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A dinucleotide mutation in the endothelin-B receptor
gene is associated with lethal white foal syndrome
(LWFES); a horse variant of Hirschsprung disease (HSCR)
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Lethal white foal syndrome (LWFS) is a congenital
anomaly of horses characterized by a white coat colour
and aganglionosis of the bowel, which is similar to
Hirschsprung disease (HSCR). We decided to investi-
gate possible mutations of the endothelin-B receptor
gene (EDNRB) in LWFS as recent studies in mutant
rodents and some patients have demonstrated EDNRB
defects. First, we identified a full-length cDNA for
horse EDNRB. This cDNA fragment contained a
1329 bp open reading frame which encoded 443 amino
acid residues. The predicted amino acid sequence was
89, 91 and 85% identical to human, bovine and mouse
as well as rat EDNRB respectively, but only 55% ident-
ical to the human, bovine and rat endothelin A receptor
(EDNRA). Secondly, sequence analysis, together with
allele-specific PCR and the amplification-created
restriction site (ACRS) technique, revealed a dinucleo-
tide TC - AG mutation, which changed isoleucine to ly-
sine in the predicted first transmembrane domain of
the EDNRB protein. This was associated with LWFS
when homozygous and with the
when heterozygous.

INTRODUCTION

Hirschsprung disease (HSCR) is a congenital human disor
characterized by the absence of enteric ganglion cells (agangl|

overo phenotype

nervous system (ENS) and epidermal melanocytes. When the
RETgene was functionally deleted in mice, the animals produced
had extensive aganglionosis and a pigmented tbatwhereas
when EDNRB or EDN3 genes were ‘knocked out’ the mice
produced had colonic aganglionosis and changes in the coat
colour resulting in a phenotype identicalpiebald-lethaland
lethal spottingmice. Subsequent studies identified an absence of
EDNRB in piebald-lethal mice, and a point mutation of
pro-EDN3 inlethal spotting mic€16). The potting lethal rat has

a 301 bp deletion IEDNRBexon—intron 117). It too has a hite

coat and aganglionosis, which often extends into the ileum.

The combination of white coat with little or no patches of
colour and extensive aganglionosis has also been described in the
congenital abnormality, lethal white foal syndrome (LWFS),
which presents as a fatal neonatal intestinal obstruibi 3).

LWFS most commonly results from matingerox overopaint
horses. The similarity in clinical, histological and pigmentary
phenotype to that observed in rodent models led us to suspect that
a defect in th&DNRBgene may cause LWFS.

To decide whether an EDNRB defect causes the LWFS, we first
isolated and identified a full-length cDNA f&DNRB from
standard bred horses. When we compared this sequence with that
of LWFS horses, we found a FCAG dinucleotide mutation in
the EDNRB gene of LWFS horses, changing the amino acid
isoleucine to lysine in the predicted first transmembrane domain
of the EDNRB protein. Association analysis confirmed the
homozygousnutation was present in all LWFS.

d]%[ESULTs

nosis) in the distal gastrointestinal tract (1). The disease is thougﬂ%mplete cDNA sequence for the horsEDNRB
to be multifactorial, modified by sex, and there is a positive family

history of HSCR in 15% of patients. Recent studies in HSCRs no sequence data or gene structure information were available
patients have demonstrated gene mutations in two membrafioe horseEDNRB we applied a strategy of cross-species RT-PCR
receptor—ligand pairsRET-glial-derived neurotrophic factor combined with a technique for isolation of full-length cDNA to

(GDNF) (2-4), and edothelin-B receptotfDNRB-endothelin
3 (EDN3 (5,6), as well as a trangation factorSOX10(7). All

these are considered to be loss-of-function mutations.

determine the coding sequence of h&8NRB Two pairs of
primers, hol/pr4 and pr3/ho2, were selected and designed so as
to have high homology witEDNRBCcDNA in species including

Aganglionosis occurs in roder(&,9), cats (10), pigs (11) and human, rodents, bovine and pig, but weak homology with
horses (12—-14). The rodent models also have a characteristic coatresponding sequences BDNRA The central part of a
colour pattern suggesting that the genetic defect resides in1382 bp cDNA framed by oligonucleotide sequence hol and ho2
common mechanism involved in regulation of development afvas isolated in two cDNA fragments (hol/pr4 and pr3/ho2) from
two neural crest cell-derived cell lineages, namely the enteriandom-primed first-strand cDNA (Fig. 1). Sequences determined
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Figure 1. Schematic diagram showing the location on cDNA and direction of primers utilized in RT-PCR and inverse PCR used farfifaldéogth horse
EDNRBCcDNA. The translated region is shown by the box. The non-translated region is a single line. The sequences encodingedewes/eansmembrane
domains are displayed as black areas.

Jupa-leid —I
zupa-noud —-I

1upa-unyg
I1upa-ioug
1upe-H1dg
Iupa-A0Qg
Iupa-3jeay
IUpa-A0qY
Iups-btdy
Iupe-unyy

Figure 2. A dendrogram of multiple sequence alignment showing homology of amino acid sequence of horse EDNRB with other species vé&zquetiacted
from the database using the Entrez network server. The notations are as follows: ednr = endothelin receptors; the gx&iX AoreEOB = EDNRB, hum = human,
hor = horse, bov = bovine, mou = mouse.

in the hol/pr4 cDNA fragment and the pr3/ho2 cDNA fragmenAmino acid sequence analysis showed that this peptide consists
overlapped. The isolated-5and 3-terminal cDNA contained of seven hydrophobic domains, a typical feature of the G
130 bp of 5 and 228 bp of'3untranslated regions respectively. protein-coupled receptor family (GPCR). The DNA and deduced
Sequence analysis indicated that these sequences also overlagmeitho acid sequence were aligned WEDNRB and EDNRA

with the initially isolated central part of the cDNA segmentfrom several species. Sequence comparison revealed that the
framed by oligonucleotides hol and ho2. In order to isolate thmding region sequence of the cDNA has most homology with
whole molecule of cDNA, a pair of primers, herl and her2, werEDNRB with 85% identity in humans. The predicted amino acid
generated from the'band 3-untranslated region and used to sequence shares 91% identity with bovine, 89% with humans, and
amplify the cDNA sequence from the first strand cDNA pool. A85% with rat and mouse EDNRB; but has only 55% homology
1667 bp cDNA fragment was isolated and cloned into plasmitb human, bovine and rat EDNRA. A dendogram of receptor
vector. The complete cDNA sequence is composed of a 1329 spquences showed that our putative horse EDNRB best aligned
open reading frame which encodes a 443 amino acid peptide. Bith the EDNRB family (Fig. 2).

using a probe which contained a 113 bjpifgranslated region

and a 237 bp'Ecoding region, a 5 kb mRNA band was found onre | oG mutation in EDNRB cDNA of horse LWFS

northern blot hybridization (data not shown). In tHen@-

coding region of this sequence, there were two potentidlo determine whether mRNA fdEDNRB is produced and
polyadenylation signals AATAA and ATTAAA which were at whether there is a mutation in tEDNRBgene in LWFS, we

123 and 24 bp upstream from the end of this sequence where theegformed RT-PCR to isolate cDNA by using different pairs of

is thought to be a polyadenylation site for EDNRB mRNA primers located along the cDNA. The cDNA fragments obtained
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contrast, when a wild-type allele-specific primer hs1 was used,
only normal horses produced 152 bp DNA bands (data not
shown). These results indicated that all LWFS horses were
homozygous for the mutation.

In parallel to the allele-specific PCR, we adapted the amplifica-
tion-created restriction site (ACRS) technida8) to perform
association analysis of the dinucleotide mutation with the LWFS.
Two ACRS primers, ps2 and ps4, were designed to distinguish
and identify mutant and wild-type alleles. All 155 bp PCR DNA
bands amplified by ps2/hex1 primers from 10 LWFS horses were
all digestible with restriction enzynigfal, giving two fragments
with sizes of 136 and 19 bp. All DNA bands produced by PCR
with the same primers from nine normal horses failed to be cut.

h
(Tl
\ | N
In contrast, the 90 bp DNA band amplified by ps4/ps5 primers
from DNA of 10 LWFS horses could not be cut by restriction
b enzymeSawBAl; however, the DNA band produced by PCR from
nine normal horses was digested by this enzyme to give two
fragments with sizes of 70 and 20 bp (Fig. 3b).
To elucidate how the dinucleotide mutation was inherited from

135 by the parents of affected foals, a family analysis was carried out by
13ahp PCR using ACRS primers, ps2 and ps4 in eight horse families (a
MY Y Mk MAT M A MBS CMI total of 22 animals). All available sires and dams of LWFS horses
were heterozygous for the mutation (Fig. 4a).
—— Sl I B To confirm the co-occurrence of the dinucleotide mutation with
90 bp o LWFS and to determine the genetic basis obtlexophenotype,
% = [ e e 15 furtherovero horses were subjected to ACRS analysis. All

were heterozygous for the dinucleotide mutation (Fig. 4b). This
suggested that a single dose of mutant allele was responsible for
) ) ) ) ) ) ~the overo phenotype. Altogether 48 chromosome pairs were
Figure 3. (a) The dlnucleotl_de mutation detection by automatic sequencing. analysed. All 10 chromosome pairs that were associated with
The sequence was determined from two representative clones harbouring tq_e\NFS h f h . d of the 27
normal and LWFS alleles, respectively. The dinucleotide; KG mutation is were omozygous or the mutation, and of the
indicated by the arrowbj Association of the dinucleotide mutation with Chromosome pairs fronovero horses or parents of LWFS
LWFS. Analysis was performed by use of the ACRS approach. An 8% progeny, 27 chromosomes were normal (TC), and 27 chromo-
polyacylamide gel electrophoresis showing the restriction enzifak somes were mutant (AG), i.e. all animals were heterozygous. All

digestion pattern of PCR products from 10 LWFS horses (M1-M10) and nine : :
normal horses (N1-N9) by using designed primer ps2 and hex1 primer (top);l'l normal horse chromosome pairs (nine selected controls and

There are indigestible 155 bp DNA bands (normal controls) and digested 136WO0 from a second sire and offspring in family 2) had the TC
bp bands (LWFS). On the bottom is ®@BAIl digestion pattern of the PCR ~ Sequence.

products primed with ps4 and ps5. The indigestible 90 bp DNA band occurs

only in LWFS, whereas the digested 70 bp DNA band occurs only in normal

controls.
DISCUSSION

ML M2 M3 M4 M5 Ma M7 M8 M9 Min

were compared with that of control horses. The results showéd this study, we isolated full-length cDNA for holS®NRB

only a single cDNA band in each PCR and no obvious sizEhe deduced amino acid sequence, consisting of 443 amino acid
difference compared with the normal horse (data not shown). \WWesidues, has seven transmembrane domains with a typical
then cloned the whole cDNA including tHe&nd 3-untranslated ~ sequence and topographical structure representing a GPCR. So
regions. Sequence analysis was performed on three differdat two isoforms of endothelin receptors, EDNRB and EDNRA,
clones from both directions. This revealed a dinucleotid@ave been found in humans and several animals. Both of the
TC-AG mutation at nucleotide position 353—-354 in LWFSreceptors belong to the GPCR family and show different binding
which changes isoleucine to lysine in the predicted firs@ctivities to the three endothelin peptides, endothelins 1, 2 and 3
transmembrane domain of the horse EDNRB protein (Fig. 3&j19). Sequence comparison of our predicted protein with human,
Neither this mutation nor the control DNA sequence resulted ifat, mouse and bovine endothelin receptors showed 85-91%

a restriction enzyme digestion site that would allow genotypingdentity with EDNRB, which is a high degree of homology, but
only 55% identity with the EDNRA of several species, suggesting

that this protein does represent EDNRB rather than EDNRA. To
be certain that this protein is the horse EDNRB, it will be
necessary to perform expression and affinity studies in the future.
We carried out allele-specific PCR to confirm the mutation in thelowever, it was the similarity of the LWFS phenotype to that
genomic DNA and to determine whether this mutation is preseshown in other aganglionosis animals which had defects in the
in other LWFS animals. When mutant allele-specific primer hm&DNRB that prompted us to isolate the hd&E&NRBgene and
was used, a 152 bp PCR band was produced in six LWFS horsssarch for mutations in it. Therefore, the identification of a
however, no PCR product was found in normal horses. ldinucleotide mutation in this gene that is associated with LWFS

Association of the mutation in theEDNRB gene with
horse LWFS
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Figure 4. (a) Dinucleotide mutation in eight horse families with LWFS progeny. ACRS primer pairs ps2/hex1 and ps4/ps5 gave a PCRrpraliittot inembers

of the eight horse families which were then digestedBfthor SatBAl and analysed by electrophoresis on an 8% polyacylamide gel. Digested and undigested DNA
bands are indicated by arrows (the third DNA band, seen at the top, is the result of heteroduplex DNA from heterozygete & pined®CR reaction primed with
ps2/hex1). The eight horses with LWFS are numbered 1-8. The digestion pattern is directly under each notated animas ffitwe petvifit we could not get a
sample are designated by the hatchecbNDgtermination of heterozygosity of the dinucleotide mutatiaveropaint horses. PCR products, amplified by using
ACRS primers ps2/hex1 and ps4/hexl fromo¥Bro horses, were digested with restriction enzyBfe and SaBAl and analysed by electrophoresis on an 8%
polyacylamide gel. Undigested and digested DNA bands are indicated by upper and lower arrows respectively.

further supports our conclusion that the isolated cDNA codes father unidentified signal syster(d3,24) which may represent
horse EDNRB. the molecular basis of HSCR. The recent location inDibn

The dinucleotide mutation associated with LWFS was identifiechouse of mutations in SOX10 (SRY-like HMG box family of
initially by sequence comparison and then confirmed by PCR witianscription factorgR5) raises the paidlity that this is another
an allele-specific primer. However, it remained possible that thaterrelated factor.
dinucleotide genetic variation might be a single nucleotide LWFS is produced most often by mating horses with a specific
mutation (responsible for LWFS) along with a one nucleotideolour pattern, known asvero (13). Our reslts explain and
variation that represented a sequence polymorphism. This muadend this observation. All 11 parents of LWFS and 15 additional
tion plus polymorphism might not be detected by the allele-specifmverohorses were heterozygous carriers. The single dose of the
primer technique. To rule out this possibility, the ACRS methochutant allele is enough to produce the characteristic coat colour
was applied (18). As only the co-peese of the dinucleotide but the presence of at least one normal allele protects against the
mutation (AG) permitted the sequence to be recognized by tlevelopment of aganglionosis (the LWFS phenotype). This
restriction enzymfal and hence digested; the fact that there waexplanation was confirmed in family 8 where a sibling was
complete digestion of amplified PCR product from LWFS horseketerozygous for the dinucleotide mutation but was unaffected
suggested that all LWFS horses were homozygous for th{€ig. 4a). To develop the LWFS phenotype, the foal must be
dinucleotide mutation. Dinucleotide mutations have been foundomozygous for the mutant allele, inheriting one from each
occasionally; for example in the human hepatictriglyceride lipaseeterozygous parent. This inheritance is similar to that in rodents
(HTGO) gene (20) and the planhgidrodipicolinate synthase gene (8,9). However, in humans, heteygous as well as homozygous
(22). EDNRBmutations are found in HSCR patie(22). This ould

The observation of a dinucleotide mutationBDNRB in  be explained by a dose effect of gene expression. In rodent
LWFS horses, together with rodent mutationEDN3 EDNRB  models, the singlEDNRBgene of heterozygous animals may be
provides four animal models displaying congenital aganglionosexpressed over and above the requirement for development of the
involving the EDN3-ENDRB signal transduction system. AccUENS. Therefore, even in the heterozygous state, expression of one
mulated evidence suggests that this system interacts with tbepy of the gene could be sufficient for normal ENS development
GDNF-RET signal systeif22) and ould be interfered with by but could lead to some diminution in the number of melanocytes.
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In contrast, in humans, tlEEONRBgene could be regulated to be Inverse PCR was performed to isolate thecBNA. The
expressed at a lower level so that expression of both geneditist-strand cDNA was made by reverse transcription using
required to ensure normal ENS development. modified oligo(dT) primers and switching at thé énd by

In contrast to thepiebald lethalmouse, where the whole capswitch oligonucleotide provided in Capfinger PCR kit
EDNRB gene and possibly other genes are deleted, and tf€lontech). From this first-strand cDNA, thé @imer and h3
spotting lethalrat, where 301 bp dEDNRBare deleted, in the primer were used to amplify théé&nd sequences. Then jH0f
LWFS only a single amino acid is changed. Comparison of amirthe PCR product was blunt ended with T4 DNA polymerase at
acid sequence of horse EDNRB with mouse, rat, pig, bovine ai@°C for 30 min and heated at @2 for 10 min. The DNA
human EDNRB revealed conservation of the isoleucine residdiegments were then recovered with ethanol precipitation and
at amino acid position 118 on the first transmembrane domain subjected to T4 polynucleotide kinase reaction &tC37or
all species (data not shown), suggesting that the change of 8@min. After phenol and chloroform treatment, the phosphory-
isoleucine residue to lysine at position 118 of the receptor proteited DNA was recovered further by ethanol precipitation and
may impair receptor function. Therefore, the LWFS may providself-ligated with T4 DNA ligase to produce circular molecules. A
valuable material for the study of domain function and molecularair of primers, h1/h10, were used in the subsequent inverse PCR
events occurring in signal transduction. with this circular molecule as a template. Only one DNA band

was finally obtained and cloned for sequencing.
To isolate the 3part of the cDNA, a PCR reaction with 3

MATERIALS AND METHODS primer and hm1 primer was set up from the oligo(dT)-primed
first-strand cDNA and followed by nested PCR withpBmer
DNA and RNA preparation and h2 primer. The DNA band was located on a 2% low melting

temperature agarose gel, excised, reamplified and cloned to
DNA was extracted from horse peripheral blood lymphocytesietermine the sequence. To isolate compEDNRB cDNA
RNA was prepared from horse liver tissue using TR1 Reagent a®lecules, a pair of primers, herl and her2, were generated from
described by the manufacturer (Molecular Research Centre). 5'- and 3-untranslated regions. The full-length cDNA was cloned
into a vector and automatically sequenced. The cDNA sequence
was deposited in GenBank under accession no. AF019072.
Isolation of full-length cDNA for the horse EDNRB gene

First-strand cDNA was synthesized through reverse transcripti@ratabase searches and computer analysis

by using random primers and avian myeloblastosis virus (AMV)

reverse transcriptase according to the manufacturer’s descriptigequence database searches and homology analysis were per
(Boehinger Mannheim). In order to isolate the central part of thrmed using Entrez and BLAST programs [National Center for
cDNA, two segments as shown in Figure 1 were isolated by PQB&otechnology Information (NCBI)]. The GCG program Pileup
amplification using two pairs of primers (hol/pr4 and pr3/ho2jvas used for multiple sequence alignment, and the dendogram
(Table 1). Primer sequences for pr3 and pr4 were identical {gas displayed by use of the GCG utility figure. The PROSITE
highly conserve@DNRBgene sequences in several species. Thgatabase was selected for pattern-based sequence analysis
degenerate primers hol and ho2 were designed to approximgi&p://www.expasy.ch/sprot/scnpsite.html).

EDNRB sequences found in several species at thed53 ends

of the gene respectively. The two cDNA fragments were cloned

into plasmid and sequenced by automatic sequencing. Allele-specific PCR and amplification-created
restriction site approach (ACRS)

Table 1.PCR primers used in isolation of full-length cDNA for hde2NRB In allele-specific PCR, mutant allele primer hm4yt&gtgctggg-

catcatcd or wild-type allele primer hsl {@tcgtgctgggcatca-

5' primer 5-TGCTGCGAGAAGACGACAGAAT-3 ag3) were designed with the dinucleotide mutation and

herl B.-GCGTTCCAGGGAAGAAAG-3 cqrresponding normal sequence located at thend of the
primer.

hol 3-CGGACGCGCCC/TTGGTT/GGCGCTG3 ACRS primers ps2 (&gtgttcgtgctgggeattBand ps4 (Bgtgtt-

h1 5-CGCCGTCCTCCCTGCTTT-3 cgtgctgggeatgdB were designed to contain a nucleotide mis-

h10 5-GTCCTGCCTAGTGTTCGTG3 match with the normal sequence at theeBninus of the primer

S0 as to createBfal site next to the AG mutation sequence and

h3 5-CACGAACACTAGGCAGGACAC-3 a SawBAl site on the sequence next to the normal TC sequence,

pr3 5-TATCGAGCTGTTGCTTCTTG-3 respectively. Amplification of DNA was by nested PCR using

pra 5-CTGCATGAAGGCTGTTTTCT-3 ACRS primers with the hol1l/hex fragment as the template. The
) PCR reaction was: 3 min at 92 followed by 30 cycles of 9€

hm1 SACAAGAATGCTAAGGATTGG-3 for 40 s, 63C [for ps2/hex1 (Tttgtagacattgatggggaprimer]

h2 S-ACAGTCCTTGGAAGACAAGC-3 or 61°C [for ps4/ps5 (Scaagatattagggccgttcgdrimer] for 40 s

ho2 3-GGAACGGAAGTTGTCATATCCGTG-3 and 72C for 40 s. The last cycle was followed by an extension

her2 5 GGCTTTCACAATGAGGCTT-3 step of 8 min at 72C. Then 2541 of PCR product was purified

. _ by ethanol precipitation. The recovered DNA was incubated with
3 primer 5-oligo(dt)soN-1N-3 Bfal (Biolabs, New England) d8aBAl at 37°C overnight. The
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digested DNA was separated on an 8% polyacylamide gel b$. lkadai, H., Fuijita, H., Agematsu, Y. and Imamichi, T. (1979) Observation of

electrophoresis in TBE buffer.

10.
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