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Abstract

Dorsal dermis and epaxial muscle have been shown to arise from the central dermomyotome in the chick. En1 is a homeobox transcription
factor gene expressed in the central dermomyotome. We show by genetic fate mapping in the mouse that En1-expressing cells of the central
dermomyotome give rise to dorsal dermis and epaxial muscle and, unexpectedly, to interscapular brown fat. Thus, the En1-expressing central
dermomyotome normally gives rise to three distinct fates in mice. Wnt signals are important in early stages of dermomyotome development, but
the signal that acts to specify the dermal fate has not been identified. Using a reporter transgene for Wnt signal transduction, we show that the En1-
expressing cells directly underneath the surface ectoderm transduce Wnt signals. When the essential Wnt transducer β-catenin is mutated in En1
cells, it results in the loss of Dermo1-expressing dorsal dermal progenitors and dermis. Conversely, when β-catenin was activated in En1 cells, it
induces Dermo1 expression in all cells of the En1 domain and disrupts muscle gene expression. Our results indicate that the mouse central
dermomyotome gives rise to dermis, muscle, and brown fat, and that Wnt signalling normally instructs cells to select the dorsal dermal fate.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

The somites give rise to axial skeleton, striated muscle, and
dorsal dermis (Christ et al., 2004; Gossler and Hrabe de
Angelis, 1998; Hirsinger et al., 2000; Scaal and Christ, 2004).
Each somite displays restricted domains of gene expression and
these are thought to represent cell populations that will give rise
to the various tissue derivatives. The dermal derivative has been
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the least explored with respect to where the dermal progenitors
come from and the identity of signals that instruct the cells of
the dermomyotome to adopt a dermal fate (Scaal and Christ,
2004).

Somites segment from the anterior end of the presomitic
mesoderm and form epithelial units (Pourquie, 2001). The
ventromedial portion of the somites become mesenchymal
again to form the sclerotome and the remainder of the somite
persists as an epithelial dermomyotome (Christ et al., 2004;
Gossler and Hrabe de Angelis, 1998; Hirsinger et al., 2000;
Scaal and Christ, 2004). Later, the central portion of the somite
undergoes an epithelial to mesenchymal transition (Scaal and
Christ, 2004). Historically, the dermis was assumed to derive
from this region of the dermomyotome, and it was termed the
dermatome (Scaal and Christ, 2004).
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Recently, it has been shown conclusively that the “derma-
tome” also contributes to fetal and postnatal epaxial skeletal
muscle and to adult muscle satellite cells in both chick and
mouse (Ben-Yair and Kalcheim, 2005; Gros et al., 2005;
Kassar-Duchossoy et al., 2005; Relaix et al., 2005). Thus, it has
been proposed that the dermatome instead be called the central
dermomyotome (Scaal and Christ, 2004). How the dermal and
muscle fates are selected from the broader dermomyotome
domain is not known. That the somite gives rise to the dorsal
dermis of the trunk was established by orthotopic transplanta-
tion of quail presomitic mesoderm into chick hosts (Mauger,
1972; Nowicki et al., 2003). Similar experiments showed that
the flank and belly dermis of the trunk comes from lateral plate
mesoderm (Mauger, 1972). However, which parts of the
presomitic mesoderm, somite, and dermomyotome give rise to
the dorsal dermis has not been resolved (Scaal and Christ,
2004).

In one map of somite-derived dermis, the cells which form
dermis are present first in the medial presomitic mesoderm and
then later in the medial portion of epithelial somites (Cheng et
al., 2004; Ordahl and Le Douarin, 1992). The dorsomedial lip
(DML) of the dermomyotome generates cells that move further
laterally within the plane of the dermomyotome (Cheng et al.,
2004; Ordahl et al., 2001), perhaps giving rise to much of the
dermomyotome (Ordahl et al., 2001). The DML-derived cells
translocate into a domain of cells that express the homeobox
transcription factor gene En1 and begin to express En1 (Cheng
et al., 2004). Dorsal dermis is thought to derive from cells which
expressed En1 (Cheng et al., 2004).

A second map also places somite-derived dermal progenitors
in the medial presomitic mesoderm (Olivera-Martinez et al.,
2000). Once the dermomyotome has formed, the DML gives
rise to mesenchymal cells that migrate early to form the dermis
over the neural tube (Houzelstein et al., 2000; Olivera-Martinez
et al., 2002). The majority of the dorsal somite-derived dermis
arises from dermomyotomal cells that express En1 (Olivera-
Martinez et al., 2002).

Finally, one group has found that both medial and lateral
halves of the epithelial somites give rise to dermis (Ben-Yair et
al., 2003). According to the results from this group, the
dermomyotome does not grow from the DML and the
dermomyotome exclusive of its medial and lateral lips gives
rise to dermis (Ben-Yair et al., 2003). In this map, the dermis
over the neural tube arises later in development, from the central
dermomyotome (Ben-Yair et al., 2003).

The signals that are required for the formation of dermis from
the central dermomyotome are not known. There are several
results which suggest that members of the Wnt family are
excellent candidates for the signal that promotes the develop-
ment of dermis from the central dermomyotome. Wnts are
expressed in the surface ectoderm (Parr et al., 1993; Rodriguez-
Niedenfuhr et al., 2003; Schubert et al., 2002), and blocking
Wnts with Dkk in the chick results in a thinner dermis (Chang et
al., 2004) and loss of feather follicles (our unpublished studies).
Wnts are important in several earlier steps of somite and
dermomyotomal development, including segmentation, somite
epithelialization, dermomyotome proliferation, and expression
of Pax3, Pax7, and En1 in the dermomyotome (Aulehla et al.,
2003; Linker et al., 2005; Nakaya et al., 2004; Schmidt et al.,
2004; Galli et al., 2004; Capdevila et al., 1998; Fan et al., 1997;
Fan and Tessier-Lavigne, 1994; Schmidt et al., 2004). The
expression of En1 in the central dermomyotome requires Wnts
from the dorsal neural tube in the mouse (Ikeya and Takada,
1998), and from the dorsal neural tube and the surface ectoderm
in the chick (Cheng et al., 2004; Olivera-Martinez et al., 2001).
After the formation of dermis, signals from the dorsal neural
tube are necessary for its survival (Olivera-Martinez et al.,
2001). Wnt1 can substitute for the dorsal neural tube signal, but
it is not clear if Wnt1 acts directly or indirectly (Olivera-
Martinez et al., 2001). Much later in development, Wnt signal
transduction in the epidermis is necessary for the development
of hair and feathers (Chang et al., 2004; Huelsken et al., 2001;
Lo Celso et al., 2004; Silva-Vargas et al., 2005), and it has been
suggested that the dermal condensations participating in early
stages of hair follicle development might require Wnt signal
transduction (DasGupta and Fuchs, 1999; Kishimoto et al.,
2000; Ridanpaa et al., 2001). At the intermediate stage when the
central dermomyotome generates dermal progenitors, it has
been hypothesized, but not tested, that Wnt signaling is
necessary for dermal specification (Scaal and Christ, 2004).

Here we determined the fate of the En1-expressing cells of
the central dermomyotome in the mouse and found that the
central dermomyotome tissue is tripotent in that it gives rise to
interscapular brown fat bundles in addition to dermis and
muscle. Our results also clarify the fate map of the
dermomyotome relative to the dorsal dermis in the mouse.
Using a TCF/Lef reporter gene assay, our data indicate that a
subset of the En1 population responds to Wnt signalling at the
time of dermal specification. Finally, by both loss- and gain-of-
function approaches, we show that the decision to form dermis
instead of muscle and brown fat is critically controlled by β-
catenin through the specification of the dorsal dermal
progenitors.

Results

Central dermomyotome contributes to brown fat, dermis, and
muscle

The fate of cells that express En1 in the mouse central
dermomyotome was determined with an allele of En1 with Cre
recombinase coding sequences inserted (En1Cre) (Hanks et al.,
1995) and the Rosa-floxed Stop-LacZ Reporter allele (RR)
(Soriano, 1999). With these alleles, cells which express En1 and
their progeny are marked by β-galactosidase expression (Zinyk
et al., 1998). E17.5 fetuses carrying single copies of the En1Cre
and RR alleles were sectioned and stained for β-galactosidase
expression (Fig. 1A). In the skin, β-galactosidase expression
was seen in the dermis but not the epidermis. Unexpectedly, all
trunk dermis of the E17.5 fetus at the forelimb level was marked
(Fig. 1A, and data not shown). Some back muscles and bundles
of interscapular brown fat were labeled as well. The brown fat
bundles in the most medial interscapular bundles and in the
axillary depots were not labeled (not shown). The marking of



Fig. 1. The En1-expressing cells of the central dermomyotome contribute to epaxial muscle, dermis, and interscapular brown fat. (A) En1 lineage-marked cells (blue)
are found in the dermis (der), interscapular brown fat (bf), and epaxial muscle (m) of E17.5 day En1Cre/+, RR/+ embryos at the forelimb level. (B and C) At E9.5, En1
is restricted to a few cells of the central dermomyotome. (B) In E9.5, En1LacZ/+ whole-mount embryos expression is only detectable in the ventral ectoderm of the fore
limb bud (FL). (C) In sectioned E9.5 En1LacZ/+ embryos, stained cells are present in the central dermomyotome (inset). (D) En1Cre-ER/+, RR/+ embryos were
treated with tamoxifen in utero at E8.5 and harvested at E16.5. The only labeled trunk mesodermal cells were in the interscapular brown fat (bf). (E) In whole-mount
E10.5 En1LacZ embryos, expression is visible in cervical and thoracic somites. (F) In E10.5 embryo sections, the expression of En1LacZ (blue stain) is in cells of the
somite just underneath the surface ectoderm, as well as in slightly deeper mesenchymal cells (boxed and inset). (G) En1Cre-ER/+, RR/+ embryos were treated on E9.5
with tamoxifen and were examined on E12.5. Stained cells are present in the somite mesenchyme subjacent to the surface ectoderm (arrows) and in deeper cells. (H)
En1Cre-ER/+, RR/+ embryos treated on E9.5 with tamoxifen and harvested on E16.5 have labeled cells in the dermis (boxed and inset), epaxial muscle (arrows), and
brown fat. (I) On E11.5, whole-mount-stained embryos show that En1LacZ is expressed in somites along most of the anterior–posterior axis, and in the ventral
ectoderm and ventral body wall. (J) In the sections, it can be seen that the expression of En1LacZ on E11.5 is present in cells subjacent to the ectoderm (box and inset)
and in deeper cells within the somite. (K and L) En1Cre-ER/+, RR/+ embryos treated with tamoxifen on E10.5 results in labeled cells in the dermal precursors and
deeper cells at E12.5 and in muscle, brown fat, and dermis at E16.5.
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dermis was more widespread and it is different from what has
been observed in the fate maps of the chick central
dermomyotome (Mauger, 1972; Nowicki et al., 2003; Scaal
and Christ, 2004), suggesting that En1 is expressed in dermal
precursors or mature dermis. As shown below, En1 is
transiently expressed in many dermal progenitors at later
stages. Thus, in order to map the fate of the central
dermomyotome, labeling of cells was limited to short temporal
windows at early stages with an En1 Cre-Estrogen Receptor
(ER) fusion knockin (Sgaier et al., 2005). The Cre-ER fusion
protein is active only when tamoxifen is experimentally
administered, and it is active for about 24 h, starting about 6
h after dosing (Sgaier et al., 2005).

En1 expression in the E9.5 central dermomyotome (David-
son et al., 1988; Davis et al., 1991) is recapitulated by an allele
with β-galactosidase coding sequences knocked into the En1
locus (En1LacZ) (Hanks et al., 1995) (Figs. 1B and C). The
mouse dermomyotome, and particularly the central dermomyo-
tome, does not show a robust epithelial organization like the
chick dermomyotome, so the assignment of labeled cells to the



167R. Atit et al. / Developmental Biology 296 (2006) 164–176
dermomyotome layer is based on their position and according to
the stage of the embryo. To lineage-mark the En1 cells of the
E9.5 central dermomyotome, we administered tamoxifen to
pregnant females carrying En1Cre-ER/+, RR/+ embryos at 8.5
days of gestation. β-galactosidase-labeled cells were seen in the
interscapular brown fat of E16.5 fetuses at the level of the
forelimb after E8.5 tamoxifen administration (Fig. 1D). These
results demonstrate that En1-expressing cells of the central
dermomyotome contribute to interscapular brown fat. However,
it was surprising that no dermis or muscle were lineage-marked
in these early labeling experiments.

Dermis and epaxial muscle were marked in addition to
brown fat when tamoxifen was administered 24 h or more later
in development. At E10.5, the En1LacZ allele is expressed in a
narrow domain of the mesenchyme of the central dermomyo-
tome directly underneath the surface ectoderm and in adjacent,
contiguous mesenchymal cells lying slightly deeper within the
somite (Figs. 1E and F). Tamoxifen administered on E9.5-
labeled cells deep back muscles and deep mesenchymal cells,
and presumed dermal precursors on E12.5 (Fig. 1G). At E16.5,
labeled descendents were detected mostly in interscapular
brown fat, with labeled cells in nearby back muscles and in the
dorsal dermis (Fig. 1H). Staining in the dorsal dermis was
restricted to cells in the vicinity of the original En1 expression in
the dermomyotome.

At E11.5, En1LacZ is expressed in a narrow domain of cells
underneath the surface ectoderm, and in a contiguous strip of
mesenchymal cells deeper within the somite (Figs. 1I and J).
Labeled progeny from tamoxifen administered on E10.5 were
present both superficially and deeper at E12.5 (Fig. 1K), and
labeled cells were present in brown fat, muscle, and dermis at
E16.5 (Fig. 1L). In this instance, labeled dermal cells were
distributed above the En1 domain as well as in the midline over
the neural tube. The lateral limit of labeled dermal cells was the
medial third of the scapula at E16.5 (Fig. 1L).

Taken together, our results indicate that cells which express
En1 in the central dermomyotome on E9.5 give rise to
interscapular brown fat. The cells that express En1 on E10.5
give rise to dermis and epaxial muscle, in addition to brown fat,
and these tissues are narrowly distributed. Cells which express
En1 on E11.5 give rise to the same derivatives but, in addition,
also give rise to dermis over the fetal midline. Together, dermal
cells derived from the En1-expressing cells from E9.5 to E11.5
contribute to the dorsal dermis from the fetal midline to the
medial third of the scapula.

En1 expression precedes Dermo1 in some regions but not
others

The timing of expression of En1 and Dermo1, a marker of
dermal specification (Houzelstein et al., 2000; Li et al., 1995),
was compared. In the mouse, Dermo1 is not expressed in the
dermomyotome on E9.5 and E10.5 (Li et al., 1995, and data not
shown) when En1 is expressed in the central dermomyotome
(Figs. 1B, C, E, and F). On E11.5, cells expressing En1LacZ or
lineage-marked by En1Cre are confined to a small medial–
lateral domain (Figs. 2A and B), whereas Dermo1 is expressed
in subectodermal mesenchyme in mouse dermal progenitors
with a gap over the neural tube (Fig. 2C). Thus, in the mouse
central dermomyotome, En1 precedes Dermo1 by as much as
48 h.

By E12.5, En1LacZ expression and lineage-labeled cells are
present in the dorsal subectodermal mesenchyme over the
midline and lateral to the central dermomyotome (Figs. 2D and
E). The expression of Dermo1 on E12.5 is similar to that on
E11.5, with no detectable expression over the neural tube (Fig.
2F). Thus, lateral to the central dermomyotome, Dermo1
expression precedes En1 expression by as much as 24 h.

By E14.5, En1LacZ expression is reduced from the levels
seen earlier (Fig. 2G), but lineage-marked dermis, muscle, and
brown fat are evident in En1Cre, RR fetuses (Fig. 2H). On
E14.5, Dermo1 RNA is detectable for the first time in the
mesenchyme over the neural tube (Fig. 2I). Thus, in the
mesenchyme over the midline, En1 expression precedes
detectable Dermo1 expression by at least 24 h.

On E16.5, En1LacZ expression was not detected in the
dorsal mesodermal tissues of the fetus (Fig. 2J), but lineage-
marked cells in En1Cre/+, RR/+ fetuses were present in dermis,
muscle, and brown fat bundles (Fig. 2K). Dermo1 is no longer
expressed in the dermis on E16.5 (not shown).

Thus, En1 expression precedes Dermo1 expression by 48
h in most of the cells, which give rise to the dermis from the
midline to the medial third of the scapula (Fig. 2L). In the flank,
Dermo1 expression precedes En1 expression by about 24
h (Fig. 2L).

Canonical Wnt signal transduction is active prior to and
coincident with Dermo1 expression

At E10.5, the TCF/Lef-lacZ Wnt reporter transgene is
expressed in subectodermal mesenchyme, overlapping
En1LacZ expression there (Figs. 3A and C). By E11.5, the
TCF/Lef-lacZ transgene is expressed throughout much of the
dorsal subectodermal mesenchyme (Fig. 3D), similar to
Dermo1. To test if TCF/Lef-LacZ expression is dependent on
β-catenin, we removed or stabilized β-catenin using conditional
loss-of-function and gain-of-function alleles (Brault et al., 2001;
Harada et al., 1999). TCF/Lef-LacZ expression was lost in β-
catenin loss-of-function mutant En1 cells (Fig. 3E) and was
ectopically expressed in mutant cells carrying the β-catenin
gain-of-function allele, including mutant En1 cells at a distance
from the surface ectoderm (Fig. 3F). Thus, transcription
activated by canonical Wnt signal transduction is active in
subectodermal mesenchyme consistent with a role for Wnt
signaling in dermal specification.

β-Catenin activity is necessary and sufficient for dermal
specification

To determine if dermal specification requires Wnt signal
transduction, we mutated β-catenin in the En1-expressing cells
of the somite. In E11.5 β-catenin conditional loss-of-function
mutant embryos, the domain of Dermo1 expression in the
subectodermal mesenchyme was interrupted: Dermo1



Fig. 2. En1 expression precedes Dermo1 expression medially, but not laterally. (A–C) In E11.5 embryos, Dermo1 is expressed in En1LacZ-expressing and En1Cre-
lineage-marked dermal progenitors in the En1 domain, as well as lateral to the En1 domain. (D–F) In E12.5 embryos, En1LacZ-expressing cells and En1Cre-lineage-
marked cells (arrows and inset in panel D) are detected over the midline neural tube, but Dermo1 expression is not. Lateral to the original En1 domain, En1LacZ
expression and En1Cre lineage-marked cells are detectable in the subectodermal mesenchyme. (G–I) By E14.5, Dermo1 expression can be detected over the fetal
midline above the neural tube. (J and K) En1LacZ expression is greatly diminished by E16.5 and is not detectable in the dermis (inset in panel J), whereas En1Cre
lineage-marked cells are prevalent in dermis, brown fat bundles, and muscle (K). (L) Schematic of the fate map of the En1-expressing somite cells. En1 is expressed
(gray shading) in the central dermomyotome at E9.5 in cells fated to become brown fat (bf). These cells displace to the interior and are replaced by medial cells in the
dermomyotome. On E10.5, En1 is expressed in cells directly underneath the surface ectoderm and in deeper cells. Cells that now express En1 are fated to dermis (d)
and muscle (m) in addition to the deeper cells which are fated to brown fat. By E11.5, cells adjacent to the surface ectoderm express Dermo1. By E12.5, some cells of
the En1 domain move dorsomedially underneath the surface ectoderm, and En1 becomes broadly expressed (lighter gray) in the dermal progenitors.
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expression was not detectable in the mutant En1 cells (Figs. 4D
and E). Dermo1 expression was present lateral to the mutant
cells and was also present at lower levels in a small domain
medial to the mutant cells. Thus, β-catenin is necessary for
Dermo1 expression in the En1 lineage-marked cells of the
somite. To determine if β-catenin is sufficient for Dermo1
expression, we analyzed embryos carrying a gain-of-function
conditional allele of β-catenin. Dermo1 was expressed in all
cells that expressed stabilized β-catenin, including ectopic
expression in mesenchymal cells distant from the surface
ectoderm (Figs. 4C and F). Combined, these results indicate that
β-catenin is necessary and sufficient for dermal specification as
assayed by expression of Dermo1.

To determine if proliferation or programmed cell death was
altered when β-catenin was mutated, we determined DNA
synthesis and apoptosis on E10.5. Both the β-catenin loss-of-
function and gain-of-function mutant cells had lower levels of
BrdU incorporation (Figs. 5A–C and Table 1), but the
differences in BrdU labeling did not reach statistical
significance (P > 0.05), nor did the results reach statistical
significance when they were partitioned into deep cells and
cells within three cell diameters of the surface ectoderm (Table
1). Very few apoptotic cells were detected by TUNEL staining
in wild-type embryo sections in the En1 domain, and there
were no detectable changes in TUNEL labeling in the mutant
cells (Figs. 5D–F). Thus, any changes in proliferation were
either too subtle to detect or occurred earlier in development
than assayed.

Expression of myogenin is altered in β-catenin mutant cells

To determine whether the specification of muscle
progenitors was altered in the β-catenin mutants, we assayed
muscle specification by staining for the bHLH myogenic
transcription factor myogenin (Sassoon et al., 1989; Smith et
al., 1994). At E11.5, cells lineage-marked by the En1Cre
allele are contiguous with each other, not mixing with
unlabeled cells except at the edges of the domain. When



Fig. 3. AWnt reporter transgene is expressed in the subectodermal mesenchyme. (A and B) En1LacZ expression in the somite at E10.5 and E11.5. (C) At E10.5, the
TCF/Lef-LacZ transgene is expressed in subectodermal mesenchyme in the same region as En1 is expressed. (D) On E11.5, the TCF/Lef-LacZ transgene is expressed
throughout the subectodermal mesenchyme. (E) In E11.5 embryos with β-catenin tissue-specifically mutated in En1-expressing cells, there is a gap in the TCF/Lef-
LacZ transgene expression in the En1 domain. (F) E11.5 embryos with β-catenin stabilized in En1-expressing cells show ectopic expression of the TCF/Lef-LacZ
transgene.
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E11.5 embryos were sectioned and stained with antibodies
for β-galactosidase from the RR allele and for myogenin, it
was not always possible to identify positively double-labeled
cells because the antibody to β-galactosidase stains puncta
in the cytoplasm and the antibody to myogenin stains
nuclei. However, because lineage-labeled cells do not mix
with unlabeled cells, myogenin-positive nuclei within the
En1 domain were considered as En1 lineage-marked cells,
which also expressed myogenin. In wild-type lineage-marked
embryos, myogenin-positive cells are present in the deeper
parts of the En1 domain, but not in the subectodermal
mesenchyme (Figs. 6A–C). In β-catenin conditional loss-of-
function mutant embryos, there was an increase in the
number of lineage-labeled cells, which expressed myogenin,
particularly in the subectodermal mesenchyme (Figs. 6D–F).
In β-catenin gain-of-function mutant embryos, there was a
dramatic reduction in the number of lineage-labeled cells
that expressed myogenin (Figs. 6G–I). Taken together, these
results demonstrate that there is increased specification of
muscle progenitor cells in the β-catenin loss-of-function
mutants and decreased specification of muscle progenitors
upon stabilization of β-catenin.
Dorsal dermis is absent in β-catenin mutants

Hair follicles develop from the epidermis but their formation
depends on interactions with dermis (Schmidt-Ullrich and Paus,
2005). Thus, for an overview of the distribution of functional
dermis, 14.5 day fetuses were probed for Ptch1 mRNA by
whole-mount in situ hybridization to mark hair placodes (Oro et
al., 1997). Ptch1-positive hair placodes were absent on the
dorsum of mutant embryos but had a normal density and
appearance on the flanks (Figs. 7A–D) despite the fact that all
dermis is lineage-marked and mutant for β-catenin (Fig. 8E and
data not shown). Embryos mutant for the β-catenin conditional
gain-of-function allele died between E12 and E13 so the effect
of activation of β-catenin could not be analyzed at these later
stages.

Histological analysis of E16.5 mutant fetuses showed that
dense, compact mesenchyme characteristic of dermis was
absent in the dorsum (Figs. 7F and 8F) and the brown fat
abutted the epidermis (Fig. 8F). Laterally, on the flanks of
the mutant embryos, dermis and hair placodes were present
and appeared normal in section (Figs. 7G and H). β-Catenin
is eliminated in En1-expressing cells of the ventral limb



Fig. 4. Dermo1 expression is dependant on β-catenin. Paired adjacent sections of E11.5 embryos were analyzed for Dermo1 expression and En1 lineage-marked cells.
(A and D) Dermo1 is expressed in the subectodermal mesenchyme in En1Cre/+, RR/+ embryos. (B and E) Dermo1 expression is not detectable in β-catenin loss-of-
function mutant cells. (C and F) Dermo1 is ectopically expressed in the presence of activated β-catenin.
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ectoderm (Davis et al., 1991), which also results in loss of
hair follicle development in the ventral limb (data not
shown).

In E12.5loss-of-function mutants, the surface of the embryo
typically showed an indentation at the location of the En1
domain (Fig. 8A), and Dermo1 expression persisted medial and
lateral to the domain of mutant cells but was not detected in the
dorsal cells (Fig. 8B). By E14.5, the dorsal subectodermal
mesenchyme was cell-poor (Fig. 8C). In the flank of E14.5
embryos, Dermo1 was expressed (Fig. 8D) and there was
normal appearing compact dermis (Fig. 8E) consistent with the
subsequent formation of hair placodes. We interpret the
formation of flank dermis in the mutants as due to later
mutation of β-catenin in these cells, after dermal specification
has occurred.

Taken together, our results demonstrate the importance of
Wnt signal transduction in the specification and formation of the
Fig. 5. No change in proliferation or cell death in β-catenin mutant cells. (A–C) There
catenin loss-of-function and gain-of-function cells (see Table 1 for quantitation). The
as measured by TUNEL staining is not changed in the mutant cells.
dorsal dermis from the En1 domain of the central
dermomyotome.

Discussion

In this work, we aimed to identify the signal required for the
specification of the dermal lineage from the mouse dermomyo-
tome. We conclusively show with genetic techniques that Wnt
signal transduction in the central dermomyotome is required for
dorsal dermis specification and development in the mouse
embryo. Studies in the chick embryo have demonstrated the role
of Wnt1 in survival of dorsal dermal progenitors and later in
skin patterning. Using multiple genetic fate mapping techniques
and conditional β-catenin mutants, we systematically demon-
strate an earlier role of Wnt signaling in selecting dermal fate
from a tripotential tissue expressing En1 in the central
dermomyotome of the mouse.
is no change in the number of cells that incorporate BrdU (brown stain) in the β-
domain of En1 lineage-marked cells is outlined with a red line. (D–F) Apoptosis



Table 1
Proliferation in β-catenin mutant cells

β-Catenin
genotype

Number of
embryos analyzed

En1 domain En1 domain three cells subjacent to ectoderm

BrdU-positive cells (%) SD P BrdU-positive cells (%) SD P

Wild type 5 60.2 8.4 66.3 8.9
Loss of function 4 46.4 5.1 0.098 54.9 15.9 0.52
Gain of function 4 46.8 4.8 0.082 53.9 10.9 0.78
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Triple fate of mouse En1-expressing tissue of the
dermomyotome

The genetic fate mapping of En1-expressing cells identifies
the En1 central dermomyotome as a major source of
interscapular brown fat. At E9.5, En1 is expressed in the
central dermomyotome of the somites at cervical and forelimb
levels and these cells contributed only to the interscapular
brown fat. This restriction was surprising, and at later stages
En1 lineage-marked cells generated descendants in the dermis
and epaxial muscles as expected, in addition to interscapular
brown fat. On E11.5, En1-expressing cells gave rise to dermis
over the fetal midline, whereas at earlier stages the dermal
Fig. 6. Myogenin expression is altered in β-catenin mutants. Sections of E11.5 embr
mutant cells. In wild-type embryos (A–C), myogenin is expressed in deep cells of
ectopic myogenin-positive cells are found close to the surface ectoderm. In β-catenin
domain.
progeny were limited to about the extent of the original En1
domain. There are two novel outcomes of these experiments:
firstly, that the fate of En1 cells changes in time with an increase
in the diversity of cell types made, and secondly, that some
interscapular brown fat bundles have their origin in the En1-
expressing cells of the central dermomyotome.

The change in fate of En1 cells from brown fat at an early
stage to brown fat, dermis, and muscle at later stages in the
tamoxifen experiments is unexpected. It is possible but unlikely
that the fate restriction to fat at early stages might be apparent
rather than real, reflecting the fact that brown fat is the major cell
type labeled in all of the tamoxifen induction experiments and
other fates were adopted but were missed in the early inductions.
yos were stained with antibodies to myogenin and to β-galactosidase to identify
the lineage-marked domain. In β-catenin loss-of-function mutant cells (D–F),
gain-of-function mutants (G–I), myogenin-positive cells are absent from the En1



Fig. 7. Dorsal hair placodes and dermis are absent in β-catenin loss-of-function
mutants. (A–D) Hair placodes identified with a Ptch1 probe are absent on the
dorsum of mutant embryos but are present on the flanks. (E and F) Histological
dermis and hair follicles are absent in the dorsal skin of the mutant fetuses. (G
and H) Dermis and hair follicles are present in the flank of E16.5 mutant fetuses
(fl, forelimb; hf, hair follicle; bf, brown fat; arrows, hair follicles).
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Alternatively, our favored interpretation is that the results reflect
a real change in fate. An increase in the number of cell types
made by En1 cells at later stages would require that early En1
cells be replaced by new cells that turned on En1 and contributed
to all three fates. Cells have been shown to move laterally within
the dermomyotome from the DML and turn on En1 in the chick
embryo (Cheng et al., 2004; Ordahl et al., 2001). It may be that a
similar process is at work in the mouse, with early En1-
expressing cells of the central dermomyotome moving deep
away from the surface, becoming incorporated into brown fat,
replaced by medial cells which turn on En1 and have the
potential, at least collectively, to form all three cell types.
Continued translocation of DML cells into the En1 domain at
later stages could also explain why early inductions did not
detect progeny in midline dermis, but tamoxifen administration
on E10.5 did give rise to labeled cells in midline dermis.

Our fate mapping results identify the origin of some of the
interscapular bundles of brown fat in the En1-expressing cells
of the central dermomyotome. Brown fat is a thermogenic or
heat-producing tissue found only in eutherian mammals
(Cannon and Nedergaard, 2004; Nicol et al., 1997; Rothwell
and Stock, 1985). The interscapular bundles are the major
depots of brown fat in the mouse, and their embryological
origin was not known previously. Not all interscapular brown
fat bundles were labeled by En1 lineage marking—the more
medial interscapular brown fat bundles were not lineage-
labeled by En1Cre nor were axillary brown fat bundles (data
not shown). It seems reasonable that the more medial bundles
of brown fat derive from dermomyotome medial to the En1
domain, possibly the Wnt11-expressing cells of the dermo-
myotome, although this possibility was not examined directly.
Other small contributions to interscapular brown fat are not
excluded by these experiments – for example, some
undetected population which also expresses En1 – but the
fact that the marked brown fat bundles are surrounded by
marked muscle and connective tissue and the extensive
labeling of brown fat in the tamoxifen induction experiments
make it unlikely.

Although there is little known about the early development
of brown fat, there is one mutant which supports our finding that
brown fat shares a developmental origin with muscle. Mice
mutant for the myogenic transcription factor myogenin have a
deficit of epaxial muscle and an excess of brown fat bundles in
the cervical and interscapular region (Hasty et al., 1993).
Similarly, fetuses mutant for both Myf5 and MyoD have an
excess of bundles of fat cells in the place of some epaxial
muscles (Kablar et al., 2003), although it was not said if this
ectopic fat is brown or white. An alternative explanation for the
excess of fat in mutants lacking muscles is that the adipocytes
are released from inhibitions on its growth rather than arising
from a change in specification. Nonetheless, considered
together with our current experiments, we conclude that in the
mouse, the central dermomyotome is a tripotent tissue.

Fate maps of dorsal dermis in the mouse

In the chick, the fate of different parts of the somite and
dermomyotome with respect to the dorsal dermis has not been
resolved with agreement on all details, in particular, the origin
of the dermis over the midline (Scaal and Christ, 2004). Our
work in mouse may be different from chick but it conclusively
shows the origin of the midline dermis in the mouse. The results
obtained by temporally restricted activation of Cre recombinase
to 24-h windows show that the central dermomyotome
generates dermis and that it contributes to dermis over the
fetal midline. The extent of contribution cannot be determined
quantitatively from the data due to the low activity of the Cre-
ER fusion protein, but the results from the mutant phenotype
suggest that the contribution is substantial. In the β-catenin
conditional loss-of-function mutants, Dermo1 expression is lost
in the En1 domain, but toward the midline from the En1 domain
there is a small group of cells that continue to express Dermo1.
This group of cells is likely composed of Wnt11-expressing
cells medial to the En1 domain in the dermomyotome. In the β-
catenin conditional mutants, this small group of cells is not
sufficient to rescue later midline Dermo1 expression, the



Fig. 8. Development of dermis is disrupted in En1Cre β-catenin loss-of-function mutant cells dorsally, but not in the flank. (A) In E12.5 embryos, En1 lineage-marked
cells are absent from the subectodermal mesenchyme and there is an indentation in the surface of the embryo over the En1 domain. (B) At E12.5, the expression of
Dermo1 is not detectable in mutant cells. (C) At E14.5, β-catenin loss-of-function cells are present in a loose, cell-poor mesenchyme under the dorsal surface ectoderm.
(E) Laterally on E14.5, lineage-labeled β-catenin loss-of-function cells organize into a typical appearing dense dermis (der). (F) By E16.5, dorsal dermis is absent and
brown fat (bf) bundles are immediately adjacent to the surface ectoderm.
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formation of midline dermis, or the induction of dorsal hair
placodes. These results suggest that some cells medial to the
En1 domain do contribute to the midline dermis, but that their
contribution is minor.

Our fate mapping results and the analysis of the mutants
taken together suggest that there is little lateral dispersion of
En1 cells from the central dermomyotome in the dermal layer,
with the lateral limit probably corresponding to the lateral
boundary of the early expression of En1 in the dermomyotome
and the medial third of the scapula at later stages. Our results in
the mouse and the results of others in the chick (Ben-Yair et al.,
2003) do not appear to be consistent with a substantial early and
direct contribution of DML cells to the midline dermis as
suggested for the mouse (Houzelstein et al., 2000) and chick
(Olivera-Martinez et al., 2002). However, as argued above, they
are consistent with translocation of DML cells into the central
dermomyotome where they turn on En1 (Cheng et al., 2004)
and then give rise to dermis, including the midline dermis later
in development.

The formation of dermis and induction of hair follicle in the
flank of the mutant mice occurs despite the fact that the dermis
in this region of the fetus is lineage-marked and mutant for β-
catenin. We suggest that the difference between flank and dorsal
dermal phenotypes is due to the different timing of β-catenin
loss in these two tissues. En1 is expressed in the flank dermis
after Dermo1 expression, and thus presumably after specifica-
tion of dermal progenitors. Thus, in the β-catenin conditional
loss-of-function mutants where excision is driven by Cre
expressed from the En1 locus, loss of β-catenin should occur
after dermal specification in the flank. β-catenin is required
within the other layer of the skin, the epidermis, for placodes to
form (Huelsken et al., 2001). Within the dermis, transient β-
catenin expression and β-catenin-directed transcriptional activ-
ity have been observed in the dermal condensations preceding
hair follicle formation, and it has been suggested that dermal β-
catenin might be necessary for hair development (DasGupta and
Fuchs, 1999). However, the present results show that β-catenin
is not required in the dermis after dermal progenitor
specification, at least for development of hair placodes in the
flank up to stage E17.5.

When β-catenin is activated in the somite, all mutant cells
express Dermo1, suggesting that the cells are respecified to the
dermal progenitor fate. A comparable marker for brown fat
progenitors is not available, but all or most cells with activated
β-catenin fail to express myogenin. Unless the Dermo1-positive
cells in the β-catenin gain-of-function experiment also are
simultaneously specified to brown fat, it seems likely that
activation of Wnt signal transduction has inhibited brown fat
specification. With loss of β-catenin, Dermo1 expression is lost
in the somite, and there is an apparent increase in myogenin-
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positive cells and some of these cells are located ectopically
where dermal progenitors are normally found. It is not clear if
the myogenin-positive cells were respecified to the myogenic
fate, or whether they are normally specified cells that are
abnormally displaced to the subectodermal mesenchyme due to
the absence of dermis. However, the fact that there are no
significant differences in the proliferation of the mutant cells
and no detectable cell death, it seems likely that these cells have
been respecified. Respecification of somite cells has been
observed previously in mutant embryos, where cells that were in
the myogenic lineage instead adopt dermal and skeletal fates in
the absence of Myf5 (Tajbakhsh et al., 1996). Contradictory to
our report, Wnt signaling has been shown to promote
myogenesis. Our report on myogenin expression in β-catenin
mutants suggests an inhibitory role of Wnt signaling in adopting
myogenic fate. Taken together, our results are consistent
because Dermo1 expression complement myogenin expression
in the gain- and loss-of-function for β-catenin mutants. The
inhibitory role of Wnt signaling in myogenic fate may be due to
a specific population of cells from the En1 lineage-marked cells
in the central dermomyotome.

Instructive role for β-catenin in dorsal dermis specification

Together, the lineage mapping results and the outcomes with
loss-of-function and gain-of-function roles point to an instruc-
tive role for β-catenin and canonical Wnt signaling in dermal
specification. En1-expressing cells of the somite were fate
mapped to dermis, muscle, and interscapular brown fat,
demonstrating that the central dermomyotome tissue is tripotent
in the mouse. The changes in expression of the dermal and
muscle progenitor markers with manipulation of β-catenin
suggest that Wnt signaling is necessary and sufficient for cells
to express Dermo1 and adopt the dermal progenitor fate. The
absence of changes in cell death or DNA synthesis suggests that
if Wnt signal transduction alters survival or growth, the effect is
minor. The complementary changes in myogenic fates support
the idea that the role of Wnt signalling is instructive. The
temporal requirement for β-catenin at the time of dermal
specification, and not for subsequent differentiation and
survival, shows that the role of Wnt signaling is limited to the
window around specification. The pattern of expression of the
reporter gene for β-catenin transcriptional activity in normal
embryos suggests that cells underneath the surface ectoderm
convert Wnt signals into transcriptional activity. This transcrip-
tional activation is present only in En1 lineage cells close to the
surface ectoderm, those which express Dermo1 and presumably
later form dermis and not the deeper cells that become muscle
and brown fat. This pattern of Wnt signal transduction and
specification is most consistent with a Wnt signal produced
locally from the surface ectoderm. The surface ectoderm is the
site of expression of multiple Wnt genes in the mouse and at
least one Wnt in the chick (Parr et al., 1993; Rodriguez-
Niedenfuhr et al., 2003; Schubert et al., 2002; Tajbakhsh et al.,
1998). Deeper cells derived from the En1 domain might adopt
brown fat and muscle fates due to attenuated Wnt signals, or due
to the predominance of other signals. Our results do not suggest
what mechanism selects between the muscle and brown fat fates
but do indicate that Wnt signalling is inhibitory for the adoption
of these fates. From these results, we propose that Wnt signals
from the surface ectoderm are transduced by central dermo-
myotome cells close the surface ectoderm, and that this instructs
cells to select the dermal progenitor fate from the three fates
available to them.

How transduction of Wnt signals causes central dermomyo-
tome cells to select the dermal fate is not clear. Although Wnt
signals induce and maintain En1 expression in the somite
(Cheng et al., 2004; Ikeya and Takada, 1998; Olivera-Martinez
et al., 2002) (our unpublished results), En1 is not necessary for
the development of dermis, muscle, or brown fat (data not
shown). The identification of the genes that respond to β-
catenin activation and select the dermal fate is the next step in
understanding dermal specification.

Methods

Mice

En1Cre (Kimmel et al., 2000), En1LacZ (Loomis et al., 1998), En1Cre-ER
(Sgaier et al., 2005), Rosa-floxed Stop-LacZ Reporter (Soriano, 1999), TCF/
Lef-LacZ reporter (Liu et al., 2003), β-catenin conditional loss-of-function
(Brault et al., 2001), and β-catenin conditional gain-of-function (Harada et al.,
1999) mice and embryos were genotyped as described. Tamoxifen was
administered by gavage to pregnant females as described (Sgaier et al., 2005).
Three to seven embryos from 2 to 3 different litters were analyzed. Pregnant
mice were injected intraperitoneally with 100 mg/kg BrdU (Sigma).

In situ hybridization, immunocytochemistry, histochemistry, and
histology

Embryos were fixed for 30 min to 1 h in 4% paraformaldehyde in PBS,
washed in PBS, and equilibrated in a graded series of solutions up to 25%
sucrose and embedded in OCT (Tissue-Tek). Frozen sections at the forelimb
level were processed for in situ hybridization (Holmes and Niswander, 2001).
For whole-mount in situ hybridization, E14.5 embryos were fixed in 4%
paraformaldehyde in PBS overnight and then processed as described
(Henrique et al., 1995), except that the protease treatment was 7.5 μg/ml
proteinase K for 15 min at room temperature and the color reaction was
developed with BM Purple (Roche). The mouse Dermo1 probe was a gift from
Eric Olson and the Ptch1 plasmid was a gift from Matt Scott. For
immunocytochemistry, frozen sections were treated as described (Yamada et
al., 1993). Antibodies used were against rat myogenin (monoclonal, 1:1.5;
Developmental Studies Hybridoma Bank, IA), β-galactosidase (goat, 1:500,;
Biogenesis), BrdU (monoclonal, 1:8; Roche), as well as appropriate secondary
antibodies conjugated to FITC or Cy3 (1:250; Jackson Immunoresearch).
Histochemical staining for β-galactosidase expression from reporter transgenes
was performed on frozen sections of embryos processed as described (Rivera-
Perez et al., 1999). For histology, E16.5 embryos were fixed for 8 h in 4%
paraformaldehyde in PBS, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin.

Cell proliferation and apoptosis

Two hours after BrdU injection, embryos were harvested, fixed for 1 h in 4%
paraformaldehyde in PBS, and processed for frozen sections as described above.
Sections were treated with 1 M HCl at 50°C for 2 min, washed, and stained with
mouse anti-BrdU (2 μg/ml, Roche) followed by biotinylated secondary antibody
(1:250 Vector), amplified using the reagents of an ABC kit (Vectastain), and
visualized by 3,3′-diaminobenzidine staining and counterstaining with hema-
toxylin. Apoptotic cell death was assayed by TUNEL using TMR Red (Roche)
according to the kit's instructions.



175R. Atit et al. / Developmental Biology 296 (2006) 164–176
Acknowledgments

Many thanks to M. Barna, J. Halliday, M. Warman, H. Salz,
S. Weatherbee, and I. Zohn for their critical reading of the
manuscript and to John Myers for technical assistance. This
work was supported in part by the NIH (RAC), the NIH-NRSA
fellowship (RA), and the Cancer Center Support Grant (LN).
LN and ALJ are investigators of the Howard Hughes Medical
Institute.
References

Aulehla, A., Wehrle, C., Brand-Saberi, B., Kemler, R., Gossler, A., Kanzler, B.,
Herrmann, B.G., 2003. Wnt3a plays a major role in the segmentation clock
controlling somitogenesis. Dev. Cell 4, 395–406.

Ben-Yair, R., Kalcheim, C., 2005. Lineage analysis of the avian dermomyotome
sheet reveals the existence of single cells with both dermal and muscle
progenitor fates. Development 132, 689–701.

Ben-Yair, R., Kahane, N., Kalcheim, C., 2003. Coherent development of
dermomyotome and dermis from the entire mediolateral extent of the dorsal
somite. Development 130, 4325–4336.

Brault, V., Moore, R., Kutsch, S., Ishibashi, M., Rowitch, D.H., McMahon, A.P.,
Sommer, L., Boussadia, O., Kemler, R., 2001. Inactivation of the beta-
catenin gene by Wnt1-Cre-mediated deletion results in dramatic brain
malformation and failure of craniofacial development. Development 128,
1253–1264.

Cannon, B., Nedergaard, J., 2004. Brown adipose tissue: function and
physiological significance. Physiol. Rev. 84, 277–359.

Capdevila, J., Tabin, C., Johnson, R.L., 1998. Control of dorsoventral somite
patterning by Wnt-1 and beta-catenin. Dev. Biol. 193, 182–194.

Chang, C.H., Jiang, T.X., Lin, C.M., Burrus, L.W., Chuong, C.M., Widelitz, R.,
2004. Distinct Wnt members regulate the hierarchical morphogenesis of skin
regions (spinal tract) and individual feathers. Mech. Dev. 121, 157–171.

Cheng, L., Alvares, L.E., Ahmed, M.U., El-Hanfy, A.S., Dietrich, S., 2004. The
epaxial–hypaxial subdivision of the avian somite. Dev. Biol. 274, 348–369.

Christ, B., Huang, R., Scaal, M., 2004. Formation and differentiation of the
avian sclerotome. Anat. Embryol. (Berl) 208, 333–350.

DasGupta, R., Fuchs, E., 1999. Multiple roles for activated LEF/TCF transcription
complexes during hair follicle development and differentiation. Development
126, 4557–4568.

Davidson, D., Graham, E., Sime, C., Hill, R., 1988. A gene with sequence
similarity to Drosophila engrailed is expressed during the development of
the neural tube and vertebrae in the mouse. Development 104, 305–316.

Davis, C.A., Holmyard, D.P., Millen, K.J., Joyner, A.L., 1991. Examining
pattern formation in mouse, chicken and frog embryos with an En-specific
antiserum. Development 111, 287–298.

Fan, C.M., Tessier-Lavigne, M., 1994. Patterning of mammalian somites by
surface ectoderm and notochord: evidence for sclerotome induction by a
hedgehog homolog. Cell 79, 1175–1186.

Fan, C.M., Lee, C.S., Tessier-Lavigne, M., 1997. A role for WNT proteins in
induction of dermomyotome. Dev. Biol. 191, 160–165.

Galli, L.M., Willert, K., Nusse, R., Yablonka-Reuveni, Z., Nohno, T.,
Denetclaw, W., Burrus, L.W., 2004. A proliferative role for Wnt-3a in
chick somites. Dev. Biol. 269, 489–504.

Gossler, A., Hrabe de Angelis, M., 1998. Somitogenesis. Curr. Top. Dev. Biol.
38, 225–287.

Gros, J., Manceau, M., Thome, V., Marcelle, C., 2005. A common somitic origin
for embryonic muscle progenitors and satellite cells. Nature 435, 954–958.

Hanks, M., Wurst, W., Anson-Cartwright, L., Auerbach, A.B., Joyner, A.L.,
1995. Rescue of the En-1 mutant phenotype by replacement of En-1 with
En-2. Science 269, 679–682.

Harada, N., Tamai, Y., Ishikawa, T., Sauer, B., Takaku, K., Oshima, M., Taketo,
M.M., 1999. Intestinal polyposis in mice with a dominant stable mutation of
the beta-catenin gene. EMBO J. 18, 5931–5942.

Hasty, P., Bradley, A., Morris, J.H., Edmondson, D.G., Venuti, J.M., Olson, E.N.,
Klein, W.H., 1993. Muscle deficiency and neonatal death in mice with a
targeted mutation in the myogenin gene. Nature 364, 501–506.

Henrique, D., Adam, J., Myat, A., Chitnis, A., Lewis, J., Ish-Horowicz, D.,
1995. Expression of a Delta homologue in prospective neurons in the chick.
Nature 375, 787–790.

Hirsinger, E., Jouve, C., Dubrulle, J., Pourquie, O., 2000. Somite formation and
patterning. Int. Rev. Cytol. 198, 1–65.

Holmes, G., Niswander, L., 2001. Expression of slit-2 and slit-3 during chick
development. Dev. Dyn. 222, 301–307.

Houzelstein, D., Cheraud, Y., Auda-Boucher, G., Fontaine-Perus, J., Robert, B.,
2000. The expression of the homeobox gene Msx1 reveals two populations
of dermal progenitor cells originating from the somites. Development 127,
2155–2164.

Huelsken, J., Vogel, R., Erdmann, B., Cotsarelis, G., Birchmeier, W., 2001. β-
Catenin controls hair follicle morphogenesis and stem cell differentiation in
the skin. Cell 105, 533–545.

Ikeya, M., Takada, S., 1998. Wnt signaling from the dorsal neural tube is
required for the formation of the medial dermomyotome. Development 125,
4969–4976.

Kablar, B., Krastel, K., Tajbakhsh, S., Rudnicki, M.A., 2003. Myf5 and MyoD
activation define independent myogenic compartments during embryonic
development. Dev. Biol. 258, 307–318.

Kassar-Duchossoy, L., Giacone, E., Gayraud-Morel, B., Jory, A., Gomes, D.,
Tajbakhsh, S., 2005. Pax3/Pax7 mark a novel population of primitive
myogenic cells during development. Genes Dev. 19, 1426–1431.

Kimmel, R.A., Turnbull, D.H., Blanquet, V., Wurst, W., Loomis, C.A., Joyner,
A.L., 2000. Two lineage boundaries coordinate vertebrate apical ectodermal
ridge formation. Genes Dev. 14, 1377–1389.

Kishimoto, J., Burgeson, R.E., Morgan, B.A., 2000. Wnt signaling maintains the
hair-inducing activity of the dermal papilla. Genes Dev. 14, 1181–1185.

Li, L., Cserjesi, P., Olson, E.N., 1995. Dermo-1: a novel twist-related bHLH
protein expressed in the developing dermis. Dev. Biol. 172, 280–292.

Linker, C., Lesbros, C., Gros, J., Burrus, L.W., Rawls, A., Marcelle, C., 2005. β-
Catenin-dependent Wnt signalling controls the epithelial organisation of
somites through the activation of paraxis. Development 132, 3895–3905.

Liu, H., Mohamed, O., Dufort, D., Wallace, V.A., 2003. Characterization of Wnt
signaling components and activation of the Wnt canonical pathway in the
murine retina. Dev. Dyn. 227, 323–334.

Lo Celso, C., Prowse, D.M., Watt, F.M., 2004. Transient activation of beta-
catenin signalling in adult mouse epidermis is sufficient to induce new hair
follicles but continuous activation is required to maintain hair follicle
tumours. Development 131, 1787–1799.

Loomis, C.A., Kimmel, R.A., Tong, C.X., Michaud, J., Joyner, A.L., 1998.
Analysis of the genetic pathway leading to formation of ectopic apical
ectodermal ridges in mouse Engrailed-1 mutant limbs. Development 125,
1137–1148.

Mauger, A., 1972. The role of somitic mesoderm in the development of dorsal
plumage in chick embryos: I. Origin, regulative capacity and determination
of the plumage-forming mesoderm. J. Embryol. Exp. Morphol. 28,
313–341.

Nakaya, Y., Kuroda, S., Katagiri, Y.T., Kaibuchi, K., Takahashi, Y., 2004.
Mesenchymal–epithelial transition during somitic segmentation is regulated
by differential roles of Cdc42 and Rac1. Dev. Cell 7, 425–438.

Nicol, S.C., Pavlides, D., Andersen, N.A., 1997. Nonshivering thermogenesis in
marsupials: absence of thermogenic response to beta 3-adrenergic agonists.
Comp. Biochem. Physiol., Part A Mol. Integr. Physiol. 117, 399–405.

Nowicki, J.L., Takimoto, R., Burke, A.C., 2003. The lateral somitic frontier:
dorso-ventral aspects of anterio-posterior regionalization in avian embryos.
Mech. Dev. 120, 227–240.

Olivera-Martinez, I., Coltey, M., Dhouailly, D., Pourquie, O., 2000.
Mediolateral somitic origin of ribs and dermis determined by quail-chick
chimeras. Development 127, 4611–4617.

Olivera-Martinez, I., Thelu, J., Teillet, M.A., Dhouailly, D., 2001. Dorsal dermis
development depends on a signal from the dorsal neural tube, which can be
substituted by Wnt-1. Mech. Dev. 100, 233–244.

Olivera-Martinez, I., Missier, S., Fraboulet, S., Thelu, J., Dhouailly, D., 2002.
Differential regulation of the chick dorsal thoracic dermal progenitors from
the medial dermomyotome. Development 129, 4763–4772.



176 R. Atit et al. / Developmental Biology 296 (2006) 164–176
Ordahl, C.P., Le Douarin, N.M., 1992. Two myogenic lineages within the
developing somite. Development 114, 339–353.

Ordahl, C.P., Berdougo, E., Venters, S.J., Denetclaw Jr., W.F., 2001. The
dermomyotome dorsomedial lip drives growth and morphogenesis of both
the primary myotome and dermomyotome epithelium. Development 128,
1731–1744.

Oro, A.E., Higgins, K.M., Hu, Z., Bonifas, J.M., Epstein Jr., E.H., Scott, M.P.,
1997. Basal cell carcinomas in mice overexpressing sonic hedgehog.
Science 276, 817–821.

Parr, B.A., Shea, M.J., Vassileva, G., McMahon, A.P., 1993. Mouse Wnt genes
exhibit discrete domains of expression in the early embryonic CNS and limb
buds. Development 119, 247–261.

Pourquie, O., 2001. Vertebrate somitogenesis. Annu. Rev. Cell Dev. Biol. 17,
311–350.

Relaix, F., Rocancourt, D., Mansouri, A., Buckingham, M., 2005. A Pax3/Pax7-
dependent population of skeletal muscle progenitor cells. Nature 435,
948–953.

Ridanpaa, M., Fodde, R., Kielman, M., 2001. Dynamic expression and nuclear
accumulation of beta-catenin during the development of hair follicle-derived
structures. Mech. Dev. 109, 173–181.

Rivera-Perez, J.A., Wakamiya, M., Behringer, R.R., 1999. Goosecoid acts
cell autonomously in mesenchyme-derived tissues during craniofacial
development. Development 126, 3811–3821.

Rodriguez-Niedenfuhr, M., Dathe, V., Jacob, H.J., Prols, F., Christ, B., 2003.
Spatial and temporal pattern of Wnt-6 expression during chick development.
Anat. Embryol. (Berl) 206, 447–451.

Rothwell, N.J., Stock, M.J., 1985. Biological distribution and significance of
brown adipose tissue. Comp. Biochem. Physiol., Part AMol. Integr. Physiol.
82, 745–751.

Sassoon, D., Lyons, G., Wright, W.E., Lin, V., Lassar, A., Weintraub, H.,
Buckingham, M., 1989. Expression of two myogenic regulatory factors
myogenin and MyoD1 during mouse embryogenesis. Nature 341, 303–307.

Scaal, M., Christ, B., 2004. Formation and differentiation of the avian
dermomyotome. Anat. Embryol. (Berl) 208, 411–424.
Schmidt-Ullrich, R., Paus, R., 2005. Molecular principles of hair follicle
induction and morphogenesis. BioEssays 27, 247–261.

Schmidt, C., Stoeckelhuber, M., McKinnell, I., Putz, R., Christ, B., Patel, K.,
2004. Wnt 6 regulates the epithelialisation process of the segmental plate
mesoderm leading to somite formation. Dev. Biol. 271, 198–209.

Schubert, F.R., Mootoosamy, R.C., Walters, E.H., Graham, A., Tumiotto, L.,
Munsterberg, A.E., Lumsden, A., Dietrich, S., 2002. Wnt6 marks sites of
epithelial transformations in the chick embryo. Mech. Dev. 114, 143–148.

Sgaier, S.K.,Millet, S., Villanueva,M.P., Berenshteyn, F., Song, C., Joyner, A.L.,
2005. Morphogenetic and cellular movements that shape the mouse
cerebellum; insights from genetic fate mapping. Neuron 45, 27–40.

Silva-Vargas, V., Lo Celso, C., Giangreco, A., Ofstad, T., Prowse, D.M., Braun,
K.M., Watt, F.M., 2005. Beta-catenin and Hedgehog signal strength can
specify number and location of hair follicles in adult epidermis without
recruitment of bulge stem cells. Dev. Cell 9, 121–131.

Smith, T.H., Kachinsky, A.M., Miller, J.B., 1994. Somite subdomains, muscle
cell origins, and the four muscle regulatory factor proteins. J. Cell Biol. 127,
95–105.

Soriano, P., 1999. Generalized lacZ expression with the ROSA26 Cre reporter
strain. Nat. Genet. 21, 70–71.

Tajbakhsh, S., Rocancourt, D., Buckingham, M., 1996. Muscle progenitor cells
failing to respond to positional cues adopt non-myogenic fates in myf-5 null
mice. Nature 384, 266–270.

Tajbakhsh, S., Borello, U., Vivarelli, E., Kelly, R., Papkoff, J., Duprez, D.,
Buckingham, M., Cossu, G., 1998. Differential activation of Myf5 and
MyoD by different Wnts in explants of mouse paraxial mesoderm and the
later activation of myogenesis in the absence of Myf5. Development 125,
4155–4162.

Yamada, T., Pfaff, S.L., Edlund, T., Jessell, T.M., 1993. Control of cell pattern in
the neural tube: motor neuron induction by diffusible factors from notochord
and floor plate. Cell 73, 673–686.

Zinyk, D.L., Mercer, E.H., Harris, E., Anderson, D.J., Joyner, A.L., 1998. Fate
mapping of the mouse midbrain-hindbrain constriction using a site-specific
recombination system. Curr. Biol. 8, 665–668.


	β-catenin activation is necessary and sufficient to specify the dorsal dermal fate in the mouse
	Introduction
	Results
	Central dermomyotome contributes to brown fat, dermis, and muscle
	En1 expression precedes Dermo1 in some regions but not others
	Canonical Wnt signal transduction is active prior to and coincident with Dermo1 expression
	β-Catenin activity is necessary and sufficient for dermal specification
	Expression of myogenin is altered in β-catenin mutant cells
	Dorsal dermis is absent in β-catenin mutants

	Discussion
	Triple fate of mouse En1-expressing tissue of the dermomyotome
	Fate maps of dorsal dermis in the mouse
	Instructive role for β-catenin in dorsal dermis specification

	Methods
	Mice
	In situ hybridization, immunocytochemistry, histochemistry, and histology
	Cell proliferation and apoptosis

	Acknowledgments
	References


