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We report the cloning and characterization of a new
uman gene, Dactylin, encoding a novel member of the
-box/WD40 protein family. The Dactylin gene com-
rises nine exons distributed in more than 85 kb of
enomic DNA and encoding a protein with four WD40
epeats and an F-box motif. Northern blot analysis
emonstrates a single 2.8 kb transcript in brain, kid-
ey, lung and liver. FISH hybridization localized Dac-
ylin to 10q24.3. Using an Msc I SNP identified in the
rst exon of the gene, we were able to assign Dactylin
ithin the critical region for Split Hand Split Foot
alformation (SHFM3) that has been mapped to

0q24. The SHFM3 phenotype includes absence or hy-
oplasia of the central digital rays, a deep median cleft
nd syndactyly of the remaining digits. Recent studies
ave demonstrated the importance of F-box/WD40 pro-
eins in the regulation of developmental processes, by

mechanism of specific ubiquitinization and subse-
uent proteolysis of target proteins belonging to the
nt, Hh and NF-kB signaling pathways. The chromo-

omal location of Dactylin and its putative function as
n F-box/WD40 repeat protein, likely to be involved in
ey signaling pathways crucial for normal limb devel-
pment, make it a promising candidate gene for
HFM3. © 1999 Academic Press

The Split Hand-Split Foot malformation is a natu-
ally occurring phenotype that appears to result from
rrors in the developmental patterning of the limbs (1).
he malformation is characterized by a median cleft in
he hand and foot associated with absence or hypopla-
ia of the central digits, and frequently fusion of the
emaining digits. At least three different Split Hand-
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T 06030. Fax: 860-679-1355. E-mail: Tsipouras@nso1.uchc.edu.
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plit Foot malformation loci have been identified (2, 3,
). A locus for Split Hand-Split Foot malformation
SHFM3) has been localized on human chromosome 10
10q24) and it is the only one of the three not associated
ith cytogenetic abnormalities (3, 5). An analogous
henotype, Dactylaplasia, has been described in mouse
6) and mapped in a syntenic region of chromosome
9 (7).
Meiotic mapping of families with SHFM3 estab-

ished a critical region on 10q24 (5, 8). A detailed
atabase search for the identification of a suitable can-
idate gene revealed the presence of several character-
zed genes (FGF8, PAX2, and HOX11) and of numerous
STs mapping in the SHFM3 critical region.
We report the cloning and characterization of a novel

ene, which is localized within the SHFM3 critical
egion. This gene is expressed in several tissues at
ifferent stages of development. The potential involve-
ent of the protein encoded by this gene in the etiology

f SHFM3 led us to name it Dactylin (from the Greek
actylon for finger). The structure of dactylin com-
rises an F-box and WD40 motifs. Proteins containing
box/WD40 motifs have been found in the ubiquitin-

ependent proteolytic pathways that are common to
everal species ranging from yeast to homo sapiens (9).
actylin might be involved in the molecular tagging of
rotein molecules destined for proteolysis. However,
ts relationship to SHFM3 remains unknown.

ATERIALS AND METHODS

EST identification and DNA sequencing. ESTs were identified
sing BLAST search of dbEST database (10). Sequencing reactions
ere performed on an ABI 373 sequencer using the PE Big Dye

erminator sequencing kit. Double stranded PCR products and
lasmid DNA were purified using Qiagen purification kits. Nucleo-
ide sequences were organized in a contig using the DNA Star pack-
ge (11).



RNA isolation and generation of cDNA. Total RNA was isolated
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rom a ten-week old human embryo using a procedure previously
escribed (12). Five mg of mRNA was reverse-transcribed (Super-
cript II, Gibco BRL) with oligo dT20 primer using the conditions
ecommended by the supplier. Ten ml of RT reaction was then sub-
ected to PCR with primers Ex1F1: 59-GGCAAGGCGGAAGAG-
AAGC-39 (Nt. 297–316) and i9R1: 59-ATTGGCAGCCTCACCT-
TCC-39 (Nt. 2249–2268) in a total reaction volume of 100 ml. The
onditions of the reaction were the following: 0.2 mM dNTP, 13 XL
II PCR buffer (Boehringer), 1 mM each primer, 1 U Taq polymerase
t 97°C/20 sec, 55°C/30 sec, 72°C/2 min for 30 cycles. A second nested
CR was then performed with primers Ex1F2: 59-GAAGGA-
GAATGGAGGGTC-39 (Nt. 511–529), and Ex9R2: 59-GAGGTTG-
AAGACAGGGCAGC-39 (Nt. 1811–1831) using the same conditions.
he resulting product was gel purified, cloned into pGEM-T vector

Promega) and sequenced.

Determination of transcription initiation site. Total RNA from a
en-week old human embryo was isolated and reverse-transcribed
nto cDNA as described above. PCR was then performed using
.2 mM dNTP, 13 XL III PCR buffer (Boehringer), 1 mM each
rimer, 1 U Taq polymerase at 97°C/20 sec, 55°C/30 sec, 72°C/2 min
or 30 cycles. The products were separated on 1.8% agarose gel and
ransferred to a nylon membrane by alkali blot. Fragments were
ybridized overnight at 45°C in 53 SSC, 7% SDS with 1 pmol

2P-labelled oligonucleotide probe corresponding to nucleotide posi-
ion 737–760. Filters were washed with 23 SSC, 1% SDS at 37°C and
he fragments were detected by autoradiography.

Determination of genomic organization. Exon-intron borders
ere isolated using an improvement of the vectorette procedure,
escribed previously (13). Briefly, DNA from a BAC clone (325g20),
ontaining the human Dactylin gene was digested overnight with
saI or AvaII restriction endonuclease. Twenty nanograms of the
esulting fragments were ligated to 100 pmol of adapter comprised of
trands of unequal length. Hot start PCR using one specific and one
dapter primer was then employed to amplify fragments situated
etween the most proximal restriction site and the specific primer.
hese fragments were then purified and sequenced. Genomic
rimers were generated for each exon using the PrimerSelect
rogram (14).

Southern and Northern blot hybridization. For Southern blot
nalysis PCR-amplified DNA fragments were transferred to Hybond
1 membrane (Amersham), UV cross-linked, baked, hybridized, and
ashed following established protocols. A human fetal multiple tis-

ue filter (Clontech) was used for Northern blot analysis. The filter
ontained 2 mg per lane of poly-A1 RNA extracted from an approx-
mately twenty-week old fetal brain, lung, liver, and kidney tissue.
he filter was hybridized following the conditions recommended by
he supplier.

Genotyping. Fifty nanograms of genomic DNA were amplified
sing primers specific for the 59 end of the gene. The generated
mplicons were digested overnight with 1 U of MscI restriction
ndonuclease and the resulting fragments were separated by elec-
rophoresis on a 2% agarose gel. The gel was stained in ethidium
romide and the fragments were visualized and photographed.

In situ hybridization. In situ hybridization was performed on two
ections from a 5 1/2 week human paraffin-embedded embryo. The
robe used was EST clone H45642 consisting of 55 bp of coding
egion plus 632 bp of 39 UTR. Hybridization to embryo sections was
erformed as described (15), except that hybridization was at 45°C
nd washing at 55°C.

Fluorescent in situ hybridization (FISH) on metaphase chromo-
omes. DNA from ESTs H45642 and AA397652 were labeled with
iotin-14-dATP (GIBCO-BRL) using nick translation and were hy-
ridized together to metaphase chromosomes prepared from normal
ale peripheral blood lymphocytes made by the bromodeoxy-uridine

ynchronization method (16). FISH was performed essentially ac-
65
robe, 2 mg Cot 1 DNA and 8 mg sonicated salmon sperm DNA in
0 ml of prehybridization mixture were pre-annealed at 37°C for 20
inutes and then applied to a denatured chromosome slide. Post-
ybridization washes were at 44°C in 23 SSC/50% formamide
5 min. 3 3) followed by washing in 13 SSC at 55°C (5 min. 3 3).
ybridized DNAs were detected with avidin-conjugated fluorescein

sothiocyanate (Vector Labs). Two amplifications were carried out
sing biotinylated-anti-avidin. To generate clear reverse bands,
etaphase chromosomes were counterstained with chromomycin A3

ollowed by distamycin A (16). Color images were captured using the
hotometrics Cooled-CCD camera (CH250) and the BDS image anal-
sis system (ONCOR Imaging, Gaithersburg, MD).

ESULTS

DNA Assembly and Cloning

Initially three human EST clones, H45642, AA397652,
nd AA130939 were identified by BLAST search as
aving a high degree of homology to the mouse BAC
lone CIT282B21. This clone had been localized to the
egion of mouse chromosome 19 syntenic to human
hromosome 10q24, which contains the SHFM3 critical
egion. Further database screening, using the three
uman EST clones identified a number of additional
STs, from a variety of tissues and developmental
tages, which were then assembled in a contig repre-
enting more than 1500 bp of cDNA. To confirm that
hese ESTs were derived from a single transcript, a
DNA was cloned and sequenced from a ten-week old
uman embryo. Additional 59 sequence was generated
rom the human BAC clone 325g20 which contains the
actylin gene. The resulting cDNA spanned 2490 bp
nd contained a 1782 bp ORF, 76 bp 59UTR, and 632 bp
9UTR.

etermination of the Transcription Initiation Site

We identified three potential in-frame initiator me-
hionine residues (nucleotide positions 77, 155, and
20) (Figure 1a). In order to determine which of the
hree residues is likely to be used, we attempted to
efine the transcription initiation site. To determine
he site of transcription initiation, total embryonic
NA was subjected to RT-PCR using primers Ex1F3:
9-CGCTCATGGGCAGCCAG-39; (Nt. 150–166), or
x1F4: 59-CAAGGCTGCAGGTGTGAG-39; (Nt. 10–27)
ith 568R2: 59-CCAGGATGAAATTAGCCTGGGA-39;

Nt. 1019–1040). As a control we used amplification
rom genomic DNA using primers Ex1F3 and Ex1F4
aired with Ex1gR1: 59-AGTGCTCGGGAAAGGGT-
TA-39 located within intron 1. Fragments of the ex-
ected 885 bp and 1025 bp size were generated from
enomic DNA using both, Ex1F3; Ex1gR1 and Ex1F4;
x1gR1. In contrast, the expected 890 bp fragment was
enerated from cDNA using Ex1F3;568R2, but no frag-
ent was generated using Ex1F4;568R2 (Figure 1b).
his suggests that the transcription initiation site is
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ocated between Ex1F3 and Ex1F4 (nucleotide position
7 to 150) (Figure 1a).

dentification of a SNP at the 59 End of the cDNA

Sequencing of genomic DNA from a panel of unrelated
ndividuals identified a T/A transversion at nucleotide
osition 615 (Figure 1a). This nucleotide change mani-
ests itself as the presence or absence of a MscI restriction
ndonuclease site. The SNP was inherited as a Mende-
ian trait. An estimated allele frequency of 0.84 and 0.16
as derived from the analysis of 86 chromosomes. This
NP was utilized to genotype a panel of SHFM3 families.

FIG. 1. (a) Sequence of the 59-end of the Dactylin cDNA. The se
hown. Three ATG putative initiator codons are boxed. The AGG/TCC
he T/A SNP site in position 615 is in bold. (b) Determination of tran
f fetal RNA, using primers Ex1F3;568R2 and Ex1F4;568R2, respecti
x1F3;Ex1gR1 and Ex1F4;Ex1gR1.
66
he inheritance of the SNP was independent of the seg-
egation of the SHFM3 phenotype.

The predicted protein shows no apparent homology
o any known vertebrate protein. It comprises 412
mino-acids with an estimated molecular weight of
6.3 kDa and pI of 7.52. An apparent F-box motif is
ocated near the amino-terminus, followed by a series
f WD40 repeats (Figure 2).

dentification of a Pseudogene

BLAST search using the human Dactylin ESTs also
dentified a highly homologous sequence on chromo-

nce of the homologous region of the pseudogene on 22q11.2 is also
eat is shadowed. Primers Ex1F3, Ex1F4, and 568R2 are underlined.
iption start site by RT-PCR. Lane1: marker; lanes 2 and 3: RT-PCR
y; lanes 4 and 5: amplification of genomic DNA control using primers
que
rep
scr
vel
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ome 22. This sequence corresponds to the breakpoint
luster region (BCR) gene on 22q11.2. The homology
etween the pseudogene and human Dactylin is more
han 93% at the nucleotide level. Consistent with that
as the observation of a secondary signal by FISH
nalysis on chromosome 22q11.2 where the BCR gene
as been localized (unpublished data).

tructure of the Dactylin Gene

The BAC clone (325g20) encompassing the human
actylin gene was used for identification of exon intron

tructure. For each exon both 59 and 39 flanking bound-
ries were isolated and sequenced. The identified ex-
ns ranged in size from 66 bp (exon 6) to 884 bp (exon
). Amplification across introns using exon specific
rimers was used to estimate the corresponding intron
izes which ranged in size from 500 bp to more than 45
b (Figure 3). The total gene size was estimated to be
pproximately 85 kb.

xpression of the Dactylin Gene

Hybridization of a multiple tissue Northern blot
ith a probe encompassing the 39UTR detected a

ingle 2.8 kb band in all examined tissues (Figure 4).
he strongest expression of the gene was detected in
uman fetal brain, followed by kidney, lung, and

iver (Figure 4). In situ hybridization of Dactylin in
wo sections of 5 1/2 week human embryo confirmed
actylin expression in the developing CNS (Figure 5

FIG. 2. Predicted amino-acid sequence of the dactylin protein. Th
re enclosed in clear boxes.

FIG. 3. Genomic organization of the Dactylin gene. The nine exon
stimated intron size below.
67
, B) and liver (Figure 5 C, D). In addition Dactylin
ranscripts were present in spinal ganglia and dif-
erentiating myotome (Figure 5 A, B), and at low
evels in mesoderm and ectoderm of the developing
imb (Figure 5 E, F).

ene Localization

Cytogenetic localization. Two overlapping ESTs,
45642, AA397652, were mapped to chromosome
and 10q24.3 using FISH (Figure 6a). Over 50 meta-
hase cells were evaluated. Signals were clearly seen
n two chromatids of at least one chromosome
0q24.3 in 80% of the cells. Secondary signals were
oticed on chromosome 22q11.2, at the 13q21.3/22
order and on 15q22.3. The intensity of the signals
n 13q and 15q was much lower than on 10q and
2q and may reflect regions with small degree of
omology.

Genetic mapping. The SNP at position 615 was
sed to genotype critical meioses for previously de-
cribed recombination events in members of SHFM3
amilies. In one family, recombination events localized
actylin distal to D10S541 and proximal to D10S587.

n addition, recombination events in a second family
laced Dactylin between markers D10S185 and
10S187. Thus, Dactylin was genetically localized
ithin the previously defined SHFM3 critical region

Figure 6b).

utative F-box is shown in a shaded box and the four WD40 repeats

re shown as boxes, the positions of the introns shown above, and the
e p
s a



D

1
e
s
b
m

p
W
t
t

D
v
t
a
p
d
l

s
S
a
n
c
h
p
t
s

L
l
o

l
a

Vol. 261, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ISCUSSION

We identified a novel gene, which we mapped on
0q24 within the SHFM3 critical region. This gene
ncodes a protein, which we have named dactylin,
howing no homology to any known protein in verte-
rates. The only identifiable homology is to the yeast
et30 (26). The predicted structure of dactylin com-

FIG. 4. Northern blot hybridization with Dactylin 39 UTR probe:
anes loaded with fetal RNA extracted from: B, brain; Lu, lung; Li,

iver; and K, kidney. Positions of 2.4 and 4.4 kb markers are shown
n the left.

FIG. 5. In situ hybridization of Dactylin expression in a 5 1/2 we
ight microscopy respectively. (A, B): Dactylin is expressed in the neu
re also detected at low levels throughout liver parenchyma (C, D) a
68
rises 412 amino acids and includes an F-box and four
D40 domains, however no leader peptide sequence or

ransmembrane domain could be identified, suggesting
hat dactylin is a cytoplasmic protein.

The Dactylin gene extends over more than 85kb of
NA. The coding sequence is distributed in 9 exons
arying in size. A highly homologous sequence to Dac-
ylin was identified on chromosome 22 both by FISH
nalysis and database scanning. This suggests the
resence of a retro-transposed pseudogene. The pseu-
ogene appears not to be expressed as suggested by the
ack of deposited pseudogene-derived EST sequences.

Our data indicated that the transcription initiation
ite is located between nucleotides 27 and 150. The
NP at nucleotide 615 would predict a Val to Glu
mino-acid substitution. As this SNP appears to have
o phenotypic effect, this suggests it falls outside the
oding region. In addition, the degree of nucleotide
omology between Dactylin and the chromosome 22
seudogene, while .90% 39 from nucleotide 100 drops
o 40% 59 from position 100. Taken together, these data
uggest the most likely translation initiation site is the

human embryo. The panels on the left and right are from dark and
tube (nt), spinal ganglia (sg) and myotome (m). Dactylin transcripts
in mesoderm and ectoderm of the limb (E, F).
ek
ral
nd
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ethionine residue at nucleotide 620. This site falls
ithin a strong Kozak consensus sequence context

17). The reading frame remains open at the 59-end
eaving the possibility of additional exons. One inter-
sting structural characteristic of the Dactylin gene is
he presence of a trinucleotide repeat (AGG)7 at the
9-end of the coding sequence. The importance of trinu-
leotide repeats in the etiology of genetic disorders has
een well documented (18).
A single 2.8 kb gene transcript was detected and that

ize was in agreement with the determined cDNA se-
uence. Northern blot analysis and in situ hybridiza-
ion demonstrate that Dactylin is expressed in a broad
ange of embryonic tissues including central and pe-
ipheral nervous system, muscle, liver and lung. Con-
istent with its candidacy as a gene involved in the
HFM3 phenotype, Dactylin also appears to be ex-
ressed in the developing limb.

FIG. 6. (a) FISH of a metaphase chromosome spread hybridized
ith a Dactylin 39 UTR probe. Arrows show the position of the

hromosome 10q24 signal. (b) Genetic map of 10q24 showing, from
eft to right, ideogram of chromosome 10q, FISH localization of
actylin, and genetic map with distances in centimorgans. The
HFM3 critical region is shown by the vertical open bar, Dactylin
enetic localization is presented in solid vertical bar on the right.
69
lay a crucial role in ubiquitin-dependent proteolysis
y targeting specific protein substrates for degradation
19). These substrates include Cubitus interruptus,
kBa and b-catenin which are members of the Hedge-
og, NF-kB and Wnt signaling pathways, respectively
20). In vertebrates, sonic hedgehog, NF-kB and
-catenin mediated Wnt signaling, have all been
hown to be essential for normal limb development
21–25). In this paper we describe a new member of the
-box/WD40 protein family, dactylin. Based on its
hromosomal location within the SHFM3 critical re-
ion and its expression in the limb, Dactylin is a prom-
sing candidate for Split Hand Split Foot malforma-
ion. Furthermore, through its F-box/WD40 domains,
actylin has the potential to be a novel modulator of
nt, Hedgehog or NF-kB signaling during limb mor-

hogenesis.
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