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Abstract

Endothelins arc a family of 21 amino acid peptides that act on G protein-coupled
heptahelical receptors. The oniginal member of the endothelin family, endothelin-1 (ET-1),
was identificd as a potent vasopressor derived from vascular endothelial cells. Three
known mammalian endothelins, ET-1, ET-2, and ET-3, are cach cncoded by scparate
genes and expressed in a variety of vascular and nonvascular tissucs. Two subtypes of
endothelin receptors have been identified and termed endothelin-A and cndothelin-B
receptors {ET-A and ET-B). In the first part of this study, the ET-A gene was disrupted in
mousc embryonic stem cells to generate mice deficient in ET-A. These ET-A homozygous
mice died of respiratory failure at birth and showed morpbological abnormalities of the
pharyngeal-arch-derived craniofacial tissues and organs, indicating the importance of ET-A

in the normal development of the neural crest-derived tssucs.

In the second part of this study, we investigated a targeted disruption of the mouse
ET-B gene that results in aganglionic megacolon associated with coat color spotting,
resembling a hereditary syndrome of mice, humans and other mammalian pecies
(Waardenburg syndrome) . These findings indicate an essential role for the ET-B in the
development of two ncural crest-derived cell lincages, myentenic ganglion ncurons and

epidermal melanocytes.
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In the third part of this study, we demonstrated that a targeted disruption of the

mousc endothelin-3 ligand (ET-3) gene produces a similar recessive phenotype of
mcgacolon and coat color spotting. These lindings indicate that interaction of ET-3 with

the ET-B is ¢essential in the development of neural crest-derived cell lincages.

ET-1 is converted [rom biologically inactive big ET-1 to biologically active ET-1 by
the action of endothelin converting enzymes (ECEs). Two types of cndothelin converting
cnzymes (ECE-1 and ECE-2) have been recently identified. In the last part of this study,
wc investigated the expression of ECE-1 in human tissucs using immunohistochemistry
and in situ hybridization, and compared it to those of ET-1 and big ET-1. Histological
cxamination of specimens revealed that the pattern of ECE- 1-ir was parallel to ET-1 and big
ET-1. rln situ hybridization showed expresston ol the mRNA in similar sites lo those of
immunostaining. These findings indicate ECE-1 is widely expressed in human tissues and

its lcvel of expression may differ under various pathologica!l siates.



Résumeé

Les cndothélins sont unc lamille de 21 acides amines peptides qui agissent sur les
recepieurs heptahelicals. Le membre originul de la familie d'endothélin-1 (ET-1), a été
identifié comme un vasopresscur dérivé des cellules vasculaires endothéliales. Trois
cndothélins mammiferes connus, ET-1, ET-2, et ET-3, sont tous encodés par des genes
séparés cl presents dans unc variété de tissues vasculaires ¢t non-vasculaires. Deux sous-
types de recepleurs endothélins ont été identifiés comme récepteurs endothélin-A ct
endothélin-B (ET-A ct ET-B). Dans la premiére partic de cette étude, le gene ET-A a été
interrompu dans lc cellule souche cmbryonique de souris afin dc pénerer des souris
déficientes en ET-A. Ces sounis homozygotes ET-A sont mortes de défaillance respiratoire
A la naissancc ct ont montré des anamalics morphologiques des tissus crano-faciaux ct
organcs arc pharyngicns, indiquant I' importance de I' ET-A dans le développement normal
des tissus cretes ncurales.

Dans la seconde partic de cette recherche, nous avons étudié unc interruption ciblée
du gene ET-B de la souris, qui résullc caun mégacolon congénital associé A des taches de
couleur de la lourrure, ressenblant & un syndrome héréditaire de la souris, de I'homme et
d'autres cspéces mammiferes (Syndrome Warrdenburge). Ces découvertes indiquent le
role essentiel de 'ET-B duns le dévelopment de deux cretes neurals de ceilules dérivées

lincages ganglions mésentériques ct les mélanocytes épidermaux.
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Dans la troisieme partic de cette étude, nous avons démontré qu'unc interruption
ciblée du gene endothélin-3 (ET-3) dc la souris produit un phenotype récessif similaire du
mégacolon ct des taches sur la fourrure. Ces découvertes indiquent que l'interaction de
I'ET-3 avee I'ET-B cst cssenticlle dans le développement des tissus cretes neurals,

L'ET-1 cst converti & partir du biologiquement inactil ct large ET-1 au
biologiquement actif ET-1 par I'action des enzymes convertisseurs endothélins (ECEs).
Dcux types d'cnzymes convertisscurs (ECE-1 ct ECE-2) ont éié récemment identifiés.
Dans la derniére partic de cette étude, nous avons examiné la présence de I'ECE-1 dans les
tissus humains cn utilisant I'immunohistochimic ¢t | hybrnidation in situ, ¢t I'avons comparé
A ceux de I'ET-1 et du large ET-1. L'examen histologique des specimens a révélé que le
patron de I'ECE-1-ir est parraléle au ET-1 ct au large ET-1. L'hybridation in situ a
démontré la présence du mRNA dans siles similaires de 'ilmmuno coloration. Ces
découvertes indiquent que | ECE-1 est largement présent dans les tissus humains et que son

niveau de présence peut varier sclon divers élats pathologiques.
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Chapter 1: Introduction

1.1 Discovery of endothelins

Key discoveries in the past two decades revealed that endothelial cells synthesize and
release vasorclaxant (Moncada ctal., 1976: Furchgott et al., 1980), and vasoconstrictor
(Dc May ct al., 1982; Rubanyi and Vonhoutte, 1986) substances. In 1982, a bioassay
study led to the discovery of a peptidergic endothelium-derived contracting factor {(EDCF)
(Hickey ctal., 1985). In 1987, a group of Dr. Masaki isolated, purified, sequenced and
cloned this peptidergic EDCF, which they named endothelin (ET)‘ (Yanagisawa ct al.,

1988).

1.2 Isotypes of endothelin

Analysis of human genomic sequences revealed the existence of three distinct genes for ET:
these encode three distinet ET peptides (Clozel ct al., 1989) and were named endothelin-1
(ET-1), ET-2 and ET-3. Thesc three isomers present slightly different N-terminal amino
acid sequences yet similar biological activities. ET-1 has been described as the most potent

vasoconstrictive agent relcased by the endothelium (Schini ct al., 1991).

There are three distinct ET-related genes in humans and other mammalian specics.

In the human, the ET-1, ET-2 and ET-3 genes have been mapped to chromosome 6
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(Parker-Botelho et al., 1992; Inouc ctal., 1989), chromosome | (Parker-Botclho et al.,
1992; Inouc ct al., 1989) and chromosome 20 (Inouc et al., 1989; Arinami ctal,, 1991).
Thus, the genes encoding endothelin-related peptides arce located on distinct human

chromosomes.

1.3 Endothelin releasing cells

The formation and rclease of ET-1 has been characterized first in human (Yanagisawa ¢t
al., 1988), bovine, and porcine culturcd cndothelial cells (Emori et al.,, 1989). ET-1is
also produced by many types of cells, including ncurons, epithelial cells, leukocytes,
macrophages, cancer cell lines, among others. ET-1 production or release in endothelial
and other cells is regulated by various vasoactive substances, growth factors, cytokines,
and procoagulants among other factors (Yoshizumi ct al., 1989; Schini ctal., 1991). ET-
3 has been shown to be released by ncuronal and endothelial cells (EC) (Yamaji et al.,
1990). Even though ET-2 has also been shown 1o be released mainly by EC, its presence

(mRNA) in the kidncy medulla may prove to be physiologically important .

1.4 Structure of endothelin peptides

The ET family consists of the three ET isoforms and four highly homologous cardiotoxic

peptides. All family members contain 21 amino acid restdues and show complete identity

19



Chapter 1: Introduction

at ten positions, including all four cysteinc residues (positions 1, 3, 11, and 15), as well as
position 8 (aspartic acid ), 10 (glutamic acid ), 16 (histidine), 18 (aspartic acid), 20

(isolcucinc), and 21 (tryptophan) (Arinami ct al,, 1991),

All three ET isoforms are synthesized as larger preproforms which arc processed by
dibasic amino acid endopeptidase activities to propeptides of 37 to 4] amino acids, the so
called big ETs. The subsequent cleavage of these propeptides to the mature ETs is
inefficient both in vitro and in vivo, because big ETs have been identificd in plasma

(Miyauchi ct al., 1989) and in the media of the cultured cells {Parker-Botelho et al., 1992).

In the ETs, all four cysicine residues participate in disulfide bonding ( Cys'-Cys"‘;
Cys’-Cys'"). Itis now clear that the disulfide bonds present in the ET's arc vital for high
affinity binding to onc of ET receptors (ET-A) but less important in recognition by another

class of ET receptors (ET-B).

1.5 Mechanisms of endothelin biosynthesis

Primary translation product of the human ET-1 genc is a 212-amino acid prepropeptide
(Bloch ct al., 1989). Processing occurs in three stages: (a) dibasic amino acid
endopeptidase(s) cleaves the precursor at Argsz-Cyss3 and at Arg”-Ala”. (b)

carboxypeptidase(s) sequentially trims the Arg”and Lys”' residues from the COOH
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Figure 1.1. Posttranslational processing of prepro-ETs. A, 203-amino acid human
prepro-ET-1 peptide is cleaved by dibasic amino acid endopeptidase action at two sites
(arrows, top), followed by sequential carboxypeptidase activity (small curved arrows) to
yicld prepro-ET-1 (53 10 91), referred to as pro ET-1 or big ET-1 (middle).The COOH
terminal portion of prepro-ET-1 contains the ET-1 like peptide. Big ET-1 is then cleaved
by ECE to yield the final 21-amino acid product, ET-1.

IHustrations taken from Phillips et al., 1992.
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terminus to produce pro-ET-1, more commonly known as big ET-1; (c) specific clcavage

between Trp-Val ™ by ECE yiclds ET-1.

The physiological importance of the conversion of big ET to ET was demonstrated
by the observation that ET-1 was 140-fold morc potent as a vasoconstrictor compared to
the precursor peptide (Kimura et al., 1989), whercas the prepropeptide is devoid of any
vasoconstrictor action. Molecular conversion of big ET-1 to mature ET-1, which is
essential for the full expression of its biologic activity (Inouc ct al., 1989), is dependent on

putative endothelin converting enzymes (ECEs) (Figure 1.1).

1.6 Endothelin converting enzymes

Initially, the endothelin converting enzymes (ECEs) activity was suggested to be
chymotrypsin-like enzymes (scrin protcase) (Mc Mahan et al., 1990). Products of
chymotrypsin-treated analog of porcine big ET-1, big-ET (1-40 a.a.), produced in vitro and
in vivo responses similarly to ET itself (Kimura ct al., 1989). Using various experimental
models, ECE was later associated to an aspartic proteasc (pepsin or cathepsin-like activity
at pH<5.5) and a metalloprotcase (Inouc ctal., 1989). The ECE-like activity related to an
aspartic protease was found in both cultured bovine and porcine aortic endothelial cells
(Matsumura et al., 1991), bovine adrenal medulla (Yanagisuwa ctal., 1988), and rat lung
(Sawamura ¢t al., 1990). The metalloprotease type of enzymes presenting activity at pH

7.4 were later found in cultured bovine and porcine aortic endothelial cells (Sawamura et
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al., 1990}, bovinc and porcine vascular smooth muscle cells , in human and rat brain
(Warner et al., 1992) as well as in whole blood. Therefore, there could be two and
possibly more different types of ECE activity that convert big ET-1 to ET-1 in vascular EC
(Hioki ct al., 1991) or SMC (Matsumura ct al., 1991); a membranous and a cytosolic one.
The activity in the cytosolic fraction would be associated to a thiol-dependent soluble
metalloprotcase. Recent evidence strongly suggests that the physiologically relevant ECE
is of the metallocndopeptidase type, hence a neutral ecndopeptidase (NEP 24.11). The
activity of the phosphoramidon sensitive-ECE is also present in other systemic vasculatures
or tissues (Hioki et al., 1991) as well as in the microcirculation (Matsumura et al., 1991).
The specific conversion of big ET-1 into ET-1 was also demonstrated in the central nervous
system and the urogenital tract; both the choroid plexus and Kidney are rich in

cndopeptidasc 24.11 (Lchoux ctal., 1992).

The pathophysiological relevance of such an ECE-activity for the conversion of big
ET-1 to its active ET-1 rclics on two observations: first, it was shown that the
pharmacologic cffects of big ET-1 on systemic and regional hemodynamics (Bourne ctal.,
1992) can be atulished by phosphoramidon (D’Orleans et al., 1990). The conversion and
biologic activation of big ET-1 to ET-1 was specific to a phosphoramidon-sensitive NEP
because thiorphan, which is also an inhibitor of NEP, had much less effect on
cardiovascular response to cxogenous big ET-1 (Fukuroda et al., 1990). Moreover,
partially purified ECE from bovine lung membrane was not affected by thiorphan, but

inhibited by phosphoramidon (Mc Mahom et al., 1991). Secondly, phosphoramidon
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inhibited the release of ET-1 from EC (Knudaet and Wilson, 1992). [nterestingly, it was
shown that treatment with phosphoramidon lowers biood pressure in spontancously

hypertensive rats (Ikegawa et al,, 1990).

Determination of the intraluminal secrction and local levels of ET in vesse! wall and
tissucs is helpful in providing evidence for ET turnover and its implication in local cell 1o
cell interaction and on the regulation of vascular tone. In addition, conditions which alTect
ECE activity may be instrumental in the fluctuations of circulating levels of ET.
Preliminary results (Naruse et al., 1991) suggest that the biosynthetic and/or degradation
process of ET under pathologic conditions such as acute myocardial infarction, congestive
heart failure, cssential hyperiension, vasospastic angina appears to be different from that

observed under normal conditions.

1.7 Endothelin receptors

Shortly after the cloning ani characterization of the three ET isoforms, it became obvious
that saturable, high-affinity -binding sitcs for thesc peptides exist on ccll membrancs. It
was presumcd that, like other bioactive peptides, ETs produced their physiological effects
through binding to these putative receplor sites. Many studics further suggested that the
many diverse physiological and pharmacological effects of ETs could not be mediated by a

single receptor subtype. Fdow 1o the discovery of specific ET receptor antagonists, recepior
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Figure 1.:2 Primary structure of the human ET-A receptor. The receptor is proposed to
consist of an extraccllular NH,-terminal region, seven transmembranc helices separated by
threc extraccllular and three cytoplasmic loops, and a cytoplasmic COOH-terminal region,
residues that are conscrved in the human ET-B receptor sequence.  Also shown are two
potential N-linked glycosylation sites in the NH,-terminal region (arrows), the conserved
scquence Asp-Arg-Tyr (D-R-Y) at the cnd of transmembrane helix 111, which may be
important in G-protcin coupling, and the sequence Cys-Leu-Cys-Cys-Cys-Cys (C-L-C-C-
* C-C) in the COOH-terminal region belicved to direct the myristylation of a cysteine, which

may be important in stabilization of the extracellular ligand-binding site.
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subtype classification were made on the basis of rank order potencies of cither binding or

function.

Two subtypes of endothelin receptors have been identified and named cndothelin-A
and cndothelin-B receptors (ET-A and ET-B) (Arai ctal., 1990; Sakomolto et al., 1993;
Sakuria et al., 1990). There is evidence for the existence of a third receptor type (ET-C)
(Karne ctal., 1993). The cDNA cncoding ol this third receptor type s still unidentificd.
These receptors arc also expressed in various target cells with a partially overlapping tissuc
distribution. In blood vessels, for example, vascular smooth muscle cclls express ET-A or
ET-B, both of which can mediate the direct vasoconstrictor action of endothelins, ET-A
receptor exhibits different affinitics for endothelin isopeptide ligands with a polency range
order of ET-1z ET-2= ET-3 (Yanagisawa ct al., 1994). ET-B rcceptor accepts all three
isopeptides cqually. Both receptors initiate several intraccllular signal transduction events
via heterometric G proleins, Icading to a varicty of biological actions. These include the
activation of phospholipasec CP. inhibition of adenyl cyclase, activation of plasma
membranc Ca®* channels, and activation of nonreceptor tyrosine kinases such as focul
adhesion kinase P'*™* (Rubanyi and Polokoll, 1994; Simonson and Herman, 1993:
Zachary and Rozengurt ctal., 1992).

As is typical for the members of the G-protein-coupled receptor superfamily, the
genes for ET-A and ET-B arc large, spanning 40 and 24 kb of DNA, respectively. The
human ET-A gene is present on chromosome 4 and the ET-B gene is present on

chromosomce 13.
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Recenuy a sclective ET-A antagonist, BQ-123, has been shown to block the pressor
responsc induced by exogenously adminisicred ET-1 in the circulation of conscious rats
(Ihara ct al., 1992). However, this antagonist was not found to affect basal mean arterial
pressure in the same animal species. Since ET-A receptors have in fact been partly localized
on smooth muscle, ET-1 may interact with these receptors 10 induce vasoconstriction. It
has been reported that BQ-123 competitively block the response of ET-1 in coronary blood
vessels (Thara et al., 1992). This suggests that ET acts directly on ET receptors in the
coronary vasculature after which DHP calcium channels may then be indirectly activated by

a mechanism associaled to receplor-operated calcium channcls.

1.8 Mechanisms of actions

Among the many biological actions of ETs obscrved so far, the vasoconstrictor property of
ET-1 was the first to be recognized and most widely studied. Similarly, the signal
transduction mechanisms triggered by binding of ET-1 to ET-A receptors in vascular

smooth musclc are the most extensively analyzed and best understiood so far.

1.8.1 Signal transduction pathway mediating short term changes in cell

Junction

Endothclin-1-induced contractions of isolated blood vessels are more slowly developing,

are maintained for a longer time, and are more resistant to agonist removal than are

10
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Figure 1.3 Signal transduction mechanisms involved in ET-1 induced short-term and long

term modulation of cell function. CaM, calmodulin; ETp, ET receptors; 1P, 1.3.4.5-
inositol tetrakisphosphate; MLCK, myosin light chain kinase; PIP, , Phosphatidylinositol
diphosphate; PA, phosphatidic acid; PC, phosphatidylecholine; PGE,, prostaglandin E,;
PLA,, phospholipase A,; PLD. phospholipase D; ROC, receptor-operated calcium
channcl.
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contractions cvoked by most other vasoconstrictor agents. 1L is gencrally accepted that, in
most vascular smooth muscic preparations, ET-1 interacts with a specific cell surface
receplor, the ET-A type. In some vascular beds, ET-B subtype is also involved in smooth
muscle contraction. Scveral receptor signal transduction mechanisms were suggested to be
involved in ET-1-induccd vascular contraction, and include (a) increasc in cytosolic free
calcium concentration ([ca®*]) by facilitation of ca™ influx and mobilization of intracellular
ca®*: (b) G-protcin-mediated activation of phosphoiipasc C (PLC), lcading to phosphatidyl
inositol hydrolysis and rapid formation of inositol monophosphate (IP) and sustained sn-
1,2-diacylglycerol (DAG) accumulation; (c) activation of protein kinase C (PKC); (d)
activation of phospholipasc A, and D and arachidonic acid metabolism; and (¢) changes in
intracellular pH alkalinization via stimulation of Na*-H” exchange (Rubanyi and PolokofT,

1994) (Figurc 1.3).

1.8.2 Nuclear signal transduction mediating long-term effects on cell

function

The finding that ET-1 is a mitogen for cultured vascular smooth muscle cells (Komuro et
al., 1988), fibroblasts (Takuwa ct al., 1989), adrcnal zona glomerulosa cells (Simonson
ct al., 1989) suggested that, in addition to short-term signal transduction pathways
mediating rapid endothelin-1-induced biological actions such as muscle contraction, ET-1

may regulate gene expression 1o evoke long-lasting cellular responses as well.



Chapter 1: Introduction

Indeed, ET-1 stimulated the expression of the immediated carly response gene c-fos
in VSMCs, 3T3 fibroblasts, and mesangial cetl (Muldoon ¢t al., 1989). ET-1 also
stimulated the transcription of c-myc gene in VSMCs and V*° gene transcription in

fibroblasts (Simonson ct al., 1990).

Although the signaling pathway(s} mediating the transcription of genes after ET-1
binds to its specilic receptor on the plasma membrane arc not known, clevation of [¢a®*],
activation of PKC, tyrosine, and threonine phosphorylation ol mitogen-activation protein
kinases, and stimulation of Na'-H™ exchange, and conscquent cytosolic alkalinization,

were all proposed o play some role {(Rubanyi and Polokolfl, 1994) (Figure 1.3).

1.9 Actions of endothelin in various biological systems
1.9.1 Cardiovascular system

Intravenous infusion of ET-1 causes rapid and transient vasodilation, followed by a
profound and long-lasting increase in blood pressure. The vasodilator effect was proposed
10 be due to activation of the vascular endothelium, lcading to formation of PGI; (De Nucci
ct al., 1988) and cndothelium-derived NO (Botting and Vane, 1990). ET-1 is the most
potent endogenous substance known 10 induce contraction of isolaled blood vessels. In
general, these contractions are initiated by binding of ET isopeptides to ET-A receptor on

vascular smooth muscle (Arai et al., 1990).

13
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The direct cardiac actions of ETs induced positive inotropic (Baydon ct al., 1989)
and chronotropic cffects (Karwatowska Prokopczuk and Wemmalm, 1990) as well asa
prolongation ol the action potential duration (Watanobe ct al., 1989). ETs also alfect heart
function indircctly via profound coronary vasoconstriction. Studies with culturcd

myocytes sugpest that ETs may be involved in cardiac hypertrophy as well.
1.9.2 Kidney

ET is sccreted at several sites in the kidney, where it acts in a paracrine or autocrine fashion
on ET rcceplors on target cells. Because of its biological actions (including vasoactive
propertics), ET probably contributes to the control of RBF, renal plasma flow, GFR, and
sodium and walcr transport at different nephron sites. Systemic infusion of ET-1 increases
renal vascular resistance (Tsuchiva et al., 1989) and markedly decreases RBF and GFR.

(Badr ct al,, 1989).
1.9.3 Lung

ET-1 is a polent constrictor of smooth muscle in trachea and bronchus isolated from guinca
pig. man and many other specics (Ninomiya ct al.,, 1992; Henry ctal.,, 1990). Becausc
of the three isopeptides, ET-1 proved to be the most potent constrictor of airway smooth
muscle (Advenicr et al., 1990), the response is probably mediated by the ET-A receptor

subtype.

14
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In the airway cpithelium, ET-1 stimulates ciliary beat frequency in cultured canine
tracheal epithelial cells by elevating [Ca2*] (Tamaoki ct al., 1991), suggesting that the
peptide may play a role in modulating airway mucociliary transport function. ET-1 also
inhibited methacholine and phenylephrine-stimulated ferret trachcal submucosal gland
sccretion of mucous and lysosomal enzymes and of active albumin transport across the
epithclium (Yurdakos and Webber, 1991). Giaid ct al have also shown that increased
expression of ET-1 in pulmonary cpithclial and endothelial cells may reflect a discase-
specific activation of the cell types, which possibly contributes to the pathogenesis of
cryptogenic fibrosing alveolitis (CFA) (Giaid ct al., 1993a) and pulmonary hyperiension

(Giaid ct al., 1993b)
1.9.4 Female reproductive system

ET-1, ET-2, and ET-3 causc contraction of rat (Borges ct al., 1989), rabbits (Suzuki,
1990), guinea pig (Eglen ctal., 1989), sheep (Yang and clark, 1992), and human utcrus
(Svane ct al., 1993). ET-1 causcs two types of contractions in rat uterus: phasic
contractions, which can be inhibited by ca®* channel antagonist, and tonic contractions,
which arc extracellular ca®* concentration dependent but intensive to ca®* channel
antagonists (Kozaka ct al., 1989). ET-1 contracts both nonpregnant and midpregnant
uterus. The phasic, but not the tonic, contractions could be inhibited by ca®* channel

antagonists.
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1.9.5 Male reproductive system

In leydig cells isolated from rat testis, ET-1 and to a lesser extent, ET-3 stimulate basal and
human chorionic gonadotropin-induced testosteronc production (Conte ct al., 1993).
Therefore, ET-1 may play a role in modulating steroid production in the teslis via a

paracrine mechanism.

1.9.6  Endocrine system

ETs interact with several endocrine systems and hormones, including the renin-angiotensin
system, aldosteron, AVP, and arterial natriurctic peptide. These intcractions exist at the

level of both biosynthesis and biological actions (Rubanyi and Polokoff, 1994).

1.9.7 Central nervous system

Intracercbroventricular infusion of ET-1 in rats and rabbits increased plasma catecholamine,
AVP, glucose, and adrenocorticotropic hormoene levels and enhanced renal sympathetic
nerve aclivity (Makino et al., 1990; Matsumura ct al., 1991). vasopressinergic receptor
antagonists, adrenergic receptor antagonists, and ganglionic blockade attenuated or
completely abolished the pressor response (Kawano ctal., 1989), suggesting that centrally
administered ET-1 activates the sympathoadrenal and AVP systems, which mediate the

central pressor response.

16
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1.10 Presence of endothelin in body fluids

Significant quantitics of ET-1-ir arc detected in circulating plasma in scveral species,
including humans (Parker-Botclho ctal., 1992). The circulating plasma concentration of
ET-1 arc in the low picomolar range in healthy humans, which can be clevated 2-to 30-fold

in various pathological conditions (Masaki ct al., 1992).

In addition to the circulating peptide, irtET has been detected in human urine. It was
found that concentrations of ET werc on average 6 fold higher in urine than in plasma.
Similarly, ET is present in normal human CSF at levels that are significantly greater
(approximately 7 fold) than in plasma (Rubanyi and Polokolf, 1994). ET has also been
quantified in bronchial lavage fluid where the levels were clevated during the
bronchospastic phase of an asthma attack and retumned to basal level after recovery

(Nomura ctal., 1989).
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Chapter 2: Role of the Endothelin-B Receptor Gene in Normal Development

2.1 Introduction

Development of the ncural crest has been focus of intensive investigation. Neural crest
cells arisc from the dorsal ncural tube shortly after its closure and migrate extensively
through prescribed regions of the embryos, where they differentiate into most of the
peripheral nervous system as well as the facial skeleton and pigment cells (Anderson et al.,
1994, Bronner-Fraser ¢t al.,, 1994). Along the embryonic axis, scveral distinct neural
crest populations differ both in their migratory pathways and range of derivatives. A
number of naturally occurring as well as targeted mutations in mice result in specific defects
in various neural crest-derived cell lincages. Findings obtained by examining many mutant
mice [i.e. mutation at the dominant spotting (W) and steel (SI) loci (Jackson 1991),
targeted disruption of the c-ret receptor tyrosine Kinase (Pachnis ct al., 1993: Schuchardt
et al., 1994), knockout of the basic-hclix-loop-helix (bHLH) transcription factor
mammalian achacte-scute homolog 1 (Mash 1) (Guillemot et al., 1993)], point to important
roles in ncural crest development of receptor tyrosine kinases and their growth factor

ligands, as well as lincage-specific transcription factors.

Hereditary defects in the development of cpidermal melanocytes and myenteric
ganglion neuarons, two neural crest-derived cell lineages, often appear together. Such

defects occur in mice (Lane et al., 1966; Lyon and Secarle 1989), rats (Ikadai et al.,
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1979), horses (Mccabe et al, 1990) and humans (Shah ct al., 1981). All of them manifest
ncurocristopathy (i.c. localized pigmentary disorder associated with aganglionic
megacolon) (Liang etal., 1983). This strongly suggests that these two cell lincages share
a common regulatory pathway in the crucial phases of their development from the neural

crest.

Among the mouse mutations that produce this phenotypic combination, the picbald
mutants have been characterized in most detail (Pavan and Tilghmon, 1994; Silvers,
1979). Homozygous s/s mice, which carry a mild mutation at this locus, manifest white
spotting in about 20% of the coat and aimost never manifest megacolon. In contrast, mice
homozygous for a more scvere mutant allele, s!, are almost completely white and
invariably manifcst megacolon. These cells normally migrate dorsal to the somites and
- through the mesenchymal layer bencath the cctoderm, eventually entering the epiderms.
The restriction of the pigment defect to skin melanocytes indicates that the coat color
spotting is due to a disruption of the development of ncural crest-derived melanocyles

precursors, rather than to a defect in the ability to produce melanin.

The megacolon in s'/s' homozygotes is caused by the absence of enteric ganglia in
the distal large intestine (Webster et al., 1973). The defect in s'/s' mice might be in any
one or a2 combination of the stages involved in the normal development of these two neural
crest-derived cell lincages. This includes their lineage determination, proliferation,
migration along the unique paths, or local differentiation and survival in their final

destination. *
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Here we show that a null mutation induced by rargeted disruption of the mouse
cndothelin-B receptor (ET-B) gene results in a recessive phenotype ol coat color spotting
and aganglionic megacolon, closcly resembling the phenotype manifested by mice
homozygous for the picbald-lethal mutation. We also demonstrate that ET-B gene indeed
allelic to the picbald locus, as indicated by a lack of complementation between these nulls

and picbald mutations.

Note: This part of project was done in a collaborative work with the Howard Hughes

Medical Institutc and Departmient of Molecular Genetics in Dallas, Texas,

2.2 Experimental procedures

2.2.1 Mutant mouse strains

SSL/Le s/s! and SSL/Le s/s breeding pairs were obtained from The Jackson Laboratory.

Homozygous s'/s' mice were generated by crossing the s/s! mice.
2.2.2 Targeted disruption of mouse ET-B gene

To target the ET-B gene in mouse embryonic stem (ES) cells, a replacement vector was
constructed by substituting a 4.2 kb scgment of cloned mouse genomic DNA containing the
ET-B exon 3 with a ncomycin resistance (nco) cassctic. In the next step of targeting this

genes, herpes simplex virus thymidine kinase (TK) casseties were added to the 3' end of
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the targeting vector for positive-negative sclection (Ishibashi et al., 1993). A 129/8v
mousc ES ccll linc (Rosahi et al., 1993) was transfected with the lincarized targeting
vector, ai. the cells were selected for double resistance to G418 and FIAU (1-[2-deoxy-2-
fluoro-B-D-arabinofuranosyl }-5-iodo-uracil). 500 double-resistant colonies were screencd
of ET-B targeting gene by polymerase chain reaction (PCR), and ~ 20% of these clones
werc positive for targeted insertion of the cassette. Six of these PCR-positive ES clones
were injected into blastocysts from C57BL/6J mice. Southern blot analysis confirmed that

these ES cel_ .iones of ET-B gene had a correctly targeted their allele.
2.2.3 Histology

Mice were perfusion fixed with formalin immediately after sacrifice, and tissues were
dissccted and further immersion fixed in formalin. After being embedded, the tissues were
cut (5 microns). The slides were dried for 20 min. at 100°C and then dewaxed. The
staining was carricd out by immersing the slides in hematoxylin (5 mins), acid alcohol
(99% alcohol and 1% hydrochloric acid 6 N) (5 sces) distilled water (5 mins), cosin (5
mins), 95% alcohol (5 sces) as a standard procedure of hematoxylin and eosin staining

(Kafman, 1992a). Scctions were then examined under bright-ficld microscopy .
2.2.4 Skeletal examination

For bone examination, the double staining method of C.Arrot was used (Kaufman,
1992b). The tissucs were fixed in 80% cthanol for 24 hrs and dehydrated in 96% ethanol

for 24 hrs and then accione for 3 days. Suining was carried out for 6 hrs using the
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following solution: 0.1% alizarin red S in 95% cthanol (1 ml), 0.3% alcian bluc in 95%
ethanol (1 mi) and 1% acid-alcohol (99 ml). The tissucs were cleared with 96% cthanol {or
1 hr, 1% aqueous KOH for 48 hrs and 50% glycerin in 1% aqueous KOH for 2 weeks.

The tissues were then stored in 100% glycerin.
2.2.5 In situ hybridization

In situ hybridization was carricd out by a modification of a method reported previously
(Giaid ct al., 1991). ET-B probes were labeled with  S-UTP using a commercial kil
(Ambion Inc., Austin, TX). Frozen scctions (10 gm thick) were mounted on poly-L.-
lysinc coated slides and dried at 37°C overnight. The sections were rehydrated in PBS,
permeabilized with proteinase K and then fixed in 4% paraformaldechyde. To reduce
background noise, an acctylation step in tricthanolamine and acetic anhydride was carried
out followed by a solution of n-cthylmaleimide and iodoacctomide. Sections were
hybridized at 42°C for 16 hours with the radiolabeled probes for ET-B. Unbound probe
was removed by immersing scctions in a solution containing RNAsc A. Washes at 22-
55°C in descending concentrations of sodium saline citrate was followed. Sections were
then processed for autoradiography. Negative control experiments involved the usc of
sense probes and incubation of scctions with the hybridization buffer in absence of the

radiolabeled probe.
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2.2.6 Radioligand binding assay

Kidney membranc fractions were prepared (rom freshly sacrificed mice as described
previously (Bolger ct al., 1990). Binding assay was carried out as described carlier
(Bolger ct al., 1990) with 10 M[ 1] cndothelin-1 as tracer and using 30 ug of
membrane protein per rcaction. Nonspecific binding was determined in the
presence of 10'7 M unlabcled endothelin-1 and was ~ 8% of total binding in
the wild-ltype mcmbrances. ET-B binding was determined by subtracting specific
binding of [ml] endothclin-1 in the presence off 10-7 M IRL1620 from that in the absence

of the competitor.

2.3 Results

2.3.1 Morphology

Heterozygous F1 micc were phenotypically normal. F2 offspring were obtained by
ntercrossing F1 heterozygotes. A total of 93 F2 mice of ET-B on day 3 postpartum: 24,
49, and 20 micc were typed as ET-BVET-B", ET-B7/+, and +/+ animals werc genotyped.
These genotyping were compatibie with Mendelian inheritance and indicated that

homozygosity did not cause Icthality in utcro or shortly after birth.

The first obvious phenotype of the homozygous mice was extensive white spotting

of the coat, which became apparent by days 3-4 (Figure 2.1 A ). In the homozygous mice,
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the skin and coat were completely white in >90% ol the body surface arca, usually with
small, well-demarcated pigmented arca(s) in the hcﬁd and hip regions. The normally
pigmented arcas were rarcly symmetrical and occurred largely at random. The coat color
within these pigmented arcas was completely normal agouti or biack, depending on the
agouti background inhcrited. The eyes were dark in all cases. Most homozygous mice
appearcd otherwise healthy in the first few wecks after birth However, usually at 2-4
weceks of age, these mice became increasingly sick and emaciated. Their gain of weight
rctarded as compared with wild-type or heterozygous mice. Eventually, all homozygous
dicd prematurcly. The median and average life span of 30 randomly chosen homozygous

mice were 27 and 25 days, respectively (range, 8-57 days).

An autopsy was performed on many homozygous mice, which were sacrificed at a
time we cstimated to have been 1-2 days before they would have dicd. We observed a
gross distention of the intestine in all animals {Figure 2.1 C). In some cases, we obscrved
a perforation of the distended intestine associated with severe peritonitis. Dissection of the
entirc gastrointestinal tract revealed that the distal portion of the colon was narrow and
spastic and that the immediately proximal portion was markedly distended (Figurc 2.1 D).
In a majority of cascs, the spastic segment spanned {rom the sigmoid colon to the distal
rectum. However, the extent of the spastic scgment varied; in some cases, it spanned only
2-3 mm in the most distal part of the reclum, while in two cases the entire colon was
spastic, giving the appearance of microcolon. In all cases, however, the spastic scgment

extended to the most distal rectum. These gross anatomical features were consistent with
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the diagnosis ol aganglionic megacolon. We did not detect any other gross anatomical

abnormalitics in the Homozygous ET-B mice.

Histological examination was consistent with the gross anatomical phenotype of the
homozygoles. Figure 2.2 compared longitudinal scctions of the colon from a wild-type
and an homozygous ET-B mouse. The myenteric (Auerbach) ganglion neurons were
clearly vistble between the outer longitudinal and inner circular layers of smooth muscle
cclls along the entire length of the wild-type colon. These neurons were completely absent
{rom the distal, spastic segment ol the homozygous ET-B colon (Figure 2.2 A ), but not
from the proximal, distended portion (Figurc 2.2 B). Agangliosis was histologically

demonstrated in samples from all homozygous mice examined.

Microscopic examination ol skin sections [rom the homozygotes confirmed an
absence of melanin pigment in the coat hair and of melanocytes in the hair bulbs in the
regions where the coat was white. The amount of hair pigment and the number of
epidermal melanocytes scemed to be normal in the skin sections from the pigmented
regions, reflecting the normal gross appearance of these regions. Sections of the eye from
homozygous ET-B mice revealed a lack of melanin pigment in the choroidal layer of the
retina (Figurc 2.2 D). In contrast, the melanin content in the pigment cpithelium appeared
normal, consistent with the dark eyes of the homozygote mice. In the wild-type retina, we
obscrved both layers of melanin pigment (Figure 2.2 E). These observations are consistent

with the idea that the homozygous ET-B mice have defects in the development of neural
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crest-derived melanocytes (i.e., epidermal and choroidal melanocytes) but not in the

neurocctoderm-derived pigment epithelium ol the retina.

Autoradiographic analyses from scctions of 11.5 fetus hybridized with the
radioactive ET-B complimentary RNA probes revealed the expression ol ET-B mRNA in
heart, lung, liver, colon (Figure 2.3), pancreas, adrenal kidney, and skin. The
observations were further conlirmed with the use of non-radioactive biotin-labeled RNA
probes on wholc-mount preparation. Negative control experiments did not show any

specific hybridization signals.

Skeletal examination using double staining method of C. Arrot revealed skelcton

was largely unaffected.
2.3.2 ET-B is allelic to the piebald locus

Thc. phenotype of the homozygous ET-B mice closcly resembled that observed in mice
homozygous for the natural mutation picbald-lethal. The picbald locus has been mapped to
region of mousc chromosome 14 (Metallinos et al., 1994) that is belicved to be synienic to
human chromosome 13, where the ET-B gene maps in humans (Arai ct al., 1993). These
considerations led us to suspect that the picbald mutations may disrupt the ET-B gene.
There arc two known, naturally occurring mutant alleles in the picbald locus: a severe
allele, , s*, gives rise to megacolon and coat color spotting in homozygotes, whereas a mild
allele, s, result in coat color spotting only. To test the above hypothesis dircctly, we

intercrossed s/s! compound heterozygote mice (which manifest spotting only) witk ET-B*
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I+ heterozygotes. Because both ET-B and s (s!) are recessive, the expression of a mutant
phenotype in offspring lrom these intercrosses indicates that these loci are allelic. Out of
the 13 offsprings obtained from two intercrosses, 6 showed the wild-type phenotype.
These pups were inferred to carry the wild-type allcle from the ET-B7/+ parent. Qut of 13
offspring, 3 exhibited mild spotting (40%-50% white body surface arca) without
manifesting megacolon at up to 60 days. This resembled the phenotype of the s/s! mice,
and their genotype was presumably s/ET-B°. This was compatible with the idca that the
mild s allele is dominant over the null ET-B allcle with respect to the megacolon phenotype.
Finally, 4 out of 13 pups showed extensive whitc spotting, resembling the s'/s' and ET-B*
{ET-B" mice (>90% body surface arca). All of these 4 offspring cventually died from
megacolon, and we inferred that the genotype of these mice was s!/ET-B°. These
obscrvations indicate that the ET-B-and s(s') allcles fail to complement cach other, and
therefore, ET-B is allelic to picbald. These findings also suggest that the s! allele is, like

ET-B-, a nuil or nearly null allele.

2.3.3 The entire ET-B gene is deleted in the piebald lethal (s')

chromosome.

We confirmed the allelism between ET-B and picbald by analyzing the s!/s! and s/s strains
biochemically. As expected, kidncy membranes from s!'/s! homozygotces did not show
significant numbers of ET-B-binding sites. In contrast, membrane preparations from the
s/s mice contained a detectable, but greatly reduced density of ET-B-binding sites. We next

cxamined the cxpression of the ET-B mRNA in tissues that normally express relatively
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high amounts of the mRNA. The ET-B mRNA was undetectable by Northern blot analysis
in all s!/s! tissucs cxamined. The expression of the ET-A mRNA was not appreciably
altered in these mice. Furthermore, Southern blots showed that a DNA segment
encompassing all of the coding exons of the ET-B gene was deleted in the s'/s' genome.
These findings, together with the identical phenotype of the ET-B/ET-B- and sl/s!

homozygoles, cstablish that the piebald gene encodes ET-B.

2.3.4 Attenuated ET-B mRNA expression from the piebald (s) allele

In s/s mice, northern blots revealed an ET-B° mRNA of normal size (4.5 kb) in the lung.
However, the level of ET-B mRNA expression was markedly decrcased in s/s lungs as
compared with lungs from wild-type micc. The intensity of the s/s tissues was ~ 28% of
that in the corresponding wild-type tissucs, as quantitated with a phosphorimager after
normalization with respect to the intensitics of B-action mRNA signals. To examine
whether the ET-B mRNA is structurally abnormal in s/s mice, we cloned full-length ET-B
cDNA from s/s and wild-type lungs by reverse transcription-PCR (RT-PCR) and
determined the nucleotide sequence of the entire coding region. We detected two silent
nucleotide substitution, which arc considered to be polymorphisms between CS7BL/A) and
SSL/Le strains. No alterations in the encoded amino acid sequence were observed in the
s/s cDNA. Taken together, a decreased but not absent cxpression of structurally normal
ET-B mRNA in the s/s tissucs was compatible with the mild phenotype secn in the s/s

homozygotes.
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Figure 2.1. Gross Anatomical Phenotype of ET-B Null Mice.

(A) White-spotted coal color of a homozygous ET-B*/ET-B” mouse (middle). An s'/s! mouse (left) is
almost completely white. An s/s mouse (right) exhibits less extensive spotting. Note the dark eves of
these mice.

(B) A cross between a heterozygous ET-B™/+ female (top left) and a compound heterozygote s'/s male (top
right). Four of the pups from this cross (bottom, 1-3) are shown. Genotype of pups: 1 and 4, ET-B/s; 2,
ET-Bs': 3, +/s! and +/s.

(C) Autopsy of wild-type (left) and ET-BVET-B” (right) mice. An arrow indicates the distended colon in the
homozygous mice.

(D) Dissection of the entire gastrointestinal tract from wild-type (left) and ET-BYET-B" (right) mice. ST,
stomach; CE, cecum. Dissension of the distal ilcum, cecum, and proximal colon is evident in the ET-
B/ET-B intestine. An arrow depicts the transitional zone between the proximat distended and distal narrow

(aganglionic) segments of the ET-BET-B" colon.
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Figure 2.2, Hisiological Examination of Defects in ET-B Null Mice.

(A-C) Longitudinal sections of the distal (A) and proximal (B} colon from the same ET-BVET-B" mousc and

the distal colon from a wild-type mouse (C). Cr, crypts; Mm, muscularis mucousa; C, circular layer of

muscle: L, longitudinal layer of muscle. Asterisks indicate myentenic (Aucrobach) ganglia between the

circular and loagitudinal layers of muscle. The ganglia are absent from the distad scgment of the ET-BYVET-

B~ colon (A). Note the inflammation and partial destruction of mucousa in the distended proximal scgment
of the ET-B7ET-B" colon (B) due 1o the severe ilens.

(D and E) Retina from the ET-B /ET-B (D) and wild-type (E) mouse. G, ganglion ccll layer: In, inner
nuclear layer; On, outer nuclear layer: PE, pigmented epithelium: Ch, choroid. Chorotdal melanocytes
are absent from the ET-B7ET-B" retina. The melanin contents of the pigment epithelium appears normal in

the ET-B"/ET-B" retina.
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Figurc 23 In situ hybridization.

Expression of ET-B mRNA in wild type ET-B colon.
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2.4 Discussion

The findings presented in this study establish ET-B as an essential component in the normal
development of two neural crest-derived cell lincages, namely, enteric ganglion ncurons
and cpidermal melanocytes. We did not detect a major anatomical abnormality in other

tissues or a gross behavioral defect in the homozygous ET-B mice.

We have demonstrated that the cntire ET-B genc is missing from the s!
chromosome 14. At this time, we do not know the exact extent of the DNA dclction, or
whether one or more adjacent genes are also deleted. The near identical phenotype of the
homozygous ET-B and s!/s! mice indicates that the deletion of ET-B is sufficient for the
expression of both coat color spotting and the megacolon phenotype. In this regard, we
observed a very subtle difference in the coat color phenotype between the homozygous ET-
B and st/s! mice. the Homozygous ET-B mice almost always show small pigmented
patches in the head and hip regions (<10% of body surface arca), whereas the s!/s! mice
arc almost completely white. We feel that this is due to the difference in genetic
background between this strains, i. ¢., the hybrid 129/Sv C57B/6J background of the ET-
B null mice versus the SSL/Le background of the picbald-lethal mice. The influence of
genetic background on the extent of white spotting in the picbald and other spotting mutants
has been discussed extensively (Silvers, 1979). For example, the s/s homozygotes exhibit
~20% coat color spolting in the SSL/Le background. Howcever, when bred into a
C3H/nonagouti background, the s/s mice present themselves as primarily black mice with

only tiny white spots in the belly. In contrast, an s/s stock described by Mayer (Mayer,
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1977) is extensively (>50%) spotted. these findings suggest the existence of other coat
color-determining loci that interact with the ET-B gene. In addition, the random pattern off
white spotting in individual mice (even under an inbred genctic background as in the case
of s and s! strains) indicates the existence of a stochastic component that functions together
with the ET-B gene to determine whether a given skin region is pigmented or not (Pavan

and Tilghman, 1994).

We have demonstrated that the ET-B mRNA is structurally intact in terms of the
overall length and coding region sequence in s/s mice. However, the expression of ET-B
mRNA was decreased to approximately 28% of the wild-type levels in the s/s mice as
asscssed by Northern blots. This was also consistent with our finding that s/s
homozygotes showed only ~ 27% of the ET-B density seen in wild-type mice as judged by
radioligand binding assay. We speculate that a mutation in the regulatory regions of the
ET-B gene, in its introns or in its noncoding exon sequence, results in a decreased level of
mRNA expression. Considcri:lxg that s! is a null ailele, the relative ratio of ET-B
expression in s!/s!, s/s*, s/s, sl/+, and +/+ mice is presumably about 0%: 12.5%: 25%:
50%: 100%. It is intercsting 1o note that s'/s?, s/s!, and s/s mice show a graded coat color
phenotype in the exient of white spotting, having white coat in >95%, 40%-50% and about
20% of body surfacc area, respectively (Lane etal., 1966; Lyon and searle, 1989) (our
experience confirmed these reports). These observations indicate that the extent of white
spotting is precisely dependent on the dosage of ET-B expression. In contrast, the

megacolon phenotype occurs only in the s!/s! and ET-B*/ET-B- homozygotes, both of
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which have zero ET-B expression, but almost never in the s/s! or s/s mice (Lanc ct al.,
1966; Lyon and scarle, 1989}, This is compatible with the idea that the two neural crest-
derived ccll lincages required different minimal threshold levels of ET-B expression. Thus,
about 12.5% of the wild-type levels of ET-B density is sufficient for the normal
development of myenteric ganglion neurons, whercas 25%-50% of the wild-type level is

required for complete development of epidermal melanocytes.

Further studies are needed 1o clucidate the exact development role of the regulatory
signals transmitted via ET-B in ncural crest-derived cell lincages. A previous study of
picbald-lethal mice that employed a lincage specific marker for mclanoblasts, tyrosinasc-
related protein 2 (TRP-2), has shown that the expression of TRP-2 was virtuatly restricted
to the nonncural crest-derived melanocytes of retinal pigment epithelium and teiencephalon
in sl/s! embryos by embryonic day 10.5 (Pavan and Tilghman, 1994). In W and S/
mutant embryos, TRP-2 positive cells were still present in reduced numbers in day 11
embryos (Steel et al., 1992). Taken together with the present findings, this indicates that
the absence of signaling via ET-B disrupts development of the neural crest-derived
meclanocytes prior to the onsct of TRP-2 expression. The detection of TRP-2 at a later
development stage in W and S/ embryos than in s!/s! embryos suggests that signaling via
ET-B may function upstrcam of the interaction of the c-kit receptor and its ligand in
mclanoblast devclopment. This situation seems to differ slightly in the myenteric ganglion
neurons. A secrics of studics has been carried out by Kapur et al.(1992) with a lacZ

receptor transgene driven by the neuroblast-specific dopamine B-hydroxylase promoter. A
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preliminary study showed that, in s!/s! embryos, neuroblasts migrated in a cranial-to-
caudal direction, exactly identicatly to wild-type mice until they reached the ileocecal
Jjunction at embryonic day 11.5. At that point, further colonization of the large intestine
was markedly impaired by the picbald-fethal mutation (R.P. Kapur, personal
communication). These findings suggest that ET-B acts at much later stage in development
of myenlteric ganglia in comparison with epidermal mclanocyles. Studies with carlier
markers for neural crest cell lincages, such as ¢-ret (Pachnis et al.,, 1993) and Mash
I(Anderson et al., 1994), may (urther pinpoint the role of ET-B-mediated signaling in the

devclopmenl ol these cells.

Mayer et al. have shown by cross-explanation of embryonic skin and neural crest
that picbald acts in the ncural crest (melanoblast) rather than in the skin (Mayer ct al.,
1977). He concluded that s/s melanoblasts possess a reduced proliferative capacity,
lcading to a failurc of mclanoblasts to occupy certain skin areas. This view of a cell-
autonomous action of picbald predicts that the ET-B is expressed on melanoblasts, in
which it mediates a proliferative or differentiation signal in these migratory cells. Indeed,
several studics have shown that cultnred melanoblasts and melanoma cell lines express ET-
B and that endothelin agonists stimulate the proliferation and chemokinesis of these cells
via ET-B (Yadactal., 1991; Yohnetal.,, 1994). In situ hybridization histochemistry also
indicate that ET-B is expressed on migrating melanoblasts in wild-type mouse embryos.
Human myenteric ganglion ncurons have also been shown to express ET-B (Inagaki et al.,

1991). This supports the notion that the picbald-lcthal mutation acts cell autonomously in
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mycenteric ganglion neurons. The present demonstration ol the molecular basis ol the
picbald-lethal mutation should help to clarify the mechanism ol migration and colonization

of enteric ncuroblasts in greater details.

The aganglionic megacolon seen in s!'/s! and ET-B/ET-B" homozygous mice is
considered to be pathophysiologically analogous to human Hirschprung's discase (HSCR).
The region of mouse chromosome 14 in which picbald has been mapped (Metallinos et al.,
1994) is thought to be syntenic to human chromosome 13, which harbors the human ET-B
gene (Arai et al.,, 1993). A number of reports describe interstitial deletions of human
chromosome 13 q associated with HSCR (Lamon ct al., 1989). Furthermore, onc of the
genes responsibie lor a multigenic form of familial HSCR has recently been mapped to
human chromosome 13q22 (Puffenberger et al., 1994a). These considerations implicate
ET-B as a plausible candidate gene for HSCR. Indeed, it has been described a missense
mutation of ET-B that is associated with the HSCR phenotype in a large, inbred Mennonite
pedigree (Pullenberger et al., 1994b). Somec of the individuals in this pedigree who arc
homozygous for the ET-B mutation manilcst pigmentary disorders including white
forclock, regional hypopigmentation of skin, and bicolored indes (type IV Waardenburg
Syndrome). This indicates that ET-B plays an important role in the development of the two
ncural crest-derived ccll fincages in humans as in mice. However, the genctics of ET-B
show a number of important differences tn the two species.  First, in humans, the
penetrance of the HSCR phenotype is incorplete in individuals homozygous for the ET-B

missense mutation (Pulfenberger ct al., 1994b). Sccond, helerozygous human individuals
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arc also at risk for aganglionic megacolon, although the risk is much lower than in
homozygous individuals, These characteristics of inheritance arc in sharp contrast to the
situations in the mouse, in which s! and ET-B allcles are both completely recessive to the
wild-type allele and the coat color spotting and megacolon phenotypes exhibit 100%
penctrance in homozygous animals. These discrepancies may partly be explained by the
fact that the ET-B missense mutation in this human pedigree significantly impairs but dose
not completely abolish signaling via ET-B, unlike the completely null mutations in s'/s!
and ET-B7ET-B" mice, and also that other genctic loct, including the c-ret gene, are clearly
involved in the HSCR susceptibility in this Mennonite pedigree (Puffenberger ct al.,
1994b). A similar species related difference in mode of inheritance exists in the case of ¢-
ret mutations, which also produce cnteric agangliosis. In the mouse, a targeted null
mutation of c-ret lcads to a recessive defect, with total agangliosis throughout the
gastrointestinal tract in homozygous (Schuchardt ct al., 1994). In contrast, loss-ol-
function c-ret mutations, including those are thought to be functionally null, result in a
dominant HSCR phenotype in humans probably duc to haploinsufficiency (Fisher and

Scambler, 1994; Romeoctal., 1994).

ET-B receptor accepts all three endothelin isopeptides with similar affinitics
(Sakuria ct al.. 1990; Yanagisawa, 1994). Which isopeptide is the physiologically
relevant ligand in the dcvélopmcm of neural crest-derived melanocyles and enteric neurons?
In the next part of this project, we demonstrate that mice deficient for endothelin 3 exhibit

the identical phenotype of whitc ==~ and megacolon. These findings establish that

-
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cndothelin-3 is the relevant ligand. Our results indicate that interaction of ET-3 with the

cndothelin-B receptor is essential in the development of neural crest-derived cell lincages.
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3.1 Introduction

In chapter 2, we have demonstrated that ET-B receptor plays an essential role in the normal
development of cpidermal melanocytes and cateric ganglion ncurons in mice and humans,
Mice homozygous for a knocked-out ET-B allcle exhibited whitc-spotted coat color
associated with aganglionic megacolon, a phenotype closely resembling the defects seen in
three natural mousc mutants, picbald-lcthal (s, lcthal spotting (Is), and dominant
megacolon (DOM) (Lyon and Scarle, 1989). We demonstrated that the piebald locus
indced encodes ET-B. Although all three endothelin isopeptides can bind and activate ET-
B receptor cqually, the phenotype observed in these mice was clearly different from that
scen in the ET-1 knockout mice (Kurihara et al., 1994). In the present study, we
demonstrate that ET-3-dcficient mice exhibit an identical phenotype of coat color spolting
and aganglionic megacolon. We further show that Iethal spotting is allelic to the mouse ET-
3 gene. We also identify a missense mutation of the ET-3 gene in the Is/ls mice. Although
the mutation leaves the mature ET-3 sequence tntact, it abrogates the production of mature

peptide by ECE-1 in these animals.

Note: This part of project was done in a collaborative work with Howard Hughes Medical

Institute and Department of Molecular Genetics in Dallas, Texas.
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3.2 Experimental procedures

3.2.1 Mutant mouse strains

LS/Le Is/ls males and LS/Le |s/+ females are purchased as breeding pairs from The Jackson

Laboratory.

3.2.2 Production of ET-3-deficient mice

The mature ET-3 sequence resides in the middle portion of the prepro-ET-3 polypeptides
and is cncoded by exon 2 of the mousc ET-3 gene. To introduce an ET-3 null mutation by
homozygous recombination in mousc cmbryonic stem (ES) cells, a replacement vector was
constructed, in which the mature ET-3-cncoding portion of ET-3 exon 2 is substituted by a
ncomycin resistance cassctie {nco) as described in chapter 2 (2.2.2). Briefly, herpes
simplex virus thymidine Kinase(TK) casseties were added to the 3' end of the targeting
vector for positive-ncgative scicction. Screening of 108 double-resistant cell clones by
PCR revealed nine homologous recombinant clones. Southern blot analysis confirmed that
these clones had a correctly targeted ET-3 allele. Five of the recombinant ES cell clones of
ET-3 genc were injected into CS7BL16J blastocysts, and four of these clones yiclded male

chimeric mice that trapsmitted the targeted allele through the germline.
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3.2.3 Histology

Mice were perfusion fixed with formalin immediately alter sacrifice, and tissucs were
dissected and f{urther immersion {ixed in formalin, Embedded tissucs were cut into 5 um
sections and stained with hematoxylin and cosin by a standard procedure that described in

chapler 2 (2.3.3). Scctions were then examined under bright-ficld microscopy.

3.2.4 Skeletal examination

The tissues were fixed in 80% cthanol for 24 hrs and dehydrated in 96% cthanol for 24 hrs
and then acctone for 3 days. For skeletal examination, the double staining method of C.
Arrnot, that described in chapter 2 (2.2.4), was used. Briefly, tissues were stained with
alcian blue and alizarin red for bone and cartilage cxaminations, The tissucs were stored in

100% glycerin.
3.2.5 In situ hybridization

Iu situ hybridization was carricd out by a modification of a method reported previously
(Giaid et al., 1991). The method completely described in chapter 2 (2.2.5) Bricfly, the
tissues were fixed in paraformaldechyde and cut with a cryostat.  ET-3 probes were then

labeled using > S-UTP.
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3.2.6 Radioligand binding assay

Kidney membrane (ractions were prepared Irom freshly sacrificed mice as described
(Bolger ct al., 1990). Binding assay was carricd out as described in chapter 2 (2.2.6) with

. 28
10 . M[l 1] endothelin-1 as tracer and using 30 ug of membrane protein per reaction.

3.3 Results
3.3.1 pigmentary disorder in homozygous ET-3 null mice.

We did not detect any abnormality in heterozygous F2 mice. An extensive white spotting
of the skin and coat in homozygous ET-3 mice apparent by days 3-4 postpartum (Figure
3.1 A ). About 70%-80% of the coat was complctely white. Well-demarcated, normally
pigmented patches of coat were seen most often in the head and hip regions. The shapes of
these pigmented patches are irregular and differ at random from mouse to mouse. In
comparison with the ET-B null mice, the degree of white spotting in the homozygous ET-3
micc was appreciably milder. We often observed a large, continuous patch of pigmented
coat in the head and hip of homozygous ET-3 mice, which were rarely found in the
homozygous ET-B mice. The belly was almost always white. The eyes are dark in all

homozygotes.

Histological examination of the skin sections taken from the spotted region of

homozygous ET-3 mice confirmed the absence of melanin pigment in the coat hair and the
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absence of melanocyles in hair bulbs. In these skin sections, we did not sce "amelanotic
mclanocytes” or ¢lear cells, which arc often found in the hair bulbs of albino mice. In the
skin scctions taken from the pigmented region of homozygous ET-3 mice, the amount of
mclanin pigment and the number of melanocytes appeared normal. These lindings are
consistent with the idea that depigmentztion in homozygous ET-3 mice is not due to an
inability of mclanocytes to synthesize melanin (as in the case of albino mice), bul (o &
regional failure ol melanocyte colonization in the skin. Sections of the homozygous ET-3
eyes revealed an absence of melanin pigment in the choroidal layer of the retina (Figure 3.2
A ). By contrast, thc melanin content in the retinal pigment epithelium appearcd normal,
consistent with the dark cyes of the homozygotes mice. In the wild-type retina, both layers
of mclanin pigment were clearly observed (Figure 3.2 B). These findings arc consistent
with the idea that the homozygous ET-3 mice have defect in the development of neural

crest-derived melanocytes but not in the neuroectoderm denived retinal pigment epithelium.
3.3.2 Aganglionic megacolon in ET-3 null mice

Other than the spotted coat color, homozygous ET-3 mice appeared healthy in the first few
days after birth, and we did not detect @ gross behavioral abnormality, Within the first
month after birth, however, most of the homozygous mice became increasingly sick, and
they eventually died. The discasc-free period varied greatly. Out of 44 randomly chosen
micc, 6 dicd by day 7, 16 by day 14, 40 by day 30, and 43 by day 65. The mcan and
median life span of these 43 animals were 21 days and 19 days, respectively (range, 4-65

days). Onc homozygote lived 1o mate and eventually died on day 85. We performed an
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autopsy on at least 30 of the ET-3 null mice, which were sacrified 1-2 days before they
would have died. In all animals cxamined, we observed a gross distension of the intestine
(Figure 3.1 B). Upon disscction of the enlire gastrointestinal tract, we found that the distal
large intestine was narrow. The narrow segment was directly preceded by a distended
proximal segment (Figure 3.1 C). This gross appcarance was consistent with the diagnosis
of aganglionic megacolon. The spastic portion included the most distal part of the rectum
in all cases. However, the position of the transitional zone beiwceen the distended
(proximal) and spastic (distal) segment varied from animal to animal. In some
homozygotes, the entire colon appearcd narrow (microcolon). In others, only the most
distal 2-3 mm of the rectum was spastic, resulting in distension of the entire colon. The
spastic segment most often spanned from the sigmoid colon to the distal rectum. The
length of the spastic segment and the ltfe span of the animal did not appear closely

‘correlaied.

The absence of myenteric ganglia in the distal narrow segment of the colon was
confirmed in histological sections from all 8 homozygous ET-3 animals examined (Figure
3.2 C). Wc obscrved apparently normal myenteric ganglion neurons between the
longitudinal and circular layers of smooth in the proximal, distended segment of the
homozygotes colon. Ganglion cells were scen in the entire length of the colon from age-

matched wild-type animals (Figure 3.2 D).

Autoradic.graphic analyses [rom scctions of 11.5 fetus hybridized with the

radioactive ET-3 complimentary RNA probes revealed the expression of ET-3 mRNA in
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heart, lung, liver, colon, pancreas, adrenal, kidnecy, and skin (Figure 3.3)., The
observations were [urther confirmed with the usc of non-radicactive biotin-labeled RNA

probes on whole-mount preparation.  Negative control experiments did not show any

specific hybridization signals.
Skeletal examination revealed skeleton was largely unaflected.
3.3.3 The lethal spotting locus encodes ET-3

The recessive phenotype of the homozygous ET-3 mice closely resembled the syndrome
manifested by two natural recessive mutations in the mouse, picbald-lethal and lethal
spotting (Anderson ct al,, 1994). Lethal spotting has been mapped to a distal portion of
mouse chromosome 2 (Lyon and Scarle, 1989}, which harbors the human ET-3 genc
(Annami ctal,, 1991). These findings strongly suggested that the ET-3 gene may be
allclic to Icthal spotting. To test this dircctly, we examined whether the recessive ET-3 and
Is mutations can complement cach other. It has been known that some homozygous Is/ls
mice survive 1o mate and give rise to offspring, without manifesting terminal illness. We
intercrossed two Is/ls males who had not manifested an overt megacolon phenotype with
three heterozygous ET-37+ females, as well as with the single homozygous ET-3 female
that had survived to mate. Qut of 24 offsprings from the three Is/ls ET-37/+ crosscs, 15
were spotied and the remaining 9 appeared wild-type; we inferred the genotype of these
pups as IS/ET-3" and Is/+, respectively. All of the 15 spotied pups cventually died of

megacolon by day 125 posipartum. This demonstraies that ET-3 cannot complement Is,
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and therefore, they are atlelic. As expected, all of the 8 offsprings from the Is/ls ET-37/ET-
3" intercross were spotted, and 7 of them died of megacolon by day 102 postpartum.
Taken together with the identical phenotype of the Is/ls and ET-37/ET-3" homozygotes,

these results show that Iethal spotting disrupts the ET-3 gene.

3.3.4 A missense mutation of ET-3 gene in Is/ls

To disscct the molecular basis of the Is mutation further, we first determined tissue
concentration of immunorcactive mature ET-3 in the Is/ls mice. Three different tissues
from homozygous ls/ls micc did not contain a detectable amount of mature ET-3.
Heterozygous Is/+ animals had 36%-76% of the wild-type tissue levels of mature ET-3,
which were comparable to those seen in the ET-3°/+ mice. This indicates that the Is
mutation abrogates production of maturc ET-3. We next compared the expression of ET-3
mRNA in tissucs from Isfis and wild-type micc. Northern blots of three tissue
s that express relatively high amounts of ET-3 mRNA showed that the level of ET-3
mRNA cxpression in the Is/Is mice was identical to that in the wild-type animals. This

indicates that the Is mutation does not impair production of ET-3 mRNA.

We then examined whether the ET-3 mRNA is structurally altered in the is/ls mice.
We cloned ET-3 ¢cDNAs from wild-type and Is/ls micc by reverse transcription-PCR (RT-
PCR) and determined the nucleotide sequence of the entire prepro-ET-3 coding region. In

the Is/ls cDNA, we found a missense C— T change in nucleotide 409 of the coding region,

which results in a substitution of an Arg-137 residue (codon: CGG) with a Trp residue
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(codon: TGG). This mutation climinates an Xmni restriction site (nucleotides 400-406),
producing a convenicnt restriction polymorphism lor genotyping the Is allcle. We found no
other sequence alterations in the 1s/ls mRNA except for a silent C - A substitution of
nuclcotide 597 of the ET-3 coding rcgion, which is considered to be an interstrain

polymorphism.

3.3.5 The Is mutation abolishes production of active ET-3 by ECE-l

The RI37W mulation was found within the highly conserved c-terminal portion of the big
ET-3 sequence. The mutation replaces the {irst Arg residue of a tetrapeplide sequence
RGKR, which is believed to be the signal recognized by a furin-type prohormonc-
processing enzyme (Barr,1991). The GKR sequence that immediately follows Arg-137
matches the consensus sequence for c-terminal peptide amidation (Eipper ct al., 1993).
Indeed, human big ET-3 has recently been shown to be amidated at the C-terminal Arg
residuc (Kosaka et al., 1994). Thus, furin or a similar processing cnzyme recognizes the
tetrapeptide RGKR sequence and cleaves after Arg-140. Then, a peptidylglycinc-amidation
cnzyme forms Arg-137 amide by cleaving between the a carbon of Gly-138 and thc main-

chain amido group in the N-terminal side ol Gly-138,

Since we did not detect immunorcactive ET-3 in the Is/ls tissues, we postulated that
the R137W mutation abrogates the formation of mature ET-3, even though the mutation
leaves the mature ET-3 sequence itself intact. To examine the role of thc mutation directly,

we tested whether transfection of wild-type and mutant ET-3 cDNA leads to sccretion of
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mature ET-3 into the culture medium. We subcloned the prepro-ET-3 coding sequence
from the wild-type and Is/ls cDNASs into an expression vector and transfccted the constructs
into CHO/ECE-1 cclls (Xu ct al., 1994). This ccll linc expresses ECE-1, which can
specifically cleave big ET-3 into the mature peptide. CHO/ECE-1 cells transfected with
wild-type ET-3 ¢cDNA secreted immunorcactive big ET-3 as well as mature ET-3 into the
medium. In contrast, cells transfccted with the Ri57W mutant cDNA did not produce a
significant level of mature ET-3. However, these cells produced similar amounts of
immunoreactive big ET-3 indicating that the mutation docs not abolish the production of the

precursor peptide.
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Figure 3.1. Whitc Spotting and Megacolon in ET-3-Deficient Mice.

(A) Coat color spotting in a homozygous ET-3 mouse (right) and on 1s/ls mouse (left). Note the large,
continuous pigmented patches in the head and hip regions of these mice.

(B) Autopsy of wild-type (top) and homozygous ET-3 (bottom) micc. An arrow indicates the distended
ileum of the homozygous ET-3 mice.

{C) Disscction of the entire gastrointestina! tract from wild-type (right) and homozygous ET-3 (Iefi) mice.
St, stomach; Ce, cecum. Distension of the ileum and cecum is evidenl in the homozygous ET-3 intestine.

In this particular mouse, the entire colon was aganglionic.
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Figure 3.2. Homozygous ET-3 Mice Lack Retinal Choroidal Melanocytes and Myenteric Ganglion
Neurons.

{A and B) Retina fron the homozygous ET-3 (A) and wild-type (B) mouse. G, ganglion cell fayer: In,
inner nuclear laver. On. outer nuclear layer; PE, pigment epithclium; Ch, choroid. The pigment
cpithelium appears normally pipmented in the homozygous ET-3 retina, but the choroidal pigmentation is
absent.

(C and D) Longitudinal sections of the distal colon from homozygous ET-3 (C) and wild-type (D) mice. Cr,
crypts:  Mm, musculanis mucousa; C, circular layer of muscle; L. longitudinal layer of muscle
Arrowheads in (D) indicate myentenic (Auerbach) ganglion neurons between the circular and loagitudina

muscle lavers of the wild-tvpe colon. The ganglia are absent from the homozygous ET-3 colon {C).
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Figure 3.3 In situ Lybridization.

Expression of ET-3 mRNA in wild type tmouse skin,
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3.4 Discussion

In this study, we have demonstrated that ET-3 plays an essential role in the normal
development of these two neural crest-derived cell lineages, cpidermal and choroidal
mclanocytes and enteric ganglion neurons. In chapter 2, we have shown that ET-B
receptor is also essential for development of two cell lincages. The three known
mammalian isopeptides, ET-1, ET-2, and ET-3, all function as potent agonists [or ET-B
receptor.  These isopeptide ligands have similar affinitics and efficacies toward ET-B
receptor (Sakuria ct al., 1990). The present lindings establish that the signal conveyed by

ET-3 via ET-B receptor is specilically required in the development of these cells.

The homozygous ET-3 animals had normal tissue levels of immunoreactive mature
ET-1 plus ET-2. This indicates that these isopeptides cannot compensate for the function
of ET-3 in the development of epidermal melanocytes and centeric ganglia. These findings
supycest that endothelin isopeptides do not function as circulating hormones, even though
they are produced as small soluble molecules. I they did act as systematically circulating
peptides, ET-1 (or ET-2) could have compensated for the lack of ET-3, sincc ET-B
receptor aceepts all three isopeptides cqually and the plasma and tissue levels of ET-1 are
generally higher than those of ET-3 (Matsumoto ¢t al., 1989; Suzuki ct al., 1990). There is
the formal possibility that ET-1 (or ET-2) is available to ET-B receplor but that different
cndothelin isopeptides produce different intracellular signals upon binding to ET-B
receptor.  For example, binding of different endothelins 1o ET-B receptor might induce the

receplor to intcract with different classes of’ G proteins. However, there is no known
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example for such multipie diftferential modes ol receptor activation, One trivial explanation
might be that ET-1 and ET-2 arc not expressed during embryonic lives. However,
homozygous ET-1 knockout mice dic shortly af'ter birth due to craniolacial abnormalitics
involving the first branchial arch-derived tissues (Kurihara ¢t al,, 1994). [n situ
hybridization conlirmed that ET-1 is expressed in the lirst branchial arch in the wild-type
cmbryos. It is not clear whether ET-1-deficient homozygotes had any abnormalitics in
epidermal melanocyles or enteric neurons, since these defeets do not become obvious until
a much later time (e.g., until days 3-4 postpartum {or skin color spotting). However, the
strikingly similar phenotype of the homozygous ET-B and homozygous ET-3 mice
suggests that the absence of ET-3 is sulfficient to reproduce ET-B null phenotype and that

ET-1 or ET-2 duse not play a major role in development of these two cell lincages.

In this regard, we observed that the phenotype of homozygous ET-3 and Is/Is mice
was appreciably milder than that of the homozygous ET-B and s'/s! mice. The
homozygous ET-B mice were >90% white and the s'/s! almost completely white. In
contrast, thc homozygous ET-3 and Is/Is mice usually had pigmented coat in 20%-30% of
body surface area, ofien as large pigmented belts in the head and hip regions, sometimes
giving a panda-like appearance. With regard to the megacolon pherotype, none of the
homozygous ET-B mice survived to mate, and s'/s! mice in SSL/Le background has been
rcported almost never to survive to mate (Lane, 1966; Lyon and Scarle, 1989). In contrast,
~ 15% of homozygous ET-3 and Is/Is micc as well as the Is/ET-3 mice survived well

beyond adulthood. These differences cannot be explained by an incomplete nature of the
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mutation or by difference in genetic background.Homozygous ET-B, s!, and homozygous
ET-3 arc all null alleles. We have demonstrated that the Is allele is also functionally nulf,
although we cannol exclude the possibility that mature ET-3 was produced in the Is/ls
animals at an extremely low level thal was below our detection limit. There was no
systematic difference in genctic background between the homozygous ET-3 and
homozygous ET-B strains, both of which had a hybrid 129/Sv C57BL/6J background.
We fect that the milder phenotype scen in the ET-3 mutant mice in comparison with the ET-
B mutants is duc to a small degree of compensation by diffusible ET-1 and ET-2 that are
produced in ncarby or remote embryonic tissues, or possibly by endothelin isopeptides

carricd over from the maternal circulation.

We have demonstrated thut CHO/ECE-1 cells transfected with the R137W/ (Is)
mutant ET-3 ¢DNA did not produce mature ET-3. Significanuy, however, the production
ol immunorcactive big ET-3 was not affected by the mutation. The sandwich EIA for big
ET-3 used in this study recognizes peptides that carry both an epitope in the N-terminal
loop region ol ET-3 and another epitope within the c-terminal 20 amino acids of big ET-3
(Matsumoto ct al., 1989). Thercfore, this EIA cannot distinguish between fully processed
big ET-3 and larger precursor peptides. The prepro-ET-3 contains two conscnsus
recognition scquences for the prohormone-processing enzyme furin, (K/R)x(K/R)R} .
immediatcly before and after the big ET-3 sequence. This predicts that furin or a similar
processing cnzyme first produces big ET-3 from (pre)pro-ET-3, wiiich is then cleaved to

mature, active ET-3 by ECE-1 or other enzyme(s) with big endothelin-converting activity
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(Fabbrini ct al., 1993; Xu <t al., 1994). The R137W mutation disrupts the furin
recognition scquence, RGKR, at the c-terminus of big ET-3 by substituting the first Arg
residuc that is at the P4 position with respect to the furin cleavage site. Previous studies
with natural and site-dirccted mutants of variéus furin substrates have demonstrated that,
for thosc substrates with a P4 basic residue, replacement of this residue with a nonbasic
amino acid {ully inhibits processing in vivo (Barr,1991; Bentley et al., 1986). Therclore,
it is plausible to assume that the R137W mutant prepro-ET-3 cannot be cleaved at the ¢-
terminus of big ET-3. In this case, the big ET-3 immunorcactivity we detected (rom the
RI37W ET-3-transfected cells was an incompletely processed precursor of big ET-3 witha
c-terminal extension. Alternatively, the RI37W mutant may stll be cleaved by a
processing enzyme with a less stringent recognilion scquence, ¢.g., the basic pair site
(K/R)R (Barr, 1991; Steiner ct al., 1992). In this later casc, the big ET-3 immunorecactivity
we detected might have been a fully processed, 41 residuc big ET-3 that had a point
mutation at its very C-terminus. In cither cases, our results demonstrate that the mutant big
ET-3 (or its bigger precursor) cannot be further cleaved by ECE-1 to become miature, active
ET-3. This is of interest because the ECE-1 cleavage site is 20 amino acids upstream {rom
the mutated Arg residuc. In this regard, we and others have previously shown that the ¢-
terminal part of big ET-1 harbors an important structure for ECE-1 recognition (Okata et
al., 1993; Xu et al., 1994). Collectively, these (indings indicate that the Is mutant allele
generates a c-terminal mutated (or aberrantly extended) big ET-3, which cannot be
recognized by ECE-1 for the subsequent proteolytic activation. This results in the failure of

mature ET-3 production observed in the Is/ls mice.
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Previous studies using cross-explanation of embryonic skin and ncural crest demonstrated
that lethal spotting acts in the neural crest, which generates migrating melanoblasts, rather
than in the skin, which provides an appropniate environment (Mayer, 1977). Similar
studics with the picbald mice showed that s also is melanoblast autonomous. Taken
together with the present lindings, these obscrvations are consistent with a model in which
both ET-B receptor and ET-3 ligand arc expressed in the ncural crest-derived melanoblasts
and functlion as an autocrine signal to maintain the proper migration and colonization of
these cells. By contrast, previous studies on the migration of enteric ncurons in Is/ls mice
have led to quite different conclusions. Two independent studics have been conducted that
cmployed aggregation chimeras between wild-type embryos and Is/ls embryos that were
labeled with cither transgenic or endogenous markers (Kapur ct al., 1993; Rothman ct al.,
1993). Both studies demonstraled that, in the aggregation chimeras, the labeled Is/ls
ncuroblasts normally migrate (together with the unlabeled wild-type neuroblasts) to the
distal end of the rectum, supporting the idea that the defect caused by the Is mutation is not
ncuroblasts autonomous. However, the present finding that Is encodes the diffusible
extracellular factor ET-3 may complicate the interpretation of these previous results. For
example, these studics cannot exclude the possibility that wild-type ncuroblasts rescuc
ncarby Is/ls neuroblasts by secreting ET-3 (Kapur et al., 1993). Unfortunately, analogous

studies with s!/s! embryos have not yet been carried out.

In chapter 2, we have demonstrated that defects in the ET-B receptor genc can

result in pigmentary disorder and aganglionic megacolon in humans as well as in mice



Chapter 3: Role of the Endothelin-3 Gene in Normal Development

(Hosoda ct al., 1994; Pultenberger et al., 1994 b). Puflenberger ct al. have identilicd a
missensc point mutation in the human ET-B receptor genc in patients with a hereditary
form of Hirschsprung's discasc (Pullenberger ct al., 1994). The ncar-identical phenotype
of aganglionic megacolon and white spotting shared by the homozygous ET-B (s!/s!) and
homozygous ET-3 (Is/l8) mice, which carry defiects in the interacting pair of cell surfuce
receptor and extracellular ligand, points 1o the possibility that defects in human prepro-ET-3
gene may also cause Hirschsprung's discase. Our llindings indicate that the interaction of
ET-3 with ET-B receptor is essential for the normal development of two additional neural
crest cell lincages, the vagal neural crest-derived enteric neurons and the trunk neural crest-
derived cpidermal melanocytes. The endothelins emerge as important regulators of

mammalian ncural crest development.
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4.1 Introductior

To inducc its numcrous cffccts on smooth muscle contraction and stimulation ol the release
of autocoids and peptides, ET acts dircctly on specific receptors. Two types of G protein-
coupled ET rceeptors have recently been described: ET-A and ET-B (Arai ct al,, 1990
‘Sakunia et al. 1990; Sakomoto et al., 1993).  According to the relative binding afTinitics
and biological activitics of the three isopeptides tor their receplors, ET-1 is equipotent to
ET-2 but morc potent than ET-3 on systems containing ET-As, whercas ET-1 is cquipotent
to ET-2 and ET-3 for the ET-B type (Ibara ct al., 1992). The receptors which arc

responsible for the vasoconstrictive effects of ET have been identified as ET-As.

The human ET-A receplor genomic DNA has been cloned and characterized
(Hosoda et al., 1992). Human ET-A gene present on chromosome 4, contains cight exons
and seven introns. Introns 2 to 7 of ET-A occur within the coding region immediately
proceeding or following onc of the transmembrane helix domains, suggesting that the

corresponding exons may encode functional units.

In the present study, after disrupting the ET,, gene in mouse ES cells to produce

mice deficient in ET-A, we examined the phenoiype of ET-A deficient mice to elucidate the
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physiological role of ET-A gene demonstrating that the mutation in the ET-A gene causes

abnormal manifestation in fetal development.

Note: This part ol project was done in a collaborative work with Howard Hughes Medical

Institute and Department of Molecular Genetics in Dallas, Texas.

4.2 Experimental procedures

4.2.1 Targeted disruption of mouse ET-A gene

To introduce an ET-A null mutation by homozygous recombination in mousc embryonic
stcm (ES) cells, a replaccment vector was constructed, in which the mature ET-A is
substitutcd by a ncomycin resistunce cassetic (nco) as described in chapter 2 (2.2.2).
Bricfly, herpes simplex virus thymidine Kinase (TK) casscttes were added to the 3' end of
the targeting vector for positive-negative sclection. Screening of double-resistant cell
clones by PCR revealed nine homologous recombinant clones. Southern blot analysis

confirmed that these clones had a correcly targeted ET-A allele.
4.2.2  Histology

Mice were perfusion fixed with formalin immediately after sacrifice, and tissues were

dissccled and further immersion fixed in formalin, Embedded tissucs were cul into 5 um
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scctions and stained with hematoxylin and cosin by a standard procedure that described in

chapter 2 (2.3.3). Scctions were then examined under bright-ficld microscopy.
4.2..3  Skeletal examination

For skeletal cxamination, the method of C. Arnott was used. The tissues were fixed in
80% cthanol for 24 hrs and dchydrated in 96% cthanol for 24 hrs and then acetone for 3
days. Staining was carricd out for 6 hrs using the following solution: 0.1% alizarin red S
in 95% cthanol (1 ml) and 1% acid-alcohol (99 ml). The tissues were cleared with 96%
ethanol for 1 hr, 1% aqucous KOH for 48 hrs and 50% glyccrin in 1% aqucous KOH for 2

weeks. The tissues were then stored in 100% glycerin
4.2.4 In situ hybridization

In situ hybridization was carried out by a modificatior. of a mcthod reporied previcusly
(Giaid ct al., 1991). Bricfly, the tissues were {ixed in paraformaldchyde and cut with a

cryvostal. ET-A probes were then labeled using *s.UTP.

4.3 Results

Mice heterozygous for the ET-A mutation appear normal and were fertile. Although the
heterozygous and wild-type newborn mice began to breathe and turn pink within 10 min.

after birth, nonc of homozygoles opened their mouths to breath, and all responded poorly
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tpping and pinching stimuli. They remained blue and eventually died of anoxia within 15

30 min. examination of their lungs showed that they had never been ventilated.

4.3.1 Morphology of ET-A homozygous mice

In all of ET-A homozygous newborn mice exumined, the same pattern of conspicuous
craniofucial abnormalitics was found. The mandible was poorly developed and its fusion
in the midline was incomplete in the homozygous newbomns. [n addition, the anterior neck
was thin and auricles were hypoplastic.  These abnormalities were found in nonc of

heterozygous or wild-type mice (Figure 4.1).

Histological cxamination revealed that homozygous mice, when compared to
heterozy gous and wild-type newboras had several morphological abnormalitics particularly
in the hecad and neck regions. Hyoid bone was smaller than that of wild-type or
heterozygous. The anterior neck was thin and the mandible, submandibular glands, muscle
and connective tissuc were poorly developed. As well, the mandible fusion in midlinc was
incomplete. Nasopharynx and oropharynx were narrow, but the lower airway appeared to
be normal (Figure 4.2). Most of the tongue was missing, however the basal region
remained and appeared hypertrophic. The muscle fibbers were irregular (Figure 4.3). In
the outer car, the auricles (pina) were hypoplastic and external auditory meatus was absent.
In the middle car, the incus and malleus were absent, but the stapes were missing (Figure

4. 4). The inncr car appeared to be intact. No ossification of the mandible condyle was

scen, and the primitive gum and tecth were missing. Basiosphenoid bone was malformed
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(Figure 4.5). In some homozygous, the ventricle wall of the heart appeired hypertrophic,

and endocardial cushion defect was visible (Figure 4.6).

Examination of the skeleton with Alizarin red staining revealed that homozy gous
were lacking the tympanic ring, the auditory ossicle, and lower incisor tooth,  Maxillary,
premaxillary and hyvoid bones were smaller thun those of wild-type. Mandibular bonc was
retarded (Figure 4.7). Zygomatic bone was aberrunt, and an extra bony protubcrance in the
thyro-hyoid region und also mandibular region was scen (Figure 4.8). Other purts of the

skeleton were largely unaftected.

Autoradiographic analyses Irom sections of 11,5 fectus hybridized with the
radioactive ET-A complimentary RNA probes revealed the expression of ET-A mRNA in
mandibular components of first branchial arch (Figurc 4.9), medial nasul process,
submandibular glands, endocardial cushion tissue lining the atrioventricular canal, and in
midline dorsal aorta. The obscrvations were further confirmed with the use of non-
radiocactive biotin-labeled RNA probes on whole-mount preparation.  Negative control

experiments did not show any specific hybridization signals.
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Figure +.1. Comparison of Gross Anatomical Phenotype of ET-A Homozygous {a and ¢) and ET-A Wild-
type (b and d) Mice. Homozygous mouse shows short and non-fused mandible (big arrow), thin antesior

neck (small arrow), and hypoplastic auricles (arrowhead).
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Figure 4.2. Whole Body Sections (sagitl) of EI'-A Homozygous (A) and ET-A Wild type (B) Mice.
Homozyzous mouse shows a short and non-fused mandible (big arrow), thin anterior neck (small arrow),

small and hypertrophic tongue (T), as well as narrow upper airway (arrowhead).
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Figure 43. Comparison of Tongue Sections of ET-A Homozygous (A) and ET-A Wild-type (B) Mice.

. Tongue muscle fibers in ET-A homozygous mouse are irregular.

68



hapier 4: Rol the Endotiielin-A R tor Gene in Normal Developinen

Figure 4.4. Comparison of Middle Ear Sections of ET-A Homozygous (A) and ET-A Wild-type (B) Mice.
Malleus (big arrow) incus (small arrow), and stapes (arrowhead) in ET-A wild-type mouse arc intact. In

. ET-A homozygous mouse, malleus and incus are intact, but stape is missing.
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Figure 4.5. Head Section of ET-A Homozygous Mouse.

In ET-A homozygous mouse, basiosphenoid bone (arrow) is malformed.
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Figure 4.6. Comparison of Heart Sections of ET-A Homozygous (A) and ET-A Wild-type (B) Mice. In

ET-A homozygous mice, endocardial cushion defect (arrow) is visible. Heart in ET-A wild-typcis nonmal.
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-

Figurc 4. 7. Comparison of Head Skeleton of ET-A Homozygous (A) and ET-A Wild-type (B) Mice.
Homozygous mouse has short and deformed mandibular bones (big arrow), absent tympanic ring (small

arow) and auditory ossicle (arrowhend).

N
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Figure 4.8. Head Skeleton Examination of ET-A Homozygous (A) and ET-A Wild {ype (B) Mice.
Homozygous mouse shows small hyoid bone (big arrow) and aberrant zygomatic bones (small arow).
There are also some abnormal bone structure (arrowhead) in thyrohyoid region of ET-A homozygous

mouse.
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Figure 4.9. In Situ Hybridization: Expression of ET-A mRNA in the first bronchial arch of ET-A wild-

type mousc.
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4.4 Discussion

In this study, after disrupting the ET-A gene in mouse ES ccils by gene targeting, we
stabilished mice bearing the mutant ET-A™ allele. The resulting phenotype shows lethality
and mallormations of craniofacial tissues in ET-A homozygous, indicating the involvement

of ET-A in normal devclopment.

Anoxia duc o respiratory failure is major causc of death in ET-A homozygous
mice. Rather, some other factors including inability 1o open the mouth because of poor
musculature in the mandibular region and narrowing upper airway may involved in the
causc of iethality. Furthermore, ET-A homozygous mice showed difficulty in breathing in
response lo physical and noxious muscle, indicating the involvement of central respiratory
control or respiratory muscle in the causc of icthality. Although the precise mechanism of
the lethality is not clear, these results suggest that ET-A may be important in the ncural

regulation of the respiratory sysicm.

The homozygous ET-A mice show some craniofacial anomalics affecting the
mandible, zygomatic and temporal bones, tympanic ring, hyoid, tongue, soft tissuc in the
anterior nceck, palate, outer and middle cars, and endocardial cushion tissuc. All of these
organs are developed from the pharyngeal arches whose origin is mainly neural crest-
derived cctomesenchymal cclls. Migration of neural crest cells into the region of

pharyngeal arches completes before 10 d.p.c and their differentiation starts thereafter
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(Lumsden ct al., 1988)). Examination ol embryos at serial developmental stages suggests
that disturbunce in the development of pharyngeal arches already starts around this carly
stage and their differentiation to Meckel' cartilage, tongue, primordium and other specific

tssues arc impaired in ET-A homozygous mice.

In this regard, we observed the linkage between the genotype and phenotype are
complete in all mice, indicaling that these abnormalities can not be due to an incidental
mutation. [n addition, ET-A has a stimulatory effect on tongue development in organ
culture and high ET-A gene expression is detected in the pharyngeal arches at the carly
stage of embryonic organogenesis by in situ hybridization. Thesc findings indicate the

involvement of ET-A in pharyngeal arch development.

Epithelial cells in the pharyngeal arches scems 1o express ET-A. [t is clear that
pivotal events in organ development in the pharyngeal region as well as in many other
regions include epithelial-mesenchymal interactions. Although the precise mechanism of
cpithelial-rz2senchymal interactions is not clear, several growth factors, for example
members of the transforming growth factor-8 Tamily (Curdon, 1992), are considered 10 be
involved in these contractions. Our results strongly suggest that ET-A may affect the
cpithelial-mesenchymal interactions to induce pharyngeal arch development. Thus the

present data indicale a novel physiological role of ET-A in ontogeny in mammals.

Previous studies demonstrated mice mutant for homeotic genes such as Hox-1.5

(Chisakactal., 1991), or Hox-1.6 (Lufkin ct al., 1991: Chisaka et al., 1992), or retionic
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acid induced embryopathy manifest the same phenotype of ET-A homozygous mice. There
is & gross similarity on chromosomal linkage between man and mice, so it is unlikely that
mulation of any homcolic gene contributed to the morphological abnormality in ET-A

homozygous mice.

The phenotype of ET-A homozygous mice is quite similar to the human congenital
discase known as first pharyngeal arch syndronic, such as Picrre-Robin syndrome. First
pharyngeal-arch-derived tissues such as mandible, palate and eye show morphological
abnormalitics in this syndrome, and it is thought to bc duc to abnormality in the
development of a specific neural crest cell lincage. Future studies are necessary to identify
the causative gene(s? of this syndrome. ET-A homozygous mice may be a useful tool to
investigate the development of the pharyngeal arch and to clanfy the phatogencsis of the

first pharyngeal arch syndrome.

This part of the project demonstrated that mice deficient for ET-A manifest severe
defects in the development of first branchial arch-derived connective lissues, in which cell
lincages originating from the cephalic neural crest play major parts. The first and sccond
part of this project (chapter 2 and 3) indicated that the interaction of ET-3 with ET-B is
essential for the normal development of two additional ncural crest cell lincages, the vagal
neural crest-derived enteric ncurons and the trunk ncural crest-derived cpidermal
melanocytes. Therefore, the endothelins and heir receplors have an important role in

mammalian ncural crest development.
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5.1 Introduction

The three cndothelin isopeptides (ET-1, ET-2, and ET-3) are cach produced from
corresponding ~200-residuc prepropolypeptides that are cncoded by scparate genes
(Arinami ct al., 1991). Longer intermediates termed big ET-1, 2 and 3 (38-41 amino
acids) are [irst excised {from the (pre-) propeptides by proteases that ¢cleave at sites that
contain paired basic amino acids (Xu ctal., 1994). Big cndothclins which arc biologically
inactive, arc then further cleaved at Trp-21 Val-/11-22 10 produce the 21 residue mature
peplides.  The importance of precise clipping is illustrated by the finding that the
vasoconstrictor activity of ET-1 (1-20) and ET-1 (1-22) is three orders of magnitude
wcaker thun authenic ET-1 (1-21) (Kimuro ct al., 1989). C-terminal amidation of Trp-21
also causes a marked decrease in the biological activities of the peptide (Inouc et al.,

1989),

The putative endopeptidase(s) that catalyzes the specific cleavage at Trp-21 has been
termed endothelin-converting enzvme (ECE) (Xu ct al., 1994). Two distinci lines of
cvidence have indicated that ECE is inhibited by the metalloprotease inhibitor
phosphoramidon. First, exogenously administered big ET-1 is converted into mature ET-1
both in whole animals and in isolated perfused organs. Phosphoramidon consistently

inhibits the conversion in most assay systems (Matsumura et al., 91: Hioki etal., 1991).
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Sccond, cultured cndothelial cells secrete mature and big ET-1 in the ratio of 2:1 to 51,
indicating an efficient (>607%-80%) conversion of the endogenously produced big ET-1.
Phosphoramidon added to the medium decreases the production of mature ET-1, causing

concomitant increase in the amount of big ET-1 (Fukuroda etal., 1990).

Production of ET-1 is regulated at the level of mRNA transcription (Rubanyi and polokolt,
1994), In vascular endothclial cells, the peptide is scereted via the constilutive pathway

without further regulation at the level of exocytosts,

Accelerated production of ET-1 in damaged vascular endothelial cells is strongly
suggested 1o be involved in the development of various disorders such as acule myocardial
infarction (Margulics ¢t al., 1990), aculc renal fajlure (Shibovia ct al., 1990}, and post

hemorrhagic cerebral vasospasm (Arai et al., 1990).

5.2 Methods

5.2.1 Tissue preparation

Human tissucs were collected at autopsy (age range 19-45, 3-10 hrs postmortem). For
immunohistochemical studies, lissucs were fixed in Bouin's solution containing 75% picric
acid, 24% formaldehyde, and 1% glacial acetic acid. Tissues were then washed in 30%
cthanol and embedded in paraffin. For in situ hybridization, tissucs were immersed in a

fixative solution of 4% paraformaldchyde in PBS (pH 7.2) for 4 hrs. Tissues were then
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washed in PBS containing 15% sucrose and 0.01% sodium ozide at 4° C and cut with a

cryostal.

5.2.2  Immuncohistochemistry

Multiple-step paraltin scctions (5 gm) were immunostained with three polyclonal antisera:
ECE-1, big ET-1 and ET-1, by the avidin-biotin-pcroxidase complex method. Scctions
were dewaxed in toluene, dehydrated in cthanol, and immersed in a solution of 2%
hydrogen peroxide in PBS (o inhibit endogenous peroXidase activity. After three 5 mins
washes in PBS, scctions were incubated with 10% normal goat serum for 1 hr at room
temperature. The serum was drained and scetions were incubated with primary antisera
overnight at 4°C. Sections were washed, incubated with biotinylated goat anti-rabbit IgG
antiserum for 45 mins, washed in PBS, and incubated with avidin-biotin peroxiduse
complex. The immunorcaction sites were visualized in a solution of diaminobenzidine and
hydrogen peroxidase, After counterstained with hacmatoxyvlin and cleared, sections were
mounted in permount. As control, some scclions of cach organ were incubated with
normal goat serum instead ol the primary antiscra or with the antiscrum/antigen mixture.
The light-microscopical scctions were examined for ECE-1 immunorcactivity (ECE-1-ir),

big ET-1-ir, and ET-1-ir.
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5.2.3  In Situ Hybridization

In situ hybridization was carricd out by a modification of a method reported previously
(Giaid ct al., 1991). Brielly, the tissues were lixed in paraformaldehyde and cut with a

35
crvostat. ECE-1 probes were then lubeled using - S-UTP.

5.3 RESULTS

Immunohistochemistry confirmed the presence ol ECE- 1-ir in endothelial eells and some
parenchymal cclls in a varicly of human tssucs. The most inlense immunorcactivity for
ECE-1 was localized primarily to endothelial cells of all kind of vesscls in most organs
investigated including brain, hearl, aorta, lung, liver, pancreas, stomach, duodenum,
ileumn, colon, adrenal, kidney, testis, ovary, uterus, and vagina. ECE-1-ir was also scen in
epithelial cells of respiratory, gastrointestinal, urinary and reproductive sysiems.
Inflammatory cells in the respiratory, gastrointestinal and reproductive truacts showed
moderate staining for ECE-1. ECE-l-ir was also scen in cortical neurons (Figure 5.1), and

in smooth muscle cclls of pulmonary and systemic vesscls.

immunostaining of the heart revealed strong ECE-1-ir over endothelial cells of

coronary vessels and endocardium, and moderate staining in the myocardial cells (Figure
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5.2 A).In the aorty, diffuse ECE-1-ir was scen in endothelial and smooth muscie cells

(Figure 5.2 B).

In the lung, immunorcactivity for ECE-1 was observed in the surface cpithelium,
cndothclial cells, and to a [esser extent in vascular smooth muscle cells. In the airway
cpithelium, weak to strong diffuse cytoplasmic staining was seen over ciliated and basal
cells. Endothelial cells of all kinds of vesscls including capillarics, veins and arlerics
showed moderate staining for ECE-1. Inflammatory cells also showed moderate ECE-1-ir.

Big ET-1 showed similar patiern of focalization o ECE- 1-ir.

In different parts of the gastrointestinal tract, moderate level of ECE-1-ir was
detceted in epithelial, endothelial, and inflammatory cells. Examination of stomach
revealed strong staining in epithelial cells ol gastric pits and endothelial celis of blood
vessels. Moderate staining was scen in cpithelial cclls of gastric glands and inflammatory
cells. Strong ECE-ir was scen in epithelial cells of villi in duodenum, jejunum, and ileum
(Figurc 5.3). Modcraic staining was also scen in inflammatory cells of these tissues. In
the colon, diffuse strong staining was scen in tubular cpithelial cells of colonic crypts,

inflammatory cclls and endothelial celis of blood vessels.

Adrenal glands displayed strong ECE-1-ir in both medulla and cortex. ECE-1-ir

was localized to adrenal epithelial cells and endotheliat cells of sinoids and blood vessels.

The light microscopical sections of pancreatic tissues revealed strong ECE-1-ir over

ductal cpithelial cells and islet of Langerhans and moderate ECE-1-ir in acinar cells and

&
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vascular endothelial cells (Figure 5.4 A). Big ET-1 was colocalized with ECE-1 in the islet

cells but not in the acinar or ductal cells (Figure 5.4 B).

In the liver, weak to moderate staining was scen over endothelial cells of hepatic
sinusoids, veins and arteries as well as heputocytes.  Examination of Kidney's tissues
revealed strong ECE-1-ir in ductal epithelial cells (Figure 5.5 A} and vascular endothelial

cells, including those of the glomerulus (Figure 5.5 B).

The light microscopical scctions of reproductive organs showed moderate stuning
in diffcrent parts of this system. Scctions of ovary revealed diffuse moderate staining in
follicular epithelial cells, fibrocytes and endothelial cells. Uterus sections showed maoderate
ECE-I-ir in myocardial cclis and endothelial ceils of blood vessels. Examination of vagina
sections showed moderate staining in stratificd squamous noncornified epithelial cells,
cndothelial ccils of blood vessels, inflammatory cells and scbaccous glands.  Testis
sections revealed moderate staining in spermatogoniums and spermatocyles, mild statning

in leydig cells and interstitial tissucs.

The light microscopical examination of skin revealed diftuse moderate ECE-1-ir tn

stratum granulosum, and endothelial cells of blood vesscls.

The distribution of ECE-1 mRNA demonstrated by in-situ hybridization was similar
to the distribution of ET-1-ir (Figure 5.6). The most striking expression was scen over the
endothelial cells of most of the organs examined. No hybridization signals were seen over

control sections.
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Figure 5.1 ECE-1-ir in human brain scclion. Arrow indicates a neuron,
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Figure 5.2.

A: ECE-l-ir in Human Heart Section. Small arrow indicales coronary artery and big
arrow indicates cardiac myocyte.

B: ECE-1-irin Human Aorta. Arrowhead indicates endothelial cells.
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Figure 5. 3.

ECE-1-ir in I{uman Intestine Section.

Big arrow indicates epithclial cells of villi, and small arrow indicates inflammatory cells.
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Figurc 5.4. A: ECE-1-ir in Human Pancreas Section. B: Big ET-1-ir in human pancreas

section. Big arrows indicate ductal epithelial cells, and small arrows indicate islet cells.
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Figure 5.5,

A and B, ECE-1-ir in human kidney section.

Small arrow indicates epithelial cells, and big arrow indicates glomeruli.

89



Chapter 5: Expression of Indothelin-Converting Inzyme-1 in Humu Tisstieys

Figurc 5.6 Expression of ECE-1 mRNA in human liver scclion.
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5.4 Discussion

Since the initial report of ils existence (Yanagisuwa ct al., 1983), ECE has been considered
to be a potential site of regulution of endothelin production as well as a plausible target for
therapeutic intervention in the endothelin system. Xu et al. have recently reported the
isolation, cloning, and cellular expression of bovine endothelin-converting cnzyme-1
(ECE-1) (Xuctal., 1994). Inthe present study we investigated the expression of human
tissues using immunohistochemistry and in situ hybridization, and compared it to those of
endothelin-1 and big cndothelin-1. Data obtained rom this study showed that ECE-1-ir,
oceur not only in vascular endothelium but also in a number of non vascular cell types in a
varicty ol tissues, including inflammatory cells in the lung, spleen, and colon; epithelial
cells of the respiralory, reproductive, gastrointestinal and urinary tract; cortical ncurons;
smooth muscle cells of pulmonary and systemic vessels, and cardiac myocytes and islet of
langerhans. In situ hybridization also confirmed the expression of ECE-1 mRNA in similar
sites Lo those of immunostaining. These lindings shows the cellular localization of ECE-1
throughout the human body, and demonstrate that ECE-1 is expressed in similar and

dilferent sties o ET-1.

Our immunohistochemical data demonstrated similar colocalization of ECE-1, big
ET-1,and toalesser degree ET-1 in various human organs. Previous culture experiments
provided cvidence that a portion of ECE-1 is cxpressed endogenously and another part is
expressed on the cell surface of the transfectants as an cctoenzyme that is capable of
cleaving the big ET-1 supplicd from outside the cells (Xu ctal., 1994). This apparent cell
surface conversion ol cxogenous big ET-1 was much less efficient as compared with the
intraccllular conversion of endogenous big ET-1. A major finding of this study is

similarity in localization of ECE-1-ir and big ET-1-ir in various organs. It scems likely that
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in these organs ECE-1 functions as a local enzyme, converting big ET-1 to ET-1.,
However, ECE-1-ir and ET-1-ir were found independently, suggesting that at least some of
the high levels of circulating plasma big ET-1 is converted in sites far away {tom its origin,
Indeced, these [indings suggest an important rofe for ECE-1 tn a number of pathological

conditions associated with high level ET-1.

Beside cndothelial cells, ECE-1-ir and its mRNA were also expressed 1 a
heterogenous cell populations in cardiovascular, gustrointestinal, urinary, and reproductive
systems. [t is interestuing that ECE-1 is produced by epithelial and inflammatory cells
within these organs. Previous studies have demonstrated the localization of ET-1 mRNA
and immunorcactivity in similar structures to those of ECE-1 shown in the present study
(Rubanvi and Polokolt, 1994)). As wcll, alterations in the site and level of ET-1
expression have been reported in a number of diseased conditions (Rubanyi and PolokofT,
1994)). Therefore, our current morphological findings suggest thut ECE-1 is widely
expressed in human tissues and its [evel of cxpression may dilfer under various

pathological states.

Onc important flinding in the current study was the localization of ECE-1 in
inflammatory cells throughout the body. ET-1 is known to be a product of mono- and
polvmorphonuclcar cells (Masaki, 1992). Furthermore, a number of studies have shown
that inflammatory cells express ability to convert and process big ET-1 (Randall, 1994),
consistent with our current lindings. ET-1 is thought to play an important role in
inflammation, and its has been implicated in a number ol inllammatory discases.
Interestingly, we have recently noted increased expression of ECE-1 in patients with
chronic rhinitis and in paticnts with interstitial pncumonitis, suggesting a role for ECE-1 in

the pathogenesis of these and other inflammatory conditions.
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In the first part of this study, study of ET-B knockout mice, we did not detect an abnormal
phenotype in heterozygous or wild type mice. In the homozygous mice, the skin and coat
were completely white in >90% of the body surfuce area. Microscopic examination of skin
scctions [rom the homozygous conlirmed an absence of melanin pigment in the coat hair
and of melanocytes in the hair bulbs in the regions where the coat was white. Histological
cxamination of colon also revealed the myenteric ganglion ncurons were completely absent
from the distal, spustic scgment ol the homozygous ET-B colon, These observations arc
consistent with the idca that the homozygous ET-B mice have defects in the development of
two neural crest-derived cell lincages, namely, enteric ganglion neurons and epidermal
melanocytes. Picbald-lethal (s') mice exhibited a recessive phenotype identical (o that of
the ET-B knockout mice. In crossbreeding studics, the two mutations showed no
complementation. Southern blotting revealed a deletion cncompassing the entire ET-B gene
in the s! chromosome. A milder allele, picbald (s), which produces coat color spotling
only, expressed low levels of structurally intact ET-B mRNA and protcin.  These
obscrvations indicate that the extent of white spotting is precisely dependent on the dosage
of ET-B cxpression. In contrast, the megacolon phenolype occurred only in the s!/s! and
ET-B homozygotes, both of which have zero ET-B cxpression, but almost never in the s/s!
or s/s mice. This is compatiblc with the idea that the two ncural crest-derived ccll lincages
required different minimal threshold levels of ET-B expression. Cur tinding also indicate
an essential role for ET-B gene in normal development of two ncurul crest-derived cell

lineages, myenteric ganglion ncurons and cpidermal meclanocytes. The aganglionic
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megacolon scen in st/s! and homorzygous ET-B mice is considered 1o be
pathophysiologically analogous to human Hirschsprung's discase. We concluded that
defects in the human ET-B gene cause a hereditary form of Hirschsprung's discase that has

been recently mapped to human chromosome 13, in which ET-B is located.

From the [irst part of this project, we concluded defects in the gene encoding the
cndothelin-B receptor produce aganglionic megacoion and pigmentary disorders in mice
and humans. In the next part of this study we demonstrated that a targeted disruption of the
mousc endothelin-3 ligand gene produces a similar recessive phenotype of megacolon and
coat color spotting. A natural recessive mutation that results in the same developmental
defects in mice, lethal spotting (1s), {ailed 1o complement the targeted ET-3 allele. The s
mice carry a point mutation of the ET-3 gene, which replaces the Arg residue at the C-
terminus of the inactive intermediate big ET-3 with a Trp residue. This mutation prevents
the proteolytic activation of big ET-3 by ECE-1. These findings indicate that intcraction of
ET-3 with the ET-B receptor is essential in the development of ncural crest-derived cell
lincages. We postulated that defects in the human ET-3 gene may cause Hirschsprung's

discase.

In the third part of this project, we examined the phenotype of ET-A homozygous
mice and comparcd with ET-A hetcrozygous and wild-type mice. Scvere craniofacial
malformations ir. tissues derived from the first branchial arch in ET-A homozygous mice
was seen, indicating the importance of ET-A in normal development of neural crest-derived

tissucs.
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Ccphalic ncural ¢rest, trunk neural crest and vagal neural crest are three distingt
parts of neural crest-derived tissues. We concluded that ET-A is cssential for normal
development of pharyngeal arch cclomesenchymal tissues from the cephalic neural crest.
ET-B and ET-3 are essential for normal development of epidermal melanocyies trom trunk

neural crest and myenteric ganglion neurons from the vagal ncural crest.

In the last part of this project, we investigated the expression o ECE-1 in human
ussucs using immunohistochemistry and in situ hybridization, and compared it to those of
endothelin-1 and big ET-1. Strong diflusc immunorcactivity (ir) for ECE-1 was localized
primarily to vascular endothelial cells of all organs investigated. ECE-1 was also scen in
epithelial cells of the respiratory, gastrointestinal, and urinary tracts. Occasionally, ECE- -
ir was scen in cortical ncurons and, in smooth muscle cells of pulmonary and systemic
vessels.  Inflammatory cells in the lungs, spleen and colon showed strong staining tor
ECE-1. Islet of langerhans showed moderate staining for ECE-1. The pattern of ECE-1
was parallel 1o that of cndothelin-1 and big endothelin-1. In sity hybridization showed
expression of the mRNA in similar sites to those of immunostaining. In conclusion, ECE-
1 is widcly expressed in human tissues and its fevel of expression may differ under various

pathological states.

Current investigations are focused on the role of ECE-1 in normal development.
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