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LETTER

Isolation and Genomic Structure of a Human
Homolog of the Yeast Periodic Tryptophan
Protein 2 (PWP2) Gene Mapping to 21q22.3

Ronald G. Lafreniére,’* Daniel L. Rochefort,’ Nathalie Chrétien,’
Catherine E. Neville,” Robert G. Korneluk,? Lin Zuo,> Yalin Wei,>
Jay Lichter,® and Guy A. Rouleau’

Centre for Research in Neuroscience, McGill University, and Department of Neurology, Montreal
General Hospital Research Institute, Montreal, Canada H3G 1A4; ?DNA Sequencing Core Facility,
Canadian Genetic Diseases Network, Children’s Hospital of Eastern Ontario, Ottawa, Canada K1H 8L1;
3Sequana Therapeutics, Inc., La Jolla, California 92037

As part of efforts to identify candidate genes for diseases mapping to the 21g22.3 region, we have assembled
a 770-kb cosmid and BAC contig containing eight tightly linked markers. These cosmids and BACs were
restriction mapped using eight rare cutting enzymes, with the goal of identifying CpG-rich islands. One such
island was identified by the clustering of Nodl, Eagl, Sstll, and BssHII sites, and corresponded to the Nod linking
clone LJI04 described previously. A 7.6-kb Hindlll fragment containing this CpG-rich island was subcloned
and partially sequenced. A homology search using the sequence obtained from either side of the Nod site
identified an expressed sequence tag with homology to the yeast periodic tryptophan protein 2 (PWP2).
Several cDNAs corresponding to the human PWP2 gene were identified and partially sequenced. Northern
blot analysis revealed a 3.3-kb transcript that was well expressed in all tissues tested. A cDNA consensus of
3157 bp was obtained, and an open reading frame potentially encoding 919 amino acid residues was
identified. The predicted protein shows 42% identity and 57% similarity at the amino acid level to the yeast
PWP2 protein, which is a member of the WD-repeat containing superfamily, and potentially encodes a
G-protein beta subunit. The PWP2 gene is split into 21 exons, ranging in size from 53 to 516 bp, and spans an
estimated 25 kb. The gene is transcribed in a 2lcen—2Iqter direction, with its 5’ end mapping ~I195 kb
proximal to the 5’ end of the phosphofructokinase-liver isoform gene. Four single base-pair polymorphisms
were identified using single-stranded conformation polymorphism analysis. Possible functions of the protein
based on homology to other members of the WD-repeat-containing family are discussed.

[The sequence data described in this paper have been submited to GenBank under accession nos.
U56085-U56089.]

The technique of positional cloning is used to fragments, or HTF islands (Bird 1986). They are
identify and screen potential candidate genes usually defined as regions larger than 200 bp
based on their chromosomal colocalization with with a G + C content above 50% and an ob-
that of a known disease. Identification of CpG- served/expected CpG abundance ratio above 0.6
rich islands in genomic fragments as markers for (Gardiner-Garden and Frommer 1987). There is a
housekeeping genes is one method that can be wealth of data suggesting that CpG-rich islands
used to isolate new expressed sequences from a correlate highly with the 5’ ends of housekeeping
cloned candidate region. CpG-rich islands were genes, and are associated to a lesser degree with
first described more than 12 years ago as clusters other regions of genes with tissue-specific expres-
of unmethylated CpG dinucleotides and identi- sion patterns (Larsen et al. 1992). It is therefore a
fied as Hpall (recognition sequence CCGG) tiny useful strategy to identify these CpG-rich islands

as markers for housekeeping genes in a cloned

“4Corresponding author. candidate IEg_lon' .
E-MAIL bhgr@musicb.mcgill.ca; FAX 514-934-8265. Several diseases have been mapped to the dis-
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ISOLATION AND GENOMIC STRUCTURE OF HUMAN PWP2 GENE

tal tip of human chromosome 21. These include
progressive myoclonus epilepsy type 1, which is
now known to be caused by mutations in the
cystatin B gene (Pennacchio et al. 1996), autoim-
mune polyglandular disease type 1 (APECED)
(Aaltonen et al. 1994), 21q22.3-linked holopros-
encephaly (HPE1) (Muenke et al. 1995), a pos-
sible vulnerability locus for bipolar affective dis-
order (Straub et al. 1994; Gurling et al. 1995; De-
tera-Wadleigh et al. 1996), and a form of
autosomal recessive childhood-onset nonsyn-
dromic deafness (DFNB8) (Bonné-Tamir et al.
1996; Veske et al. 1996). As a means of identify-
ing candidate genes for some of these disorders,

eight rare cutting enzymes (BssHII, Eagl, Mlul,
Nrul, Sall, Sfil, Sstll, and Notl) identified, among
others, a potential CpG-rich island within cos-
mid Q84H11, containing BssHII, Notl, Eagl, and
Sstll sites clustered within a 1.5-kb region. The
Notl site corresponded to that found within the
Notl linking clone LJ104 (D21S1460, see Fig.
1A,B). A 7.6-kb HindlllI fragment containing this
Notl site was subcloned from the cosmid, and fur-
ther subcloned to sequence either side of the Notl
site. A BLASTn homology search using the se-
quence generated identified an expressed se-
quence tag (GenBank accession no. H52729) po-
tentially encoding a protein homologous to the

we have constructed a cosmid and
BAC contig spanning an esti-
mated 770 kb, part of which has
been published previously (Lafre-
niére et al. 1995). Subcloning and
partial sequencing of potential
CpG-rich islands mapping within
this contig have identified a hu-
man homolog of the yeast peri-
odic tryptophan protein 2 (PWP2)
mapping to this region. We pre-
sent here the cDNA sequence and
exon/intron structure of the gene,
document its expression pattern,
screen the gene for sequence
variations by single-stranded con-
formation polymorphism analy-
sis, discuss the possible function
of the protein based on its homol-
ogy with beta-transducin-like pro-
teins, and evaluate whether the
PWP2 gene may be considered a
good candidate gene for any of
the diseases that have been
mapped to the region.

RESULTS

Identification and Sequence of
PWP2 cDNAs

To search for the genes defective
in inherited disorders linked to
21g22.3, we assembled a cosmid
and BAC contig spanning an esti-
mated 770 kb, part of which has
been published previously (Lafre-
niére et al. 1995). Restriction
analysis of these cosmids with
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Figure 1 Physical map of the PWP2 gene and surrounding region. (A) A
portion of the previously published (Ichikawa et al. 1993) Notl restriction
map of 21g22.3. Notl linking clones are indicated below the horizontal
line, reference markers are shown above the line. A minimally overlapping
set of 21 cosmid and 2 BAC clones isolated using a walking strategy as
described (Lafreniere et al. 1995) are shown. (B) Restriction map and
genomic structure of the PWP2 gene. Restriction enzymes are given above
the map (Abbreviations: H, Hindlll; E, EcoRl; B, BamHl; Bs, BssHIi; Ea, Eagl;
Nr, Nrul; Sa, Sall; Sf, $fi; Ss, Sstll; No, Notl). Black boxes below the map
represent the 21 exons of the PWP2 gene. The Notl site corresponding to
LJ104 is in bold. (C) Schematic representation of the consensus cDNA
sequence divided by exon. The hatched box represents the full ORF as
defined in Fig. 2. The relative overlaps of the four cDNA clones (PWP2-5’,
179804, 50575, and 44344) are shown. Scales for A, B, and C are shown
as shaded boxes in the lower right corner of each.
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yeast PWP2 protein (SWISS-PROT accession no.
S44226). A tBLASTn search of the human dbEST
using the yeast PWP2 protein sequence identified
3 ¢cDNA clones that were available from the Inte-
grated Molecular Analysis of Genomes and Their
Expression (IMAGE) consortium EST sequencing
project (Lennon et al. 1996). Clones 44344,
50575, and 179804 were purchased from Re-
search Genetics. These clones could be hybrid-
ized to Southern blots of cosmid DNA digested
with EcoRI, HindIll, and BamHI, verifying that
they mapped within the contig (data not shown).
Clone 179804 was used to screen an adult blood
cDNA library. One additional cDNA (PWP2-5’)
was identified (see Fig. 1C).

Partial sequences from these cDNA clones
were assembled into a cDNA consensus sequence
of 3157 bp (Fig. 2). One large open reading frame
of 2757 bp, located between the putative start
ATG codon at bp 36-38 and the TAG stop codon
at bp 2793-2795, encoded a putative protein of
919 amino acid residues (102 kD). However, no
in-frame stop codons were located upstream of
the putative start ATG, presumably because of
the high G + C content of the first exon and 5’
flanking region. The partial 5' and complete 3’
untranslated regions were 35 and 362 bp in
length, respectively. A poly(A), 5 tail was found at
the 3’ end of clones 50575 and 44344, with the
potential polyadenylation signals CATAAA (bp
3106-3111) or GATAAA (bp 3117-3122) presum-
ably being used. The poly(A) tail in clone 50575
started at bp 3137, whereas that in clone 44344
started after bp 3157.

A tBLASTn homology search of the hPWP2
protein sequence against the nonredundant DNA
data base identified a homologous mouse cDNA
fragment (GenBank accession no. U14418) pre-
sumably isolated as part of a chimeric clone for
the murine GABA-benzodiazepine receptor
beta-1 subunit mRNA (Kamatchi et al. 1995), be-
cause it is encoded on the opposite strand and
corresponds to an internal fragment of the mu-
rine PWP2 homolog. Additional human ESTs, an
EST of a putative Caenorhabditis elegans PWP2 ho-
molog (DBJ accession no. D67118), and an EST of
a putative homolog from the fungus Pisolithus
(GenBank accession no. L41718), as well as a re-
lated human EST (GenBank accession no.
R69020), were also identified using tBLASTn
against dbEST. A BLASTp homology search con-
ducted against the nonredundant protein data
base using the entire human predicted protein
sequence gave significant scores to the yeast
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PWP2 protein (SWISS PROT P25635, P =7.3e-
271), three closely linked hypothetical ORFs
(PIR S19471, 519469, and S19472, P = 1.0e-128
to 6.0e-30) corresponding to the yeast PWP2
sequence with two frameshifts, and lesser scores
to a number of proteins in the beta-transducin
family, in particular a beta-transducin-like pro-
tein from the fungus Podospora anserina (Gen-
Bank accession no. L28125) and a protein ki-
nase of unknown function from the bacterium
Thermomonospora curvata (GenBank accession
no. U23820). The human and yeast PWP2 pro-
teins share 42% identical and 57% similar amino
acid residues over the entire length of the pro-
tein, and their sequence alignment is shown in
Figure 3.

A BLOCKS search using the predicted protein
sequence gave significant scores to BLO0678
(99.66th percentile), the signature of the WD-
repeat, a motif of ~40 amino acids in length,
bracketed by the dipeptides Gly-His (GH) and
Trp-Asp (WD) (Neer et al. 1994). At least four
well-defined WD repeats were identified within
the predicted sequence (solid boxes in Fig. 3).
In addition, several degenerate copies of the
WD repeat were found (dashed boxes in Fig. 3).
Five leucine residues (circled in Fig. 3) form a
putative leucine zipper motif, but lack the ba-
sic domain of classic leucine zipper-contain-
ing transcriptional activators. However, this leu-
cine zipper is not conserved in the yeast PWP2
protein beyond the first two leucines, so that
its function remains obscure. Both the human
and yeast PWP2 proteins contain two strongly
acidic domains (wavy lines in Fig. 3). The first
located between WD-repeats 1 and 2, and the sec-
ond at the carboxy-terminal end of either pro-
tein.

Expression Pattern of PWP2 mRNA

Expression analysis using a human multiple tis-
sue Northern blot (Clontech) showed a single
transcript estimated at 3.3 kb and expressed well
in all tissues tested [heart, brain, placenta, lung,
liver, skeletal muscle, kidney, and pancreas (data
not shown)]. The size of the transcript agreed
well with the length of the consensus sequence
derived from the isolated cDNAs suggesting that
a full-length or near full-length ¢cDNA had been
isolated. The transcript could also be PCR-
amplified from cDNA isolated from lymphoblas-
toid cell lines.
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T\/8
ACCATCCGGGGAAAAGCCACTCCGGCCGAGGAGGAGAAGACAGGAAAAG'IGAAGTACTCACGGCTGGCCAAGTAC’I‘TCTTCAATAAAGAAGGGGA’I'I‘TTA
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ACAACCTGACAGCTGCAGCAT'I‘TCATAAGAAGTCTCACCTC'I'I‘GGTCAC’IGGC’I'I‘TGCTTC’IGGAATCTTCCA I'C'I'I‘CA’ICAGCTGCCAGAGT'I'I‘AACCT
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8\/9 9\/10.

CA’I‘CCACTCCC’ICAGCATC'I‘CAGATCAGA(.,CATCGCCTCAG'XCGCCATCAATAGC’I‘CGGGGGACTGGAT'ICCTTT’IGGC'IG’I'I‘CAGGCC'IGGGCCAGCTG
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14\/15 .
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15\
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/16
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16\/17 . 17\/18 .
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vV R K G DM S S RHTFKUPETIIRVTSLURTFS?PTGRTCWAATTT

GGAGGGACTCCTCATCTACTCCCTGGACACCCGCGTGCTCTTTGACCCGTTTGAGCTGGACACCAGCGTCACCCCCGGGAGGGTGCGCGAGGCACTGCGC
EG¢L L I Y SLDTU RV VUL FDZPFETLHUDTSVT?PSGHRVYVREATLR

. 18\/19
CAGCAGGAC'I'I‘CACCAGGGCCATCCTCA’I‘(‘GCCCTCCGGCTCAACGAGAGCAAAC'ICG’I‘GCAGGAGGCCC’I‘GGAGGCGGTGCCCAGGGGCGAGA’I"ICAAG
Q Q D F T L M AL RL NE S K Q EAL EAV P RGE I E

TGGTCACCTCCTCCC'I‘TCCTGAAC’I‘G'I’ATGTGGAGAAAG'IGCTGGAG’I'I"P’I‘TAGC'I'I‘CCTCCT’I'I‘GAAG’IC’I‘CTCGCCI\CC’IGGAAT’I‘CTACCTCCTCTG
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20\/21
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TGGGAAG'ICAGGAGGAGGCAGAAGCATCTGAAGATGACAGCCTGCATCTGC’I'I‘GGAGGAGGAGGCAGAGACTCAGAAGAAGAGATGCTCéCCTAGagCCc;l
L G S EEEAEASEDUDSTLHILTLGG GG G D S E E E M A ¥

gccggttgcagcgttggattgtgccggctaagacctgccagggdgatgggacccttgL'gccacctgggccagcaaagaggaggggCccagagaacagctg
aaatactgtcactagtggtagtgacttgcttttcctgtg(‘aca(‘atgtagcccatcagqacagcqagccgacqggtcacgccaggggccggcacgcactg
gcacctggccccaggagcggggccgtgtgaacggtgatqaacgtcgaaaatgcgtctcagagaggtattcacatgaactttgtatgagdcttatttatat
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Figure 2 The cDNA and predicted protein sequence of the PWP2 gene. The
3157 bp of cDNA determined from sequence obtained from the four cDNA
fragments shown in Fig. 1C. Where polymorphisms occur, the more common
allele is shown (refer to Table 3). Potential polyadenylation signals (CATAAA or
GATAAA) are underlined. The positions of 20 introns are indicated by (\/)

symbols. The GenBank accession no. is U56085.

Genomic Structure of PWP2 Gene

gion, and suggested that the
PWP2 gene spanned ~25 kb
and was split into at least
eight exons. Cosmid
Q84H11, containing the en-
tire PWP2 gene, was par-
tially sequenced to deter-
mine the exon-intron
structure of the gene. Ap-
proximately 23 kb of ge-
nomic sequence were ob-
tained in four separate con-
tigs, enabling us to identify
the complete structure of
the gene. PWP2 is split into
21 exons (Table 1). All in-
tronic junctions conformed
to the GT...AG rule estab-
lished for nuclear pre-
mRNA introns (Shapiro and
Senepathy 1987). Based on
restriction mapping analy-
sis, and hybridization of
cDNA fragments to our cos-
mid contig, the PWP2 gene
is transcribed in the
21cen—qter direction, with
its 5’ end mapping ~195 kb
proximal to the 5’ end of
the phosphofructokinase
liver isoform (PFKL) gene.
The PWP2 gene is tran-
scribed in the same direc-
tion as the next upstream
gene (GT334, R.G. Lafre-
niére, Z. Kibar, D. Roch-
efort, F.-Y. Han, E.A. Fon,
M.-P. Dubé, X. Kang,
Baird, R. Korneluk, E. An-
dermann, J. Rommens, and
G.A. Rouleau, in prep.) and
the next downstream gene
(GT335, Lafreniére et al.
1996) with ~1.5 kb between
each of these genes (data
not shown).

Polymorphism Screening by
SSCP Analysis

We screened for base-pair polymorphisms in this

Clones 179804 and 50575 were hybridized to
Southern blots of EcoRI-, Hindlll- and BamHI-
digested DNA of cosmids isolated from the re-

gene using PCR primers derived from both the
cDNA and genomic sequences (Table 2). Four
polymorphic variants were identified and se-
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Figure 3 Sequence homology between human and yeast PWP2 proteins. Alignment of the human PWP2
protein sequence (hPWP2) to the Saccharomyces cerevisiae PWP2 protein (yPWP2, SWISS-PROT accession no.
P25635 is shown). Identical amino acid residues are indicated with (|) whereas functionally similar residues are
indicated with (+). The well-defined WD repeats are boxed in solid lines, the less well-defined WD repeats in
dashed lines. Acidic domains are indicated by wavy lines. Leucines forming a potential leucine zipper are circled.

quenced (Fig. 4; and Table 3). A polymorphic
single base-pair change in exon 2 resulted in the
nonconservative amino acid substitution
Asn25Asp. The polymorphic base-pair substitu-
tions in exons 9, 13, and 15 did not affect the
amino acid sequence of the protein. All four poly-
morphisms created or destroyed restriction en-
zyme recognition sites, and could thus be scored
as PCR-amplifiable restriction fragment length
polymorphisms (RFLPs) (data not shown). Allele
frequencies for these polymorphisms were deter-
mined using a collection of 18 to 45 normal in-
dividuals, and are given in Table 3.

DISCUSSION

We describe here the isolation, characterization,
and genomic structure of the human PWP2 gene,
which maps to 21q22.3. The human PWP2 pro-
tein shows highest homology with the previously
described yeast PWP2 (R. Shafaatian, M.A. Pay-
ton, and J.D. Reis, unpubl.), and probably repre-
sents its functional human homolog. Although
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its exact function has yet to be determined, the
yPWP2 protein has been proposed to have a role
in the process of bud-site selection and cell sepa-
ration. However, its structurally defining charac-
teristic is the presence of at least four and as
many as seven WD repeats, identifying it as a
member of the beta-transducin superfamily of
WD repeat-containing proteins. These proteins
are usually involved in regulatory rather than en-
zymatic pathways. Several of the known WD-
repeat proteins form heteromultimeric com-
plexes, and the role of the WD-repeat domain has
been postulated to be in the assembly of protein
complexes involved in various aspects of cellular
function (Neer et al. 1994). Although both be-
long to the WD-repeat family, the PWP2 protein
does not share strong sequence homology to the
yeast PWP1 protein (Duronio et al. 1992). Based
on its strong homology to the beta-transducin
family of proteins, the PWP2 protein might func-
tion as a G-protein beta subunit in a signal trans-
duction pathway.

The PWP2 gene consists of 21 exons and
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Table 1. Exon/Intron Junctions of the Human PWP2 Gene
Exon Intron
Exon size size
no. Intron EXON (bp) EXON Intron (bp)
1 CCGGGTTGAG 53 CGCTTACCGG gtgagcgcgg ~2000
2 ttcttcacag TTTTCAAATT 113 ACCTTAAAAA gtaagtatgt ~4000
3 tctttatcag CAACAAATCT 95 GT CGATGAAG gtacttgccc 331
4 cgtcctgeag GGGGCGATGC 100 CTGATGGCAG gtaaggggga 346
5 ccttccatag GAAGTTTCGTT 144 ATGACTCCAG gtgcggectc 495
6 tcttttccag GTGCTTTCGTG 136 CAGCCTGGAC gtatgtccct 291
7 ccccttgeag CTGTACTCAC 230 GGCT GGCCAA gtaggtctct 1903
8 gtcaattcag GTACTTCTTC 144 ACTCCCTGAG gtaagccttt 798
9 ttctctgeag CATCT CAGAT 71 GGCTGTTCAG gtttgtcccc 456
10 gtgtgcacag GCCTGGGCCA 137 CGACGGCAAG gtaggctcct 824
11 cctgectcag GTCAAGGTGT 149 ACCTTCACAG gtgatgtttt 134
12 ttctctgcag GTACCGAAAC 148 GCTCCTTGAT gtaagcaccc 173
13 tctacggtag GTTTTGTCTG 151 ACCTCTGATG gtgagcacga 1075
14 ctctgtttag CTCTGGCTGT 181 CCAAGGGGAA gtgagt gt ca ~2000
15 ctccacccag GGCCTTCACC 148 CGCCATGGAG gtgagccgcce 1283
16 gctgttctag GAATTTTTGA 109 GTCAGGAAAG gtgagcagag 780
17 ttttccccag GTGACATGAG 66 TCTCCCACTG gtgagcactg 968
18 aatttcccag GGCGCTGCTG 219 AGGGGCGAGA gtgagt t ggg 96
19 ccttttgeag TTGAAGT GGT 151 TGAAGTCCAG gtagagggt ¢ 154
20 tccctttcag AGCCGGGACG 75 TGT CGAAACT gtacgtgtgg 1970
21 tgattgacag CTGTAGCTGG 516 CTTAGGGATT polyA
Sequence data have been deposited in GenBank (accession nos. U56086-U56089).

spans 25 kb. Based on restriction mapping
around this region, the PWP2 gene is closely
flanked by other genes. The 3’ end of the GT334
gene (R.G. Lafreniére, Z. Kibar, D. Rochefort, F.-Y.
Han, E.A. Fon, M.-P. Dubé, X. Kang, S. Baird, R.
Korneluk, E. Andermann, J. Rommens, and G.A.
Rouleau, in prep.), also known as the EHOC-1
gene (Yamakawa et al. 1995), lies ~1.5 Kb centro-
meric of the 5’ end of the PWP2 gene. Likewise,
the 3’ end of the PWP2 gene lies ~1.5 kb centro-
meric to the 5’ end of the GT335 gene (Lafrenicre
et al. 1996). All three genes span a region of ~140
kb, and are transcribed in the 21cen—qter direc-
tion. Based on the genomic structures of these
three genes, there are 51 exons in this region,
giving an average of one exon every 2.7 kb. Fur-
ther sequencing of this region will reveal whether
this high gene density can be extrapolated to the
remainder of the distal tip of chromosome 21,
which has already been postulated to be gene-
rich (Gardiner et al. 1990; Yaspo et al. 1995).

In screening the PWP2 gene for polymor-
phisms, we have identified and sequenced four
single base-pair changes mapping within the cod-

ing region of this gene, one of which results in a
nonconservative amino acid substitution in the
PWP2 protein. These polymorphisms can be used
as genetic markers for haplotype analysis, and
may be of interest for the eventual functional
and mutational studies of the PWP2 protein.

The PWP2 gene is a candidate for inherited
disorders that have been linked to the 21g22.3
region. In particular, the PWP2 gene seems an
attractive candidate for bipolar affective disorder,
a locus for which has been mapped to this region
by several groups (Straub et al. 1994; Gurling et
al. 1995; Detera-Wadleigh et al. 1996). Several
lines of evidence, most notably the inhibitory ef-
fects of lithium on G-protein function (Avissar et
al. 1988; Jope and Williams 1994), suggest that a
possible underlying defect in this complex disor-
der might involve modification of G protein
coupled signal transduction pathways in neurons
(Manji et al. 1995a,b). Because the PWP2 protein
may act as a G-protein beta subunit, it would be
worthwhile to test this gene in patients with this
disorder.

The PWP2 gene may also be a good candidate
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Figure 4 SSCP variants in 5 individuals are shown
for polymorphisms in exons 2 (4), 9 (B), 13 (Q), and
15 (D). Allele designations are (ht) heterozygotes;
(hm) homozygotes. For A, lanes 2,3,5 are hm for
allele 1; lane 71, ht for alleles 7,2; lane 4, hm for allele
2. For B, lanes 2,3, hm for allele 1; lanes 1,5, ht for
alleles 1,2; lane 4, hm for allele 2. For C, lanes 7,2,4,
hm for allele 1; lane 3, ht for alleles 7,2; lane 3, hm
for allele 2. For D, lanes 2,3,5, hm for allele 1; lane 1,
ht for alleles 7,2; lane 4, hm for allele 2. SSCP gel
conditions were as described in Methods, with con-
dition (1) being used for C,D, condition (2) used for
A, and condition (3) used for B. An example of se-
quence analysis is shown in E for the variant in exon
9, with the sequence of the minus strand read from
bottom to top in an hm for allele 1 (1-1), an ht for
alleles 1 and 2 (1-2), and a hm for allele 2 (2-2). The
upper- and lowercase letters represent exonic and
intronic sequences, respectively.

for 21q22.3-linked holoprosencephaly. This is
based on homology to another WD repeat-
containing protein, LIS-1, which constitutes the
acetylhydrolase subunit of brain platelet-
activating factor (Hattori et al. 1994). Haploinsuf-
ficiency for the LIS-1 gene is known to cause Mill-
er-Dieker lissencephaly syndrome, a severe brain
malformation manifested by development of a
smooth cerebral surface and probably attribut-
able to abnormal neuronal migration (Reiner et
al. 1993). In cases of 21q22.3-linked holoprosen-
cephaly (HPE1), brain malformations resulting in
the formation of a single ventricle and/or micro-
cephaly are observed. These malformations are
thought to occur from impaired midline cleavage
of the embryonic forebrain. Cytologically detect-
able terminal deletions of chromosome 21 have
been observed in some HPE patients, and it has
been postulated that haploinsufficiency of a gene
in 21922.3 is the genetic basis of the disease.

Based on molecular analysis of DNA markers in 3
HPE patients with terminal deletions of chromo-
some 21, the HPE1 gene has been mapped to a
5-Mb region at the tip of chromosome 21
(Muenke et al. 1995), a region that includes the
PWP2 gene. Of the handful of haploinsufficiency
syndromes whose causative gene has been iden-
tified, most involve proteins that probably form
multimeric complexes with defined stoichiom-
etries (Fisher and Scambler 1994). Thus the PWP2
protein, containing WD repeats potentially in-
volved in assembly of multimeric complexes, can
be regarded as an excellent candidate for an hap-
loinsufficiency syndrome. Further studies, such
as the generation of haploinsufficient PWP2
transgenic knockout mice, will be required to as-
sess whether the PWP2 gene is involved in this
disorder.

Based on its physical localization, the PWP2
gene also remains a candidate for two other dis-
eases that have been mapped to the 21q22.3 re-
gion. Autoimmune polyglandular disease type 1,
also known as autoimmune polyendocrinopa-
thy-candidiasis-ectodermal dystrophy (APECED)
involves varying degrees of dysfunction of the
parathyroid glands, adrenal cortex, gonads, pan-
creatic B cells, thyroid gland, and gastric parietal
cells (Aaltonen et al. 1994) because of the pres-
ence of antibodies directed against adrenal pro-
teins. And finally, a form of nonsyndromic child-
hood-onset deafness (DFNB8) has been linked to
21g22.3 (Bonné-Tamir et al. 1996; Veske et al.
1996). If the PWP2 protein acts in a signaling
pathway, then it may be considered a candidate
gene for any of the diseases mentioned above. Of
course, the PWP2 gene may also play a part in the
complex phenotype observed in Down syndrome
patients. Further studies will be required to deter-
mine whether mutations in the PWP2 gene lead
to any of these disorders, and to address the func-
tion of the protein.

METHODS

Subcloning and Sequencing

Cosmid and plasmid DNA were prepared using a modified
alkaline-lysis protocol (Birnboim et al. 1979) after 16 hr of
growth at 37°C in TB broth (Tartof and Hobbs 1987)
supplemented with kanamycin (50 pug/ml) or ampicillin
(60 pg/ml), respectively. EcoRI- or HindlIII-digested cosmid
fragments were subcloned into pBluescript II SK. Double-
stranded plasmid DNA was sequenced manually using a
Sequenase kit (U.S. Biochemical) or with an Applied Bio-
systems Inc. model 373A fluorescence sequencer available
from the Network of Centres of Excellence (Canadian Ge-
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Table 3. Polymorphisms in the PWP2 Gene
Primer Position Polymorphic Amino  Restriction  Allele
Exon  pair (codon) Allele  sequence acid site frequencies
2 W63 + W64 108 (25) 1 TGC AAT GGA  Asn + BsrDI 25/38 = 0.66
2 TGC GAT GGA  Asp — BsrDI 13/38 =0.34
9 W13 +W14 1019 (328) 1 AGCATCTCA lle + Ddel 67/90 = 0.74
2 AGC ATT TCA ile — Ddel 23/90 = 0.26
13 W48 + W75 1607 (524) 1 AAG ACG GTG  Thr — TspRI 37/48 = 0.77
2 AAG ACAGTG  Thr + TspRI 11/48 = 0.23
15 W55 + W19 1986 (651) 1 TCT €TG GAC Leu + BsmAl 41/54 =0.76
2 TCT TTG GAC Leu —  BsmAl 13/54 = 0.24
See Table 2 for primer sequences. Position refers to the position of the polymorphic basepair (or codon) in reference to the
consensus cDNA sequence shown in Fig. 2.

netic Diseases Network) Sequencing Core Facility in Ot-
tawa. Partial sequencing of cosmid Q84H11 was done us-
ing the following shotgun sequencing strategy. Briefly,
cosmid DNA was sonicated and DNA fragments were re-
paired using nuclease BAL-31 and T4 DNA polymerase.
DNA fragments of 0.8-2.2 kb were size-fractionated by aga-
rose gel electrophoresis and ligated into the pUC9 vector.
Inserts of the plasmid clones were amplified by PCR and
sequenced using standard ABI dye-primer chemistry. Se-
quence assembly was performed using the ABI AutoAssem-
bler.

DNA Sequence Analysis

DNA sequence data were assembled and manipulated us-
ing DNASTAR Inc. (Madison, WI) software. Sequence ho-
mology searches were conducted against nonredundant
DNA and protein sequence databases using the BLAST
(Altschul et al. 1990) E-mail server at the National Center
for Biotechnology Information (Bethesda, MD) and the
BLOCKS (Henikoff and Henikoff 1991) E-mail searcher at
the Fred Hutchison Center for Cancer Research (Seattle,
WA).

Northern Blot

Northern blot containing poly(A)* RNA derived from vari-
ous human tissues was purchased (no. 7760-1, Clontech,
Palo Alto, CA) and hybridized and washed according to
conditions recommended by the manufacturer. The filter
was wrapped in Saran, and exposed to BioMax MR film
(Kodak) for one week at —80°C using a DuPont intensify-
ing screen.

SSCP Analysis

Genomic DNA and RNA were isolated from EPM1 patients
and controls as described previously (Cochius et al. 1993).
Genomic DNA fragments were amplified by PCR in a 96-
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well plate using a model PTC-100 thermocycler (MJ Re-
search, Inc.) and the following conditions: 94°C for 5 min,
35 cycles of 94°C for 30 sec, X°C for 30 sec, and 72°C for 30
sec (where X is the temperature given in Table 2), followed
by a final elongation at 72°C for 7 min. Samples were di-
luted with formamide-containing loading buffer and de-
natured for 10 minutes at 90°C prior to electrophoresis
under the following two sets of conditions: (1) 0.5X MDE
gel in 0.6 TBE plus 5% glycerol run at 25°C for 16 hr at
3 W per gel, and (2) 9.5% polyacrylamide gel in 1X TBE
run at 4°C for 16 hr at 14 W per gel. A third set of condi-
tions were used for some of the samples: 6% polyacryl-
amide gel in 1 X TBE run at 4°C for 16 hr at 21 W per gel.
An undenatured control was loaded alongside denatured
samples. Gels were then dried and exposed to BioMax MR
X-ray film (Kodak) for 16 hr.

Sequencing of PCR Products

For sequencing, one primer was synthesized with 5’ bioti-
nylation. The fragment to be sequenced was PCR-
amplified using a biotinylated and nonbiotinylated primer
in four 100 ul volumes. The pooled 400 pl reaction was
then ethanol precipitated, the pellet was dried then resus-
pended in 30 pl of Tris-EDTA (10 mMm:1 mu), and sepa-
rated on a 0.8% LMP agarose (Life Technologies, Inc.) gel
in 1x TAE, stained with ethidium bromide and the appro-
priate-sized band excised. The gel slice was then heated for
15 min at 75°C, allowed to cool to 50°C, and digested with
2 U beta-agarase (New England Biolabs) at 37°C for 2 hr.
The DNA was then precipitated by adding 1/10 volume of
2 M potassium acetate and 2 volumes of 95% ethanol. The
biotinylated strand was then separated from the nonbio-
tinylated strand using streptavidin-conjugated magnetic
beads (Dynabeads M-280 Streptavidin, Dynal, Inc.). Sepa-
rated strands were then sequenced using the Sequenase kit
(U.S. Biochemical) and [3SS]dATP (Amersham).
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