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Abstract

Congenital aganglionosis rat (AR} is a mutant with an autosomal recessive gene (sl), which shows
megacolon caused by the absence of myenteric ganglion cells and white coat-color with a small pigmented
spot on the head. Recently, targeted disruption of the endothelin-B (ETg) receptor gene (EDNRB) in the
mouse has been reported to cause aganglionic megacolon and coat color spotting resembling the phenotypes
of the si/sl rats. To identify the mutation responsible for the phenotypes of the sl/sl rats, we determined
the nucleotide sequences of the EDNRB genes of the sl/sl rats and found that a 301-bp region interven-
ing between direct repeat sequences was deleted in the EDNRB gene, and the deletion produces various

transcripts due to aberrant splicing.
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The congenital aganglionosis rat (AR) was originally
described as having an aganglionic bowel caused by an
autosomal recessive gene (sl).! The rat is characterized
by megacolon and white coat color with a small pig-
mented spot on the head. As both myenteric ganglion
cells and epidermal melanocytes are derived from neural
crest cells,? the phenotypes of the mutant rat are thought
to be caused by defects in migration and differentiation
of the neural crest cells. The mutant sl/sl rats have been
used as an animal model of human Hirschsprung’s dis-
ease that is also characterized by the absence of enteric
ganglia in the distal colon and incomplete innervation in
the gastrointestinal tract.>

Recently, targeted disruption of endothelin-B (ETg)
receptor gene (FEDNRB) in the mouse was reported to
cause aganglionic megacolon and coat color spotting,
indicating an important role of the ETg receptor in the
migration and differentiation of the cells derived from
the neural crest. This suggests the possibility that the
abnormal phenotypes of the sl/sl rats are also caused by a
mutation in the EDNRB gene. The ETp receptor is one
of the known mammalian endothelin receptor subtypes
belonging to the G-protein-coupled receptor gene family.®
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We, therefore, investigated the nucleotide sequences of
the EDNRB gene of the sl/sl rats in the present study.
Total RNA was prepared from the brains, kidneys,
lungs, and eyeballs of the sl/sl and normal rats and sub-
jected to RT-PCR using FDNRB-specific PCR primers
to amplify overlapping regions of the entire coding se-
quence of the EDNRB ¢cDNAs. As shown in Fig. 1, the
length and the pattern of the RT-PCR products includ-
ing the 5’ region of rat EDNRB cDNA (fragments 1, 2,
and 4) are different between the si/sl and the normal
rats, whereas those of the 3’ region (fragment 3) showed
no difference. The major band of the RT-PCR prod-
ucts of the sl/sl rats amplified by primer pairs Prl and
Pr4 (fragment 4), Prl and Pr3 (fragment 2), and Pr5
and Pr3 (fragment 1) were approximately 300 bp shorter
than those of the normal rats. Furthermore, those PCR
products of the si/sl rats gave less intensive additional
bands in the upper area of the major band. The RT-
PCR products of the kidneys, lungs, and eyeballs were
similar to those of the brain (data not shown). The mu-
tant rats were, therefore, suggested to have deletions in
the 5’ region of the EDNRB transcripts. To character-
ize the deletions, we cloned the RT-PCR products of the
EDNRB gene and determined the nucleotide sequence of
the clones. Consequently, cDNA clones of four different
types were identified in the sl/slrats. Comparisons of the
nucleotide sequences of the cDNAs of EDNRB gene be-
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Figure 1. RT-PCR analysis of the rat EDNBR cDNAs. (A) RT-PCR products of the EDNRB gene of sl/sl and normal rats. Total
RNA was prepared from brains of sl/sl and normal rats using the guanidine thiocyanate-sarkosyl method.?® First-strand cDNA
was synthesized from 10 ug of total RNA using oligo d(T) primers and SuperScript II reverse transcriptase (Gibco-BRL, Gaithers-
burg, MD). PCR amplification was carried out for 40 cycles consisting of denaturation at 94°C for 45 s, annealing at 60°C for
45 s, and extension at 72°C for 120 s. The 50-ul reaction mixture contained 0.4 pug of each primer, 2.5 U of Taq polymerase
(Gibco BRL), 200 mM of dNTPs, and Tagq buffer containing 1.5 mM Mg?*. Five microliters of the PCR products were elec-
trophoresed through a 1.2% agarose gel. Four fragments (fragments 1, 2, 3, and 4) were amplifed using the sets of primers as
indicated in B. Lanes: 1, normal rat; 2, sl/sl rat; 3, without template cDNA. Left and right lanes contain DNA size markers of
HindIII digested A DNA and Hae I1I digested $X 174 DNA. (B) Schematic representation of the rat EDNRB RT-PCR fragments
and position of the PCR primers. Rat EDNRB RT-PCR fragments (fragments 1 to 4), amplified from brain RNAs of the si/sl
and normal rats, are shown in comparison with the EDNRB cDNA. The location and orientation of the primers are indicated
by horizontal arrowheads. Vertical arrows stand for translation initiation and termination codons. Hatched line denotes the re-
gion commonly deleted in the four types of RT-PCR fragments of the sl/sl rat. The structure of the ETgp receptor is presented
at the bottom. Transmembrane domains (TM I to VII) are displayed as filled boxes. The nucleotide sequence of the primers
are: Prl (5-GTGCTGCAGTTCAGAGGCGTGGCTGGGTAGC-3'), Pr2 (5-ATCACAGTGTTGAGTCTATGTGCTCT-3'),
Pr3 (5-CATCAAAACCTATGGCTTCAGGGACAG-3'), Prd (5-GTCCTGCAGATGGCTTTCTTAGGTTGTAAAC-3'), and Prd
(5’-GCGTCGACGCCACCCACTAAGACCTCC-3').

tween normal and mutant rats revealed that the shortest al.> The 3’ end of the deleted region corresponds to the
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type of transcript (transcript 1) had a 270-bp deletion
and the second one (transcript 2) had a 255-bp region
substituted with a 17-bp sequence. In the remaining two
types (transcripts 3 and 4), an additional 44-bp sequence
was inserted into transcripts 1 and 2, respectively (Fig.
3). The commonly deleted region in the four types of
transcripts is located between nucleotide 429 to 683 of
the rat EDNRB cDNA sequence reported by Sakurai et

boundary between exons 1 and 2 of human and bovine
EDNRB cDNAs%" (Fig. 1B), suggesting that these tran-
scripts arise from aberrant splicing.

To characterize the mutation of the EDNRB gene that
causes the aberrant transcripts, we investigated the ge-
nomic structure of the EDNRB gene of the sl/sl rats.
The cloned RT-PCR products consisting of 0.7-kb and
1.0-kb fragments corresponding to exons 1 and 2 (probe
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Figure 2. Southern blot analysis of EDNRE gene of sl/sl and
normal rats. The cloned PCR products consist of 0.7-kb frag-
ments corresponding to exons 1 and 2 (A), and 1-kb fragment
corresponding to exons 3 to 7 (B) of the EDNRB cDNA were
labeled by random priming with [@—32P]dCTP, and used as
probes. High-molecular-weight genomic DNA was isolated from
the livers of sl/sl (Lane 1) and normal (Lane 2) rats by phe-
nol extraction, digested with EcoRIl or BamHI endonucleases,
separated by 0.7% agarose ge! electrophoresis, and transferred
to nylon membrane filters. The filters were hybridized with
hybridization solutions containing the 32P_labeled probes, 50%
formamide, 5x Denhardt’s solution, 0.5% SDS, and 5x SSC at
50°C for 24 hr, washed twice in 1x SSC, 0.1% SDS at room
temperature and once in 0.1x SSC, 0.1% SDS at 50°C, and
exposed to X-ray films for 48 h with an intensifying screen at
—T70°C. The si/sl rat gave 3.8-kb EcoRI and 2.5-kb BamHlI
fragments hybridizing to probe A, whereas the normal rat gave
4.1-kb EcoRI and 2.8-kb BamHI fragments.

A) and to exons 3 to 7 (probe B) of the EDNRB gene,
respectively, were used as a probe for the Southern blot
hybridization of genomic DNAs of the mutant and nor-
mal rats. As shown in Fig. 2, probe A showed restric-
tion fragment length polymorphisms (RFLPs) in EcoRI
and BamHI digests. The sl/sl rats gave 3.8-kb EcoRI
and 2.5-kb BamHI fragments, whereas the normal rats
gave 34.1-kb EcoRI and 2.8-kb BamHI fragments. Probe
B showed no RFLP between the sl/sl and normal rats.
There is an approximately 300 bp difference between the
5' region of the sl/sl and normal rats in each enzyme
digest, indicating that the sl/sl rats have a deletion in
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the 5’ region of the EDNREB gene. To identify the exact
region of the deletion, we amplified the region spanning
exon 1 and intron 1 from the genomic DNAs by using
primers flanking this region, and sequenced the ampli-
fied fragments. Comparison of the nucleotide sequence
between the sl/sl and normal rats revealed that the sl/sl
rats carry a deletion of 301-bp region consisting of the
255-bp sequence of the exon 1 and 46-bp sequence of the
intron 1. Notably, we found direct repeat sequences con-
sisting of 16 nucleotides in the 3’ end and the 5’ adjacent
sequence flanking the deleted region (Fig. 3). Eleven of
the 16 nucleotides were identical in these two direct re-
peats. We also identified inverted repeat sequences con-
sisting of eight nucleotides just upstream of the direct
repeats in exon 1.

Recently Gariepy et al.® have also reported the 301-
bp deletion in the EDNRB gene of the sl/sl rats, but we
further revealed that the deletion produces various tran-
scripts and that the deleted region intervenes between
the direct repeats. As shown in Fig. 3, transcripts 1
and 3 presumably arise from the cryptic splice donor site
located 15 bp upstream of the deleted region while tran-
scripts 2 and 4 arise from the site located 17 bp down-
stream. The nucleotide sequence of the upstream cryp-
tic splice site coincides with that of the common splice
donor site.? The additional 44-bp sequence inserted into
transcripts 3 and 4 may be derived from the intronic se-
quence by aberrant splicing, because we could not detect
any transcripts having the 44-bp sequence in the normal
rats (data not shown). These findings indicate that the
loss of the authentic splicing donor site of the EDNRB
gene results in aberrant splicing which generates various
transcripts.

The existence of the direct repeats at the 5 and
3’ ends of the deleted region suggests possible mecha-
nisms for the generation of the 301-bp deletion. Dele-
tion or duplication of particular sequences intervening be-
tween direct repeats have been reported in several human
mutations.!®!! These deletion mutations are believed to
be generated by replication slippage arising from illegit-
imate pairing between two complementary sequences at
the replication or by unequal crossing over resulting in
either deletion or duplication of a particular sequence
by crossing over between the direct repeats at meiosis.
The 16-bp direct repeats might, therefore, be responsi-
ble for the deletion of the EDNRB gene. The inverted
repeats located at the site adjacent to the direct repeats
are also likely to play an important role in the genera-
tion of the deletion through the formation of a particular
second structure of single-stranded DNA.

The substitutions in the transcripts 2, 3, and 4 cause
frame-shift mutations that introduce premature termina-
tion codons at codons 78, 114, and 78, respectively. Tran-
script 1, however, has an in-frame deletion that causes an
internal deletion of 90 amino acids in the products of the
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Figure 3. A partial nucleotide sequence of the EDNBR gene of sl/sl and normal rats and a schematic illustration showing the four types
of the transcripts of the mutant EDNBR gene (1, 2, 3, and 4). The cDNA and genomic DNA of the EDNBR gene were amplified
by primers Prl and Pr2, and Pr5 and Pr7 (5’-TCTCTTGACATAAAGCCAGGACC-3'), respectively. The amplified fragments were
subcloned into pCRII vector (Invitrogen, San Diego, CA) and sequenced in both orientations by the dideoxy chain terminating
method using an automated DNA sequencer (SQ 5500, Hitachi, Tokyo, Japan). The splicing forms of the transcripts, having a
270-bp deletion and the substitution of a 255-bp sequence with a 17-bp sequence, are indicated in 1 and 2, respectively. The splicing
forms of the transcripts having an additional 44-bp sequence are indicated in 3 and 4. sl and + indicate mutant and wild-type alleles,
respectively. Hatched boxes and capital letters indicate the regions corresponding to the exons, and open boxes and lower-case letters
indicate the regions corresponding to the intron. Underlines and horizontal arrow in the sequence of the wild-type allele denote direct
repeats and inverted repeats, respectively. Dots indicate nucleotides identical in the direct repeats. Vertical arrows stand for cryptic
splicing donor sites on the mutant allele. Broken line in sl allele corresponds to the nucleotide sequence of intron 1 which presumably
includes the 44-bp sequence inserted into transcripts 3 and 4, and that in the 4 allele corresponds ta the nucleotide sequence of exon

exon 1

1.

transcript. As the deleted region of the transcript corre-
sponds to the first and second transmembrane domains
of the receptor (Fig. 1B), the products have neither first
nor second transmembrane domains of the G-protein-
coupled heptahelical receptor, suggesting complete loss
of the function of the receptor. Deletion of any of the
transmembrane domains of the (-adrenergic receptor,
which also belongs to the G-protein-coupled heptaheli-
cal receptor gene family, has resulted in loss of the re-
ceptor function.'? The loss of the ETg receptor function
that produces phenotypes similar to the si/sl rat has also
been reported in mice with knock out of the EDNRB gene
and s'/s mutant mice.* Furthermore, the EDNRB gene
has been reported to be expressed in human myenteric
ganglion neurons,'? and the ligands for the ETg receptor
to stimulate the proliferation and chemokinesis of human
melanocytes and melanoma cells.41®> We, therefore, con-

cluded that the 301-bp deletion in the EDNRB gene is
respounsible for the myenteric aganglionosis and the coat
color spotting phenotypes of the sl/sl rats.

The human Hirschsprung’s disease is a heterogeneous
genetic disorder with autosomal dominant, autosomal re-
cessive, and polygenic forms.'® One of the autosomal
dominant diseases has been found to be caused by a mu-
tation in the RET proto-oncogene,!” which is a member
of a receptor tyrosine kinase gene family originally iso-
lated by transforming activity in NIH3T3 cells.'®19 Mis-
sense mutations in the EDNRB gene have recently been
found in the cases of autosomal recessive and autoso-
mal dominant Hirschsprung’s disease.?%2! The sl/sl rat,
therefore, is an authentic model for such types of human
Hirschsprung’s disease. The present findings for the si/sl
rat also indicate that the rat is an excellent model for
investigating the in vivo function of the ETg receptor.
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The EDNRB gene is expressed in various tissues and or-
gans including brain, kidney, lung, heart and endothelial
cells,?? but the precise functions of the ETg receptor, ex-
cept for those in the vascular endothelium, are still yet
unknown. Further investigations of the sl/s! rats should
reveal novel functions of the EDNRDB gene in various or-
gans. tissues, and developmental stages of the mammals.
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