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Van der Woude syndrome (VWS) is a common form of syndromic cleft lip and palate and accounts for ∼2% of
all cleft lip and palate cases. Distinguishing characteristics include cleft lip with or without cleft palate, isolated
cleft palate, bilateral lip pits, hypodontia, normal intelligence, and an autosomal-dominant mode of transmission
with a high degree of penetrance. Previously, the VWS locus was mapped to a 1.6-cM region in 1q32–q41
between D1S491 and D1S205, and a 4.4-Mb contig of YAC clones of this region was constructed. In the current
investigation, gene-based and anonymous STSs were developed from the existing physical map and were then
used to construct a contig of sequence-ready bacterial clones across the entire VWS critical region. All STSs and
BAC clones were shared with the Sanger Centre, which developed a contig of PAC clones over the same region.
A subset of 11 clones from both contigs was selected for high-throughput sequence analysis across the ∼1.1-Mb
region; all but two of these clones have been sequenced completely. Over 900 kb of genomic sequence,
including the 350-kb VWS critical region, were analyzed and revealed novel polymorphisms, including an 8-kb
deletion/insertion, and revealed 4 known genes, 11 novel genes, 9 putative genes, and 3 psuedogenes. The
positional candidates LAMB3, G0S2, HIRF6, and HSD11 were excluded as the VWS gene by mutation analysis. A
preliminary gene map for the VWS critical region is as follows: CEN-VWS33-VWS34-D1S491-VWS1-VWS19-LAMB3-
G0S2-VWS26-VWS25-HSD11-ADORA2BP-VWS17-VWS14-HIRF6-VWS2-VWS18-D1S205-VWS23-VWS20-VWS30-VWS31-VWS35-VWS37-
VWS38-HIPP-RNASEH1P-VWS40-VWS42-VWS41-TEL. The data provided here will help lead to the identification of the
VWS gene, and this study provides a model for how laboratories that have a regional interest in the human
genome can contribute to the sequencing efforts of the entire human genome.

There are >300 described syndromes that have cleft lip
and palate as an associated characteristic (OMIM,
http://www.ncbi.nlm.nih.gov/Omim/). Van der
Woude syndrome (VWS) is the most common form of
syndromic cleft lip and palate and accounts for ∼2% of
all cleft lip and palate cases (OMIM no. 119300). VWS
has been recognized for more than a century (Murray
1860) and was assigned its eponym following Anne
Van der Woude’s description of the disorder in 1954.
Distinguishing characteristics include cleft lip with or
without cleft palate, isolated cleft palate, bilateral lip
pits, hypodontia, normal intelligence, and an autoso-
mal-dominant mode of transmission with a high de-
gree of penetrance (Burdick et al. 1985). VWS is distin-
guished from nonsyndromic cleft lip and palate by the
presence of lower lip pits, which are found in most
affected individuals with the disorder (Janku et al.
1980; Shprintzen et al. 1980; Burdick et al. 1985). The

unusual lip pits seen in VWS are believed to be an
embryonic remnant from an early stage of develop-
ment (Onofre et al. 1997), and are rarely seen in other
settings. There are no other systemic, cognitive, or cra-
niofacial anomalies to differentiate VWS from nonsyn-
dromic forms of clefting.

Isolated clefts of the palate (CPO; secondary palate
defects) are genetically and embryologically distinct
from clefts that include the lip or the lip and palate
together (CL/P; primary palate defects; Fraser 1955).
VWS is the only single-gene form of clefting in which
affected individuals within the same family commonly
have either isolated cleft palate only or clefts of the lip
and palate. This unique feature suggests that VWS may
arise from an abnormality in a gene that disrupts a very
early stage of palate development when a common fac-
tor is involved in the formation of both the primary
and secondary palates.

Positional cloning of the VWS gene has progressed
through genetic and physical mapping. Initially, the
locus for VWS was suggested through the reporting of
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a patient with a large cytogenetic anomaly at 1q32–
q41 by Bocian and Walker (1987) and by a suggestion
of linkage to the Duffy blood group by Wienker et al.
(1987). Murray et al. (1990) confirmed linkage of Van
der Woude syndrome to 1q32, and subsequently, two
microdeletions (Sander et al. 1994; Schutte et al. 1999)
as well as individual recombinants (Schutte et al. 1996)
further narrowed the region to a 1.6-cM region be-
tween the flanking markers D1S491 and D1S205. The
identification of deletion mutations in three indepen-
dent cases of VWS (Bocian and Walker 1987; Sander et
al. 1994; Schutte et al. 1999), suggest that VWS is
caused by haploinsufficiency of a gene at the VWS lo-
cus (Schutte et al. 1999). Haploinsufficiency is a com-
mon theme in autosomal-dominant clefting syn-
dromes that include Waardenburg syndrome (OMIM
no. 193500), Basal Cell Nevus syndrome (OMIM no.
109400), Rieger syndrome (OMIM no. 180500),
Treacher Collins syndrome (OMIM no. 154500), and
Stickler syndrome (OMIM no. 108300, 184840). In
these syndromes, haploinsufficiency is evidenced by
deletions and/or loss-of-function mutations (Lu-Kuo et
al. 1993; Wu et al. 1993; Semina et al. 1996; Edwards et
al. 1997; Wicking et al. 1997; DeStefano et al. 1998;
Snead and Yates 1999). Thus, from a VWS mutation
search, we expect to find a range of loss-of-function
mutations in one of the positional candidates in addi-
tion to the three previously identified deletions.

The autosomal-dominant clefting syndromes de-
scribed above also suggest the types of genes that
would make ideal candidates for the VWS locus. Those
genes encode for either transcription factors (Tassa-
behji et al. 1992; Semina et al. 1996), extracellular ma-
trix proteins (Ahmad et al. 1991) or proteins involved
in signal transduction (Johnson et al. 1996). Additional
candidate functions for the VWS gene can be deduced
from transgenic mice whose phenotype includes an
orofacial cleft. To date, ∼30 knockout strains of mice
exhibit some form of orofacial clefts (http://tbase.jax.
org), and the product of those genes includegrowth
factors in addition to transcription and signaling fac-
tors (for review, see Schutte and Murray 1999). Al-
though genes with these functions are excellent can-
didates for the VWS locus, we note that not every gene
involved in an autosomal-dominant clefting syndrome
has such obvious developmental functions (Dixon et
al. 1997).

To identify the gene responsible for VWS, we con-
structed a contig of bacterial clones that spans the VWS
locus. STS content analysis and large-scale sequencing
of this entire contig resulted in the identification of 4
known genes, 11 novel genes, 9 putative genes, and 3
psuedogenes in the 1.1-Mb region surrounding the
350-kb VWS critical region. In addition, mutation
analysis excluded several positional candidates for the
VWS locus.

RESULTS

Identification of Bacterial Clones from the VWS
Critical Region at 1q32–q41
In a previous study (Schutte et al. 1996), we con-
structed a physical map of the VWS critical region
composed of a 4.4-Mb contig of yeast artificial chro-
mosomes (YACs). From that contig, we demonstrated
that the VWS critical region, as defined by genetic re-
combinants at D1S491 and D1S205, was contained
within a single 850-kb CEPH YAC clone, 785B2. To
facilitate the identification of transcribed sequences in
the VWS critical region, a contig of bacterial artificial
chromosome (BAC) clones was constructed.

BAC clones were identified by PCR screening of
the California Institute of Technology (CITB) human
BAC DNA pools (B and C libraries) (Kim et al. 1996).
Initially, the sequence-tagged sites (STSs) used for this
screen (Table 1) were developed from three sources.
The first set of STSs was obtained directly from the
previous YAC physical map, which included five ge-
netic markers—D1S245, D1S471, D1S491, D1S70, and
D1S205—and five YAC end-clones—yAS9L, yAS9R,
yAS10L, yAS2R, and yAS8L. When the BAC library was
screened with these STSs, only a subset yielded full
BAC addresses (Table 1). The STSs D1S205 and yAS8L
identified the same BAC address, suggesting that they
were located near each other.

The second set of STSs was developed from tran-
scripts that were located at chromosome bands 1q32–
q41. From a screen of 36 genes from 1q32–1q41 (Table
2), 4 of the genes mapped to the VWS critical region—
HSD11, G0S2, Hs.179758 (VWS31), and LAMB3. One
other gene, TRAF5, was contained on several YACs
near the VWS critical region but did not amplify a
product from YAC 785B2, suggesting that it was lo-
cated just outside of the VWS critical region (data not
shown). When the STSs from HSD11, G0S2, Hs.179758,
and LAMB3 were screened against the BAC library, all
but the STS for LAMB3 identified a full BAC address.

Finally, the third set of STSs was developed from
sequences derived from the YAC clone 785B2. As de-
scribed in Methods, the STSs were derived from se-
quences from cosmid subclones of the YAC (c53), is-
land rescue PCR (IR2, IR6, IR7), and Alu-splice PCR
(AS1.30, AS3.23). All of these STSs identified BAC ad-
dresses, except AS1.30 and IR2.

In total, 16 BAC clones were identified with these
three sets of STSs.

Assembly of BAC Clones
Initially, the order and orientation of the BAC clones
were investigated by STS content analysis with all of
the STSs against all of the BAC clones (Fig. 1). The
analysis indicated that the BAC clones fell into two
nonoverlapping contigs. The larger contig included
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BAC clones 55i10–11c7, whereas the smaller contig in-
cluded clones 432o17–189L14. At this point, all of the
BAC clones and STSs used to construct these contigs
were shared with the Sanger Centre. With these re-
sources, the Sanger Centre constructed two indepen-
dent contigs, ctg320 and ctg348 (http://webace.sanger.
ac.uk/cgi-bin/display?db=acedb1). Importantly, the
clones contained in these contigs were derived from a
different library, the human Roswell Park Cancer Insti-
tute (RPCI) PAC library (Ioannou et al. 1994). A subset
of the clones from these contigs is shown in Figure 1.

To complete the contig across this region, the
CITB BAC library was rescreened with two additional
STSs—VWS18 and bBS77-T7. The STS for VWS18 was
derived from the 38 end of the EST 222591. The 58 end
of this EST was identical to the STS yAS8L. Two new
BAC clones were identified by the STS VWS18—21d8
and 438f6. The STS bBS77-T7 was derived from the
sequence of the T7 end of the BAC clone 438f6 and
identified the BAC clone 501d19. STSs were produced
from the sequence of each end of clone 501d19. When
they were tested against the BAC clones from the two
contigs, the appropriate product was amplified from
BAC clones from each contig (Fig. 1), suggesting that
501d19 spanned the gap between the two contigs.

As an independent test of the order and orienta-
tion of the BAC clones, a restriction map was generated
for each BAC clone and for the YAC clone 785B2 (Fig.
1). The restriction map of the BAC clones was very
similar to the restriction map of the YAC clone. The
few sites that were different may represent sequence

variants. One such site is the NotI site predicted to be
about 330 kb from the centromeric end of the YAC
clone 785B2. To test this hypothesis, the sequence
from a subclone from this YAC clone that contained
this NotI site was compared with the sequence from the
clone 447d17 (see next section), which lacks this NotI
site (Fig. 1). As predicted, the sequence of the YAC sub-
clone contained the NotI site, GCGGCCGC, but the
corresponding sequence at position 137083 of the BAC
clone was GCGGCCAC. Similarly, a MluI polymo-
phism was observed in the PAC clone 434o14 at posi-
tion 126196. In addition, the restriction map provided
an independent test for the overlap between the BAC
clone 501d19 with the distal clones 189h6, 432o17,
672p1, and 259f11. Each of these distal clones con-
tained a NotI site near their centromeric ends (Fig. 1).
The BAC clone 501d19 contained a corresponding NotI
site at its distal end, providing further evidence that
these clones overlap. As final confirmation of the or-
der, orientation, and overlap of the clones in this con-
tig, the sequence from all the BAC ends was generated
(GenBank accession nos. AQ853159–AQ853198) and
aligned with the sequence contigs described in the
next section. Together, these results confirm that these
19 BAC clones represent a complete contig that spans
∼1.1 Mb at chromosome bands 1q32–q41.

Analysis of High-Throughput Genomic Sequence
In preparation for high-throughput DNA sequence
analysis at the Sanger Centre, all clones from both the
BAC contig and the PAC contigs were mapped by

Table 1. STSs Used to Construct Contigs of BAC Clones

STS Source GDB no.
BAC addresses
from screening

D1S245 AFM224xcl 188425 221L9, 523o13
D1S471 AFM281yg1 199728
D1S491 AFM310vb1 200285
D1S70 D1S70 (L461) 438449 55i10
D1S205 AFM108ya3 187988 321i20
yAS9L YAC 785B2 (left) 6530289
yAS10L YAC 732D12 (left) 6530231
yAS2R YAC 759F6 (right) 6530153 501i21, 342g16, 508k11, 447d17
yAS8L YAC 711E10 (left) 187988 321i20, 11c7
yAS9R YAC 785B2 (right) 6544844 5m1
LAMB3 LAMB3 9866156
D1S3754 G0S2 9798282 501i21, 342g16
HSD11 HSD11 9866157 501i21
VWS31 HS.179758 9866159 189h6, 432o17, 672p1
AS3.23 YAC 785B2 9866161 501i21, 342g16, 508k11, 447d17
AS1.30 YAC 785B2 9866162
VWS2 (c53) YAC 785B2 9866163 179n7
yAS9-IR2 YAC 785B2 9798288
yAS9-IR6 YAC 785B2 9798332 189L14, 259f11, 395g13
yAS9-IR7 YAC 785B2 9798335 189L14, 259f11
VWS18 EST 222591 9866164 21d8, 438f6
bBS77-T7 BAC 438f6 9866165 501d19
bBS78-T7 BAC 501d19 9866166
bBS78-Sp6 BAC 501d19 9866167
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FISH to verify their position at 1q32–q41 and finger-
printed to determine the degree of overlap (http://
webace.sanger.ac.uk/cgi-bin/display?db=acedb1). On
the basis of the fingerprint analysis, 11 clones from
both libraries were chosen for high-throughput se-
quencing. The Sanger Centre has completed sequence
analysis for all but two of the clones (Fig. 1; Table 3).
The sequence in GenBank for the clone 55i10 (Gen-
Bank accession no. AL035408) consisted of four large
noncontiguous sequence islands. To complete the se-
quence for this clone, PCR primers were designed at
the end of the sequence islands. PCR experiments were
performed with every possible combination of primer
pairs to join the sequence islands. Three of the primer
pairs amplified products that were 734, 308, and 771
bp in length. Because these products were relatively

small, the PCR primers were used to directly sequence
the BAC clone (GenBank accession nos. AQ853199–
AQ853201), thereby connecting these short sequence
gaps. The complete sequence for 55i10 is 280944 bp.

To date, >900 kb of sequence has been generated
over the 1.1-Mb region. The sequences for the indi-
vidual clones were assembled into two sequence con-
tigs. The larger sequence contig is 721875 bp in length
and includes the entire VWS critical region. The VWS
critical region was defined as the sequence between the
recombinant markers D1S491 and D1S205 (Schutte et
al. 1996). To determine the length of this region, the
sequences for these two markers were aligned with the
720-kb contig. The nucleotide distance between these
markers is 350 kb, thus defining the physical interval
for the VWS critical region.

Table 2. Genes from 1q32–q41 Tested as Positional Candidates for VWS

Locusa Mapping reference Unigene
GenBankb

accession no.

ADORA1 Townsend-Nicholson et al. (1995) Hs.77867 P30542
Abgp* Burmeister et al. (1996) Hs.1757 P32004
HSD11 Tannin et al. (1991) Hs.37012 M76665
CD34 Satterthwaite et al. (1992) Hs.85289 P28906
CENP-F Testa et al. (1994) Hs.77204 U19769
Chml Cremers et al. (1992) Hs.170129 NM_001821
CTSO Shi et al. (1995) Hs.83942 U13665
DYRK3 Becker and Joost (1999) Hs.38018 NM_003582
ELF3 Tymms et al. (1997) [#1104] Hs.166096 AF016295
EST-A005L30 Deloukas et al. (1998) Hs.13298 G20313
EST-A006A02

(VWS31) Deloukas et al. (1998) Hs.179758 G20640
EST-stSG4900 Deloukas et al. (1998) Hs.29736 AA102634
EST-stSG15831 Deloukas et al. (1998) R85605
EST-WI4396 Deloukas et al. (1998) G02415
EST-WI9415 Deloukas et al. (1998) Hs.79353 G07274
FMOD Sztrolovics et al. (1994) Hs.230 U05291
G0S2 Russell and Forsdyke (1991) Hs.95910 M72885
Ladinin* Motoki et al. (1997) Hs.18141 T97710
LAMB3 Vailly et al. (1994) Hs.75517 L25541
Lgtn* Malnar-Dragojevic et al. (1997) Hs.168670 AA603994
MYOSIN Olson et al. (1990) Hs.2830 P20428
MYBPH Vaughan et al. (1993) Hs.927 L05606
NEK2 Schultz et al. (1994) Hs.153704 Z29066
PCTK3 Okuda et al. (1994) Hs.2994 X66362
MEKA Ding et al. (1993) Hs.550 P20941
PRELP Grover et al. (1996) Hs.76494 U29089
PROX1 Zinovieva et al. (1996) Hs.159437 U44060
PTPN7 Adachi et al. (1992) Hs.35 D11327
RBQ3 Saijo et al. (1995) Hs.72984 X85134
SAP1 Shipley et al. (1994) Hs.169241 M85165
SSA2 Chan et al. (1994) Hs.554 M25077
TAX1 Kenwrick et al. (1993) Hs.2998 X68274
TNNI1 Corin et al. (1994) Hs.84673 P19237
TNNT2 Thierfelder et al. (1994) Hs.89749 X74819
TLR5 Rock et al. (1998) Hs.114408 U88881
Traf5* Nakano et al. (1997) Hs.29736 U69108

aGenes were mapped to 1q32–q41 by FISH and/or radiation hybrid mapping or by mapping to the mouse
syntenic region (*).
bSTSs were derived from the 38 UTR sequence found in GenBank.

Schutte et al.

84 Genome Research
www.genome.org



Identification of Genes
As a first step toward constructing a complete gene
map of this region, we analyzed all available sequences
from this region by sequence similarity searches
against the nonredundant nucleotide and peptide se-
quence database and nucleotide sequence EST database
in GenBank. From this analysis, known genes, novel
genes, putative genes, and psuedogenes were identi-

fied. In this study, known genes are defined as genomic
sequences that are nearly 100% similar to a cDNA se-
quence derived from a gene of known function; the
only sequence differences being the presence of in-
trons and possible sequence variants. Novel genes are
defined as genomic sequences that are nearly 100%
similar to a cDNA or EST sequence and contain addi-
tional evidence of being a true transcript such as con-

Table 3. Summary of Genomic Sequence of BAC/PAC Clones from the VDWS Critical Region

Clone Accession no. Statusa Lengthb Gene contentc

BAC 55i10 AL035408 100% 280944 VWS33, VWS34, VWS1, VWS19, LAMB3
PAC 272L16 AL023754 C 157875 VWS1, VWS19, LAMB3
PAC 28o10 AL031316 C 180130 VWS1, VWS19, LAMB3, G0S2, VWS25, HSD11, ADORA2BP
PAC 434o14 AL022398 C 135928 HSD11, ADORA2BP, VWS17, VWS14, HIRF6, VWS2
BAC 447d17 AL022728 C 161081 HSD11, ADORA2BP, VWS17, VWS14, HIRF6, VWS2
BAC 321i20 AL035046 C 169488 VWS18
PAC 782d21 AL022399 C 165590 VWS18, VWS23, VWS20
BAC 11c7 AL022397 C 109302 VWS18, VWS23, VWS20
BAC 501d19 ends only ∼175000 VWS30, VWS31
PAC 667h12 AL035414 >95% ∼143000 VWS31, VWS35, HIPP, VWS37, VWS38, RNASEH1P, VWS40
PAC 879k22 AL034351 C 137679 VWS42, VWS41

aClone statuses are either completely sequenced (C) by Sanger Centre and deposited in GenBank as a single continuous sequence,
100% completed by Sanger Centre except for some sequence derived by walking as detailed herein, sequence >95% completed by
Sanger Centre, or sequenced at ends only.
bThe clone length is based on sequence analysis, except for clone 501d19, which is based on PFGE.
cThe gene content is based on sequence similarity searches for all clones except 501d19, which is based on STS content analysis.

Figure 1 Physical and gene map of the VWS critical region. The VWS critical region is defined by genetic recombinants at D1S491 and
D1S205 (open box at top). The CEPH YAC clone 785B2 contains both flanking markers in the original YAC contig (Schutte et al. 1996).
STS content for this YAC and each of the BAC clones is indicated by long vertical lines. Restriction sites are indicated by short vertical bars
and include BssHII (B), MluI (M), NotI (N), and NruI (Nr). Parentheses indicate restriction sites that were absent on the indicated clone.
The specific address for each BAC and PAC clone is shown. Sequencing of these clones is complete (thick line), partial (thick, shaded line),
or only at their ends (thin lines). The sequence at the T7 (h) and Sp6 (d) ends for each BAC clone was determined. The presence and
location of the 8-kb deletion/insertion polymorphism is indicated by an open rectangle. The order and orientation of genes, putative
genes, and psuedogenes are indicated with arrowheads. For the putative genes VWS26, VWS37, VWS38, and VWS42, the direction of
transcripton could not be deduced (flat bar). See text for definitions of genes, putative genes, and psuedogenes.
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sensus splice sites that flank the regions of identity
and/or a polyadenylation site and polyadenylation se-
quence in the cDNA. Putative genes also show nearly
100% similarity to at least one EST sequence, but lack
the additional evidence of being a true transcript. Pseu-
dogenes are defined as genomic sequences that have
near identity with a known gene, but generally lack
introns and contain at least one mutation that disrupts
the ORF of the published cDNA sequence. A total of 4
known genes, 11 novel genes, 9 putative genes, and 3
pseudogenes were identified. For each of these, we
listed the genomic clone that contains the homolo-
gous sequence (Table 3). We also listed the name of the
cDNA or EST sequence with the most significant simi-
larity score, and whether any contain polyadenylation
sites and sequences (Table 4). Table 4 also includes the
gene clusters from human, mouse, and rat that display
near sequence identity and the minimum number of
exons and genomic size. The location and direction of
transcription for each potential transcript is dia-
grammed in Figure 1.

The sequence similarity search identified four
known genes—LAMB3, G0S2, HSD11, and HIRF6. Mu-

tations in LAMB3 cause the autosomal-recessive blis-
tering disease Herlitz junctional epidermolysis bullosa
(Pulkkinen et al. 1994). G0S2 encodes a small protein
that is involved in the G0/G1 switch (Russell and Fors-
dyke 1991). HSD11 encodes for an enzyme that cata-
lyzes the interconversion of cortisol with its inactive
form cortisone. There are two isozymes of this protein,
and mice lacking the homolog for this isozyme dis-
played decreased glucocorticoid-inducible responses
and were resistant to hyperglycemia caused by obesity
or stress (Kotelevtsev et al. 1997). HIRF6 is the human
homolog of the mouse interferon regulatory factor 6
and belongs to a family of transcription factors that
regulate the expression of interferon and interferon-
stimulated genes (Grossman et al. 1996).

In addition, we identified genomic sequences with
high similarity (83%–93% identity) to three other
known genes, the human adenosine B2 receptor
(ADORA2B), the HSC70-interacting protein (HIP), and
the ribonuclease H1 (RNASEH1). The genomic se-
quence similar to the ADORA2B gene was identical to
the previously identified pseudogene ADORA2BP (Ja-
cobson et al. 1995). The ADORA2BP pseudogene lacked

Table 4. Genes, Putative Genes, and Psuedogenes from the VWS Critical Region

Gene
Homologous

sequence
BLAST

E valuea

Unigene no.b
Poly(A)

site Exonsc
Genomic
size (kb)cHuman Mouse Rat

ADORA2BP ADORA 2B pseudogene e-142 none none none N
GOS2 cyclin-like 0 Hs.95910 Mm.3283 Rn.1040 Y 2 4.5
HIPP HIP pseudogene e-243 none none N
HSD11 dehydrogenase 0 Hs.37012 Mm.28328 none Y 6 9
LAMB3 laminin 0 Hs.75517 Mm.4732 none Y 23 29
RNASEH1P RNASEH1 pseudogene e-168 none none none N
VWS1 rat CamPKI e-42 R05661 W87080 AI547446 Y >5 >30
VWS2 yeast ORF P40498 e-46 Hs.169207 Mm.31551 Rn.23222 Y >12 >24
VWS8 HIRF6 0 Hs.11801 Mm.4179 none Y 8 13.5
VWS14 EST 897026 e-60 none none none Y >1 >0.3
VWS17 EST 2021286 e-73 Hs.87684 Mm.32382 Rn.28176,

Rn.19232
Y >13 >26

VWS18 EST 222591 e-32 Hs.130270 none none N 5 >150
VWS19 EST HIBBR80 0 T09285 none none N >3 >13.9
VWS20 EST 1505352 0 Hs.128561 none none N
VWS23 EST 911663 e-116 AA483782 none none N
VWS25 EST 1114940 e-112 AA601997 none none Y
VWS26 EST 78732 e-147 AA601997 none none N
VWS30 EST 21276 e-109 Hs.150643 none Rn.35063 Y >1 >0.6
VWS31 EST 25987 e-82 Hs.21068 none none Y >2 >4.4
VWS33 EST 1326264 e-55 Hs.156229 none none Y >1 >0.6
VWS34 EST 1157683 e-54 Hs.25536 none none Y >4 >3.7
VWS35 EST 1560831 e-63 Hs.58102 none Rn.15497 Y >4 >2.5
VWS37 EST 609657 e-65 Hs.185761 none none N
VWS38 EST 628633 e-94 None none none N
VWS40 EST 182501-like e-12 Hs.99229-like none none N
VWS41 EST 72618 e-139 AA362845 none none N
VWS42 EST 01691 e-114 M78101 none none N

aE value is shown as an exponent (e) with base 10.
bFor genes that lack a Unigene number, only a single GenBank accession no. is listed, although other near identical ESTs were observed
in dbEST.
c(>) A minimum number of exons and genomic size for the gene, as the complete cDNA sequence is not known.
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introns and contained numerous sequence differences
that disrupted the ORF. Similarly, the sequences simi-
lar to the HIP and RNASEH1P genes also lack an ORF
and lack introns indicating that they are also pseudo-
genes. The HIP pseudogene was also disrupted by two
tandemly arrayed AluY repetitive elements that were
flanked by a perfect 18-bp duplicated sequence.

The novel gene VWS1 appears to be the human
homolog of the rat Ca2+/calmodulin-dependent pro-
tein kinase 1g (CaMK1g; B.C. Bjork and J.C. Murray, in
prep.). The rat gene was isolated from brain and be-
longs to a family of serine/threonine protein kinases
(Yokokura et al. 1997). Also of note, the VWS2 gene is
very similar to a yeast ORF of unknown function (Gen-
Pept P40498). The remaining 18 genes or putative
genes display high similarity with EST sequences, in-
cluding those derived from other species. However, no
functional information is available for the human gene
or its homologs.

Mutational Analysis of LAMB3, G0S2, HIRF6, and HSD11
To date, three independent deletion mutations were
demonstrated to cause VWS (Bocian and Walker 1987;
Sander et al. 1994; Schutte et al. 1999), indicating that
VWS is probably caused by haploinsufficiency of the
VWS gene. We performed mutation analysis for
LAMB3, G0S2, HIRF6, and HSD11, because their com-
plete genomic structure (Table 4) was readily deter-
mined by aligning the full-length cDNA sequence with
the genomic sequence. Although these genes are poor
functional candidates, our approach is to screen all po-
sitional candidates, regardless of function, as different
mutations in the same gene may cause different ge-
netic disorders (Smith et al. 1994; Biesecker 1997).
From our mutation screen, we observed three sequence
variants in the LAMB3 gene, a single variant in the

HSD11 gene, and no variants in the G0S2 nor HIRF6
genes (Table 5). All four of these variants were observed
in unaffected control samples, demonstrating that
they were not etiologic mutations. These results, there-
fore, exclude LAMB3, G0S2, HIRF6, and HSD11 as can-
didates for the VWS gene.

Comparison of Gene Recognition Programs
Because no etiologic mutations were found in the
LAMB3, G0S2, HIRF6, and HSD11 genes, additional ex-
ons must be identified and mutation analysis per-
formed. In addition to identifying exons from full-
length cDNA sequence, we performed a preliminary
analysis of the genomic sequence with gene recogni-
tion programs. However, the ability of gene recogni-
tion programs to detect specific exons varies signifi-
cantly (Burge and Karlin 1997). To develop an efficient
strategy for identifying putative exons, the gene recog-
nition programs contained in Genotator (Harris 1997)
were compared for their ability to detect the exons in
the 270-kb region that contains the LAMB3, G0S2,
HIRF6, and HSD11 genes (see Methods). The program
Genotator performs sequence similarity searches of
the GenPept and EST databases as well as gene recog-
nition programs with Genscan (Burge and Karlin
1997), GeneFinder (Solovyev et al. 1994), GRAIL II (Xu
et al. 1994), and Genie (Kulp 1996). Because the com-
plete cDNA sequence for each of these genes tested is
stored in GenBank, the GenPept search was very effi-
cient at identifying the exons for these genes, only
those exons that lacked an ORF failed to be identified
with this tool (Fig. 2). Similarly, the dbEST search was
also excellent for identifying exons for these genes.
The exceptions were the exons located toward the 58

end of the LAMB3 gene. This is expected, as LAMB3 is
a large gene and sequences in dbEST are biased toward

Table 5. Sequence Variants Identified from Known Genes in the VWS Critical Region

Gene Primers (5* → 3*)
Containing
structure Position

Alleles Observed
frequencya

(%)major minor

LAMB3 F-CACAGTGGCAGATGAAATGC exon 4 411b TCC(S) TCA(S) N.D.
R-TCCCGTAGATGGCAAATGCT

LAMB3c F-GGTGGGGCCTTCTTGATG exon 17 2668b ATG(M) TTG(L) 29
R-TCTGCCTCCTCCTACCTGTG

LAMB3 F-CCACGATGTCTGTGTCTG intron 9 +52d CCCC CGCC 7.1
R-AGGTGAGATCATCAAGGCCTAGA

HSD11 F-ACCCTACTCTTCCCTTGTCATT exon 6 838e GGG(G) GGC(G) 0.4
R-GAAATTCCAGGATCTTCCTGC

aObserved frequency of minor allele based on genotyping at least 50 samples from unrelated individuals;
(N.D.) not determined
bNucleotide position in the cDNA (GenBank accession no. L25541), designating the first nucleotide of the start
codon as position 1.
cPreviously reported (Pulkkinen et al. (1995).
dLocated 52 nucleotides from the end of exon 9.
eOffset with respect to boundary of exon 6 of HSD11 (GenBank accession no. M76665).
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the 38 ends of genes because the first-strand synthesis
of the cDNA clones are generally made by priming the
reverse transcription reaction with an oligo-dT primer.
Because the number of genes and exons in this analysis
was relatively small, specific comparisons between the
programs are not valid. However, consistent trends
were observed. Each of these programs failed to detect
the first exon of these genes and exon 7 of LAMB3. One
of the most important criteria for each of these gene
prediction programs is the presence of a coding se-
quence. Because the first exon of each of these genes is
not translated, the failure of these programs to predict
the first exon is not unexpected. Exon 7 is short (64 bp)
and can be skipped without disrupting the reading
frame because the subsequent exon contains an AG
dinucleotide adjacent to the real splice donor site. This
second potential donor site was predicted to be the
splice donor site in the gene prediction programs and
places the predicted gene back in frame. In addition,
within the 270-kb sequence that was analyzed, when-
ever two or more programs predicted an exon, that
sequence was an exon (Murakami and Takagi 1998).
From this analysis, top priority will be given to puta-
tive exons that are predicted by multiple programs.
Sequence analysis with the programs in Genotator was
subsequently performed on the entire 720-kb sequence

that contains the VWS critical re-
gion. The graphical output from
this analysis is available at our
website (http://genetics.uiowa.
edu/ ∼ bschut t e /genota to r
results/). In addition, a comple-
mentary set of sequence analyses
was performed by the Sanger
Centre and the results are avail-
able at their website (http://
webace.sanger.ac.uk/cgibin/

webace? db=acedb1&class=Genome_Sequence).

Identification and Verification
of Novel Polymorphisms
As demonstrated with the restriction site polymor-
phisms, it is possible to identify sequence variants by
aligning the sequences from overlapping clones that
are derived from the two different libraries. Because
short tandem repeats are often polymorphic, we
searched the genomic sequence from this region for
short tandem repeats whose copy number was differ-
ent in different clones. To verify that these short tan-
dem repeats were polymorphic, primers were designed
that flanked the repeats and were then used to geno-
type a normal control population. As expected, all of
the short tandem repeats whose sequence lengths were
different in the two clones were polymorphic (Table 6).
As new single nucleotide and short tandem repeat
polymorphisms are discovered from this region, they
are added to our web site (http://genetics.uiowa.edu/
∼bschutte/polymorphisms/).

In addition, when the sequences for the BAC clone
321i20 and PAC clone 782d21 were aligned, two re-
gions of sequence variation were observed. Specifically,
a 7922-bp sequence is absent at position 31766 of BAC
clone 321i20 relative to the sequence present in PAC

Figure 2 Comparison of gene recognition programs. Genomic sequences containing the
indicated genes were analyzed for exon content with the suite of programs contained in
Genotator. Exons for each gene are numbered. Those that contain part of the translated ORFs
are shaded. All other shaded boxes indicate a hit with the indicated analysis program.

Table 6. Novel STRP Markers from VWS Critical Region

Marker GDB no. Containing clone Positiona
Size
(bp) Repeat Heterozygosityb

obb 55/56 9866177 55I10,28o10 221492 175 CA 0.77
obb 220/221 9866178 55I10,28o10 259697 248 AG 0.80
D1S3754 9798282 55I10,28o10 299454 233 CA 0.60
obb 62/63 9866179 55I10,272L16,28o10 354264 155 CA 0.45
D1S3753 9798272 434o14,447d17 390066 252 CCTT/TT 0.88
obb 64/65 9866180 434o14,447d17 441633 205 GT 0.55
obb 186/187 9866181 782d21 533279 212 CCTT 0.58
obb 222/223 9866182 782d21,321I20,11c7 615520 304 TA 0.68
obb 192/193 9866183 782d21,321I20,11c7 625521 247 TG 0.77
obb 190/191 9866184 782d21,11c7 651692 346 TG 0.75
obb 68/69 9866185 782d21,11c7 655252 194 GTTTTT 0.22
obb 66/67 9866186 782d21,11c7 656003 180 GTTTT 0.46
obb 188/189 9866187 782d21,11c7 684469 263 AT/AG 0.79

aNucleotide offset from the cloning site at the T7 end of the BAC clone 55i10.
bGenotype data from at least 50 samples from unrelated individuals.
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clone 782d21 at positions 1668–9591. To prove that
this deletion in BAC 321i20 was not a sequencing or
cloning artifact, all clones that span this region were
tested with a set of primers that flanked the deleted
sequences. As shown in Figure 1, the 7922-bp sequence
was present in clones BAC 508k11 and PAC 782d21 but
was absent in clones YAC 785B2, BACs 179n7, and
321i20. The absence of this sequence in three indepen-
dent clones derived from two different libraries dem-
onstrates that this nearly 8-kb region represents a de-
letion/insertion polymorphism. Additional genotyp-
ing was performed in a normal control population and
showed that the 8-kb deletion/insertion polymor-
phism is quite common (Y. Watanabe and B. Schutte,
in prep.).

A second region of sequence variation between
these two clones was observed at position 25422 in
BAC clone 321i20 and position 35012 in PAC clone
782d21. The region of sequence variation was 136 bp,
and the obvious difference was that the PAC clone se-
quence was extremely G/C rich, whereas the BAC
clone sequence was not. To determine whether the
variation was a sequencing artifact, we designed se-
quencing primers to flank this region and resequenced
both clones. The new sequence was virtually identical
to the PAC clone sequence, indicating that the original
sequence variation was due to a sequencing or se-
quence assembly error in BAC 321i20.

Mouse Syntenic Region for the VWS locus
Human genes that map to 1q32 have been localized to
mouse chromosome 1F and 1H (Seldin 1994), suggest-
ing that the mouse homolog for the VWS gene could
map to either 1F or 1H (Fig. 3). In this study, both
LAMB3 and TRAF5 were mapped to the 4.4-Mb YAC
contig (Schutte et al. 1996) that contains the VWS criti-
cal region. LAMB3 is located near the proximal end of
the critical region, whereas TRAF5 is located distal to
the critical region. Thus, it is probable that the VWS

gene is located between or very close to these two
genes.

Because both the mouse Lamb3 (Aberdam et al.
1994) and Traf5 (Nakano et al. 1997) genes map to
chromosome 1H, it is likely that the mouse homolog of
the VWS gene also maps to mouse chromosome 1H.
This information will allow us to more effectively iden-
tify positional and functional candidates from mouse.
This is important because many new genes that are
involved in early development are being identified
from ESTs derived from embryonic tissues in mouse.
No mouse phenotypes that include clefting map to this
region.

DISCUSSION
The VWS locus was originally mapped by linkage
analysis and microdeletions to a 1.6-cM region in
1q32–q41 between D1S491 and D1S205. In our efforts
to positionally clone the VWS gene, gene-based and
anonymous STSs were developed from the existing
physical map and were then used to construct a contig
of sequence-ready bacterial clones across the entire
VWS critical region. All STSs and BAC clones were
shared with the Sanger Centre, which developed a con-
tig of PAC clones over this same region. A subset of 11
clones, derived from both the PAC and BAC contigs,
were selected to represent the minimum tiling path
across an ∼1.1-Mb region and were the template for
large-scale genomic sequencing. All but two of the
clones have been sequenced completely.

We analyzed over 900 kb of genomic sequence,
including the entire 350-kb VWS critical region. Our
efforts revealed that novel polymorphisms and se-
quence similarity searches led to the construction of a
preliminary transcript map encompassing the entire
VWS critical region that included 4 known genes, 11
novel genes, 9 putative genes, and 3 pseudogenes. This
map permitted the precise localization and transcrip-
tional orientation of LAMB3, G0S2, and HSD11. These
known genes were mapped previously to this region, as
well as the unmapped but previously described gene
HIRF6. Our analyses also identified a collection of po-
tential novel genes in the VWS critical region as evi-
denced by the identification of genomic sequences
that were nearly 100% similar to EST sequences; many
of these also contained consensus splice sites and poly-
adenylation sites, whereas the corresponding EST se-
quence contained polyadenylation sequences. Addi-
tional analyses were performed with gene recognition
programs on 270 kb of contiguous sequence that con-
tains the four known genes. No single analysis was
100% specific or sensitive at identifying exons. How-
ever, by setting criteria whereby an exon must be pre-
dicted by at least two of the programs, this suite of
programs successfully identified 32 of 33 exons in
these four genes that contain coding sequence. These

Figure 3 Mouse synteny map for human chromosome 1q32–
q41. Ideogram (left) and genetic map (middle) for the distal end
of mouse chromosome 1 are shown. Vertical rectangles at right
represent syntenic region at the indicated human chromosome
band.

Gene Map for Van der Woude Syndrome

Genome Research 89
www.genome.org



results confirm the utility of these programs to predict
exons and lay the foundation for identifying new ex-
ons from the region. The current gene map for the
VWS critical region is as follows: CEN-VWS33-VWS34-
D1S491-VWS1-VWS19-LAMB3-G0S2-VWS26-VWS25-
HSD11-ADORA2BP-VWS17-VWS14-HIRF6-VWS2-
VWS18-D1S205-VWS23-VWS20-VWS30-VWS31-
VWS35-VWS37-VWS38-HIPP-RNASEH1P-VWS40-
VWS42-VWS41-TEL. The VWS critical region was
genetically defined by recombinant and deletion
events at the markers D1S491 and D1S205 (Schutte et
al. 1996). Thus, the genes located between these mark-
ers are positional candidates. From mutation analysis,
four of these genes, LAMB3, G0S2, HIRF6, and HSD11,
were excluded as candidates for the VWS gene. The
contig of BAC clones presented here should greatly fa-
cilitate the identification of the gene associated with
VWS.

The identification of a single gene involved in the
etiology of Van der Woude syndrome will likely pro-
vide major insights into the more complex etiology of
nonsyndromic cleft lip and palate. The extraordinary
phenotypic overlap between VWS and nonsyndromic
clefting, with only the lip pits being a differentiating
factor, strongly suggests a common set of embryologic
events. Because nonsyndromic clefting serves as a
model for other complex traits thought to be second-
ary to both genetic and environmental factors, having
this unique inroad into its etiology will prove benefi-
cial in not only the specific case of clefting, but for
other complex birth defects as well. Furthermore, it is
possible that some of the unexplained cases of nonsyn-
dromic clefting may, in fact, be allelic to VWS, but lack
the lip pit component of the phenotype. Thus, sub-
stantial advances in the altering of recurrence risks
from the 50% gene passage in the case of VWS to the
lower 3%–5% recurrence risks usually given for non-
syndromic cleft lip and palate will also be of substantial
benefit to families having a first affected child.

In summary, analysis of high-throughput genomic
sequence is a powerful approach for developing a pre-
liminary gene map and was greatly facilitated by the
close collaboration with the Sanger Centre. Our com-
mitment to developing a well-defined physical map at
the outset and their commitment to making a se-
quence immediately available to the public provided
us with the opportunity to investigate and analyze se-
quence in a real-time fashion. In addition, the interac-
tion between our two groups was important to resolve
sequence anomalies (the 8-kb deletion polymorphism
and potential alignment errors) and to complete analy-
sis of unfinished sequences. The latter will be a greater
issue as the priority for the Human Genome Project
shifts from finished sequence to a working-draft se-
quence (http://www.nhgri.nih.gov/NEWS/news.
html). This collaborative effort provides a model for

how laboratories that have a regional interest in the
human genome can contribute to the sequencing ef-
forts of the entire human genome. The resulting se-
quence information, along with the descriptive ap-
proaches, including recombinant and microdeletion
mapping, and close clinical characterization of the
syndrome itself, provide a targeted region most suit-
able for gene identification.

METHODS

Patient Identification
A total of 107 individuals diagnosed with VWS and 14 indi-
viduals with popliteal pterygia syndrome (PPS) were exam-
ined at various locations, including the University of Iowa,
the Philippines, and Germany. VWS and PPS families were
ascertained and examined by one or more geneticists or clini-
cal collaborators, as described previously (Schutte et al. 1999).
Individuals were considered to be affected with VWS if they
had one or more of the following clinical phenotypes: cleft
lip, cleft palate, hypodontia, or lower-lip pits. They were con-
sidered to have PPS if they had pterygia along with any of the
classical VWS phenotypic characteristics. Nearly all pedigrees
had at least one individual with lip pits. We included a few
pedigrees in which no family member exhibited lip pits but at
least one individual had a cleft lip with or without cleft palate
and at least one individual with cleft palate only. We also
included families with a single affected individual that
showed lip pits along with one or more features of VWS. De-
velopment and mental performance appeared to be normal in
all affected individuals in this study. Ten-milliliter samples of
whole blood per kilogram of body weight were obtained from
the adults and 1 ml of whole blood per kilogram of body
weight was obtained from each of the children in the families
studied.

PCR and DNA Sequencing
DNA from these individuals was purified from whole blood
(Miller et al. 1988) or blood spots (Qiagen, Germany). Ap-
proximately 40 ng of template genomic DNA were analyzed
by PCR by standard conditions (GDB no. 9798291). BAC DNA
was prepared as described in Identification and Characteriza-
tion of BAC clones (below). Direct sequencing of BAC clones
was performed by end sequencing and primer walking and
carried out on an Applied Biosystems DNA Sequencing Sys-
tem Model 373 with fluorescently labeled dye terminators as
implemented in the Taq Dye Deoxy Terminator Cycle Se-
quencing Kit from Applied Biosystems (Foster City, CA). Se-
quencing reactions included 1–2 µg of BAC DNA and 20
pmoles of primer. For end sequencing of BAC clones, standard
T7 (TAATACGACTCACTATAGGG) and Sp6 (ATTTAGGT-
GACACTATAG) primers were used.

Development of Novel STSs from the VWS
Critical Region
Novel STSs from the VWS critical region were developed by
three approaches. First, STS primer pairs were designed from
the 38 untranslated regions of 36 genes that were mapped
previously to 1q32–q41 (Table 2). To identify genes that map
to the VWS critical region, content analysis was performed
with these STSs against the following DNA templates: human
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genomic DNA, a hamster somatic cell line containing human
chromosome 1, and YAC clone 785B2.

Second, STSs were derived from the sequence of cosmid
subclones from YAC clone, yCEPH785B2, which spans the
entire VWS critical region. A total of 72 cosmid clones were
obtained in the sCos-1 vector by established techniques (Sam-
brook et al. 1989). The sequence of the T3 and T7 ends of each
cosmid was determined and was then analyzed by BLAST
(Altschul et al. 1990) to identify sequences with similarity to
known gene sequences and/or repeats. Oligonucleotide
primer pairs were designed within unique, nonrepetitive end
sequence. These STSs were also tested as above to verify that
they map to the VWS critical region.

Third, STSs were also obtained from the sequence of
clones generated by two previously described PCR-based
methods, Island Rescue PCR (Valdes et al. 1994) and Alu–
splice PCR (Morgan et al. 1992). PCR products yielded by
these methods were cloned into pBSKII, after restriction en-
zyme digestion, and sequenced. As above, STSs were designed
to unique sequence and mapped back to the VWS critical
region.

Identification and Characterization of BAC Clones
BAC clones were identified by PCR screening of the Research
Genetics (Huntsville, AL) human CITB BAC library. BAC DNA
was purified as recommended with either a Genome Systems
KB-100 Magnum or a Qiagen QIAquick-Maxi DNA purifica-
tion kit. The resulting BAC DNA was quantified via UV spec-
trophotometry. Following NotI restriction enzyme digestion,
BAC clones were sized by pulsed-field gel electrophoresis
(PFGE) with a CHEF DR-II apparatus (BioRad) through a 1%
agarose gel in 0.52 TBE (14°C, 200 V, 5–30-sec ramp time, 14
hr). Additional rare-cutting restriction enzymes were used to
generate a restriction map of the BACs. DNA from each BAC
was digested singly with BssHII, MluI, and NruI and doubly
with MluI–NotI and NruI–NotI and then analyzed by PFGE.

Assembly of Unfinished Clone Contig Sequences
The sequence for BAC clone 55i10 is presently contained in
four large unfinished sequence contigs—55i10.03033,
55i10.03548, 55i10.02402, and 55i10.1090. The sequence
gaps between each of these contigs was filled by direct se-
quence analysis of the BAC clone 55i10 with the primers de-
rived from the ends of the unfinished sequence contigs. Prior
to sequence analysis, the orientation of the unfinished con-
tigs and the size of the gaps was determined by PCR. Each
primer from a single contig was paired with all possible com-
binations of primers from the other contigs and used in
PCR reactions with 2 ng of 55i10 as template. For these
experiments, standard PCR conditions were modified to
include a 3-min, 72°C extension per cycle. Product sizes
and primer pairs were as follows: 734 bp for oBS1158F,
58-GCAGCCTTACTCAATCTGAGG-38, and oBS1152R, 58-CA-
GTCAAGAAGAAATGGGCT-38; 308 bp for oBS1153F, 58-GGC-
TACAAACCTGTACTGCA-38, and oBS1155R, 58-GCTATG-
TGCAGTGGATCACAC-38; and 778 bp for oBS1154F, 58-GTC-
TGTGCCTTCTCCATTAGC-38, and oBS1159R, 58-GGTCA-
GTTGTGTTGTGATTGTC-38. These successfully linked contigs
55i10.03033–55i10.03548, 55i10.03548–55i10.02402, and
55i10.02402–55i10.1090, respectively. The resulting se-
quences were aligned and sequence ambiguities resolved with
the computer program Sequencher (GeneCodes, Ann Arbor,
MI).

Analysis of High-Throughput Genomic
DNA Sequence
Genomic sequence from the Sanger Centre was downloaded
as multiple, random Unfinished sequence contigs generated
from specific clones in the sequencing pipeline as soon as
they became publicly available on the Sanger Centre ftp site
(ftp://ftp.sanger.ac.uk/pub/human/sequences/Chr_1/un-
finished_sequence/). As the initial step in analyzing genomic
DNA sequence, the repetitive elements within the genomic
sequence were identified and masked with RepeatMasker 2
(http://ftp.genome.washington.edu/cgi-bin/RepeatMasker).
Subsequently, BLAST (Altschul et al. 1990) analysis of these
masked sequences was performed to find similarities to
known gene and/or cDNA sequences in the nonredundant
peptide sequence database and nucleotide sequence EST da-
tabase in GenBank. Sequence similarity searches were re-
peated as each unfinished sequence contig was updated to-
ward a complete Finished clone sequence contig. The finished
sequences were aligned into two contigs, 721,875 and
137,679 bp (Figure 1). In addition, a 270-kb genomic se-
quence that contains the genes LAMB3, G0S1, HSD11, and
HIRF6 (nucleotides 90,000–360,000 of the 721-kb contig)
was searched for putative exons with the suite of programs
contained in Genotator (http://www-hgc.lbl.gov/inf/
annotation.html). The graphical output from this analysis
can be viewed at our website (http://genetics.uiowa.edu/
∼bschutte/genotator results).

Mutation Analysis of Candidate Genes by SSCP
To screen for sequence variants, oligonucleotide primers were
designed in the introns flanking each exon containing coding
sequence for the genes LAMB3, G0S2, HIRF6, and HSD11. Each
primer pair was designed to amplify a 150–200-bp PCR prod-
uct for increased sensitivity in detecting SSCPs (Sheffield et al.
1993). Consequently, larger exons required multiple, overlap-
ping primer pairs.

The exon sequences were amplified from genomic DNA
from a panel of 107 unrelated individuals diagnosed with
VWS and 15 unrelated individuals with PPS by standard con-
ditions. In parallel experiments, we used the same primers to
amplify PCR products from a control panel of genomic DNA
from 96 CEPH grandparents and parents (Dausset et al. 1990)
to determine whether detected SSCP variants were potential
etiologic mutations or normal sequence polymorphisms. In
addition, the inheritance of any rare variants detected in the
affected panel was studied in individual affected families to
determine whether they segregated with the VWS phenotype.
The amplified PCR products were denatured at 95°C for 5 min
and electrophoresed for 5 hr at 20 W through 0.52 MDE
(FMC, Rockland, MD) acrylamide gel that was cooled with a
fan. DNA bands were visualized by silver staining and in-
spected for potential variants. DNA fragments representing
potential variants were then excised from the gel and boiled
in 50 µl of ddH2O. Ten microliters of the DNA suspension was
used as template in 50-µl PCR reactions with the original
primers. These PCR products were purified by extraction from
2% agarose gel with the Qiagen Gel Purification Kit (Chats-
worth, CA) and sequenced in both directions. Parallel PCR
products were amplified from genomic DNA of corresponding
individuals possessing each potential sequence variant, puri-
fied from agarose gel, and sequenced. Sequences obtained
from the variant bands were then compared with the com-
mon, normal sequence by the computer program Sequencher.
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Genotyping of STRPs
Potentially polymorphic short tandem repeats were identified
by aligning sequences from BAC and PAC genomic sequence
by the program Sequencher (GeneCodes Corporation). PCR
primers that flanked the repeats were designed with the pro-
gram Primer 3.0 (http://www-genome.wi.mit.edu/cgi-bin/
primer/primer3.cgi). Standard PCR conditions were used to
amplify these loci from 96 CEPH grandparents and parents
(Dausset et al. 1990). The products were separated on 6%
acrylamide denaturing gels for 2 hr at 60 W and visualized by
silver staining.
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