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Summary

The endothelin receptor B gene Ednrb) encodes a G-
protein-coupled receptor that is expressed in a variety of
cell types and is specifically required for the development
of neural crest-derived melanocytes and enteric ganglia.
In humans, mutations in this gene are associated with
Waardenburg-Shah syndrome, a disorder characterized by

melanocytes themselves, but must be capable of providing
KIT ligand, the cognate ligand for the tyrosine kinase
receptor KIT. In fact, soluble KIT ligand is sufficient to
induce tyrosinase expression irEdnrb-deficient cultures.
Nevertheless, these tyrosinase-expressingdnrb-deficient
cells do not develop to terminally differentiated, pigmented

pigmentation defects, deafness and megacolon. To addressmelanocytes. Pigmentation can be induced, however, by
the question of whether melanocyte development depends treatment with tetradecanoyl phorbol acetate, which
entirely on a cell-autonomous action of Ednrb, we mimics EDNRB signaling, but not by treatment with
performed a series of tissue recombination experiments in endothelin 1, which stimulates the paralogous receptor
vitro, using neural crest cell cultures from mouse embryos EDNRA. The results suggest thaEdnrb plays a significant
carrying a novel Ednrb-null allele characterized by the role during melanocyte differentiation and effects
insertion of a lacZ marker gene. The results show that melanocyte development by both cell non-autonomous and
Ednrb is not required for the generation of early neural cell-autonomous signaling mechanisms.

crest-derived melanoblasts but is required for the

expression of the differentiation marker tyrosinase.

Tyrosinase expression can be rescued, however, by the key words: G-protein-coupled receptor, Endothelin, Kit ligand, Mitf,
addition of Ednrb wild-type neural tubes. TheseEdnrb  Phorbol ester, Neurocristopathy, Neural crest cell culture, Tyrosinase,
wild-type neural tubes need not be capable of generating Melanogenesis

Introduction that include the SRY-like high mobility group protein SOX10
The neural crest is a pluripotent population of cells thafnd the basic helix-loop-helix-leucine zipper protein MITF
originates along the dorsal line of the developing neural tub odgkinson et al., 1993; Southard-Smith et al., 1998).
and gives rise to a variety of cell types, including pigment cell§lthough —interactions between signaling pathways and
of the skin, inner ear and choroid, peripheral nervous Systeffﬁn_scnpnon _regulat|on have to some extent been investigated
cells, enteric ganglia, endocrine cells, most of the craniofacidl Vitro (Goding, 2000), much needs to be learned about the
skeletal and connective tissues, and parts of the heart outflddferactions between distinct signaling pathways. The fact that
tracts (Le Douarin and Kalcheim, 1999). The generation offelanocytes develop in an environment that is shared with
each of these cell types from neural crest stem cells depen@i@ny other cell lineages requires us to focus not only on
on a complex interplay between cell-extrinsic and cell-intrinsi¢ignaling crosstalks within one cell type but also on crosstalks
factors (Dorsky et al., 2000). Genetic evidence indicates th&€etween different cell types. We address the question of
pigment cell development requires endothelin 3 (EDN3), yvhether EDNRB acts exclusively in melanoblasts themselves
peptide ligand that along with two related ligands, endotheli®r effects melanocyte development also indirectly, by acting in
1 (EDN1) and endothelin 2 (EDN2), acts through the Gother cell types.

protein-coupled receptor endothelin receptor B (EDNRB) (Pla It is well known that Ednrb is expressed in mouse
and Larue, 2003). It also requires KlT-ligand (KITL) (formerly melanoblasts (Lee et al., 2003; Opdecamp et al., 1998) and
known as Steel factor, stem cell factor or mast cell growtiience thought to act cell-autonomously (Hosoda et al., 1994),
factor) that acts through the tyrosine kinase receptor KITh contrast to its ligand EDN3 which is secreted and clearly
(Copeland et al., 1990; Geissler et al., 1988). Pigment celforks in a paracrine fashion during melanocyte development.
development further depends on a set of transcription factoidevertheless, a study in chimeric mice composed of wild-type
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and Ednrb null mutant cells Ednri$!, piebald-letha) has  embryos could be detected by the presence of a 270 bp band and the
suggested thaEdnrb can act cell non-autonomously during absence of a 495 bp band, wild-type embryos by the presence of the
enteric neuroblast development (Kapur et al., 1995). Becau$85 bp band and the absence of the 270 bp band, and heterozygotes
of a lack of suitable markers for mutant melanoblasts, howeve?y the presence of both bands. To genotype embryos heterozygous or
this chimeric study did not allow conclusions as to the fate Ompzyﬁlou(%fo'('“f" tlhe fggg)””gem'destus.ed were those g?\ls/:”bed

. : : : : reviously (Ono et al., . For genotyping, genomic was
the mutant p_lgment lineage in the wild type enVIronment, angenatured (94°C for 3 minutes) in the pf)resence of primers, and
o) the question of whether melanocytg development is I'keW'ss%bjected to PCR in a 50 reaction for 30 cycles (94°C for 40
subject to cell non-autonomous actionsEafnrb remained  ggconds, 55°C for 1 minute and 72°C for 1 minute) using Taq
unanswered. polymerase (Promega) and the manufacturer’s buffer in the presence

In order to be able to tradkdnri-expressing pigment cells of 1.5 mM MgCh.

even when they are deficient in functiokalnrb, we here used
a novel null allele EdnrbacZ, that was obtained by targeted
insertion of the bacteridhcZ marker gene into the first exon
of mouseEdnrb (Lee et al., 2003). Although chimeric mice

Neural tube explant cultures, in vitro reconstitutions and
growth factor treatments
Embryos at E9.5 were obtained from the matings described above.

ey . ure NT explants containing neural crest cells were isolated and
composed of wild-type and mutant cells, as mentioned abov tltured as described previously (Ito and Takeuchi, 1984). For most

usually provide a stralghtforward approach tp @est for Ce.”.f?‘? experiments, culture medium consisted of 90% DMEM, 1 mM L-
autonomous gene actions, they may offer limited pOSSIbI|ItIe§|utamine, 1 mM penicillin-streptomycin, 10% FBS and EDN3
to further characterize the cell types and growth factorgsigma)at 10 nM. When mentioned, KiTL (R&D Systems) was added
involved. This limitation prompted us to perform tissueat 5 nM, 12-O-Tetradecanoylphorbol 13-acetate (TPA) at 40 nM and
recombination experiments in vitro, using neural crest cekndothelin 1 (EDN1, Sigma) at 40 nM. For in vitro reconstitution
cultures established from explanted mid-gestation neural tubegperiments, embryonic NT explants were isolated at E9.5 from
(NTS). the following matings: +/+x +/+; Ednrd2®Z/+ x EdnrbacZ/+;

The experiments show that in the absence of functiondflitf ™ ®YMitf ™€ x Mitf m-eMitf M- or KitlS/+ x KitlS/+.
Ednrb, the development of the melanocyte lineage is initiatea"eural crest cell cultures were established separately for each embryo
but no tyrosinase-positive or mature melanocytes are bei d the embryos were genotyped. Twenty-four hours later, NTs from

nriacZEdnridacZ cultures were removed and replaced with NTs
generated. The mutant cells can be rescued, however, by;a. aither wild type, EdnracZ/EdnracZ, Mitf mi-ewMitf mi-ew or

two-step procedure whereby a first step, involving cell nongiy syt Sl cultures. For each reconstitution experiment, the medium
autonomous EDNRB signaling in cells other thangontained 10 nM EDN3.

melanoblasts, leads to tyrosinase expression but not _ o

pigmentation, and a second step, mimicking cell autonomouintibodies and immunostaining

EDNRB signaling in melanoblasts, leads to pigmentation. Thét various days in culture, neural crest cells were fixed in 4%
results imply thaEdnrbplays a significant role in melanocyte formaldehyde in PBS (pH 7.5) for 25 minutes at room temperature,
differentiation at time points beyond the narrow development nd then permeabilized with 0.1% Triton-X-100 for 5 minutes. For

- . . uble indirect immunolabeling, the cells were incubated with rabbit
pﬁr'Od ttJet\E)veen 510-5’ .and. E12.85hlthrotugf|1 erggg It ha; tl?]e anti-Mitf (Opdecamp et al., 1997) or anti-tyrosinase antisera (Vincent
shown 1o be required In Vivo (_ in et al, ), an e earing) for 60 minutes, respectively, and then with Rnti-
suggest that this later role is mediated by both cell-autonomoygactosidasés-gal) monoclonal antibody (Promega) for 30 minutes.

and cell non-autonomous signaling pathways. These antibodies were revealed with RITC-coupled goat anti-rabbit
(Fab) and FITC-coupled goat anti-mouse (FEab)
Materials and methods Identification of B-gal-positive cells and pigmented

melanocytes

Mice and genotyping ) ]
The line ofEdnrdaZ mice, in which thdacZ reporter gene is inserted | "€ %"tﬁrzd .neFl)‘gg g(restl cells were f|xe(? at 34 (i(aysl 'g ff4%
; ; ; rmaldehyde in . X-gal staining was performed in X-gal buffer
into theEdnrblocus thereby creating a null allele, has been descrlbe}g mM MgCh. 0.02% NP-40, 2 mM KEe(CN), 2 mM KaFe(CNJ,

Lee et al.,, 2003). It was kept on a mixed C57BL/6//C3H/He - - /

E:)ackground. AEdn)rldaCZ/EdnrHan homozygous mice do not usually 0-05% X-galin PBS, pH 7.5), and postfixed in 4% formaldehyde. The

survive beyond weaning because of megacolon, matings were <§iPearance of melanocytes was examined at various time points in
. Ive cultures. Their differentiation from neural crest cells was judged

up between EdnrdacZ+ heterozygotes. To generatédnrbacZ )
homozygotes that were also heterozygousfticZ, we first crossed by the presence of melanin granules (one of the markers of mature

EdnrdacZ/+ mice withKitiasZ/+ mice (Bernex et al., 1996) and then melanocytes) and th(_a ch_aracte_ristic dendritic morphology under
intercrossed the double heterozygotes. Mice carryingithe allele phase-contrast and bright-field microscopy.

on a WC/ReJ background were obtained from Jackson Laboratories

and bred with C57BL/6xC3H/HeJ F1 mice. Mice carrying the a”eleReSUHS

Mitf M=eWon a Naw background were originally obtained form N.
Jenkins/N. Copeland. Melanocyte differentiation depends on  Ednrb

Noon on the day a vaginal plug was found was defined agg pe able to experimentally manipulate the development of

embryonic day 0.5 (E0.5). Embryos were harvested at E9.5. Theqnr, mytant melanocytes, we first established an in vitro
polymerase chain reaction (PCR) was used to genotype embryq

using the head portion as source of genomic DNA. Thre(?(?‘"ture system using murine - trunk neurall tubes (NTs)
oligonucleotides were used: Ednrbl,-GCAGACTGAAAA- arvested from embryos at E9.5, a stage at which melan_obla_lsts
CAGCAGAGCGGC-3 (forward); Ednrb2, SGGTCTCCC- have not yet emigrated from the neural crest. As shown in Fig.
AGAGCCAGACTGGCGATA-3 (reverse); and EdnracZ, 5- 1A, EDN3 promoted the generation of pigmented cells from
CTGTTGGGAAGGGCGATCGGTGC-3 (reverse). Because of a EdnrbaZ/+ NTs, as found previously with wild-type NTs (Hou
deletion associated with the targeted insertBdnroacZ/EdnridacZ et al., 2000; Reid et al., 1996). When stained for the expression
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Ednrb'@Z /s Ednrb'2Z/Ednrb/acZ

Fig. 1. Lack of melanocyte differentiation in
EdnrbacZ/EdnrdacZ neural crest cells in culture.
Primary cultures from embryos of the indicated

EDNS for 2 weeks before fixation. X-gal staining was _
then performed and the cultures were photographed i
bright field to show melanin arfgal staining.

(A) EdnrldacZ/+ cultures show melanin-positive cells,
many of which co-expregsgal (arrow) although

some lack clea-gal staining (arrowhead).

(B) EdnrbacZ/EdnridacZ cultures lack melanin-positive
cells, althouglB-gal-positive cells are present (arrow).

of B-gal, 14-day-old Ednrd2cZ/+ cultures showedB-gal- easily compatible with double-labeling for other antigens
positive cells that were pigmented (Fig. 1A, arrow), along withlOpdecamp et al., 1997), we decided to test for KIT expression
some that lacked pigmentation and some that were pigmentéd an indirect way, usindit'2Z mice in which sequences
but lacked cleaf3-gal staining (Fig. 1A, arrowhead). These encoding a nucleg-gal have been inserted into tk& gene
latter cells may reflect a progressive downregulatioBdsfrb  (Bernex et al., 1996). By crossifginrdacZ andKit'acZ mice,

in mature melanocytes. By contrast, in cultures establishede obtained doubly marked mice in which the two signals are
from Ednrb2cZ/EdnridacZ NTs, no pigmented cells were seen, distinct in that theEdnrb-derivedp-gal is cytoplasmic and the
althoughB-gal-positive cells survived (Fig. 1B). TheBeayal-  Kit-derived3-gal is nuclear. As shown in Fig. 2C,D, double
positive cells lacked characteristic melanoblast markersjuclear/cytoplasmiB-gal is visible independent of whether the
including MITF (see below), and probably represent cells otells were derived from NTs that were heterozygous or
other lineages. The results indicate that in vifonrb is  homozygous aEdnrbacZ, Thus, as for the onset of MITF or
required for the generation of melanocytes and suggest th&OX10 expressiorEdnrbis also not required for the onset of
Ednrbis expressed in the melanocyte lineage beyond E12.KIT expression.

i.e. beyond the developmental period through which it has been Despite the fact that lineage development is initiated in the
shown to be important in melanocyte development in vivabsence of functionakEdnrb, the cultures do not generate

(Shin et al., 1999). pigmented cells. As the rate-limiting step in pigmentation is

. tyrosinase activity, we reasoned that cells devoid of functional
The onset of expression of early melanoblast Ednrb might not reach the tyrosinase-positive stage. Indeed,
markers does not depend on  Ednrb double-labeling fo-gal and tyrosinase showed that even after

To determine up to which stagednracZ/EdnrbacZ cells 14 days in culture, i.e. 8 days after the usual onset of tyrosinase

progress during in vitro development, we stained NT explangxpression (Hou et al., 200@¢dnraZ/Ednrda°Z NTs did not

cultures for markers that are sequentially expressed in thgenerate tyrosinase-positive cells, whidnrdacZ/+ NTs did

melanocyte lineage (Hou et al., 2000). The transcription factqFig. 2E,F). This result suggested that in vidnrbsignaling

MITF, for example, normally begins to be expressed ins required for the development of cells to the differentiated,

melanoblasts at E10.5 and is required for the development tfrosinase-positive stage and hence explains BtiyrbacZ/

the melanocyte lineage (Hodgkinson et al., 1993; Hou et alEdnrbacZ cells never become pigmented.

2000; Nakayama et al., 1998; Opdecamp et al., 1997). As ) ) o

shown in Fig. 2A,B, after 2 days of in vitro culture in the Ednrb ** NTs induce melanoblast differentiation in

absence of EDN3, MITF protein is expressed in the nuclei ofdnrb @°Z/Ednrb a¢Z neural crest cells

B-gal-positive cells, regardless of whether they were derivetio test whetheEdnrb-deficient melanoblasts may be rescued

from Ednrb2cZ/+ or Ednrd2°ZEdnrdacZ embryos. Not in the presence of wild-type NT or neural crest cells, we

surprisingly, the transcription factor SOX10, which is needegherformed in vitro recombination experiments in which the

for Mitf expression and plays crucial roles in the developmerEdnrdac4EdnrdacZ NTs, after a 24 hour culture period during

of neural crest derivatives (Potterf et al., 2000; Potterf et alwhich the neural crest cells emigrated, were removed and

2001; Southard-Smith et al., 1998; Verastegui et al., 2000), ieplaced withEdnrb** NTs. For these experiments, we used

also normally expressed in bofhgal-positive EdnridacZ/+ Ednrb** NTs from embryos homozygous for tiitf allele,

and EdnracZ/EdnridacZ cells (not shown). These results are Mitf M~-eW which cannot generate melanoblasts that survive for

consistent with the previous observation by whole-mounimore than 24-48 hours and hence neither contain tyrosinase-

in situ hybridization that the early melanoblast markemositive nor pigmented cells (Opdecamp et al., 1997). In this

dopachrome tautomeras®df) is expressed irEdnrdad  way, we could avoid the potential complication that a transfer

EdnridacZ embryos (Lee et al., 2003) and suggestHuhatrbis ~ of melanosomes from pigmenté&tinrb’* cells to the non-

not required for the initiation of melanoblast development. pigmentedEdnridacZ/EdnrbacZ cells might have created. As
We then tested for the expression of the tyrosine kinasg control, Ednrb2cZ/EdnridacZ NTs were exchanged for

receptor KIT, an additional marker characteristic of earlyEdnrd2cZ/EdnridacZ NTs obtained from parallel cultures, and,

melanoblasts. As direct antibody labeling of KIT may not giveas expected under these conditions, no tyrosinase-positive

high level signals and requires fixation criteria that are notells were seen (Fig. 3A). The reconstitution with
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Fig. 2. Expression of MITF and KIT does not depend on
Ednrb whereas that of tyrosinase does. Neural crest
cultures were established from embryos of the indicated
genotypes and kept in the absence of EDN3 for 2 days
(A-D) or in the presence of EDNS3 for 2 weeks (E,F).
They were then subjected to double indirect
immunofluorescent labeling using MITF- aidjal-
specific antibodies (A,BRB-gal-specific antibody alone
(C,D), or tyrosinase- antgal-specific antibodies (E,F).
(A,B) Merged images show that regardless offtarb
genotype, MITHB-gal double-positive cells were
generated. (C,D) Regardless of B@nrbgenotype, cells
double-positive for cytoplasmfg-gal (markingednrb
expression) and nuclefrgal (markingKit expression)
were generated (arrows). Note that in cultures from
Kit'acZ/+ embryos-gal staining is confined to the
nucleus (Hou et al., 2000) (data not shown), and in
cultures fromEdnrbacZ/+ embryos, to the cytoplasm.
(E,F) Merged images show T@rgjal double-positive
cells along withB-gal single-positive cells igdnridacZ/+
cultures (E) but onl-gal single-positive cells in
Ednrb2cZ/EdnrdacZ cultures (H). Scale bar: 28n for
A,B.E,F; 20um for C,D.

MITF/,

O Ednrbl8E2l%s KitlacZy D BdnrblacZ/ EdfigblacZ; KitacZ/+

Mitf mi—ewMitf mi-ew NTs, Kitl-deficient NTs do not
allow for Ednrb-deficient cells to become tyrosinase
positive (Fig. 3C). As there is no reason to assume
that the conditions for potential cell fusion in these
co-cultures was any different from those in co-
cultures betweerMitf M—eWMitf mi-ew + EdnrbacZ/
EdnridacZ cells, cell fusion can safely be excluded as
o . an explanation for the rescue in the latter cultures.
E EdnrblacZ; : EdnrplacZ —— Furthermore, we can conclude that even though the
Ednrb-deficient cultures carried a wild-typkitl
locus, their production of KITL was apparently
neither sufficient to rescue their own melanocyte
Mitf mi-ewMitf mi-ew NTs, however, led to the generation of precursors nor, conversely, those derived from Kig-
B-galltyrosinase double-positive cells Ednridac4EdnridacZ  deficient cultures. HenceEdnrb signaling is required for
cultures (Fig. 3B). This result suggested that Hdnrb-  appropriate KITL expression in these cultures, and KITL
positive neural crest cells provided an exogenous signd required for tyrosinase expression Bdnrb-deficient
capable of rescuing tyrosinase expression in the co-culturedelanoblasts.
Ednrb-negative cells, and that melanocytes were not required
for this rescue. Nevertheless, the possibility, however remot&ITL is both required and sufficient to rescue
that at least some of the double-positive cells might have bedrdnrb 'a/Ednrb '3 melanocyte precursors to the
the product of cell fusions cannot formally be excluded witHyrosinase-positive stage
this experiment. As the above reconstitution experiments suggested that KITL
It has been shown previously that KIT signaling, much ass required to allow tyrosinase expressionEignrb-negative
EDNRB signaling, is a crucial regulator of melanocytemelanocyte precursors, we then asked whether it was
development (Copeland et al., 1990; Geissler et al., 1988). bufficient. In fact, we found that the treatment of
vitro, Kitl-deficient KitlS/KitlS) NT explants do not support Ednrb2cZ/EdnrdacZ cultures with soluble KITL from the day
the generation of melanocytes (Ono et al.,, 1998), kitd of NT explantation led to the generation of tyrosinase-
deficient Kit'2cZ/Kit'ac2) explants do not give rise to tyrosinase- expressing cells (Fig. 4). Thus, KITL was both required and
expressing melanoblasts and do not generate pigmented calidficient to promote the differentiation didnrb-deficient
(Hou et al., 2000). These observations prompted us to testelanocyte precursors.
whetherKitl SVKitlS'NTs, which carry a wild-typ&dnrblocus
but lack KITL, would rescu&dnrdacZ/EdnracZ melanocyte ~ Rescue of pigmentation
precursors. Consistent with previous results (Ono et al., 1998)\though the above results demonstrated a cell non-
NT explants from E9.KitlS/KitlS' embryos neither generated autonomous rescue &dnrb-negative melanocyte precursors
tyrosinase-positive nor pigmented cells, even after prolonged the tyrosinase-positive stage, differentiation to mature,
periods in culture and in the presence of EDN3 (not shownpigmented melanocytes was not observed, either in co-cultures
The addition of KitlSVKitIS! NTs to EdnrbdacZ/EdnrdacZ  or after the addition of KITL. This is probably not due to the
cultures indeed showed that in contrast Kdl-positive  possibility that KITL or other rescue factors were not present

Tyr/fi
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Fig. 3. Ednrbwild-type neural tubes EdnrblacZ/EdnrbiacZ Ednrblac/Ednrhiac? Ednrb'#cZ/Ednriy/acZ
(NTs) induce tyrosinase expression ir c ) 6 5 Y -
Ednrb-deficient cultures. (Top) Tissue | | |

recombination experiments. In a first . 3"\ \ s, B, S

step, E9.5 NT explants were isolated  Ednma@/Edn®? | \. @z \ \ =] KiSkS; \ \. D
from (EdnrbacZ/+ x Ednrbacz/+) Eavh s

matings as well as from

[(Mitf mi-ewy\jtf mi-ew Ednrb*’*) x p— . e ) f=

(Mitf mi-ewMitf mi-ew Ednrb*/*)] or

[(Kitl SV+; Ednrb*) x (Kitl SY+;
Ednrb**)] matings. The NTs were
placed separately into individual dishe
and the corresponding embryos were
genotyped. On the following day, the
NTs from identifiedEdnrdacZ/EdnridacZ
cultures were removed and replaced
with NTs from the respectivEdnris*
cultures. As a control, NTs from N : , = —
EdanaCZ/EdanaCZ cultures were giver Ednrb®</Ednrb®Z 4+ Ednrb®</Ednrb'®= M”Ffrdgib’;} ng.rt;‘:;E il Ednrb®EEdnrb®e? 4 KittS/Kitt™'; Ednrb +/+

to otherEdnrdacZ/EdnridacZ cultures '

whose own NTs had been removed. The cultures were kept for 2 weeks and then staiprehatid tyrosinase antibodies as described in
the legend for Fig. 2 and the Materials and methods section. (Bottom pangtrffc4EdnrbacZ culture control-reconstituted with
EdnridacZEdnrdacZ NT. (B) EdnrbacZ/EdnridacZ culture reconstituted withV(itf M=eWMitf mi-ew Ednrb**) NT. (C) EdnridacZ/EdnrbacZ culture
reconstituted withKitl SYKitl Sk Ednrb/*) NT. EdnrdacZ/EdnridacZ cultures always generat@egal-positive cells. However, only

(Mitf mi-ewMitf mi-ew Ednrb**) NTs (B), but noEdnriacZ/EdnridacZ NTs (A) or Kitl SYKitl S, Ednribt+) NTs (C), led to the generation of
tyrosinase-positive cells. Neithevlitf M-eWMitf M-ew Ednrib*/+) nor it SYKitl S} Ednrb**) cultures carry th&acZ marker, nor are they
capable of generating tyrosinase-positive cells on their own (Hou et al., 2000) (this paper), indicatind3tgat Tpuible-positive cells in B
are derived from thEdnrdacZEdnrbacZ culture. Scale bar: 23m.

Tyr/B-Ga

at high enough concentrations. Rather, it suggests that EDNRB al., 1998), could possibly account for pigmentation at later
signaling has an additional, obligatory cell-autonomous role istages (Reid et al., 1996). We, therefore, also tested whether
terminal cell differentiation. EDNRB signaling is known to EDN1 might induce pigmented cells in KITL-treated,
activate PKC, which in turn activates tyrosinase (Park et alEdnridacZ/EdnrdacZcultures. Whereas 40 nM of EDN1 (which
1999). As TPA activates PKC (Oka et al., 1996), as doesan interact equally well with EDNRA and EDNRB) was
EDNRB signaling, we tested whether TPA might rescueperfectly able to induce pigmented cells Ednriacs/+
pigmentation in KITL-treatedEdnrb-deficient cultures. As cultures, it was unable to do soEdnracZ/EdnrbacZ cultures
shown in Fig. 5A, after 6 days in the presence of KITL andFig. 5D,E). This suggests that in these cells, signaling through
another 8 days in the presence of both KITL and TPAEDNRA is either quantitatively insufficient or qualitatively
Ednrba4+ control cultures generated pigmented cellsdistinct from signaling through EDNRB. Taken together, the
consistent with previous results with wild-type cells (Murphyabove experiments suggest that while tyrosinase-positive
et al., 1992). IrEdnrb-deficient cultures, despite the presencemelanoblasts can be generated through cell non-autonomous
of KITL, no pigmented cells appeared if TPA was omitted (Figsignaling pathways, terminal cell differentiation still seems to
5B). By contrast, when TPA was added at 6 days, matunequire Ednrb signaling or a drug like TPA that mimics
melanocytes were generated during the following 8 days (FigEDNRB signaling.
5C). Thus, TPA can rescue pigmentation in KITL-treated,
Ednrb-deficient cells. . .

It has been suggested earlier that signaling through ﬁQISCUSSIOH
paralogous G-coupled receptor EDNRA, which respond3he analysis of the in vitro development leicZ-marked,
preferentially to endothelin 1 (EDN1) and endothelin 2, but haEdnrb-deficient melanocyte precursors allowed us to reach
no evident role in early melanoblast development (Opdecanfpur main conclusions. First, regardless of the presence or

Fig. 4.KITL rescues melanoblast differentiation in
EdnridacZ/EdnrdacZ neural crest cells. Primary

cultures from embryos of the indicated genotypes
were established and kept in the presence of KITL for
2 weeks before fixation. The cultures were then
double-labeled foB-gal and tyrosinase as described in= #
Fig. 2. Note the presence of Tgsgal double-positive ™
cells in KITL-treated cultures, regardless of whether
they were derived frorgdnrbdacZ/+ (A) or
EdnridacZ/EdnrbacZ embryos (B). Scale bar: 26n.

A - Ednrb'acs) “ = B Ednrb
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role in melanocyte development. Second, Husrb mutant
cells do not express the melanogenic enzyme tyrosinase and
hence are blocked in cell differentiation. Third, the mutant cells

KITL can be differentiated to express tyrosinase, if a source of KITL
& is provided. KITL can be added directly to the medium or can
come from co-cultured neural tubes or neural crest cells that

TPA are wild type atEdnrb. This suggests thddnrb signaling

stimulates the synthesis and/or secretion of KITL and hence is
capable of inducing melanocyte differentiation indirectly.
Fourth, the presence Bnrbwild-type cells, or of KITL, does
not allow the tyrosinase-expressirtgginrb-deficient cells to
become pigmented. Pigmentation can be induced, however, by
stimulating PKC, a downstream signal Bfinrb, suggesting
that the activation of tyrosinase is a cell-autonomous function
KHL of Ednrh
At first sight, a role foEdnrbin melanocyte differentiation
: : 4 would seem to contradict previous in vivo findings that
B EdnrbacZjEdnrblacZ showed, based on conditional downregulation, Hulirbis no
Iy ; longer needed for melanocyte development after E12.5 (Shin
] ¥ ) ' et al., 1999); at this developmental time point, tyrosinase is not
yet expressed, at least not in the trunk area, and pigmentation
KITL also is not seen until several days later. We have to consider,
though, that our in vitro results are based on analyzing isolated
+ NT and neural crest cells, not intact embryos. Conceivably, the
- role of Ednrb in melanocyte differentiation may not be
revealed in vivo because of compensatory mechanisms that
operate efficiently only in the embryo. Thus, parallel signaling
pathways, whether acting cell-autonomously or not, might
substitute for the lack ddnrbbeyond E12.5 in vivo. In fact,
Ednrb-deficient mice can have pigmented spots on the head

KITL and at the base of the tail, indicating that in vivo, melanocytes
can be generated, albeit rarely, in the complete absence of
+ Ednrb. The fact that, in vitro, conditions can be found that

rescueEdnrb-negative cells to the fully mature, pigmented
stage is entirely consistent with the appearance of these
pigmented spots in vivo, and suggests that they are derived
from a few somatically variant precursor cells that have crossed
a threshold of sensitivity to rescuing pathways that are similar,
or identical, to those we have identified in vitro. Although it
was believed that signaling through EDNRA might be

EDN1

2o KITL

responsible for these pigment spots (Reid et al., 1996), this is
+ unlikely, because our in vitro studies with EDN1 provide no
evidence for a role for EDNRA in pigmentation.
: . EDN1 There are several alternative explanations for the seeming
E E&nW!Ednerz ia discrepancy between a role for EDNRB beyond the equivalent

of E12.5 in vitro and not in vivo. It is possible, for example,
that the conditional downregulation of tlinrb mRNA in

tyrosinase-positivEdnrb-deficient melanoblasts. (A-C) Cultures vivo was not followed by an equally rapid downregulation of

from embryos with the indicated genotypes were kept in the presené‘:eé:)dNRB pLoteln car_ .Of 'tls dactlvatedl dpwnétirjeam target_?. In
of KITL for 6 days, and then in the presence of KITL and TPA (A,C)a ition, the conditional downregulation nrb even i

Fig. 5. TPA but not EDN1 rescues pigmentation in KITL-treated,

or KITL alone (B) for another 8 days. Mature melanocytes are complete in melanoblasts, may not have been complete in other
present in TPA-treateBldnriacZ/+ andEdnrdacZEdnrdacZ cultures cell types, and incomplete downregulation in other cell types
(A,C) but absent in melanocytesEanrdacZ/EdnridacZ cultures may then have added indirectly to the rescue of melanocytes
when TPA was omitted (B). (D,E) Cultures of the indicated as suggested by our in vitro analysis.

genotypes were treated with KITL and EDN1 for 14 days. Pigmented The cell non-autonomous action ofdnrb during

cells are not present EdnrgacZ/EdnriacZ cultures (E). melanocyte development lends support to previous

observations in chimeric mice in which a wild-type

environment helpedednrb mutant enteric neuroblasts to
absence of functionaEdnrh cells expressing early lineage colonize the large intestine (Kapur et al., 1995). The details
markers such as SOX10, MITF and KIT are generatedf the underlying mechanisms may differ, though, as it has
normally, indicating that EDNRB signaling has no instructivebeen suggested that EDNRB signaling may normally delay
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Fig. 6. The effect of EDNRB signaling on melanocyte EDNG.

development both cell-autonomously and cell non- :
autonomously. Both melanoblasts and non-melanogenic BN s/‘, 5
NT or neural crest cells expreSdnrb. As the addition [
of Ednri?”* NTs can induce tyrosinase expression in
Ednrb-deficient melanoblasts, we postulate that in
response to EDN3, the&inrb’* NTs or their neural
crest derivatives produce one or several factors that non-melanocytic cell Ednrb® Kirt Mitr
indirectly help melanoblasts to differentiate. As these

rescuingednrbt’* NTs need not be capable of i
generating melanocytes themselves but must be capable

of providing KITL, the helper cell type(s) can be non- 14
melanocytic but must provide KITL as a major helper
factor. It is likely that KITL acts directly on

melanoblasts even though an indirect action involving
yet other cell types cannot be excluded. Nevertheless,
even though the cell non-autonomous actiokdrirb

can rescu&dnrbmutant cells to the tyrosinase-positive
stage, it is insufficient to induce pigmentation.
Pigmentation can be seen, however, if the rescued cells
are given TPA which induces PKC as does EDNRB
signaling. Thus, terminal differentiation to mature,
pigmented melanocytes probably depends on an
additional, cell-autonomous EDNRB signaling step.
Note that the above scenario does not preclude the
possibility that in wild-type melanoblastsdnrbcan Kitt Mitf* tyrosinase™
also act cell-autonomously throughout development. A

KITL e

cell non-autonomous
action of EDNRB

EDN3
. cell-autonomous
action of EDNRB

neuroblast differentiation (Wu et al.,, 1999), allowing for1988) and that EDN3 and KITL cooperate to effect
prolonged cell proliferation and migration, and not promotemelanogenesis (Hou et al., 2000; Reid et al., 1996). Moreover,
cell differentiation, as described here for melanoblasts. In anye have previously found that althoufit-deficient neural
event, cell non-autonomous actions of growth factor receptorgest cells respond to EDN3 with enhanced survival, they do
are not without precedents. A telling example are embryosot develop to the tyrosinase-positive state (Hou et al., 2000),
deficient in a tyrosine kinase receptor, fibroblast growttand we report here th&tdnrb deficiency does not interfere
factor receptor 1Hgfrl), which is expressed in several cell with Kit expression. Last, variant alleles of tkil locus on
types, including presomitic mesoderm precursors. In sucinouse chromosome 10 serve to phenotypically modify the
embryos, somites fail to form, suggestifgfrl plays a cell- hypomorphic, non-lethdtdnrl? (piebald allele (Pavan et al.,
autonomous role in somite specification, but a chimerid995; Rhim et al., 2000). Taken together, these findings
analysis showed that upon development in a wild-typgrovided strong indications that it was the lack of sufficient
environment, the mutant cells can contribute to somiteamounts of KITL that was responsible for the absence
(Rossant and Spence, 1998). of tyrosinase expression irEdnrb-deficient melanocyte
The existence of cell non-autonomous mechanisms woulprecursors. Indeed, KITL was able to induce tyrosinase
predict that genetic modifiers causing phenotypic variabilitiegxpression inEdnrb-deficient cells, as was the addition of
in receptor mutants, includingdnrb mutants of mice (Pavan Ednrb”* NTs, evenEdnrb”* NTs that were incapable of
et al., 1995) and humans, need not necessarily influence tgenerating melanocytes of their own as long as they could
expression or activity of the corresponding signaling pathwaysynthesize KITL. It appears, then, that EDNRB, by still
in the very cell types that cause disease. It is often unknowonknown mechanisms, stimulates KITL synthesis and/or
however, what cell types might be responsible for such indirectecretion. A likely source for this KITL is the neural tube or
rescue. In the case &dnrb, we have only demonstrated that its derivatives where botkdnrb (Lee et al., 2003) anditl
the melanocyte lineage, at least its later tyrosinase-positive cébuo et al., 1997; Wehrle-Haller and Weston, 1999) are
population, is not involved, and we can but speculate as to tlexpressed.
cell type that is involved (see below). In addition, we do not Although the above results showed a role for KITL in
know whether in th&dnrl-deficient NTs and their derivatives, rescuing theEdnrb-deficient cells to the tyrosinase-positive
the respective ‘helper’ cell type(s) are missing altogether, atage, KITL was not sufficient to render them pigmented. This
are present but simply unable to respond to EDN3. Regardlegss unlikely to be because of insufficient expression of
of the nature of the responsible cell type, our results clearlyyrosinase; the intensity of its immunofluorescent signal in
indicate that the helper cells need to provide at least one factstTL-treated Ednrac4EdnrdacZ cells was similar to that
— KITL. observed in equally treat&inrdacZ/+ cells. Rather, it appears
The rational for testing KITL as the prime rescue factor foithat tyrosinase is not properly activated in the rescued cells. In
Ednrb-deficient cells was based on a number of previougact, even irEdnrb-wild type cultures, KITL is insufficient to
studies that showed th&dnrb andKit are both required for stimulate melanogenesis (Morrison-Graham and Weston,
melanocyte development (Baynash et al., 1994; Geissler et al993; Murphy et al., 1992; Reid et al., 1996), but the addition
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of TPA (Murphy et al., 1992) or EDN3 (Reid et al., 1996) the mouse microphthalmia locus are associated with defects in a gene
induces pigmentation. Similarly, the addition of TPA induces encoding a novel basic-helix-loop-helix-zipper protédell 74, 395-404.
pigmentation in our rescued cells. A major site of action of'°seda K., Hammer, R. E., Richardson, J. A., Baynash, A. G., Cheung,

. . . . .~ J.C., Giaid, A. and Yanagisawa, M(1994). Targeted and natural (piebald-
both EDNRB signaling and TPA is the activation of protein lethal) mutations of endothelin-B receptor gene produce megacolon

kinase C (PKC), which has been shown to activate tyrosinaseassociated with spotted coat color in micell 79, 1267-1276.
by serine phosphorylation (Park et al.,, 1999). If indeeddou, L., Panthier, J. J. and Armheiter, H. (2000). Signaling and
melanogenesis iBdnrb-deficient cells requires the stimulation transcriptional regulation in the neural crest-derived melanocyte lineage:

. interactions between KIT and MITBevelopmenii27, 5379-5389.
of PKC, then our results strongly suggest that for melan"l-{o, K. and Takeuchi, T. (1984). The differentiation in vitro of the neural crest

synthesis to occur, the cells also depend on cell-autonomougeiis of the mouse embryd. Embryol. Exp. MorphoB4, 49-62.
EDNRB signaling pathways. In fact, during terminal Kapur, R. P, Sweetser, D. A., Doggett, B., Siebert, J. R. and Palmiter, R.
differentiation, the KITL-mediated cell non-autonomous D. (1995). Intercellular signals downstream of endothelin receptor-B

action of Ednrb may be replaced by its cell-autonomous mediate colonization of the large intestine by enteric neuroblasts.
. l This vi f istent with th b ti b Developmeni21, 3787-3795.
signaling. This view IS consistent wi e observation, basegl, 5o arin, N. M. and Kalcheim, C.(1999).The Neural CrestCambridge,

on the_z in_vivo use of neutralizing KIT antibodi_es, that KIT = uk: Cambridge University Press.
signaling is no longer needed for melanogenesis after ~E14L@e, H. O., Levorse, J. M. and Shin, M. K(2003). The endothelin receptor-
when melanocytes begin their terminal differentiation in the B is required for the migration of neural crest-derived melanocyte and

; ; i enteric neuron precursorfSev. Biol.259 162-175.
epldermls (lehlkawa etal, 1991)' Morrison-Graham, K. and Weston, J. A. (1993). Transient steel factor

Although our observations do not assess the relative gependence by neural crest-derived melanocyte precubsrsBiol. 159,
importance of cell non-autonomo&inrb signaling during 346-352.
melanocyte development in wild-type embryos in vivo, theyMurphy, M., Reid, K., Williams, D. E., Lyman, S. D. and Bartlett, P. F.
clearly show that such mechanisms exist. This fact suggests(1992)~ Steel factor is rgquwed for maintenance, but not differentiation, of
therefore. that the well-known dual dependency of th melanocyte precursors in the neural crBstv. Biol.153 396-401.

! . . . p Yy (?\Iakayama, A., Nguyen, M. T, Chen, C. C., Opdecamp, K., Hodgkinson,

melanocyte lineage on two major signaling pathways, G- c. A. and Arnheiter, H. (1998). Mutations in microphthalmia, the mouse
protein coupled signaling through EDNRB and tyrosine kinase homolog of the human deafness gene MITF, affect neuroepithelial and

receptor Signa"ng through K|T, may actua”y result from neural crest-derived melanocytes differentech. Dev.70, 155-166.

: _ Nishikawa, S., Kusakabe, M., Yoshinaga, K., Ogawa, M., Hayashi, S.,
complex mterplays between cell-autonomous and cell nor{\l Kunisada, T., Era, T. and Sakakura, T.(1991). In utero manipulation of

autonomous actions. As schematically shown in Fig. 6, thesecgat color formation by a monoclonal anti-c-kit antibody: two distinct waves
different modes of action probably operate at distinct stages inof c-kit-dependency during melanocyte developm&MBO J.10, 2111-
lineage development, allowing for an intricate mechanism to 2118.

A i 4 i ka, M., Ogita, K., Ando, H., Horikawa, T., Hayashibe, K., Saito, N.,
Er(;g”turé%;:\eaﬁﬁgﬁisdeposmon of melanocytes in the differer®? Kikkawa, U. and Ichihashi, M. (1996). Deletion of specific protein kinase
y p : C subspecies in human melanoma cdliell Physiol 167, 406-412.
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