-MRGS.6xHis antibody (Qiagen) and affinity-purified on a Ni-NTA
agarose column (Qiagen).

Production of monoclonal antibodies.Female Balb-C mice were im-
munized and boosted intraperitoneally at 3-week intervals with purified L2

fusion protein emulsified in complete and incomplete Freund’s adjuvant.
Five days after the fourth injection, the spleen was removed and fused with
the mouse myeloma x63Ag8.653 (ATCC) following standard fusion pro-
cedures. Hybridomas were plated in HAT containing methylcellulose, and
individual colonies were picked and grown in RPMI 1640 (GIBCO). Su-
pernatants from the immunoglobulin-secreting clones were screened and
characterized for their immunostaining of NIH 3T3 cells and immuno-
blotting of L2 and L5 fusion proteins. Two Hybridomas 9B4 and 2A3 were
selected.

Characterization of monoclonal antibody 9B4 by Western blot and
immunocytochemistry.Multiple tissues from mouse were dissected out
and sonicated in ice-cold PBS containing 1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF). 100mg of crude protein from each
sample and 5mg of purified L2 fusion protein were run on 15% SDS-
polyacrylamide gel electrophoresis and electrophoretically transferred onto
PVDF membrane. The membrane was blocked in 5% skim milk powder,
0.1% Tween-20 in TBS, and then incubated with supernatant from 9B4
hybridoma cells and subsequently with AP-conjugated goat anti-mouse
immunoglobulin (Sigma) and detected by using NBT/BCIP (Roche Diag-
nostics, Laval, Quebec, Canada). Relative molecular mass was determined
with prestained low MW standards (GIBCO).

The newly confluent NIH 3T3 cells were fixed in ice-cold 100%
methanol for 8 min and incubated with hybridoma 9B4 supernatant over-
night. The cells were rinsed in PBS containing 0.1% Tween-20 and incu-
bated with FITC-conjugated goat anti-mouse immunoglobulin (Sigma).
The labeled cells were viewed with confocal laser scanning microscopy
(Zeiss LSM 410).

Results

In a previous study (Osborne et al. 1996), we described the partial
sequencing of eight overlapping cosmids containing human DNA

Fig. 1. Physical and transcription map of the
200-kb region downstream of ELN commonly
deleted in Williams syndrome.A) Schematic view
of the human WS region (not to scale). Grey lines
delineate the extent of the commonly deleted
region (extending from D7S489B to D7S1870;
adapted from DeSilva et al. 1999a) and the 850
region deleted in Botta et al. (1999).B) For the
human sequences, an overlapping set of cosmid
clones (Osborne et al. 1996) were sequenced to
completion (34b3, 102f12, 135f3) or near
completion (152a8, 128d2). The completed
sequences (Genbank U63721 and AF045555)
contain the full genomic sequences of LIMK1,
WBSCR1, RFC2, and the novel gene WBSCR5.
By combining our data with those of Frangiskakis
et al. (1996) (U62292 and U62293) and unreleased
data from Washington University at St. Louis
(H RG052H06), a single continuous sequence of
199192 bp was obtained. The unsequenced regions
of cosmids 152a8 and 128d2 are shown in white.
Sequences from other laboratories (e.g., U62292)
are grey.C) Bac146D5, containing mouse
ES-129/Sv1 genomic DNA, was obtained from
Genome Systems Inc. (St. Louis, Miss.) using PCR
primers specific forLimk1 and sequenced to
completion (114898 bp). It was found to contain
the full genomic sequence ofLimk1, Wbscr1,
Wbscr5,andRfc2.
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telomeric of, and containing the 38 end of the elastin (ELN) gene.
These cosmids were ‘scanned’ in an effort to discover genes con-
tained in a region that is commonly deleted in WS individuals. In
the current study, we completed the genomic sequence containing
and surrounding the LIMK1 gene (contained in cosmids 34b3 and
152a8; Genbank accession number U63721; 67 kb), as well as the
genomic sequence surrounding and containing the WBSCR1 and
RFC2 genes (contained on cosmids 128d2, 102f12, and 135f3;
Genbank accession number AF045555; 90 kb). The region be-
tween these two completed sequences has been filled with infor-
mation from our partial sequences, Genbank accession U62293
(Frangiskakis et al. 1996) and preliminary data from the Washing-
ton University (WU) sequencing project (from H_RG052H06, a
BAC clone from the M.I. Simon and H. Shizuya library, Research
Genetics). The preliminary WU sequence fills a 19.9-kb gap, con-
sisting almost entirely of SINE repeats, between the known Gen-
bank sequences. We have also sequenced 64% of this gap so we
have confidence that this sequence is correct. The total length of
the sequence represented in Fig. 1B is 199192 bp.

The region on mouse Chr 5 syntenic to human Chr 7q11.23
(LIMK1-RFC2) was also sequenced (Fig. 1C; total length, 114898
bp). The entire sequence was contained in the BAC clone 146d5
obtained from Genome Systems Inc. (see Materials and methods).
The number, order, and orientation of the genes are conserved
between human and mouse. Note that the intergenic regions are
substantially less in the mouse.

From available cDNA sequences, the boundaries of the coding
exons were determined for LIMK1, WBSCR5, and RFC2 (note
1–189 of the RFC2 cDNA sequence MM002914 corresponds to
cyclin B2). The original published cDNA matching WBSCR1
(HUMORF) was found to be missing an alternatively spliced exon
(exon 5). We had noticed two sizes of PCR products obtained from
mouse cDNA when using primers that amplified the complete
coding region (see Fig. 3Ca). Sequencing of these two PCR prod-
ucts revealed the sequence of exon 5. The exact exon-intron or-
ganization of the mouse genes was determined from published
cDNAs for Limk1 [MMRMALMK1 (1–316 did not correspond to
our sequence); MMU14166 (Kiz-1, has full first exon);
MMU15159 (first 5 bp did not correspond to our sequence)], ho-
mology to human cDNA sequences, ESTs and direct sequencing of
the cDNA (Wbscr1andWbscr5)

Three of the genes (LIMK1, WBSCR1, and RFC2) were found
to be highly conserved between human and mouse. The nucleotide

identity ranged from 86.7% for RFC2 to 91.4% for WBSCR1
(large, i.e., with exon 5), whereas the percent amino acid identity
ranged from 95.2% for LIMK1 to 99.1% for WBSCR1 (small, i.e.,
without exon 5) (Table 1). RFC2 has a five-amino acid difference
in the length of the non-conserved N-terminal end between the two
species (30 aa for RFC2 and 25 aa forRfc2). A non-conserved
N-terminal end of variable size is seen in other RFC2 proteins
whose complete sequence has been determined [chicken (Ober-
holtzer et al. 1994), fruit fly (Harrison et al. 1995), yeast (Cull-
mann et al. 1995), and archaebacteria (gene AF2060, accession
number AE000961)]. In contrast, the coding region of WBSCR5 is
significantly different in size between human and mouse; the hu-
man coding sequence is 120 nt longer than that of the mouse. Most
of this extra sequence (108 nt) is found in exon 12 of the human
gene (Fig. 4). In addition, WBSCR5 is less highly conserved than
the other genes in this study, with the human and mouse genes
having only 73.4% nucleotide identity (60.6% amino acid identity)
over their matching coding regions (Table 1).

A comparison between the human and mouse sequences is
shown in Fig. 2. After identifying and masking repeat elements
with RepeatMasker2, the resulting sequences and exon locations
were submitted to the PipMaker program website where Fig. 2A
and B were produced. The data are drawn as a traditional dot-plot
(Fig. 2A) and a percent identity plot (PIP; Fig. 2B), with the human
DNA segments (50%–100% identical) mapped relative to the
mouse sequence. The coding exons of the highly conserved genes
(Limk1, Wbscr1,andRfc2) are easily identified by visual inspec-
tion of the PIP. Even thoughWbscr5 is poorly conserved and
contains small exons, they also are visible upon inspection of the
PIP. Other regions of conservation such as the promoter regions of
the genes indicate regions for further research.

The region betweenLimk1andWbscr1is particularly barren of
any likely exons based upon sequence similarity (Fig. 2A,B), gene
prediction programs (XGrail, FGENES etc.) and ESTs. The rare
ESTs found in this area do not correspond to predicted exons and
contain repeat element sequences suggesting background tran-
scription.

This genomic region is GC rich (50.1% human; 49.9% mouse)
and contains an unusually high abundance of repetitive sequences
(59.3% and 41.5% of the human and mouse sequences, respec-
tively) (Table 2, Fig. 2B). The majority of the repeats are SINES,
represented by Alu in the human sequence (45.4% of the overall
sequence) and the B family of SINES in the mouse (B1, B2 and

Fig. 2. A) Dot-plot display of human (x
axis) and mouse (y axis) shows statistically
significant local alignments between mouse
and human as a diagonal line.B) Percent
Identity Plot (PIP). The nucleotide
positions for the mouse sequence is shown
on the X axis, and the percent sequence
identity with the corresponding human
sequences (50%–100%) is shown on the Y
axis. Genes are labeled based upon
sequences that correspond to known or
determined cDNA sequences. The locations
of mouse repeats were determined by using
RepeatMasker2.
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B4; 30.6% of the overall sequence). Even though the sizes of the
coding regions in these regions are similar between these two
species, the human region is significantly larger (∼179 kb) than
that of the mouse (∼115 kb). This difference can be largely ac-
counted for by differences in the abundance of repetitive elements,
since the size of the syntenic regions with the repetitive elements
removed are 72.9 kb (human) and 67.2 kb (mouse).

An analysis of WBSCR1 transcription (Fig. 3A) and transla-

tion (Fig. 3B) was undertaken to confirm its functionality. North-
ern blot analysis (Osborne et al. 1996) had indicated a transcript of
2.5 kb which corresponds to the predicted transcript size of 2486
nt (minus exon 5) or 2546 nt (with exon 5) estimated from geno-
mic, EST, and cDNA sequencing. The initial poor hybridization of
a WBSCR1 cDNA probe to mouse genomic DNA and mRNA seen
in the previous study was attributed to poor conservation of the
gene, but our current analysis shows that it is highly conserved

Fig. 2B.
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(91.4% identical over 744 bp of coding sequence; Table 1). We
found the gene to be active in all tissues examined in both human
and mouse (Fig. 3A) and further identified alternate splicing in
both species (Fig. 3Ca). There is a marked difference in relative
abundance of the two splice variant mRNAs between mouse and
human tissues (Fig. 3Ca). The two mRNA variants are approxi-
mately the same levels in mouse, whereas in humans the smaller
variant is by far the most abundant. This relative difference was the
same in all tissues examined. In an analysis of protein expression,
a monoclonal antibody produced againstWbscr1(9B4 antibody)
binds to two bands (25 and 27 kDa) in protein samples from heart,
spleen, lung, and kidney. In liver and skeletal muscle the antibody
binds to a single band of about 25 kDa even though both mRNA
splice variants are present in these tissues. In mouse 3T3 cells
prepared for immunofluorescence with 9B4, there is immunoreac-
tive material in the cytoplasm of all cells. The fluorescence is
granular and frequently appears as a strong perinuclear ring. In
some cells there are scattered foci of immunofluorescence in the
nucleus (data not shown).

We isolated and sequenced the mouse cDNA representing
Wbscr5in a separate study (see Discussion). A human cDNA for
WBSCR5 was recently deposited in GenBank (AK002099) that
matches the transcript we had predicted from ESTs, gene predic-
tion programs, and similarity to the mouse gene. An analysis of
WBSCR5 transcription (Fig. 3A) indicates that it is present in all
tissues examined although at different levels. PCR amplification
and subsequent sequencing of the products demonstrated that the
human transcript was alternately spliced (Fig. 3Cb), with most
transcripts missing exon 2. Exon 2 is non-coding, present in two
forms (119 or 189 bp), and contains an Alu repeat. An exon
equivalent to human exon 2 was not found in mouse (thus, exon 2
of mouseWbscr5corresponds to exon 3 of human WBSCR5).

Discussion

Genes in WS.Williams syndrome (WS) is caused by haploinsuf-
ficiency for genes in a microdeletion at Chr band 7q11.23. The
genetic distance between the most centromeric deleted locus
(D7S489B) and the most telomeric (D7S1870) (see Fig. 1A) is 2
cM (1.5–2.5 Mb), with the breakpoints clustering approximately 1
cM on either side of ELN (Perez Jurado et al. 1996; Robinson et
al. 1996; Urban et al. 1996; Osborne et al. 1997a, 1997b). Re-
cently, two patients with the full Williams phenotype have been
found to have deletions of less than 1 Mb extending from just
before ELN to just past D7S1870 (Botta et al. 1999). In addition to
ELN, genes known to exist in this smaller region are the ones we
have sequenced in this paper (LIMK1, WBSCR1, WBSCR5, and
RFC2) as well as CYLN2, WBSCR11, GTF2I, and possibly
CPETR2.

Only two of the genes found within the WS critical region
(ELN and LIMK1) have been convincingly shown to account for
some of the multiple phenotypic features of WS. Point mutations
in ELN as well as small deletions of ELN have been associated
with heart and vascular problems without additional WS features
(Ewart et al. 1993; Olson et al. 1995; Tassabehji et al. 1997). The
other gene shown to account for a specific WS feature is LIMK1,
which codes for LIM-kinase 1 (Mizuno et al. 1994; Okano et al.
1995). Frangiskakis et al. (1996) demonstrated that members of a
rare family with a hemizygous deletion of 84 kb containing only
the ELN and LIMK1 genes had some of the WS features associ-
ated with ELN (SVAS and some mild WS facial features), as well
as the visuospatial constructive cognitive deficit observed in WS.
The association of LIMK1 with a specific cognitive defect has
been the subject of several recent reviews (e.g., Rosenblatt and
Mitchison 1998). However, the genetic and psychometric testing
of four patients with small deletions within the WS critical region
has more recently suggested that LIMK1 does not contribute to the
WS phenotype (Tassabehji et al. 1999). Clearly further studies
must be done these conflicting results.

A separate study (Frangiskakis et al. 1996) presented the se-
quence of the human genomic LIMK1 region (Genbank U62292
and U62293) as we were completing the sequence of the same
region (U63721). The gap between U62292 and U62293 of 232 bp
is filled in our sequence. This gap contains the beginning of
LIMK1 exon 1, is 88% GC, and contains two GC boxes in the
opposite orientation. The ELN and LIMK1 exons were identical
between our sequences. Sequence of clones 58 of LIMK1 exon 6
differed by 0.2% and therefore likely represents two alleles. Se-
quences from 38 of LIMK1 exon 6 differ by 0.03%. Significant
differences include a small deletion (58-CGCCGGG-38) that was
seen in the first LIMK1 intron of their sequence and a deletion of
445 bp found 1470 bp upstream of the LIMK1 start codon in our
sequence, which we suspect is a cloning artifact that arose during
the growth of the cosmid through a recombination event between
two 23 bp identical repeats found in adjacent Alu sequences.

To aid in the detection of hemizygosity associated with WS,
we identified several dinucleotide repeats in this genomic region.
We constructed PCR primers to amplify a CA-repeat found in the
13th intron of LIMK1 (data not shown) and found PCR fragments
ranging from 172 bp to 192 bp in the initial screen of ten indi-
viduals. In addition, Mari et al. (1998) used the genomic sequence
reported here to detect a highly polymorphic CA-repeat 10 kb
downstream of LIMK1 that they subsequently found useful in
detecting hemizygosity in WS patients. It is anticipated that mic-
rosatellite markers throughout the commonly deleted region will
allow the detection and extent of chromosomal deletions in WS
patients to be determined (Nickerson et al. 1995). This information
will in turn enable a more complete diagnosis and prognosis for
WS patients.

Table 1. Gene and protein information.

Genes

Protein %GC Conservation

aa MW pI Coding region 3rd position % aa identity % nt identity

LIMK1 human 647 72600 6.80 61.3 81.3 95.2 87.9
mouse 647 72792 6.73 57.3 70.9 (616/647)

WBSCR1 (large) human 248 27388 7.11 53.5 49.6 98.8 91.4
mouse 248 27344 7.11 55.1 51.6 (245/248)

WBSCR1 (small) human 228 25202 8.09 53.7 50.9 99.1 90.9
mouse 228 25185 8.08 55.2 55.3 (226/228)

WBSCR5 human 243 26549 4.59 58.6 66.7 60.6 73.4a

mouse 203 22875 4.63 54.2 65.5 (123/203)
RFC2 human 354 39161 6.26 52.2 63.6 97.2b 86.7c

mouse 349 38724 6.26 54.5 70.5 (315/324)

a Over the 609 nt of mouse coding sequence (the human sequence includes an extra 120 nt).
b Not including poorly conserved N-terminal amino acids (30 aa of RFC2 and 25 aa ofRfc2).
c Not including poorly conserved 58 nucleotides (90 nt of RFC2 and 75 nt ofRfc2).
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Other genes in the WS critical region sequenced in this study
include RFC2, which codes for the 40-kDa ATP-binding subunit
of replication factor C (RF-C) (also known as activator 1). RF-C is
a multimeric protein complex containing five different subunits
(RFC1–5) and plays a vital role in the elongation of DNA cata-
lyzed by DNA polymerased ande (Pan et al. 1993). The human
RFC2 product has 97.2% amino acid identity to the mouse product
(Table 1) and 60.1% amino acid identity to the product of the
homologous yeast gene,RFC4 (Cullmann et al. 1995). Both Os-
borne et al. (1996) and Peoples et al. (1996) speculate that a
reduction in the quantity of RFC subunit 2 could lead to reduced
DNA replication efficiency, accounting for WS symptoms such as
growth deficiency, but there are currently no data demonstrating a
specific role for this gene in the WS phenotype.

Our analysis of the human gene WBSCR1 (Osborne et al. 1996
and this study) and the analysis of the rabbit eukaryotic initiation
factor 4H (eIF4H; Richter-Cook et al. 1998) suggest that these are
orthologous genes. Richter-Cook et al. (1998) identified the eIFH4
protein from rabbit reticulocyte lysate on the basis of its ability to
stimulate translation in an in vitro globin synthesis assay deficient
in eIF4B and eIF4F. The authors demonstrated that the 25-kDa
rabbit eIF4H protein stimulates the in vitro activities of EIF4B and

EIF4F in globin synthesis, as well as the in vitro RNA-dependent
ATPase activities of EIF4A, EIF4B, and EIF4F. Recently it has
also been shown that eIF4H stimulates the helicase activity of
eIF4A (Rogers et al. 1999). Our analysis reveals that the amino
acid sequences of three rabbit EIF4H tryptic fragments are iden-
tical to the human WBSCR1 protein. The gene WBSCR1 encodes
a protein product of 228 or 248 amino acids through alternate
splicing of exon 5 (Fig. 3B, C). In both human and mouse, we
found the gene to be active and to produce both mRNA forms in
all tissues examined (Fig. 3A). In all cases, the smaller form was
much more abundant in human cells, whereas in mouse, the two
mRNAs were present in approximately equivalent amounts. Al-
though the two protein products (25 kDa and 27 kDa) were seen in
most mouse tissues, liver and skeletal muscle contained only the
25-kDa form. The specific function of the two forms of WBSCR1
will have to await further analysis. Richter-Cook et al. (1998) had
noted that rabbit eIF4H preparations had two distinct pIs (7.8 and
8.5), which may correspond to the presence of the two forms of
eIF4H (predicted pIs of 7.1 and 8.1). The WBSCR1 protein and
eIF4H both contain RNA recognition motifs (RNP1 and RNP2)
found in RNA-binding proteins (Osborne et al. 1996; Richter-
Cook et al. 1998). No functional motif was identified within the

Fig. 3. A) The expression of WBSCR1 and
WBSCR5 in different tissues of human and mouse.
PCR products using Multiple Tissue cDNA panels
from CLONTECH Laboratories, Inc. For
WBSCR1: the primers used against the human
cDNAs (MHWBSCR-F: 58-GGA GAC GGC AAA
TGG CGG ACT T-38 within exon 1;
MHWBSCR-exR: 58-ATC CCA TCC ACC TCT
AGA TTC TCG-38 within exon 5) amplify a
457-bp product containing the alternately spliced
exon. The primers used against the mouse cDNAs
are the same as those used for amplifying the
complete coding region (681 or 741 bp) ofWbscr1
for antibody production (WBSCR-C1F and
MWS681R). Results shown after 36 cycles for
human and 30 cycles for mouse. For WBSCR5:
the primers used against human cDNAs
(hW5-259f: 58-ACA GTT CTT GGA AAC CCA
CTC G-38; hW5-1488r: 58-AAA ACC CCA GCA
ACC AAC AAT A-3 8) amplify a 1229-bp product.
The primers used against mouseWbscr5cDNAs
(5C1-722f: 58-GAT GTT TCC AGA AGC CCT
CA-38; 5C1-1631r: 58-TAT TTC CCT ATC ACC
GAC GC-38) amplify a 909 bp product. Results
shown after 40 cycles for human and 38 cycles for
mouse. The controls used for the human and
mouse MTC panels are the G3PDH Control
Amplimer Set (CLONTECH).B) Wbscr1
immunoblots prepared using 9B4 as a the primary
antibody. Lane 1 is the expressed protein
(25-kDa).C) Alternate splicing of WBSCR1 and
WBSCR5:a) WBSCR1;i. Amplification of both
forms of WBSCR1 cDNA. MHWBSCR-F and
MHWBSCR-R (58-TTG GGG/A TTG GCT ACT
TGA TTG AGG-38) were used against human and
mouse pools of cDNA (30 cycles). The upper band
(696 bp) contains the alternately spliced exon 5,
while the lower band (636 bp) does not.ii.)
Specific amplification of WBSCR1 cDNA
containing exon 5. Primers MHWBSCR-F and
MHWBSCR-exR (specific for exon 5) were used
to amplify only cDNAs that contain the alternately
spliced exon (30 cycles).b) WBSCR5; a primer
from the first exon (hW5-98f: 58-GTG GTG AGG
AAC CCT GGA CTC T-38) was combined with
hW5-1488r (exon 14) to amplify three distinct
bands of 1390, 1320, and 1201 bp (shown after 40
cycles). These distinct bands were gel purified and
sequenced by using ABI dye terminators.
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alternatively spliced exon 5 of WBSCR1. We determined the lo-
cation of the protein product of WBSCR1 to be cytoplasmic, fre-
quently perinuclear, and sometimes intranuclear, which is consis-
tent with its role in mRNA binding and utilization in the initiation
of RNA synthesis. It is thought that eIF4H may influence the
competition between different mRNAs for translation (Richter-
Cook et al. 1998). If so, lower amounts of WBSCR1 in WS pa-
tients may cause a change in the proteins that get preferentially
translated.

We originally predicted the existence of WBSCR5 from the
presence of an EST sequence (H23560) adjacent to RFC2 (Os-
borne et al. 1996; originally called WSCR5). A larger sequence of
the WBSCR5 transcript (AK002099) recently deposited into the
databanks was found to contain the H23560 and H23535 EST
sequences. Thus, the two EST sequences that originally suggested
two genes (WBSCR5 and WSCR6; Table 3 in Osborne et al. 1996)
has been shown to be one gene. We (X. Chen and V. Duronio)
obtained and sequenced the mouse cDNA representingWbscr5
while studying genes that are induced in hemopoietic cells and
up-regulated in response to cytokines.Wbscr5was found to be

particularly highly expressed in mast cells (manuscript in prepa-
ration). An analysis of WBSCR5 transcription in human and
mouse (Fig. 3A) indicates that it is present in all tissues examined
although at differing levels. The human transcript was found to be
alternately spliced (Fig. 3Cb), with most transcripts missing a non-
coding, Alu-containing exon 2 (189 bp) or exon 2a (a shortened
119-bp version of exon 2). Evidence of a corresponding sequence
to this exon 2 has not been found in mouseWbscr5transcripts.
Since translation is predicted to begin in exon 3 of human WB-
SCR5 (exon 2 of mouseWbscr5), this alternate splicing is not
expected to affect the sequence of the protein product (Fig. 4). No
similarity was found between the predicted WBSCR5 product and
other proteins in the databases. Although the predicted proteins of
mouse and human differ by 40 amino acids, their pI values are
virtually identical (4.63 and 4.59 respectively; Table 1) and the
program PSORT (http://psort.nibb.ac.jp/) predicted both mouse
and human proteins to be nuclear with an equal probability. The
function of WBSCR5 and its possible associations with WS await
further investigation.

Chromosomal environment.Based on the 3rd codon position
nucleotide content from the elastin gene, 7q11.23 was suggested to
be part of a gene-rich, GC-rich, H3 isochore (Duret et al. 1995).
The region of 7q11.23 that we have examined has an overall GC
content of 50.1% and could, therefore, be considered to be part of
an H2 isochore. Isochores are extended genomic regions of 100–
300 kb with similar GC content (reviewed by Bernardi 1995). The
two richest isochores are H3 (%GC >53%) and H2 (%GC from
>47% to 52%) and are associated with a higher density of genes.
The prediction of one gene per 25–50 kb in an H2 isochore
(Gardiner 1996) is met in this region. High Alu content is also
typical in regions with a very high GC content (Bernardi 1995;
Chen et al. 1996; Flint et al. 1997). There is a general trend in
which Alu elements, which are themselves rich in GC, become
more abundant as the GC richness of the genomic region increases
(Mazzarella and Schlessinger 1997). The number of repeats found
in this region of 7q11.23 (45.4% Alu; 59.3% total repetitive ele-
ments) is, however, substantially higher than the average seen for
H3 isochores (approximately 20% Alu, 35% total repetitive ele-
ments) and the average (14% Alu) seen in the genome overall
(Duret et al. 1995). For example, our sequence has a GC content
similar to that found in a 225-kb gene-rich cluster on Chr 12p13
and its syntenic region on mouse Chr 6 (Ansari-Lari et al. 1998; 17
genes; human 51.35%; mouse 49.68% GC). However, the number
of repetitive elements is significantly lower in the 12p13 region
(33.36% human, 26.39% mouse) than in our region. This abun-

Fig. 4. Alignment of the predicted WBSCR5
protein products of human (hum) and mouse
(mus). Identical amino acids (|) and
chemically similar (:) amino acids are noted.
The human exons coding for the each section
of the protein are indicated in the shaded
region above the alignment. Note that the
corresponding mouse exon would be one less
because of the absence of exon 2 in mouse.

Table 2. Distribution of repetitive elements.

Human (179,196 bp) Mouse (114,898 bp)

Number of
elements

Percentage of
sequence

Number of
elements

Percentage of
sequence

SINES: 335 46.48 299 31.70
Alu 314 45.38 — —
MIR 21 1.1 — —
B1 — — 145 13.59
B2 — — 63 8.97
B4 — — 71 8.07
ID — — 18 0.96

LINES: 22 2.91 4 1.85
LINE1 14 2.45 4 1.85
LINE2 7 0.38 0 0

LTR elements: 32 6.30 9 1.65
MaLR 8 1.39 8 1.34
Retroviruses 7 1.39 1 0.31
MER4group 14 2.94 0 0

DNA elements: 10 1.50 4 0.63
MER1 type 4 0.76 3 0.55
MER2 type 3 0.43 1 0.09
Mariners 1 0.03 0 0

Small RNA 2 0.06 3 0.21
Simple repeats 43 1.36 52 2.79
Low complexity 19 0.52 12 0.44
Total repeats 59.33 41.54

The distribution of human and mouse repetitive elements over the mouse region
contained in Bac146D5 and the syntenic region in human (the region shown in Fig.
1B minus the first 20 kb containing the ELN gene).
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dance of similar elements creates a high potential for recombina-
tion and may partially explain the volatility of this region. Recom-
bination between Alu repeats has been implicated in deletions of
LIMK1 (Frangiskakis et al. 1996) and ELN (Olson et al. 1995).

Traditional dot-plot display of human (x axis) and mouse (y
axis) reveals that there are no duplicated or inverted segments in
the syntenic regions (Fig. 2A). The dot-plot shows significant local
alignments between mouse and human as a diagonal line and fur-
ther shows extra sequence in the human genome between LIMK1
and WBSCR1 (51 kb vs 17 kb for the mouse). This region in the
human was found to have an extremely high level of repeat ele-
ments (83%, including 60% SINEs and 17% LTR elements). A
survey of a percent identity plot (PIP) (Schwartz et al. 2000)
allows one to see the likely locations of coding exons and impor-
tant regions of control (Fig. 2B). All of theLimk1, Wbscr1, Wb-
scr5, and Rfc2 coding exons were identified. In addition, other
regions of sequence conservation, particularly in the promoter re-
gion and in the 38 untranslated region of some of the genes in this
study, are identified and can be targeted for further study.

There are still only a few human-mouse sequence comparisons
that cover more than 100 kb. These comparative studies can pro-
vide unique evolutionary insights, particularly for regions suscep-
tible to breakage and deletion such as the WS region. Human-
mouse genomic sequence comparisons also allow the identifica-
tion of conserved regions and aid in the identification of genes and
their regulatory elements. The combined use of EST databases and
conserved regions have been particularly helpful in identifying
new genes and alternately spliced exons in the WS region. Coding
exons have been shown to be clearly visible when the syntenic
sequence from mouse and human are compared by PIP analysis,
and genes not detected when the sequence from only one organism
is analyzed can become obvious when two are compared (Fig. 2;
Ansari-Lari et al. 1998). No evidence was found in this study for
genes other than the three previously identified (LIMK1,
WBSCR1, and RFC2) and the novel gene, WBSCR5. We have not
found evidence for WSCR2, identified through cDNA selection
and described as being between LIMK1 and WBSCR1 (Osborne et
al. 1996), although there is evidence for background transcription
of repeat elements in this region (see Results). Furthermore,
WSCR6 is not a separate gene, but part of WBSCR5. Continued
mapping and sequencing of the mouse WS region will allow the
generation of mouse models of WS by creating mice lacking one
or more of the genes located in the commonly deleted region.
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