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Hirschsprung disease (HSCR) is a multigenic, congenital
disorder that affects 1 in 5,000 newborns and is characterized
by the absence of neural crest–derived enteric ganglia in the
colon1. One of the primary genes affected in HSCR encodes the
G protein–coupled endothelin receptor-B (EDNRB)2,3. The
expression of Ednrb is required at a defined time period during
the migration of the precursors of the enteric nervous system
(ENS) into the colon4. In this study, we describe a conserved
spatiotemporal ENS enhancer of Ednrb. This 1-kb enhancer is
activated as the ENS precursors approach the colon, and partial
deletion of this enhancer at the endogenous Ednrb locus results
in pigmented mice that die postnatally from megacolon. We
identified binding sites for SOX10, an SRY-related transcription
factor associated with HSCR5, in the Ednrb ENS enhancer, and
mutational analyses of these sites suggested that SOX10 may
have multiple roles in regulating Ednrb in the ENS.

Mice and individuals with HSCR with mutations in the EDNRB-medi-
ated pathway have megacolon because of the absence of enteric neurons
in the distal gut1. This regional specificity of aganglionosis could be
explained by a temporal requirement for Ednrb between embryonic day
(E) 11 and E12.5 (ref. 4), when vagal neural crest–derived ENS progeni-
tors are populating the hindgut during mouse embryogenesis, such that
in the absence of EDNRB the migratory wavefront is delayed near the

ileocecal junction (Fig. 1a)6–8. To elucidate the molecular mechanisms
for Ednrb expression in the ENS, we dissected the Ednrb genomic
region. We isolated a 78-kb P1 genomic clone encompassing Ednrb (Fig.
1b) and used it to create four independent transgenic lines. When we
crossed the individual transgenic lines into the Ednrb-null mice, all the
lines rescued postnatal death from megacolon (Fig. 1c). Although three
of the lines did not rescue the melanocyte defect in the Ednrb-null mice
(Fig. 1c), one line (when homozygous with respect to the transgene)
partially rescued the pigmentation defect that resembles the hypomor-
phic Ednrbs allele9 (data not shown). These results suggested that the P1
clone contained the necessary information for expression of Ednrb in
ENS progenitors. In addition, we mapped a main transcription start site
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Figure 1  Rescue of the enteric neuron defect in Ednrb-null mice.
(a) Migration pattern of ENS precursors in guts from representative E12.5
Ednrb+/LacZ or EdnrbLacZ/LacZ embryos, showing the positions of cells
expressing Ednrb. Mg, midgut; Ce, cecum; Co, colon; ICJ, ileocecal junction
(red arrow). Scale bar, 100 µm. (b) Diagram of Ednrb genomic region and
genomic clones. The arrow indicates the transcription initiation site. Sn,
SnaBI; K, KpnI; S, SphI; B, BamHI. (c) Two independent P1 transgenic (Tg)
lines in Ednrb-null (EdnrbLacZneo) background. (d) Mapping of the
predominant transcription initiation site by RNase protection assay. Lanes 1
and 4, undigested antisense RNA probes; lanes 2 and 5, probes hybridized
to yeast RNA and treated with RNase; lanes 3, 6 and 7, probes hybridized to
poly(A)+ RNA and treated with RNase. The red asterisks indicate the
positions of Ednrb-specific protected bands. M, RNA ladder.
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∼210 bp 5′ of the initiator ATG using an RNase protection assay (Fig.
1d), consistent with the mouse RefSeq transcript.

To identify cis-regulatory elements for directing Ednrb expression in
the developing ENS within the 78-kb P1 clone, we isolated overlapping
λ genomic clones containing exon 1 (Fig. 1b). We inserted the reporter
gene β-galactosidase (LacZ) at the initiator ATG and made a series of
constructs containing different 5′ genomic fragments. We observed
LacZ expression in the ENS precursors from all transgenes except the
–0.6-kb LacZ construct (Fig. 2a,b). In the developing gut, the enhancer
activity of these constructs was limited to the neural crest–derived ENS
precursors as confirmed by overlapping expression with another ENS
precursor marker (Fig. 2b). Most cells expressing Ednrb, including
melanoblasts, craniofacial ganglia and peripheral nervous system7,
were not marked by these transgenic constructs (Fig. 2e).

To delineate the minimal ENS enhancer, we isolated a genomic frag-
ment containing –1.2 kb to –160 bp and linked it to the heterologous
hsp68 minimal promoter driving LacZ (Fig. 2c). This 1-kb Ednrb frag-
ment contained the lineage-specific enhancer to direct hsp68 promoter
in the ENS precursors (Fig. 2d). Additional 5′, 3′ and internal deletions
in the hsp68-LacZ constructs showed that the region between –1.2 kb
and –250 bp was required for ENS activity (Fig. 2c). Next, we wanted to
determine whether the minimal ENS enhancer could recapitulate the
endogenous expression patterns in the ENS precursors. Ednrb is
expressed as early as E9.5 in ENS precursors, and expression is main-
tained in the developing gut during embryogenesis (Fig. 2e)7. We ana-
lyzed four stable lines from the –1.2-kb Ednrb-LacZ (Fig. 2a) construct
and found that none of the transgenic embryos expressed LacZ in the
ENS precursors before E10.5. The transgene was activated around E11,

when ENS precursors are approaching the cecum, and was fully active
by E11.5 and at later stages in the developing ENS precursors (Fig. 2e).

We determined the in vivo activity of the putative ENS enhancer in
previously described EdnrbtetO∆Hy mice4. We observed pigmented
EdnrbtetO∆Hy/– mice but did not address the effect of this mutation on
ENS development. The EdnrbtetO∆Hy allele was created by deleting a
genomic fragment from –550 bp of the transcription initiation site to
240 bp 3′ of Ednrb exon 1 and replacing this region with a cassette con-
taining the multimerized tetracycline responsive elements linked to a
minimal CMV promoter driving expression of the Ednrb cDNA (Fig.
3a). This allele contains a 300-bp deletion at the 3′ end of the putative
ENS enhancer that resembles the mutations generated in the hsp68-
LacZ transgenic constructs (Fig. 2c). When Ednrb+/tetO∆Hy mice were
mated to the Ednrb+/LacZ mice7, pigmented EdnrbtetO∆Hy/LacZ offspring
were born (Fig. 3b). These mice eventually developed megacolon, and
the embryonic defects were identical to those of Ednrb-null mice in
which the ENS precursors did not enter the cecum and hindgut (Fig.
3c). These results suggest that the ENS enhancer but not the
melanocyte enhancer was disrupted in Ednrb+/tetO∆Hy mice (Fig. 3d).
Deleting 240 bp of intron 1 probably did not cause the ENS defect, as
the same deletion was created previously with no effect on ENS
expression4,7. It is possible, however, that the deletion of the endoge-
nous promoter and 5′ untranslated region contributed to the ENS
defect. Hypopigmentation in the EdnrbtetO∆Hy/LacZ mice could be a
result of the heterologous minimal CMV promoter mediating tran-
scription less efficiently than the endogenous Ednrb promoter in
melanoblasts, because EdnrbtetO∆Hy/tetO∆Hy mice are fully pigmented
(data not shown).

Figure 2  Identification of ENS-specific enhancer. (a) Schematic diagram of 5′ Ednrb-LacZ constructs. The fractions of embryos expressing LacZ in the ENS
precursors (ENS) and the neural tube (NT) of the total number of transgenic embryos are shown. (b) Representative transgenic embryos expressing LacZ in
the ENS precursors (arrows) and section of the developing gut hybridized with SOX10 antibody. (c) Deletion series of Ednrb enhancer linked to heterologous
hsp68 promoter. The fractions of embryos expressing LacZ in the ENS precursors (ENS) and the neural tube (NT) of the total number of transgenic embryos
are shown. (d) Representative E11.5 embryos expressing or not expressing LacZ in the ENS precursors. Black boxes indicate the developing guts and the
corresponding enlarged views. (e) Temporal expression of LacZ in ENS precursors in Ednrb+/LacZ and transgenic (Tg) –1.2kb Ednrb-LacZ stable embryos. Red
boxes indicate the developing gut and the corresponding enlarged views. Red asterisks indicate the cecum. Fg, foregut; Mg, midgut; Hg, hindgut.
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Sox10 encodes an SRY-related HMG domain protein that is widely
expressed in most neural-crest precursors. Its absence results in multi-
ple neural crest–derived defects, including aganglionosis of the whole
gut10–12. Haploinsufficiency of SOX10 in mice and individuals with
HSCR results in aganglionosis of the hindgut10–15. Both Sox10 and
Ednrb are expressed in migrating ENS precursors (Fig. 4a), and these

progenitor cells had migratory defect in the distal ileum, rostral to the
cecum, around E11.5 in Ednrb–/– and Sox10+/– embryos (Fig. 4b)7,8,15.
The decrease in the number of cells expressing Ednrb in Sox10+/–

embryos (Fig. 4b) is probably due to the loss of ENS precursors, as
expression of other ENS markers is lost (data not shown). But this
raises the possibility that the loss of Ednrb expression in Sox10+/–
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Figure 4  Interaction of SOX10 at Ednrb ENS enhancer. (a) Coexpression of EDNRB and SOX10 in the developing ENS of an Ednrb+/LacZ embryo. Fg, foregut;
Hg, hindgut. (b) Phenotypic overlap between E12 Sox10 and Ednrb mutants during ENS development. Ce, cecum; Co, colon. Red arrows indicate the
ileocecal junction. (c) Three conserved SOX10 binding sites in the Ednrb ENS enhancer. M, mouse; H, human (d) Gel-shift assay with GST-SOX10 (1–189).
Probes for sites I–III were incubated with GST-SOX10 (lane 1), GST-SOX10 and SOX10 antibody (lane 2, 3,4) GST-SOX10 and 100× or 200× molar excess
of SOX10 oligos (lanes 3 and 4), GST-SOX10 and 100× or 200× molar excess of mutant SOX10 oligos (lanes 5 and 6). Red arrow indicates the GST-
SOX10–DNA complex. Black arrows indicate the α-SOX10–GST-SOX10–DNA supershift complexes.

Figure 3  Partial deletion of the ENS enhancer at the endogenous Ednrb locus. (a) Schematic diagram of the EdnrbtetO∆Hy allele. The horizontal red bar indicates
the putative ENS enhancer located between –1,200 and –250 bp relative to the transcription initiation site. The blue ovals indicate the relative positions of the
SOX10 binding sites (Fig. 4c). The green bar indicates the tetO-CMV promoter. The vertical red bar is the relative position of the single loxP site remaining in the
locus after excision of the pgk-Hygro cassette. Stu, StuI; Bg, BglII. (b) One-week-old Ednrb+/tetO∆Hy and EdnrbtetO∆Hy/LacZ mice. EdnrbtetO∆Hy/LacZ mice are >95%
pigmented and die from megacolon. (c) Isolated guts from E15.5 Ednrb+/LacZ and EdnrbtetO∆Hy/LacZ littermates. The red arrows indicate the migratory path of ENS
precursors into the hindgut. Ce, cecum; Hg, hindgut. (d) A model of transcription activation at EdnrbtetO∆Hy locus. The 300-bp deletion of the ENS enhancer
(ENS-E) results in Ednrb expression in melanocytes, mediated by unidentified melanocyte-specific enhancer (MEL-E), but not in the ENS precursors.
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embryos resulted in loss of ENS precursors. Therefore, we looked for
SOX10 recognition sites in the Ednrb ENS enhancer to determine
whether SOX10 could regulate Ednrb. We identified three putative
SOX10 binding sites, which matched the consensus recognition site
(5′-(A/T)(A/T)CAA(A/T)-3′; ref. 5) and contained at least five identi-
cal nucleotides between mouse and human (Fig. 4c). Binding assays
with GST-SOX10 fusion protein showed that these sites were capable
of binding SOX10, and the specificity of these interactions was con-
firmed by competition and supershift assays (Fig. 4d).

To determine the functional relevance of these putative SOX10
binding sites, we created mutations at sites I–III in the –1.2-kb Ednrb-
LacZ construct (Fig. 5a). We observed LacZ activity in the foregut,
midgut and colon of wild-type transgenic E12.5–E13.5 embryos (Fig.
5b). LacZ expression was abolished when site II was mutated, suggest-
ing that this site was necessary for the enhancer activity in the ENS
precursors (Fig. 5a,b). When sites I and/or III were mutated, LacZ
expression was observed in the colon in ~50% of the embryos (12 of
26; Fig. 5a). In the other ~50% of the embryos that expressed the
mutated transgenes, LacZ expression was mostly limited to the gas-
trointestinal tract rostral to the cecum at E12.5–E13.5 (14 of 26; Fig.
5a,b). This latter result is notable because the transgenes were

expressed in the wild-type embryos and the ENS precursors had
migrated through the cecum and into the colon (Fig. 5c). The pattern
of expression by mutant transgenes suggests that, in addition to tem-
poral or tissue-specific activation mediated by site II, SOX10 regulates
spatial expression of Ednrb through the cecum and hindgut (Fig. 5d).
Thus, depending on the sites of SOX10 occupation in the Ednrb
enhancer, individual Sox10+/– cells may respond to varying degree of
activation of the Ednrb that result in the absence of migrating ENS pre-
cursors in the distal ileum or the colon (Fig. 5d). This stochastic
response in the ENS enhancer could explain the variable penetrance
and expression of megacolon observed in Sox10Dom/+ mice14–16.

In this study, we identified an ENS enhancer element in the Ednrb
locus that is spatiotemporally activated as ENS precursors are popu-
lating the distal gut. This temporal requirement is essential for
EDNRB function and may be needed to upregulate EDNRB in
response to the specific environmental cues encountered by the ENS
precursors near the cecum4,8,17–20. The amount of signaling medi-
ated by the receptor tyrosine kinase RET, another locus associated
with HSCR, is also crucial for the colonization of the hindgut by
ENS precursors and seems to modulate EDNRB function21–23.
Sox10 and Ednrb are highly expressed in gut neural crest stem cells,
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Figure 5  The Ednrb ENS enhancer activity is dependent on multiple SOX10 binding sites. (a) Schematic diagram of transgenes containing mutant SOX10
binding sites in the –1.2-kb Ednrb-LacZ construct. The fraction of embryos expressing LacZ in the ENS precursors of the total number of transgenic embryos
is presented in the first column. The fraction of transgenic embryos expressing LacZ in the colon of the number of ENS expressors is presented on the second
column. WT, wild-type. (b) E12.5–E13.5 embryos with wild-type (WT) or mutated (M) transgenes. Magnified views show that LacZ is expressed in the ENS
precursors of transgenic embryos. Arrows indicate the rostral-caudal migratory direction of ENS precursors and red asterisks indicate the cecum.
(c) Expression of LacZ and c-Ret in wild-type (WT) and transgenic embryos with mutated site I (M I). Hg, hindgut. (d) A model of SOX10 requirement for
Ednrb expression in ENS precursors. Red box indicates the SOX10- and EDNRB-dependent region from the distal ileum to proximal colon. Site II is required
for temporal activation in the distal ileum (blue arrow) or maintenance of expression in the ENS precursors (blue line). Sites I and III are required for
expression in the colon. In Sox10+/– or cis mutants at the Ednrb enhancer, partial and stochastic occupancy of SOX10 sites result in absence of Ednrb in
different regions of the distal gut. Ce, cecum; Fg, foregut; Hg, hindgut; WT, wild-type.
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and both pathways may regulate pluripotency or migration of the
neural crest progenitors24–29. Future studies will determine if the
individual SOX10 sites identified in this study are required for both
tissue-specific and spatiotemporal regulation of the endogenous
Ednrb. Finally, our results suggest that the corresponding region of
the human EDNRB locus is a prime target for identifying potential
regulatory mutations in individuals with HSCR and may provide
insight into how transcription factor haploinsufficiency causes
human disorders30.

METHODS
Genomic clones. We obtained the Ednrb P1 clone (Genome Systems) with spe-
cific PCR primers against the first and last exons of Ednrb. Primer sequences are
available on request. The isolation of Ednrb λ genomic clones was described
previously4.

Ribonuclease protection assay. We generated a 775-bp genomic fragment
located 5′ of the translational initiation codon, ATG, by PCR and cloned it into
PCRII (Invitrogen). We synthesized radioactively labeled antisense RNA
probes containing either 265 bp or 385 bp located immediately 5′ of the ATG
by in vitro transcription. Each probe contained an additional 90 bp from the
PCRII vector. We isolated total RNAs with Tri Reagent (Sigma) from either
E11.5 embryos or adult tissues and processed them through the PolyATtract
mRNA Isolation System (Promega). We hybridized poly(A)+ RNAs (0.6 µg) to
the antisense probes and digested them with RNase (RPA III, Ambion) to map
the predominant transcription initiation start site. We separated the samples
on 5% acrylamide gels, dried them and autoradiographed them.

Constructs for transgenic studies. We isolated the P1 DNA with a plasmid kit
according to the manufacturer’s recommendations (Qiagen). We subcloned the
λ genomic clones into KSII+ (Stratagene) and inserted the LacZ cassette down-
stream of the Ednrb 5′ untranslated region to generate the –14 kb and –4 kb
Ednrb-LacZ constructs. We prepared the other Ednrb-LacZ constructs by
digesting either –14 kb or –4 kb constructs with specific restriction enzymes
(Fig. 1a). For heterologous promoter experiments, we generated the different
genomic fragments by PCR, sequenced them and fused them to the minimal
mouse hsp68 promoter driving LacZ expression. To mutate sites I, II and III, we
replaced the SOX10 binding sites (Fig. 4c) with the mutant sequence (5′-
CCGCGG-3′) by site-directed mutagenesis. We isolated the constructs for
transgenic injections by agarose gel electrophoresis and purified them with
NucleoSpin Extraction Kit (Clontech).

Transgenics and analyses. We established the P1 transgenic lines and crossed
them into the EdnrbLacZneo line7. We intercrossed the Ednrb+/LacZneo transgenic
P1 mice to generate EdnrbLacZneo/LacZneo transgenic P1 mice. We injected the
LacZ transgenic constructs into fertilized C57BL6/C3H hybrids (Taconic) and
isolated the F0 embryos at different stages of development. We processed the
embryos and stained them for LacZ expression with either X-gal (Sigma-
Aldrich) or Salmon-gal (Biosynth) as described previously7. We then
hybridized some embryos with c-Ret RNA probe (provided by V. Pachnis; MRC
National Institute for Medical Research) or processed them for immunohisto-
chemistry. For immunohistochemistry, we stained the guts with LacZ, embed-
ded them in OCT and cryosectioned them. We hybridized the sections with
antibody against SOX10 (Santa Cruz Biotechnology) and then with secondary
antibodies labeled with either Alexa Fluor 488 or Alexa Fluor 568 (Molecular
Probe). We identified the transgenic embryos by PCR with LacZ-specific
primers from yolk sac DNA. We generated the –1.2-kb Ednrb-LacZ stable lines
by crossing the founders to C57BL/6J.

Mice. We mated Ednrb+/tetO mice to EIIACre mice to obtain Ednrb+/tetO∆Hy mice
as described previously4. We then mated Ednrb+/tetO∆Hy mice to Ednrb+/LacZ

mice, isolated embryonic guts and stained them for β-galactosidase activity7. We
hybridized the Sox10Dom embryos to an Ednrb RNA probe from pWP40 (pro-
vided by A. McCallion; Johns Hopkins University School of Medicine). Mice
were housed and handled in accordance with the protocol approved by the
Institutional Animal Care and Use Committee of Fox Chase Cancer Center.

SOX10 gel-shift assay. We generated the N-terminal (amino acids 1–189)
SOX10, containing the HMG domain, by PCR from pCMV5-Sox10 (provided
by M. Wegner; Universität Erlangen-Nürnberg) and cloned it into pGex-2T
(Amersham Biosciences). We expressed GST-SOX10 (1–189) and isolated it
with Bulk GST Purification Module (Amersham Biosciences). We synthesized
and labeled the oligonucleotides for SOX10 binding sites I, II and III.
Oligonucleotide sequences are available on request. We incubated the labeled
DNA with purified protein in 20 µl of reaction buffer (10 mM HEPES buffer
(pH 7.9), 50 mM KCl, 1 mM EDTA, 5% glycerol, 1 mM dithiothreitol and 100
ng of poly-dGdC) for 15 min at room temperature. For competition, we added
100× or 200× molar excess of unlabeled SOX10 wild-type or mutant oligonu-
cleotides to the reactions, in which the labeled probes were preincubated for 5
min with GST-SOX10 (1–189). For supershift assay, we added 1:10 dilution of
SOX10 antibody (Santa Cruz Biotechnology) after 5 min of preincubation. We
separated the samples on 0.25× TBE, dried them and exposed them on X-ray
film overnight.

GenBank accession number. Ednrb mRNA, NM_007904.
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