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Recent research has broadened significantly our understanding
of how the somite, a specialized mesodermal structure found in
vertebrate embryos, gives rise to the cartilage, muscle and
tendon cell lineages. The specification of somite derivatives
involves the action of patterning signals secreted from adjacent
tissue combined with the activation, in particular somitic
compartments, of genes promoting cell lineage specification. 

Addresses
Harvard Medical School, Department of Genetics, 
200 Longwood Avenue, Boston, Massachusetts 02115, USA
*e-mail: tabin@rascal.med.harvard.edu

Current Opinion in Genetics & Development 2002, 12:548–557

0959-437X/02/$ — see front matter
© 2002 Elsevier Science Ltd. All rights reserved.

Abbreviations
BMP bone morphogenetic protein
DML dorsomedial lip
Gas1 Growth-arrest specific gene 1
ES epaxial somite
FGF fibroblast growth factor
Hh Hedgehog
HSPG heparan sulfate proteoglycan
MEF2 Myocyte enhancer 2
MRF myogenic regulatory factor
PSM presomitic mesoderm
Sfrp2 Secreted frizzled-related protein 2
Shh Sonic hedgehog
Smo Smoothened
VLL ventrolateral lip

Introduction
In the vertebrate embryo, the axial skeleton, skeletal 
muscle and dorsal dermis arise from somites (reviewed in [1]).
These transient, segmentally organized mesodermal structures
bud off as epithelial spheres from the cranial end of the
unsegmented presomitic mesoderm (PSM) that lies on
either side of the neural tube. Once formed, the epithelial
somite is patterned rapidly into distinct compartments that
subsequently give rise to distinct cell lineages. In response
to signals from surrounding tissues, the ventral portion 
of the epithelial somite de-epithelializes to form the 
mesenchymal sclerotome, whereas the dorsal portion, or
dermomyotome, remains an epithelial sheet. As the somite
matures, cells delaminate from the dermomyotome edges
and migrate underneath to form a third compartment, the
myotome, which is located between the dermomyotome
and sclerotome. The sclerotome is the source of the axial
skeleton, the myotome contains skeletal muscle precursors,
and the dermomyotome contributes to the dorsal dermis
and skeletal muscle (see [1] and Figure 1). 

Fate maps reveal that the PSM, epithelial somite and somitic
compartments can be subdivided further into distinct medial

and lateral components [2–4]. The ventromedial sclerotome
gives rise to the vertebral bodies, intervertebral discs, neural
arches and proximal ribs; the dorsomedial sclerotome gives
rise to the spinous process; and the ventrolateral sclerotome
gives rise to the distal portion of the ribs — with possible distal
rib contribution from the lateral dermomyotome [3,5,6].

All epaxial and hypaxial skeletal muscle (which is located,
respectively, dorsal and ventral to the notochord and
defined by their source of innervation) is derived from the
dermomyotome [2,7]. At the dorsomedial edge or lip
(DML) of the dermoyotome, cells move underneath to
form the epaxial myotome [8], which then differentiates
rapidly into the back muscles. Central dermomyotome
cells de-epithelialize to form the dorsal dermis [3]. The
ventrolateral dermomyotome’s behavior depends on axial
level. At limb bud levels, ventrolateral edge dermomyo-
tome cells delaminate and migrate into the lateral plate
mesoderm where they differentiate to form limb and limb
girdle muscle [9]. At interlimb levels, cells at the ventro-
lateral edge or lip (VLL) of the dermomyotome translocate
underneath to produce the hypaxial myotome [10,11]. The
ventrolateral dermomyotome and myotome invade the 
lateral plate mesoderm together as a somitic bud, which gives
rise to the body wall and abdominal muscle [12] (Figure 1). 

Here we review advances made in the past year in somite
patterning and compartmentalization, and in the regulation
of somitic derivatives.

Myotome formation
Although the dermomyotomal origin of the myotome is
well established (reviewed in [1]), the mechanism by
which dermomyotomal cells generate the myotome
remains the subject of much debate. Two principal models
have emerged from experiments with avian embryos;
although the differences between them have not been
resolved as yet, in the past year much evidence has been
published in support of each.

Ordahl and colleagues propose that DML [8] and VLL cells
[10] translocate directly underneath the dermomyotome to
form the subjacent myotome layer. Once in the myotome,
myofibers elongate below the dermomyotome rostrally and
caudally, and myotome expansion proceeds mediolaterally;
thus, older myofibers are displaced laterally as newer fibers
translocate into the myotome medially. Surgical ablation and
dye-labeling studies show that the DML is both necessary
and sufficient for the formation and growth of the epaxial
myotome and overlying dermomyotome epithelium, and
that DML cells translocate directly into the myotome 
without prior translational movement [13•,14•]. 
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In the second model, Kalcheim and colleagues [15,16] 
propose that there are distinct waves of myotome growth.
In the first wave, the dorsomedial somite is the initial
source of epaxial myotome progenitors. But instead of
translocating directly, muscle progenitors first migrate 
rostrally before integrating into the incipient myotome.
Subsequent growth occurs when a second wave of 
myogenic precursors translocate directly into the myotome
from the rostral and caudal dermomyotome lips, and then
intercalate with pre-existing myofibers. If any DML or

VLL contribution to myotome growth does occur, it is
thought to be preceded by translational movement to the
rostral and caudal dermomyotome lips [11]. 

Dye-lineage analysis shows that the DML and VLL 
muscle precursors first delaminate into the ‘sub-lip
domain’, an intermediate layer located underneath the
DML and VLL [17•], and then migrate to the rostral and
caudal lips before translocating into the myotome.
Although the sub-lip domain cells do not express the
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Overview of somite formation and compartmentalization in a 3-day
(28-somite) chick embryo. (a) Somites (black) bud off from the cranial
end of the presomitic mesoderm (PSM), which is located on either side
of the neural tube. Somite formation and maturation occur in a
craniocaudal gradient. (b–f) Cross-sections through the embryo at the
indicated axial levels. (b) Section at the level of the PSM (blue).
Surrounding tissues, such as the neural tube and notochord, are
involved in patterning the newly segmented somite. (c) Section through
a just-formed epithelial somite (blue) at the hindlimb level. (d) In
response to signals from surrounding tissues, the somite divides into
two compartments: the ventral mesenchymal sclerotome (green), and
the dorsal epithelial dermomyotome (blue). The sclerotome will give rise
to the axial skeleton, and the dermomyotome to the dorsal dermis and
skeletal muscle. The dorsomedial and ventrolateral lips (DML and VLL)
of the dermomyotome (yellow) are the initial delamination sites for cells
that will form a third compartment, the myotome. (e) As the somite
matures, cells delaminate from the dermomyotome edges and migrate

underneath to form the myotome (yellow), which contains the skeletal
muscle progenitors. The epaxial myotome, which is derived from the
DML, differentiates rapidly to form the back muscles. At thoracic levels,
VLL dermomyotome cells give rise to the hypaxial myotome, which,
together with the lateral dermomyotome, forms a somitic bud that
invades the lateral plate mesoderm and gives rise to the body wall and
abdominal muscle (indicated by arrows). The cells at the corners of the
sclerotome (pink) begin to be specified into different components of the
axial skeleton. Ventromedial sclerotome will give rise to the vertebral
bodies, neural arches and proximal ribs; dorsomedial sclerotome will
give rise to the spinous process of the vertebrae; and ventrolateral
sclertome, which invades the lateral plate mesoderm, will give rise to the
distal portion of the ribs, with a possible contribution from the lateral
dermomyotome. (f) At the level of the limb bud, cells from the lateral
edge of the dermomyotome (yellow) delaminate and migrate into the
lateral plate mesoderm, where they differentiate to form limb and limb
girdle muscle.
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DML/VLL marker, Pax3, or desmin, a marker of 
differentiated myofibers, they do express the myogenic
progenitor markers, MyoD and Myf5, as well as the fibroblast
growth factor (FGF) receptor, FREK, a marker of proliferating
cells. Thus, sub-lip domain cells are both mitotically active
and specified to become myofibers, which suggests that
they contribute to myotome growth.

A later, third wave of myotome growth occurs when another
population of mitotically active cells enter the myotome
from the rostral and caudal dermomyotome edges [18•].
Unlike the muscle progenitors that contributed to the first
and second waves, these cells do not express MyoD and
Myf5; however, they do express FREK and they respond
to FGF4 expression in the differentiated myotome by pro-
liferating and moving toward the center of the myotome.
This identification of a later appearing, mitotically 
competent population of muscle progenitors provides a
mechanism for growth of the postmitotic myotome.

While most studies on myotome formation employ the 
easily manipulable avian embryo, Eloy-Trinquet and
Nicolas [19•] have used lineage analysis of LacZ clones in
the mouse [20] to observe the separation of the myotome
into epaxial and hypaxial domains. Analysis of LacZ clones
shows that medial and lateral myotome precursors are
regionalized before somite segmentation and separate
clonally once segmentation has occurred. On the basis of
the mediolateral location of the LacZ clones, Eloy-Trinquet
and Nicolas [19•] propose a regionalized model for
myotome formation in the mouse embryo in which the site
of dermomyotomal myogenic precursors corresponds to
that of their descendents in the subjacent myotome. Thus,
the dorsomedial dermomyotome, central dermomyotome
and ventrolateral dermomyotome would be the respective
sources of the dorsalmost epaxial myotome, central myotome
and hypaxial myotome. Although the regionalized model is
not consistent with the proposed mediolateral direction of
myotome growth [21], analysis of somitic gene expression
domains does suggest that the medial and lateral 
dermomyotome and myotome are subdivided into a 
dorsal-most area including the DML, a centrally located
intercalated region and a ventral-most area including the
VLL [22•].

Lateral sclerotome and distal rib formation
Shortly before sclerotome formation, Pax1 is activated in
the ventral somite and continues to be expressed in the
sclerotome after de-epitheliazation. During vertebral 
morphogenesis, Pax1 remains a good marker of the 
ventromedial sclerotome but is downregulated in the 
dorsomedial and ventrolateral sclerotome. Although it is
thought that the distal rib primordia arise from the lateral
portion of the somite [3], there has been some debate over
whether the lateral dermomyotome or lateral sclerotome is
the source [5,6]. Absence of a ventrolateral sclerotome
marker heretofore made it difficult to analyze the behavior
of these cells.

Sudo et al. [23•] have now shown, however, that in chick
the Mesenchymal forkhead-1 gene (Mfh-1) is highly
expressed in the sclerotome, including the ventrolateral
sclerotome component of the somitic bud that invades the
lateral plate mesoderm at thoracic levels, and also seems to
be expressed in the prospective cartilaginous tissue during
rib formation. A comparison of Mfh-1 expression with that
of Pax3, which marks the dermomyotomal somitic bud that
gives rise to the body wall and abdominal muscles, shows
that the two are closely associated; this suggests that rib
and body wall muscle primordia invade the lateral plate
mesoderm as a unit, and that interactions might occur
between the incipient ribs and intercostal muscles during
their migration and development. Such interactions 
might explain why manipulations that cause defects in 
dermomyotome development, such as removing the 
surface ectoderm, also cause distal rib defects [5,23•,24,25]
and why several gene mutations that alter dermomyotome
and myotome formation in the mouse, such as Pax3,
Myogenic regulatory factor 4 (MRF4) and Myogenin, also
result in distal rib defects [26,27].

Bone morphogenetic proteins (BMPs) that are expressed
in the lateral plate mesoderm seem to be involved in 
penetration of the somatopleure by both the dorsal and
ventral somitic bud: inhibition of BMP signaling by
Noggin results in impaired somitic bud invasion and 
defective distal rib formation [23•].

Localization of signaling during dorsoventral
patterning of the somite
Grafting and rotation experiments in the avian embryo
show that cells in the newly formed somite are not yet
restricted in their fate [2,28,29]. But the mediolateral and
dorsoventral axes become patterned in response to extrinsic
signals from surrounding tissues, after which the various
somitic compartments become determined [30,31]. Some
of the tissue interactions and signals that pattern the
somitic compartments have been identified through 
ablation, grafting and coculture experiments in chick and
through mutation analysis in mice. 

Ventral midline expression of Sonic hedgehog (Shh) and
Noggin in the notochord and floorplate are required 
for inducing and maintaining the sclerotome [24,32–42].
Medial dermomyotome formation depends on the expres-
sion of Wnt1 and Wnt3a in the dorsal neural tube
[24,35,37,38,43–49], and lateral dermomyotome induction
requires contact-mediated signaling by Wnt4, Wnt6 and
Wnt7a in the surface ectoderm [24,35,45]. Myotome 
formation is dependent both on ventral midline Shh signaling
for inducing expression of the earliest MRFs, MyoD and
Myf5 [24,37,38,40,50,51], and on Wnt signaling from the
dorsal neural tube and surface ectoderm for maintaining
MRF expression [24,25,37,38,48,52,53]. Because Shh and
Wnts are secreted molecules that can act at a distance
greater than the length of a somite in vitro [35,45,54], it is
likely that somitic dorsoventral patterning results from a
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balance between gradients of dorsalizing and ventralizing
signals. Thus, at high concentrations ventralizing signals
induce sclerotome and dorsalizing signals induce dermo-
myotome, whereas at intermediate concentrations both
signals induce myotome [24,37,38] (Figure 2). 

How, then, are dorsalizing signals prevented from dorsalizing
the ventral somite and ventralizing signals prevented from
ventralizing the dorsal somite — given that both sets of
signals have long-range activity? One possibility is that
competitive inhibitors limit the distance at which the 
signaling molecules can act. The Wnt antagonist Secreted
frizzled-related protein 2 (Sfrp2) is expressed in the sclero-
tome and upregulated in PSM explants in response to 
Shh signaling, and can block the dermomyotome-inducing
activity of Wnt1 and Wnt4 in PSM explants [55].
Expression of a Shh-inducible Wnt antagonist in the 
ventral somite suggests that Shh itself blocks the long-
range dorsalizing activity of Wnts in the sclerotome. 

Similarly, there is evidence for a Wnt-inducible antagonist
of Shh signaling that functions during somite patterning.

Identified in a screen for genes whose products interact
with Shh, Growth-arrest specific gene 1 (Gas1), a glyco-
sylphosphatidylinositol-linked membrane glycoprotein, is
expressed in the dorsal somite and induced by Wnts in
PSM explant cultures [56•]. Gas1 can bind recombinant
Shh protein and seems to diminish Shh activity in explant
cultures, as assayed by transcription of the Shh-responsive
genes Pax1 and Patched. So like Sfrp2, Gas1 might function
in the dorsal somite as a Wnt-inducible Shh antagonist that
binds Shh and prevents long-range Shh signaling from
ventralizing the dorsal somite (Figure 2).

Long-range signaling activity can also be restricted
through the localization of signal responses. Heparan 
sulfate proteoglycans (HSPGs) are cell-surface localized
molecules that influence the activity of various develop-
mental signals, such as FGFs and Wnts, by restricting their
availability for receptor binding. The ability of HSPGs to
regulate cell signaling depends on their sulfation state.
QSulf1, a member of a family of evolutionarily conserved
heparan-specific N-acetyl glucosamine sulfatases that
function in the desulfation of HSPGs, was identified in a

Figure 2

A model for the localization of signaling during
dorsoventral patterning. A cross-section
through a compartmentalized somite. Shortly
after formation, the dorsoventral axis is
patterned rapidly in response to extrinsic
signals from surrounding tissues (left).
Dorsoventral patterning of the somite results
from a balance between gradients of
dorsalizing and ventralizing signals. At high
concentrations ventralizing signals, namely
Shh, which is expressed in the notochord and
floorplate (pink), induce sclerotome formation
(green) and dorsalizing signals, namely Wnts,
which are expressed in the dorsal neural tube
and surface ectoderm (light blue), induce
dermomyotome formation (dark blue). When
ventralizing and dorsalizing signals are
present at intermediate levels, the myotome is
induced (gray). As Shh and Wnts are
secreted molecules with long-range signaling
activities that can act at a distance of more
than one somite’s length in vitro (indicated by
opposing and overlapping pink and light blue
gradients; overlap is purple), how are
dorsalizing signals prevented from dorsalizing
the ventral somite and vice versa? As shown
on the right, molecules that inhibit long-range
signaling activities or that act to localize signal
responses have been identified. Sfrp2 (red), a
Wnt antagonist, is activated in the ventral
somite by Shh, where it functions to block
(red lines) Wnts from dorsalizing the
sclerotome. Reciprocally, Gas1 (yellow), a
Shh antagonist, is activated in the dorsal
somite by Wnts, where it functions to block
(yellow lines) Shh from ventralizing the
dermomyotome. Last, QSulf1 (orange), an
extracellular sulfatase, is activated in the
epaxial myogenic progenitors of the myotome

in response to Shh signaling. QSulf1
potentiates Wnt signaling (orange arrows) by
enhancing the ability of the QSulf1-expressing
cells to respond to Wnts. In this model, the
long-range activities of dorsalizing and

ventralizing signals are restricted (indicated by
localized pink and light blue gradients) by
competitive inhibitors and by signal-response
localization, which results in proper
dorsoventral patterning of the somite.
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screen for Shh response genes that are activated in quail
embryos during somite formation [57••]. 

QSulf1 is coexpressed with MyoD and Myf5 in epaxial
muscle progenitors — a population of cells dependent on
ventral midline Shh signaling [24,36,40,42,50,51,58–60].
Using antisense oligonucleotides, Dhoot et al. [57••]
demonstrated that QSulf1 activation in the epaxial somite
requires Shh signaling. Loss of QSulf1 results in loss of
MyoD expression, while Myf5 and Pax1, two targets of
Shh signaling, remain unaffected. Since MyoD is induced
by Wnts [61,62], it is possible that Shh-induced QSulf1
acts to modulate Wnt signaling.

QSulf1 is localized at the cell surface, where it functions as
a sulfatase, and can activate Wnt signaling 17-fold in
C2C12 muscle progenitor cells cocultured with Wnt1-
expressing cells. Thus, it is likely that HSPGs in the
extracellular matrix normally bind secreted Wnts and 
prevent them from binding their receptors. In cells with
extracellular QSulf1, however, HSPGs are desulfated and
bound Wnts are released for receptor binding and activation
of the Wnt pathway. The induction of QSulf1 by Shh in
epaxial muscle progenitors provides a rationale for how
Wnt signaling is activated in this particular dorsal cell 
population and is restricted from influencing the ventral
compartments (Figure 2).

Short-range Shh signaling and axial
cartilage development
It is well established that secreted signals from ventral
midline tissues are required for formation of the sclero-
tome and axial skeleton [24,32–34,58]. In molecular terms,
short-range ventral midline Shh signaling induces sclero-
tome formation during somitic dorsoventral patterning
[35,36,39,40,54,63,64], and induction of Pax1 and Pax9 by
Shh in the ventral somite is necessary for vertebral and rib
development [63,65–68]. Although studies in quail embryo
indicate that Shh is both necessary and sufficient for
inducing Pax1 in the ventral somite [40], analyses of Shh
mutant mice have been less conclusive.

In mice with targeted disruption of Shh, most sclerotomal
derivatives, including the whole vertebral column and part
of the ribs, are missing [39]. Weak Pax1 expression is
induced in the ventral somite but subsequently lost when
Pax1-expressing cells undergo apoptosis, which suggests
that, unlike in the avian embryo, Shh is required in the
mouse for maintaining but not inducing Pax1. Analysis of
Pax1 expression in mice with mutations in Smoothened
(Smo) has resolved this discrepancy [69•]. Smo, a multipass
membrane protein, is involved in signaling by all three 
vertebrate Hh homologs, Shh, Indian Hh, and Desert Hh;
thus, a Smo mutation results in loss of all Hh signaling.
Unlike in Shh mutants, Pax1 is not activated in the sclero-
tome in Smo mutants, which suggests that induction of
Pax1 in Shh mutants is probably dependent on another 
Hh signal, possibly Indian Hh, that is expressed in the 

developing embryonic gut or yolk sac endoderm [69•].
Thus, in the mouse embryo, as in the chick embryo, there
is an absolute requirement for Hh signaling in Pax1 induction.

Although Shh drives sclerotome induction, differentiation
into some axial cartilage elements may not require the
maintenance of Shh signaling — particularly for sclerotome
cells, which migrate dorsally during vertebral development.
Dorsomedial sclerotome downregulates the expression of
Pax1, which suggests that Shh acts only transiently on
these cells. Although Shh signaling has a role in development
of the ventral vertebral structures that arise from the 
ventromedial sclerotome, which expresses Pax1 and migrates
ventrally, BMP4 functions in the development of dorsal
vertebral structures that arise from the dorsomedial sclerotome,
which shuts off Pax1 and migrates dorsally [63,70,71].

In a PSM explant model for BMP-dependent chondrogenesis,
BMPs promoted chondrogenesis only after sustained or
transient exposure to Shh [64], which suggests that Shh
may render sclerotomal cells competent to respond to 
cartilage-inducing BMP signals. These results imply the
existence of a chondrogenic-promoting factor that is initiated
by transient Shh signals and maintained by BMPs after
cessation of Shh signaling. Murtaugh et al. [72••] have now
identified such a factor. 

Bapx1/Nkx3.2, a homeodomain transcriptional repressor, is
initially expressed in a domain similar to that of Pax1 in the
mouse [73] and the chick [72••], which suggests that
Nkx3.2 might, like Pax1, be induced by Shh. But unlike
Pax1 expression, Nkx3.2 expression is maintained during
chondrogenesis. In PSM explants, Nkx3.2 is induced by
transient exposure of Shh and maintained by BMP signals.
Misexpression of Nkx3.2 in somitic tissue renders the cells
responsive to cartilage-inducing BMP signals even when
previous Shh signaling is absent. Furthermore, misexpression
of Nkx3.2 in vivo leads to expansion of the axial skeleton
and, when Nkx3.2 is converted to a transcriptional activator,
axial chondrogenesis is inhibited. Thus, Nkx3.2 functions
in somitic tissue downstream of short-range Shh signaling
to make the sclerotome competent to form cartilage, possibly
by repressing transcription of factors that inhibit the 
chondrogenic-promoting activity of BMPs (Figure 3).

Long-range Shh signaling and muscle
development
Although it is clear that Shh is required for the development
of epaxial myogenic progenitors [37,38,40,42,50,57••,58,60],
there is debate over whether Shh drives the survival and
proliferation of specific cell types or specifies cell lineage.
Studies have shown that Shh is necessary for both the 
survival of myogenic and chondrogenic precursors in the
somites [74] and the survival and proliferation of hypaxial
limb muscles [75,76]. Analysis of Shh mutant mice has
shown both that Shh is needed for activating Myf5 and
MyoD in the epaxial (but not the hypaxial) somite and
that, although Shh functions in the survival of sclerotomal
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cells in the ventral somite, loss of MRF expression in 
epaxial myogenic progenitors is not due to changes in cell
survival or proliferation [59]. 

It has now been shown that Shh functions directly in the
specification of epaxial muscle. Gustafsson et al. [77••]
demonstrated the presence of an essential binding site for
Gli transcription factors (the effectors of Shh signaling that
act in responding cells) in the Myf5 epaxial somite (ES)
enhancer that drives Myf5 expression in epaxial muscle
progenitors during somite development [77••,78,79].
Because the ES enhancer is not activated either when the
Gli-binding site is mutated or in Shh mutant mice, it is evi-
dent that Shh signaling directly activates Myf5 expression
in epaxial muscle progenitors. This study provides the first
demonstration that Shh signaling is required for the 
specification of a specific cell lineage; furthermore, as was
suspected from in vivo and in vitro work, Shh signaling can
act over long distances in the somite, as has been shown in
the limb after amino-terminal processing and cholesterol
modification of Shh [80•,81•] (Figure 3).

The Gli transcription factors responsible for activating the
Myf5 ES enchancer are not yet clear. In avian embryos, in

response to Wnt signals from the dorsal neural tube and
surface ectoderm, Gli2 and Gli3 are localized to epaxial
muscle progenitors at the site of Myf5 activation [40,60]. It
will be interesting to determine whether similar regulation
and localization of Glis occur in the mouse somite. 

The Myf5 ES enhancer is required for Myf5 activation in
the DML epaxial muscle progenitors, but not in the hypaxial
muscle progenitors nor in the DML progenitors once they
have moved into the myotome or medial dermomyotome
[77••]. Thus, there must be some mechanism that restricts
Shh-induced activation of the ES enhancer to the DML
cells and that prevents activation in other somitic regions
and shuts off activation once the DML progenitors have
migrated. Gustafsson et al. [77••] propose that lateralizing
BMP signals from the lateral plate mesoderm may repress
activation of the ES enhancer in the lateral somite, while
Noggin expression in the DML blocks the lateralizing
activity of BMP4, thereby permitting Shh signals to activate
the ES enhancer in the DML (Figure 3). 

MRFs and muscle differentiation
The basic helix–loop–helix MRFs, Myf5, MyoD, Myogenin
and MRF4, are transcriptional activators of skeletal muscle
genes that are each capable of activating the skeletal muscle
differentiation program when expressed in nonmuscle cell
types (reviewed in [82]). In mouse embryogenesis, Myf5
and MyoD are activated at different times and in different

Figure 3

Short- and long-range Shh signaling and the formation of somite
derivatives. Short-range Shh signals are essential for the differentiation
of sclerotome into cartilage. Transient Shh signaling makes somitic cells
competent to respond to the chondrogenic-promoting activity of bone
morphogenetic proteins (BMPs). The role of Shh in BMP-dependent
chondrogenesis is mediated by the transcriptional repressor Nkx3.2,
which is activated in the sclerotome in response to transient Shh
signaling and acts downstream of Shh to promote chondrogenesis in
the presence of BMPs. Long-range Shh signals are essential for
inducing epaxial myogenic precursors. Mediated by a Gli transcription
factor binding site in the epaxial somite (ES) enhancer of Myf5, Shh
directly activates Myf5 in the DML. A model [77•• ] for the localization of
long-range Shh signaling to the epaxial somite is shown. Expression
from the Myf5 ES enhancer is inhibited by BMPs, but this repression is
relieved selectively in Myf5-expressing myogenic precursors through the
activity of the BMP antagonist Noggin, which is induced in the DML in
response to Wnts secreted form the dorsal neural tube.
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Figure 4

Trunk myogenic pathways in mouse and chick. (a) In the mouse,
analysis of mutants suggests the existence of two parallel myogenic
pathways in which either Myf5 or MyoD is sufficient for muscle
development; however, MyoD is activated by Myf5 in one pathway and
by Pax3 in the other. (b) In the chick, by contrast, it seems that there is
a single myogenic pathway in which Pax3 and Myf5 are expressed in
proliferating myogenic progenitors. MyoD is activated in these cells,
through inhibition of Notch signaling, once they are postmitotic, which
leads to subsequent muscle differentiation. Thus, muscle differentiation
cannot occur without prior activation of MyoD.
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domains, with Myf5 expressed first in DML epaxial myogenic
precursors before myotome formation and then in the
myotome itself. MyoD expression is initiated slightly later:
first in the somitic dorsomedial quadrant and then in the
incipient myotome. Despite these differences in expression
induction, Myf5 and MyoD seem to compensate for one
another because single Myf5 or MyoD mutants develop normal
skeletal muscle, but double mutants do not form muscle. 

The transcrption factor Pax3, which is localized to the
developing dermomyotome during somite compartmental-
ization and then upregulated at the DML and VLL, is also
important in muscle development. Because no MyoD
expression or trunk muscle formation is seen in mice with
mutations in both Pax3 and Myf5, it has been proposed
that mice possess two parallel trunk myogenic pathways in
which either Myf5 or MyoD is sufficient for muscle devel-
opment; however, MyoD is turned on by Myf5 in one
pathway and by Pax3 in the other [83] (Figure 4).

Recent work on the role of Notch signaling in myogenesis
suggests that a different hierarchy might operate among
Pax3, Myf5 and MyoD in chick [84•]. As in the mouse,
Myf5 is the first MRF activated [84•,85•] and is initially 
co-expressed with Pax3 in the DML,, where proliferating
cells are thought to reside [84•]. MyoD, which is expressed
later, is predominantly restricted to the postmitotic
myotome. On the basis of the localization of MRF genes in
the DML and myotome, it seems that proliferating myo-
genic cells express Pax3 and Myf5 in the DML and then
activate MyoD when postmitotic. Notch signaling pathway
components, including the Notch1 receptor and the Delta1
and Serrate2 Notch ligands, are also expressed in subsets
of differentiating myogenic cells, which suggests that the
Notch pathway has a role in the progression from prolifer-
ating myogenic precursor to differentiated myofiber [84•]. 

Activation of Notch signaling through forced expression of
Delta1 in the developing somite leads to strong down-
regulation of MyoD and complete inhibition of muscle 
differentiation, but has no effect on Pax3 or Myf5 expression,
myotome formation, or cell-cycle exit [84•]. It thus seems
that Notch signaling acts in postmitotic myogenic progenitors
to activate MyoD, which suggests that in chick there may
be a trunk myogenic pathway — different from the two
identified in mouse — in which Pax3 and Myf5 are
expressed in proliferating myogenic progenitors and
MyoD is activated in Myf5-expressing cells once they are
postmitotic, which leads to subsequent muscle differentiation.
In this pathway, then, muscle differentiation cannot occur
without prior activation of MyoD (Figure 4). Similar results
have been obtained for chick limb myogenesis [86]. 

The differences between the Pax3/Myf5/MyoD hier-
archies in the mouse and the chick might merely reflect
differences in experimental model or, more intriguingly,
they might represent actual species-specific programs of
muscle differentiation.

Cis regulation of muscle development
The cis-regulatory elements that are involved in MRF
expression have been studied extensively to determine
how MRFs control muscle differentiation. Myf5 cis regulation
is of particular interest, owing to its early and essential role
in muscle development. The Myf5 locus shows a complex
arrangement of discrete enhancers that are required to
drive Myf5 expression in the epaxial and hypaxial somites,
individual branchial arches, individual hypaxial muscle
progenitor populations and central nervous system
[78,79,87•]. As has been pointed out [79,87•], the modular
arrangement of Myf5 enhancers might have evolved in
response to a need for Myf5 activation in distinct muscle
progenitor populations surrounded by different signaling
environments that induce Myf5 expression through different
pathways. In addition, the identification of particular
enhancers for individual hypaxial muscle progenitor 
populations suggests a mechanism whereby new hypaxial
muscle groups, such as limb muscle, might have emerged
during vertebrate evolution [78,79,87•].

Myf5 and MRF4 are tightly linked on the same chromosome
in teleost fish, birds and mammals [88], which suggests
that there must be selective pressure on the locus to main-
tain this arrangement. Carvajal et al. [87•] provide evidence
for this possibility. Using double-reporter constructs, they
identified elements in the Myf5/MRF4 locus that are
required for the expression of each gene. Analysis of
MRF4 reporter constructs showed that in addition to being
expressed in the central myotome, MRF4 is also expressed
in the ventral myotome at a slightly later stage. Notably,
the element driving MRF4 expression in this ventral
domain overlaps with an element that drives Myf5 expression
in a similar ventral domain, which suggests that a single
element might control the expression of both genes in the
ventral myotome. A shared regulatory element might
explain the persistence of the Myf5/MRF4 linkage
throughout vertebrate evolution.

Development of skeletal muscle is controlled by both the
myocyte enhancer 2 (MEF2) family of MADS transcription
factors and MRFs. MEF2s and MRFs interact to promote 
differentiation and to autoregulate and crossregulate each other
[89]. Forced expression of MRFs in nonmuscle cell lines 
activates expression of MEF2 and, although the reverse is not
true, promoters of two MRFs, Myogenin and MRF4, contain
binding sites for both MEF2s and MRFs (see references in
[90•]). To better understand the interaction between MRFs
and MEF2s, Wang et al. [90•] identified the cis-regulatory 
elements driving expression of Mef2c in skeletal muscle.
Interestingly, these elements contain an MRF-binding site as
well as an adjacent MEF2-binding site. Mutational analysis
showed that the MRF-binding site is essential for inducing
expression of Mef2c during skeletal muscle development, and
that the MEF2-binding site is required for Mef2c mainte-
nance. This analysis of the cis-regulatory elements of Mef2c,
combined with the identification of MEF2-binding sites 
in MRF promoters, demonstrates the essential reciprocal 
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interactions that occur between MRFs and MEF2s during the 
specification and stabilization of the skeletal muscle lineage.

A somitic compartment of tendon progenitors
A functional musculoskeletal system depends completely
on the coordinated development of muscle, cartilage 
and tendon, and in particular on the elaborate tendon 
attachments transmitting force from muscle to bone. But
whereas the somitic lineages of the muscular and skeletal
systems are well understood, the origin of trunk tendons is
not — mainly because there have been no markers of
somitic tendon progenitors until recently. 

Schweitzer et al. [91•] have now shown, however, that the
basic helix–loop–helix transcription factor Scleraxis is
expressed both in the mature tendons and ligaments of the
limbs and trunk and in their progenitor populations, including
a population of cells in the developing somite. Using this
marker, it will be possible to begin looking at tendon mor-
phogenesis as well as the signals required for the specification
and development of tendon progenitors. The origin and 
regulation of this fourth somitic cell lineage is an exciting area
for study and the focus of current research in our laboratory.

Conclusions
How the somite — a ball of cells that are initially equivalent
in potential — becomes patterned and compartmentalized
to form distinct lineages has been an important field of
research for over a century (reviewed in [1]). Current
advances are being made in our understanding on a mole-
cular level of how somite compartments form and interact,
and what signals are required to induce their differentiation
into muscle, cartilage and tendon.

Analysis of the developmental regulation of somite derivatives
at the level of transcription factors and cis regulation will
eventually uncover the vital connections between patterning
by extrinsic signaling molecules, expression of cell fate
regulators and cell lineage specification.
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