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ABSTRACT The spontaneous mouse mutant Dominant
megacolon (Dom) is a valuable model for the study of human
congenital megacolon (Hirschsprung disease). Here we report
that the defect in the Dom mouse is caused by mutation of the
gene encoding the Sry-related transcription factor Sox10. This
assignment is based on (i) colocalization of the Sox10 gene
with the Dom mutation on chromosome 15; (ii) altered Sox10
expression in the gut and in neural-crest derived structures of
cranial ganglia of Dom mice; (iii) presence of a frameshift in
the Sox10 coding region, and (iv) functional inactivation of the
resulting truncated protein. These results identify the tran-
scriptional regulator Sox10 as an essential factor in mouse
neural crest development and as a further candidate gene for
human Hirschsprung disease, especially in cases where it is
associated with features of Waardenburg syndrome.

Cells of the neural crest give rise to a plethora of functionally
diverse cell types, including neurons, glia, neuroendocrine
cells, and melanocytes (1). Considerable insight into the
cellular and molecular mechanisms of neural crest develop-
ment has come from studies of spontaneous mouse mutants
such as lethal spotting (Is), piebald-lethal (s*) and Dominant
megacolon (Dom) (2, 3). Similar to the autosomal recessive Is
and s’ mutations, the semidominant Dom mutation affects
several aspects of neural crest development, leading to com-
bined intestinal aganglionosis and pigmentation defects. Both
enteric hypo- or aganglionosis and spotted pigmentation vary
in Dom /+ mice with the genetic background. The majority of
Dom / Dom homozygous embryos die before embryonic day 13
(E13) (3). However, on a C57BL/6J X C3H/HheOuJ hybrid
genetic background, very few homozygous embryos develop to
term and newborn Dom /Dom pups die within a few hours
after birth.

Whereas the underlying genetic defects in the autosomal
recessive Is and s’ mutations are well characterized and have
been shown to result from functional inactivation of the
endothelin-3 and endothelin receptor B gene, respectively (4,
5), the molecular basis of the semidominant Dom phenotype
is unknown. Here we identify the defect in Dom mice to be
caused by mutation of SoxI0, a recently identified member of
the Sox gene family of transcriptional regulators with promi-
nent expression in the early neural crest, the developing enteric
nervous system (ENS), and in glial cells of the peripheral and
central nervous systems (6).

All members of the Sox gene family are characterized by
possession of a DNA-binding domain with similarity to the
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high-mobility group (HMG)-domain of the mammalian sex-
determining gene SRY (7). They have a strong DNA-bending
capacity and are thought to function as architectural proteins
that shape the three-dimensional conformation of multipro-
tein-DNA complexes on promoters and enhancers (8). Sox
genes exist in such evolutionary distant species as human and
nematode and are involved in developmental processes as
diverse as sex determination, hemopoiesis, chondrogenesis (7),
and (as shown here for Sox10) neural crest development.

EXPERIMENTAL PROCEDURES

Sox10 Mapping, Sequencing, and Expression. The genetic
map of the Dom region was established by using a total of 528
Dom/+ mice. All used gene polymorphisms between Mus
spretus and C57BL/6J are described (9) except for HIFv and
Sox10. Primers 1 (5'-ATGACTCCTTTTTCCTTAAC-3") and
2 (5'-CAAGCAGTCTAAGAAAGTCT-3") generate a single
strand conformational polymorphism for HIFv. Primers 3
(5'-CAGCTGGTTCTGTCCTGTCA-3") and 4 (5'-GAA-
GAAGGCTGGGTGGATTG-3') produce a fragment length
polymorphism for Sox/0. Yeast artificial chromosomes
(YACs) were identified from the St Mary’s Hospital library,
London (B24D4), the Imperial Cancer Research Fund library,
London (C3H2D4 and C3H15D5), and the Princeton mouse
YACs library (142G11 and 193F1) (10-12). Right ends and left
ends were isolated by bubble PCR and used to generate new
markers. YAC chimerism was tested by using the mouse /ham-
ster hybrid panel provided by the United Kingdom Human
Genome Mapping Project Resource Center (13).

The nucleotide sequence for the entire coding region of
mouse Sox10 and its Dom variant were determined in a
two-step reverse transcription—-PCR on total brain RNA from
C57BL/6J and homozygous Dom newborn and were submit-
ted to EMBL/GenBank (accession nos. AF047043 and
AF047389). Both the glutamate!!-to-valine substitution and
the detected frameshift were separately introduced into the rat
Sox10 cDNA by site-directed mutagenesis. The altered Sox10
cDNAs subsequently were inserted in the eukaryotic expres-
sion plasmid pCMVS5 in a manner similar to wild-type Sox10
(6) and expressed in COS cells after transient transfection by
the DEAE dextran technique using a concentration of 500
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Fi6. 1. (a) Genetic map of the Dom region in the central-terminal
part of chromosome 15. Genetic distances are given based on the
EUCIB backcross. (b) Physical map of the the Dom region as
determined from positive YACs. LE, left end; RE, right end. YAC
chimerism is represented by an arrow.

ng/ml DEAE dextran followed by chloroquine treatment.
Nuclear extracts were prepared 2 days posttransfection and
used in Western blotting experiments with a Sox10-specific
rabbit antiserum (6).

Genotyping, RNA Preparation, and Northern Blotting.
Mice were genotyped by using the DI5Mit7]1 microsatellite,
which generates a 14-bp polymorphism between C57BL/6J
and C3H/HeOulJ. Total RNA from dissected mouse tissues
was isolated by using Trizol reagent (GIBCO/BRL), sepa-
rated on formaldehyde-containing 1% agarose gels, and blot-
ted onto Duralose-UV membranes (Stratagene). Filters were
hybridized to 3?P random-labeled probes for Sox10 and B-actin
as described (6).

Immunohistochemistry and ir Situ Hybridization. E10.5
embryos were subjected to whole-mount immunohistochem-
istry by using the anti-NF160 mouse monoclonal 2H3 (Jessell
and Dodd, Developmental Studies Hybridoma Bank, ITowa
City) as described (14). In situ hybridization of whole mounts
or 10-um cryostat sections was performed by using DIG-UTP-
and 3*S-UTP labeled riboprobes, respectively (6). The second
half of the rat Sox10 cDNA (positions 1287-3030 according to
GenBank accession no. AJ001029) without the HMG-domain

a
CHTBLE/T MAEEQDLSEV ELSPVGSEEF RCLSPGSAPS LGPDGGGGGS GLRASPGPGE
Dom MAEEQDLSEV VLSPVGSEEP RCLSPGSAPS LGPDGGGGGS GLRASPGPGE
CSTB1GE/T LGEVEKEQQD CGEADDDEFFPYV CIREAVSQVL SGYDWTLVPM PVRVNGASES
Dom LGEVEEEQQD GEADDDEFFPYV CIREAVSQVL SGYDWTLVEM PVRVNGASES
CETBLE/T EFHVERPMNA FMVWAQAARE KLADDYPHLH MAELSETLGE LWRLLNESDE
Daom KHHVERPMNA FMUWAQARRE KLADDYPHLH MNAELSETLGE LWRLLNESDE
CETBRLE/T RPFIEEAERL RMOHEKDHPD YKYQPRRREN GE SEAEC PGGEAEQGGA
Dam RPFIEEAERL RMOHKKDHPD YEYQPREREN GE EAEC PGCGGSRARRG
CSTBLE/T AAIQAHYKEA HLDHRHPEEG SPMSDGNPEH PSCGQSHGFFT FPTTFETELQ
Dam CCYSGSLQEC PPGPPAPRRR LPHVEWEPRA PLRFPEFWFFN FPSNHPEDRAAR
CSTBlE/T SGEADPERDG RSLGEGGKFH IDFGNVDIGE ISHEVMSNME TFOVTELDQY
Dam VRQGRPQKGW ALL F HRL DQF Q NL
CeTBle/T LPPNGHPGHV GSYSARGYGL GSALAVASGH SAWISKFFPGYV ALPTVSPPGY
Dam
C5TR1E/T DAKAQVETET TGPQGPPHYT DOPSTSQIAY TSLSLPHYGS AFPSISRPOF
Dam
CSTR1E/J DYSDHQPSGP YYGHAGQASGS LYSAFSYMGP SQRPLYTALS DPSPSGPOSH
Dam
CRTB16/J SPTHWEQEPVY TTLSRP
Dam
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was transcribed into the 1.75-kb antisense riboprobe. No signal
was obtained for the corresponding sense probe.

Functional Assays. Electrophoretic mobility-shift assays
were performed with 0.4 ug of nuclear extract from transiently
transfected COS cells and 0.5 ng of 3?P-labeled consensus Sox
binding site 5'-GATCCGCGCCTTTGTTCTCCCCA-3" (6).
Transcriptional activities were determined in U138 glioblas-
toma cells transiently transfected by the calcium phosphate
technique using Sox10-containing and other previously de-
scribed expression plasmids (0.2 pg per 60-mm plate) and
luciferase reporter plasmids (2 pug per 60-mm plate) (6). The
3xFXO luc and 3xFXP luc reporters carry three tandem copies
of the FXO sequence (consisting of adjacent binding sites for
Sox and POU proteins) or FXP sequence (consisting of
adjacent binding sites for Sox and Pax proteins) in front of the
B-globin minimal promoter. Promoter induction was deter-
mined by luciferase assays 48 hr posttransfection (6).

RESULTS

To be able to identify the Dom gene by positional cloning, we
genetically mapped Dom to an interval of 1.6 cM between
genetic markers D15Mit68 and D15Mit2 in a backcross with 252
Dom /+ progeny (15). This interval was further narrowed by
increasing the progeny number, and by developing genetic
markers that recombined on either side of the mutation,
placing the Dom critical region between I/3rb2 and Pdgfb (Fig.
la). We then constructed a YAC map of this region and
analyzed several candidate genes contained in it (Fig. 15). One
of these genes was SoxI0 (6). SoxI0 cosegregated with
D15Mit71 in the EUCIB backcross and was contained in two
overlapping YACs of the contig.

The expression pattern of Sox/0 (6) and the fact that it did
not recombine with the Dom mutation prompted us to analyze
this gene in greater detail. No gross alteration of the SoxI0
gene was evident in Dom mice, and Sox10 transcripts could be
detected. Direct sequencing of these transcripts revealed two
differences compared with Sox/0 transcripts from C57BL/6J
mice (Fig. 2a). An A-to-T transversion at position 32 of the
OREF caused a substitution of glutamate!! by valine, whereas
the insertion of an additional G after position 579 resulted in
an altered reading frame, which leaves the first 193 amino acids
of Sox10 including the HMG-domain intact, but replaces the
remaining 273 residues by a divergent carboxyl terminus of 99
unrelated amino acids.
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(a) Predicted amino acid sequences of wild-type (C57BL/6J) and mutant Sox10 (Dom). Divergent amino acids are set off by bold type;

the DNA-binding HMG-domain is boxed. (b) Analysis of Sox10 expression by Northern blotting. Ten micrograms of total RNA from brain and
intestine of newborn wild-type (+/+), heterozygous (Dom /+), and homozygous (Dom /Dom) mice were transferred to filters and sequentially
hybridized with probes for Sox10 (Upper) and B-actin (Lower). Molecular sizes are indicated on the left.
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F1G. 3. (a) Morphological comparison of cranial ganglia in homozygous mutant (Dom /Dom) and heterozygous (Dom /+) embryos at E10.5
by immunohistochemistry using anti-NF160 specific antibodies. Note that at this developmental stage, NF160 is expressed mainly in the peripheral
nervous system. Cranial ganglia (trigeminal, v; facial /acoustic, vii/viii; glossopharyngeal, ix; and vagus, x) are marked. (b) Analysis of SoxI0
expression in homozygous mutant (Dom/Dom), heterozygous (Dom/+), and wild-type (+/+) embryos at E10.5 by whole-mount in situ
hybridization. Lateral and dorsal views are shown for each embryo. Localization of cranial ganglia (v, vii/viii, ix, X) and dorsal root ganglia (drg)
are indicated. Hybridization in the otic vesicle (ot) was nonspecific. (c¢) Higher magnification of homozygous mutant (Dom /Dom) and wild-type
(+/+) E10.5 mouse embryos to show Sox/0 expression in cranial ganglia (left two panels) and to compare Sox0 expression (Sox10) with NF160
immunoreactivity (NF) in motor nerves (right four panels). (d) SoxI0 expression in the intestine at E14.5 studied by in situ hybridization on sections
of homozygous mutant (Dom /Dom), heterozygous (Dom/+), and wild-type (+/+) embryos.

Sox10 expression was analyzed in Dom /Dom pups obtained
immediately after birth. In brain, which represents a major site
of Sox10 expression at this developmental stage (6), transcript
levels in homozygous Dom mutants were not reduced in
comparison to those in heterozygous or wild-type littermates
(Fig. 2b). In contrast, striking differences were observed in the
intestine where Sox10 is expressed in the neural crest-derived
cells (16) of the ENS (6). Here, SoxI0 transcript levels were
reduced in heterozygotes, and below detection in the newborn
homozygous Dom mice, corresponding to a more severe
manifestation of the defect in homozygous Dom mice in which
the ENS fails to develop in the entire bowel below the rostral
foregut (unpublished observation).

The combination of intestinal aganglionosis and pigmenta-
tion defects in the Dom mutant indicates that several neural-
crest derived lineages are affected. Taking also the early
embryonic lethality of many homozygous animals into ac-
count, this is best explained by a defect in early neural crest
development. At ES8.5, we failed to detect reproducible dif-
ferences between neural crest cells of homozygous Dom mice

and their wild-type littermates (data not shown). However,
already at E10.5, striking alterations in the morphology of
cranial nerves and ganglia were apparent in homozygous Dom
mice after immunohistochemistry with specific antibodies
against neurofilament protein (NF) (Fig. 3a). These alterations
were reminiscent of the changes obtained by targeted deletion
of neuregulin and erbB2 genes (17, 18), and were not detected
in heterozygote Dom mice. In homozygous Dom mice, NF
immunoreactivity was severely diminished in the dorsal por-
tion of the trigeminal ganglion (v). The proximal portions of
the glossopharyngeal (ix) and vagus (x) were considerably
thinner than in heterozygote and wild-type mice, suggesting
that the development of superior and jugular ganglia also was
perturbed. Morphological alterations in the facial ganglion
(vii) were restricted to the proximal portion of the nerve root.
All affected structures predominantly contain neurons derived
from the cranial neural crest, whereas those structures without
detectable abnormalities are mostly placodal in origin (19, 20).
No defect was detected in neurons of the trunk neural crest at
E10.5, as NF immunoreactivity of dorsal root ganglia and
motor nerves appeared unaltered.
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FIG. 4. (a) Detection of Sox10 proteins (wild type, Sox10; the glutamate!!-to-valine substitution mutant, E''— V; and the Dom frameshift
mutant, fs) in nuclear extracts of transiently transfected COS cells by Western blotting using a rabbit antiserum against Sox10. —, mock-transfected.
(b) DNA binding of Sox10 proteins as determined by electrophoretic mobility-shift assay using a radioactively labeled consensus binding site for
Sox proteins as probe and COS nuclear extracts from a as protein source. Sox10-specific complexes are marked by asterisks. (¢) Promoter induction
after transient transfection of the luciferase reporter plasmid 3xFXO luc into U138 glioblastoma cells in combination with empty CMV expression
plasmid (=), pPCMV /Tst-1 (Tst-1), and CMV expression plasmids for Sox10 proteins (Sox10, E''— V, and fs). (d) Promoter induction after transient
transfection of the luciferase reporter plasmid 3xFXP luc into U138 cells in combination with empty CMV expression plasmid (—), pCMV /Pax3
(Pax3), and CMV expression plasmids for Sox10 proteins. Results in ¢ and d show mean (+SE) promoter induction (n = 4).

Previous results had shown that Sox10 is itself expressed in
cranial and trunk neural crest cells, and is later confined in the
peripheral nervous system to glial cells (6). Whole-mount in
situ hybridization showed that Sox/0 expression was lost from
all cranial ganglia and nerves of homozygous Dom mice at
E10.5 (Fig. 3 b and c). The absence of SoxI0-specific signals
from these structures could result from either disregulation of
Sox10 expression in cranial neural crest cells, or from the
absence of Sox10 expressing cells. We currently favor the latter
hypothesis because preliminary studies failed to detect any
evidence of disregulation in tissue culture transfection systems
(data not shown).

In contrast to cranial ganglia, Sox/0 expression was detect-
able in the trunk neural crest-derived dorsal root ganglia (Fig.
3b). A substantial reduction in the intensity of the SoxI0
hybridization signal was again observed along motor nerves
(Fig. 3¢). No qualitative differences were detected regarding
the Sox10 expression pattern between heterozygous and wild-
type mice at E10.5 (Fig. 3b). There was, however, an overall
reduction of SoxI0 expression in Dom/+ mice.

In situ hybridization of sections from E14.5 embryos allowed
analysis of Sox10 expression in the gut at times when the ENS
starts to develop (Fig. 3d). The majority of cells within the ENS
are derived from the cranial (previously also referred to as
vagal) neural crest (21) and transiently express Sox/0 during
embryogenesis (6). Contrary to wild-type mice, no Sox10-
expressing cells were detected in the intestine of homozygous
Dom mice, whereas few can be seen in the intestine of
heterozygotes (Fig. 3d). This absence or reduction of SoxI10
expression in the gut of homozygous and heterozygous Dom
mice establishes a strong link between Sox10 and the defective
colonization of the intestine by cranial neural crest that defines
the Dom phenotype.

To analyze the functional consequences of the mutation
present in the Sox10 gene of Dom mice on a molecular level,
we separately introduced the glutamate!!-to-valine substitu-
tion and the frameshift into the rat Sox10 cDNA. We chose the
rat cDNA as it had been used in all previous functional studies
on Sox10 (6). Furthermore, rat and mouse cDNA sequences
are 96% identical over the complete ORF, and rat and mouse

proteins even share 99% of their amino acids. Thus it is
reasonable to assume that mouse and rat proteins behave
identically. After transient transfection of COS cells, both
mutant proteins were expressed at levels similar to wild-type
Sox10 and were correctly localized to the cell nucleus as judged
by their presence in nuclear extracts (Fig. 4a). Consistent with
an unaltered HMG-domain, both mutant proteins bound to a
consensus DNA recognition motif for Sox proteins with af-
finities comparable to the wild-type protein in electrophoretic
mobility-shift assays (Fig. 4b).

Previous studies had shown that Sox10 was not a strong
transcriptional activator, but synergistically enhanced the ac-
tivity of Tst-1/0ct6/SCIP and Pax3, two other transcription
factors present in neural crest-derived cells at various devel-
opmental stages (6). The frameshift mutation after position
579 completely abolished this ability as evidenced in transient
transfections of U138 glioblastoma cells (Fig. 4 ¢ and d). In
contrast, the glutamate!!-to-valine substitution mutant syner-
gistically enhanced transcriptional activity of Tst-
1/0ct6/SCIP to the same extent as wild-type Sox10.

DISCUSSION

Our results define Sox10 as an important regulator of neural
crest development. Its inactivation affects the early develop-
ment of neural crest cells either in multipotent precursors
before lineage restriction or thereafter in multiple neural crest
lineages. As a consequence, inactivation of Sox/0 leads to a loss
not only of peripheral nervous system neurons and glia, but
also to a loss of enteric ganglia, and judged by the pigmentation
defect of Dom mice (3), to a loss of certain melanocyte
populations. It is particularly intriguing that the cranial neural
crest is more severely affected than the trunk neural crest.
Thus, Sox10 might be involved in defining the regional identity
of the cranial neural crest.

Furthermore, SoxI0 is the first member of the Sox gene
family shown to have an essential function in neural develop-
ment, thus attributing an additional role to this group of
transcriptional regulators, which so far have been mainly
associated with other developmental processes such as male
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sex determination, hemopoiesis, and chondrogenesis and with
corresponding defects such as XY sex reversal and campomelic
dysplasia (22-26).

Similar to the Is and s/ mutants, the Dom mutant also has
been used in the past as a model system for Hirschsprung
disease (HSCR). HSCR is a congenital human disease char-
acterized by a lack of intestinal motility and a complete
absence of neural crest-derived enteric ganglia in distal bowel
(27). As both the endothelin-3 gene and the endothelin-B
receptor gene, which are inactivated in the Is and s mutants (4,
5), have been shown to be involved in HSCR (28), participation
of Sox10 in HSCR is expected. It also deserves to be noted that
the Dom phenotype combines intestinal aganglionosis with
other neural crest defects that are highly reminiscent of the
clinical features observed in Waardenburg syndrome (29).
Thus, mutations of the human SoxI0 gene might be present
among patients with combined Hirschsprung and Waarden-
burg syndromes.

Note: While this manuscript was under review, a similar report on the
molecular basis of the Dom mouse was published (30).
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