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The WD-repeat proteins are found in all eukaryotes
and play an important role in the regulation of a wide
variety of cellular functions such as signal transduc-
tion, transcription, and proliferation. Here we report
on the cloning and characterization of a novel human
WD-repeat gene, WDR6, which encodes a protein of
1121 amino acids and contains 11 WD-repeat units.
WDRE6 is unique since its 11 WD repeats are clustered
into two distinct groups separated by a putative trans-
membrane domain. The WDR6 gene was mapped to
chromosome 1521 by fluorescence in situ hybridiza-
tion. Northern analysis demonstrated that WDR6 is
ubiquitously expressed in human adult and fetal tis-
sues. WDR6 is not homologous to any previously iden-
tified human WD-repeat genes including WDR1
through WDR5. However, it was found to have signif-
icant sequence similarity with Arabidopsis thaliana
hypothetical protein T7B11.12, yeast putative elonga-
tion factor G, and probable membrane protein
YPL183c. All of them have been defined as WD-repeat
proteins. Therefore, WDR6 is a novel protein and prob-
ably belongs to a highly conserved subfamily of WD-
repeat proteins in which T7B11.12 and YPL183c are its
distantly related members. © 2000 Academic Press
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WD repeats are minimally conserved domains of ap-
proximately 40 to 60 amino acids that are initiated by
the glycine-histidine (GH) dipeptide 11 to 24 residues
from their N-terminus and end with the tryptophan-
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aspartic acid (WD) dipeptide at their C-terminus. Be-
tween the GH and WD dipeptides is a conserved core
sequence (1, 2). The repeating unit, first found in the
subunit of the GTP-binding protein transducin, has
been referred to as the transducin repeat, the GH-WD
repeat, or the WD-40 repeat. Most WD-repeat proteins
contain a cluster of 4-16 copies of the WD repeats.
Studies have demonstrated that WD-repeat domains
themselves are essential for protein-protein interac-
tions (3, 4). WD-repeat domains are found in a diverse
group of proteins including cell division control pro-
teins, coatomer B subunits, transcription initiation fac-
tors, microtube associate proteins, actin interacting
proteins, as well as enzymes like protein phosphatase
2A and myosin heavy chain kinase A (3—-13). Recently,
mutations in several novel WD-repeat proteins have
been implicated in diseases such as X-linked sensori-
neural deafness, the Cockayne syndrome, and dac-
tylaplasia (14-16).

Genes identified to be responsible for familial cardiac
diseases are preferentially or exclusively expressed in
the heart (17—-20). Our laboratory is interested in iden-
tifying and elucidating the molecular mechanisms re-
sponsible for familial cardiomyopathies and supra-
ventricular arrhythmias (21-23). We undertook a
search for genes expressed in the heart and preferen-
tially expressed in atria to identify candidate genes.
We employed the technique of differential display-
polymerase chain reaction (DD-PCR) (24). A novel gene
that appeared to be preferentially expressed in the
atria on DD-PCR was identified and cloned (GenBank
Accession No. AF099100). Sequence analysis showed
that this novel gene is predicted to encode a protein
that contains 11 WD repeats. Our protein is different
from previously identified WD-repeat proteins, so we
named it WDR6 for WD-repeat protein 6 and the gene
symbol has been approved by the HUGO/GDB Nomen-
clature Committee. We determined the human tissue
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expression of WDR6 gene and mapped its chromosomal
location.

MATERIAL AND METHODS

Isolation of the mRNA differentially expressed in the human car-
diac atria. Total RNA was extracted from the atria and ventricles
of a normal adult human heart with RNAzolB (Tel-TEST Inc.). The
poly-A mRNA was further isolated from these total RNA by Oligotex
mRNA kit (Qiagen). The DD-PCR was performed as reported (24).
Briefly, the first step consists of reverse transcription of mRNA
extracted from atria and ventricles of a normal adult human heart
using a fully degenerated 6-mer-oligonucleotide as a primer. The
second step consists of PCR amplification of internal regions of the
cDNA with two or three longer primers with arbitrary but defined
sequences according to certain criteria. DD-PCR products were sep-
arated by electrophoresis in 2% agarose gel and the products were
extracted from the gel with Gel Extraction Kit (Qiagen) and cloned
into PCR |1 vector (Topo TA cloning Kit, Invitrogen). The positive
clones were confirmed by release of the insert of the same size as the
DD-PCR products and subsequently sequenced.

Expression analysis. Two human multiple tissue Northern
(MTN) blots and multiple tissue expression (MTE) arrays (Clontech)
were used in the Northern blot analysis to determine tissue distri-
bution of WDR6 transcripts. The probe, which was the insert isolated
from the cloned DD-PCR product D31, was radioactively labeled with
#p-dCTP by random priming with RanPrimer kit (Gibco BRL). Hy-
bridization with Clontech’'s ExpressionHyb solution and stringent
washes were performed following the manufacture’s instruction.

Screening of human atria cDNA library. A mixture of oligo(dT)
12-18 and random hexamer primed A-ZAPIl human atrial append-
age cDNA library (kindly provided by Dr. Barbara Wible) was
screened with the same probe as used in the Northern blotting. After
conventional phage library screening by hybridization of the *P-
dCTP labeled probe to the plaque lifts on membrane (NEN Life
Science Products), 20 positive phage plaques were isolated. Excision
of the pBluscript SK(—) plasmid from A-ZAPII was performed ac-
cording to Stragene’s single-colony excision protocol. The final screen
identified 26 positive colonies. The inserts of these clones were re-
leased and subjected to sequencing in both directions.

Rapid amplification of cONA end (RACE). To obtain the 5’-end of
the cDNA, a 5'-RACE PCR reaction was performed with Marathon
amplification kit, human heart Marathon ready cDNA (Clontech).
The primers used in this reaction were 5’-gene specific primer (5'-
CCATCCTAATACGACTCACTAATGGGC-3') and adaptor primerl
(5'-GCGGTCACCACACACCAGGAAGTCACC-3'). The amplification
reaction was carried out according the manufacturer’s instruction. A
touch-down PCR, after initial denaturation for 1 min, was performed
as 5 cycles of 30 s at 94°C and 4 min at 72°C, 5 cycles of 30 s at 94°C
and 4 min at 70°C, and 20 cycles of 20 s at 94°C and 4 min at 68°C,
and a final extension at 68°C for 10 min. RACE products were cloned
into pCRII vector with TA cloning kit. Two clones containing an
insert of 1.5 kb were sequenced and found to be the 5-end of the
cDNA. After both 5'- and 3'- ends of this cDNA were obtained, the
full-length transcript was amplified with similar conditions to the
RACE reaction except for 7 min of extension, and a different set of
primers: WDR6-Forward (5'-CAGGTCTCGAGGACTACGTTTG-
GCC-3') and WDRG6-Reverse (5'-AGAGCAAAGAGATGGGCCAG-
TGACTC-3’). The amplified product was also cloned into pCRII vec-
tor as describe above.

DNA sequencing and data analysis. DNA sequencing was per-
formed on ABI310 sequencer with BigDye Terminator Cycle Se-
quencing Kit (Perkin-Elmer). Sequence fragments were assembled
by Sequencher Program (Gene Codes Corporation). Sequences were
analyzed with the use of the GCG package (Wisconsin Package
Version 10.0, Madison, WI) (25). Homology search (26) was per-
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formed via BCM Search Launcher (http://www.hgsc.bcm.tmc.edu/
SearchLauncher/). BLOCKS (27) and PROSITE (28) searches were
performed to identify motifs. The detailed WD-repeat analysis
was obtained from the PSA Sequence Analysis Server at the
BioMolecular Engineering Research Center of Boston University
(http://bmerc-www.bu.edu).

Chromosome mapping. Fluorescence in situ hybridization (FISH)
was performed on metaphase chromosomes as previous described
(29). In brief, a set of primers derived from 3’-untranslated region of
the WDR6 (Forward: 5'-TCCTGGTACAGCTCAGCAGCATG-3', and
Reverse: 5'-GCATAGCCAGGCCAGTATG-3') was used to screen a
BAC library (Research Genetics) by PCR. Two clones, 515F22 and
51506, were confirmed to harbor the gene of interest. DNA extracted
from clone 51506 was labeled with digoxigenin-11-dUTP by nick-
translation, used for FISH, and detected with anti-digoxigenin con-
jugated to rhodamine (fluorescent red). By DAPI staining, the WDR6
was thought to hybridize to the long arm of chromosome 15. This was
confirmed by two-color FISH using the labeled 51506 clone and a
classical satellite probe (D15Z1) which maps to the short arm of
chromosome 15. The probe was labeled with biotin-16-dUTP (Oncor,
Gaithersburg, MD) and detected with avidin conjugated to fluores-
cent isothiocyanate (FITC) (fluorescent green).

RESULTS

Using different combinations of 23 oligonucleotide
primers, 125 differential display PCR reactions were
performed. A total of 26 fragments, presented in the
atria but not in the ventricles, were cloned and se-
quenced. Sequences from 21 different genes were ob-
tained, of which 13 corresponded to known genes such
as human KIAA 0181 gene, eotaxin gene, PHL-1 gene,
protective protein, death associated protein 5, titin,
and atrial natriuretic factor. The remaining eight frag-
ments did not show any significant sequence homology
to any known genes in the computerized database and,
thus, represent novel genes. One of these fragments,
D31, was selected for further analysis because it was
the largest DD-PCR products we obtained and showed
WD-repeat domains during initial analysis.

Cloning and sequence analysis of human WDRG6.
The cDNA fragment D31 obtained by DD-PCR was 1.4
kb. To obtain the full length transcript of this novel
gene, we screened a human atrial cDNA library utiliz-
ing radioactively labeled D31 as a probe. A total of 26
positive colonies were isolated and sequenced. Nine-
teen of these clones have the same insert of 1.7 kb and
were found to overlap with the 3’-end of D31 and
contain poly-A signal. Cloning the 5’-end of the gene
(1.5 kb) was achieved by RACE. The cDNA sequences
from D31, positive library clones and RACE products
were assembled and the consensus sequence was ob-
tained. A full-length cDNA was amplified with primers
derived from both ends of the consensus sequence, and
subsequently cloned, and sequenced. The cDNA of
4079 base pairs showed an open reading frame of 3363
base pairs encoding a protein of 1121 amino acids with
estimated molecular mass of 122 kDa (Fig. 1). The first
start codon ATG is contained within a Kozak consen-
sus sequence CCCA/GGCAUGG for translation initia-
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AGAATAGAGTGTAGAGGTCAAAAAAAARA 4079

FIG. 1. Nucleotide sequence of human WDR6 ¢cDNA and its deduced amino acid sequence. WD repeats and poly A addition signal were
in boldface and underlined. A predicated transmembrane domain was indicated with a box. The nucleotide sequence has been deposited with
GenBank under Accession No. AF099100.

tion (30, 31). The poly (A) tail is preceded by a polyad-
enylation signal (AATAAA) of 18 bp.

BLOCKS and PROSITE analysis of amino acid se-
guences of the predicted 122 kDa protein identified
four regions with high sequence homology to the
B-transducin WD repeat. Using WD-repeat consensus
sequence (1, 2) and BMERC search engine, seven ad-
ditional WD repeats were identified in this protein. All
of the 11 WD repeats found in our novel protein have
been compared with the WD-repeat consensus se-
guence and showed significant similarity between
them (Fig. 2), suggesting our novel gene encodes a
WD-repeat protein. Interestingly, the distribution of
these repeat units in our novel protein is unique in that
five of them are close to its N-terminus and the remain-
ing six are close to the C-terminus (Fig. 1). These two
clusters of WD repeats are separated by a region of 285
amino acids without WD repeats in between but which
are predicted to code for a probable transmembrane

domain (amino acids 451-467 as indicated by a box in
Fig. 1) by PSORT 11 prediction due to the hydrophobic
property of this stretch of residues, while most of the
WD-repeat proteins characterized to date have their
WD repeats clustered together as a single group (2, 10,
11, 32-35).

BLAST search shows that our protein is not homol-
ogous to any previously identified human WD-repeat
protein including the recently cloned five WD-repeat
proteins (WDR1 through WDR5) of unknown function
(35, 36), we refer to it as WDR6 for WD-repeat protein
6. However, WDR6 was found to be most closely related
to the A thaliana hypothetical protein T7B11.12 (Gen-
Bank Accession No. AC007138), S. pombe putative
elongation factor G (GenBank Accession No.
AL133303) and a S. cerevisiae probable membrane pro-
tein YPL183c (PIR Accession No. S65195). Specifically,
Arabidopsis T7B11.12 is 40% similar and 23% identi-
cal (expect value = 1 X 10 %), S. pombe putative elon-
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FIG. 2. Comparison of the 11 WD repeats identified in human WDR6 protein with the WD-repeat consensus sequence obtained from
Smith, T., et al. (1999). The amino aids that are identical or similar to the consensus sequence are shown in boldface.

gation factor G is 37% similar and 21% identical (ex-
pect value = 4 X 10°%), and yeast YPL183c is 37%
similar and 19% identical (expect value = 2 X 10"%) to
human WDR®6, respectively. Sequence similarity was
found not only in the WD-repeat regions but also in the
regions outside WD repeats, indicating WDR6 is ho-
mologous to them. Although none of these three puta-
tive proteins was well characterized, three of them
have been defined as WD-repeat proteins. Therefore,
WDRS6 is a novel WD-repeat protein and probably be-
longs to a highly conserved sub-family of WD-repeat
proteins in which A. thaliana protein T7B11.12 and
yeast elongation factor G are its distantly related mem-
bers.

Several different phosphorylation sites, myristoyl-
ation sites, and glycosylation sites were also identified
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in WDR6 by motif search, but their significance remain
to be determined.

Tissues distribution of human WDR6. To deter-
mine the size of the full-length transcript and tissue
distribution of human WDR6, Clontech MTN blots and
a MTE array were probed with D31. It was demon-
strated that a transcript of approximately 4.4 kb is
widely expressed in human tissues including pancreas,
kidney, brain, liver, heart, and skeletal muscle. A
much more abundant expression was observed in pan-
creas when compared with the expression of the other
tissues (Fig. 3A). A transcript of about 9.5 kb was
evident in tissue from pancreas. To test if WDR6 is also
expressed in smooth muscle, a muscle MTN blot was
probed with D31 probe. A similar level of the expres-

Skeletal Muscle
Uterus

Colon

Small Intestine
Bladder

Heart

Stomach
Prostate

kb

9.5—

FIG. 3. Northern blot analysis of human WDR6 gene expression in various human tissues. Human multiple tissue Northern blots
(Clontech) were probed with *P-labelled WDR6 (nucleotide 1260-2651). A major transcript about 4.4 kb was shown across all the tissues
tested. Two ug of poly-A RNA from each tissue were loaded on each lane of the blot. The constant amount of mMRNA was demonstrated by
hybridization with a control g-actin cDNA probe as shown in the lower panel. The film was exposed at —70°C for 16 h.
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FIG. 4. mRNA expression of human WDR6 as detected with human multiple tissue expression array (Clontech). Human WDR6 is
ubiquitously expressed as shown in upper panel. mRNA from 76 different human tissues as indicated in lower panel was loaded on the nylon
membrane. mRNA levels were normalized versus eight different housekeeping gene makers by the manufacture, thus the blot is quantita-

tive. The blot was hybridized with cDNA probe of WDR6 under high stringency conditions and exposed to film for 16 h.
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FIG. 5. Chromosomal localization of WDR6 gene on chromosome
15921 by FISH. Metaphase spreads of karyotypically normal blood
lymphocytes were hybridized with BAC clone 51506 harboring the
WDR6 gene as described in the text. The arrow indicates the specific
hybridization signal for clone 51506 on the long arm of chromosome 15
in a metaphase cell (red signal). The chromosome 15 specific classic
satellite probe D15Z1 (fluorescent green), which maps to the short arm
of chromosome 15, confirms the assignment of WDR6 to 15q.

sion was evident among eight different muscle tissues
including uterus, colon, bladder, and prostate (Fig. 3B).
MTE analysis showed that WDR6 was expressed not
only in both atria but also in both ventricles as well as
all other adult and fetal tissues examined (Fig. 4). It
appeared that WDR6 was particularly abundantly ex-
pressed in pituitary gland, and fetal lung (20 to 25
weeks gestation). ESTs homologous to the WDR6 were
found in cDNA libraries from whole embryo and di-
verse adult tissues in mouse and human (Unigene Mm.
29493 for mouse; Hs. 8737 for human), which further
indicates that WDR6 is a ubiquitously expressed gene.

Chromosome localization of WDR6 gene. Human
WDR6 hybridized to the long arm of chromosome 15
(15921), confirmed by two-color FISH using a classical
satellite probe (D15Z1) which maps to the short arm of
chromosome 15 (Fig. 5). The probe hybridized to the
centromeric half of chromosome 15q, placing it roughly
to band 15¢g21.

DISCUSSION

We identified and cloned a novel human WD-repeat
gene, WDR6. This novel gene is mapped to chromosome
15g21 and is ubiquitously expressed in fetal and adult
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human tissues. Sequence analysis established that
WDR6 belongs to WD-repeat protein family and is
highly conserved from yeast, A. thaliana, and mouse.
The high level of conservation and ubiquitous expres-
sion suggests that WDRG6 is likely to be an important
gene.

The WD-repeat proteins are a rapidly expanding
protein family (http://bmerc-www.bu.edu/wdrepeat/
members.html). There are at least 123 proteins iden-
tified in the protein database (SWISS-PROT/TrEMBL)
to have more than four WD repeats in their amino acid
sequences. A total of 205 putative WD-repeat proteins
have been predicted from the genomes of A. thaliana,
C. elegans, and S. cerevisiae. Interestingly, seven WD-
repeat proteins were also identified in prokaryotes like
Synechocystis in contrast to a previous claim that WD-
repeat proteins are only found in eukaryotes (1, 2).
Based on the distribution of the WD repeats, WD-
repeat proteins were grouped into two classes: one in
which the proteins are composed almost entirely of the
WD-repeat domains; a second group in which WD re-
peats are restricted to either the N-terminus or the
C-terminus (2, 14). Proteins of the first group is often
seen in the G-protein B subunits (10) and some other
signal transduction related proteins such as the recep-
tor for activated protein kinase C (4). The proteins in
the second group are involved in functions as diverse as
RNA processing, transcription regulation, vesicular
trafficking, cytoskeletal assembly, and cell division
control (3, 5-9, 37).

The primary structure of WDR6 is unique in that its
11 WD repeats are clustered into two distinct groups
separated by a probable transmembrane domain. Since
a group of four WD repeats is able to form a structural
unit, typically a B-propeller fold (1, 38, 39), it seems
possible that WDR6 may form two separate structural
units across the plasma membrane. WD-repeat pro-
teins represent a large protein family with similar
sequence repeats and predicted three dimensional
structure. One possible common functional theme is
that the WD-repeat propeller structures create a stable
platform that can form reversible complexes with sev-
eral proteins and in so doing, coordinate sequential
and/or simultaneous protein interactions (1, 2). How-
ever, these proteins exhibit a high degree of functional
diversity. Therefore, currently it is very difficult to
assign a specific function to a particular WD-repeat
protein based on protein sequence analysis alone.
WDR6 may be important for developmental and phys-
iological processes, although its precise function re-
mains to be defined by further experimental studies.
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