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Muscle progenitor cells migrate from the lateral somites into the developing vertebrate limb, where they undergo
patterning and differentiation in response to local signals. Sonic hedgehog (Shh) is a secreted molecule made in the
posterior limb bud that affects patterning and development of multiple tissues, including skeletal muscles.
However, the cell-autonomous and non-cell-autonomous functions of Shh during limb muscle formation have
remained unclear. We found that Shh affects the pattern of limb musculature non-cell-autonomously, acting
through adjacent nonmuscle mesenchyme. However, Shh plays a cell-autonomous role in maintaining cell
survival in the dermomyotome and initiating early activation of the myogenic program in the ventral limb. At
later stages, Shh promotes slow muscle differentiation cell-autonomously. In addition, Shh signaling is required
cell-autonomously to regulate directional muscle cell migration in the distal limb. We identify neuroepithelial
cell transforming gene 1 (Net1) as a downstream target and effector of Shh signaling in that context.
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Developmentally, the vertebrate limb is a mosaic struc-
ture wherein some cell types, such as the skeletal and
connective tissues, arise from the lateral plate-derived
limb mesenchyme (Dhouailly and Kieny 1972; Chevallier
et al. 1977), while others, such as the muscles and some
endothelial cells, are derived from the somites (Christ
et al. 1977; Kardon et al. 2002; Huang et al. 2003; Bryson-
Richardson and Currie 2008; Hutcheson et al. 2009). In
spite of their disparate origins, once in the limb bud, the
progenitors of those tissues respond to the same signaling
environment that patterns the limb and orchestrates its
morphogenesis. For example, Sonic hedgehog (Shh) is
a key signaling molecule expressed in the zone of polar-
izing activity (ZPA) in the posterior of the vertebrate limb
bud from embryonic day 9.75 (E9.75) through E12.5
(Echelard et al. 1993; Riddle et al. 1993; Kruger et al.
2001). Shh protein has also been detected in the limb
ectoderm (Bouldin et al. 2010). Functionally, Shh activity
is both necessary and sufficient to establish the anterior–

posterior (AP) pattern of the limb. Ectopic expression of
the Shh at the anterior margin of the chick limb bud
results in a mirror-image duplication of all of the tissues
of the limb (Riddle et al. 1993), while removal of Shh in
mice results in a loss of posterior pattern and the de-
velopment of a single anterior digit (Chiang et al. 2001).
However, within the limb bud, which tissues are directly
affected by Shh signaling and which tissues are indirectly
patterned have not been previously examined.

Shh appears to play multiple sequential roles in regu-
lating the process of myogenesis. The myogenic precursor
cells that populate the limb bud originate in the somites
(Chevallier et al. 1977; Christ et al. 1977). Shh, produced
in the midline by the notochord and the floor plate of the
neural tube, is required to activate expression of myo-
genic determination genes such as Myf5 and MyoD in the
epaxial portion of the somite (Münsterberg et al. 1995;
Borycki et al. 1999; Gustafsson et al. 2002; McDermott
et al. 2005), which gives rise to the deep back muscles.
The hypaxial muscle precursors of the dermomyotome
are not affected at this stage (Borycki et al. 1999).

The hypaxial cells, including the future limb muscle
progenitors, express the paired domain transcription
factor Pax3, which is initially expressed throughout the
presomitic mesoderm but later becomes restricted to the
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dermomyotome (Goulding et al. 1991; Williams and
Ordahl 1994). At E9.5 in mice or Hamburger and Hamilton
stage 17 (HH17) in chicks, myogenic cells start to delam-
inate from the ventrolateral lip of the dermomyotome
and migrate into the forelimb bud to where the dorsal
and ventral muscle masses will form initially (Tajbakhsh
and Buckingham 2000; Francis-West et al. 2003; Otto
et al. 2006). The same process occurs slightly later in
the hindlimb. During migration, muscle progenitor cells
continue to proliferate and express Pax3 until arriving
in the limb bud and differentiating to become myo-
blasts, concomitant with the expression of Myf5 and MyoD
(Birchmeier and Brohmann 2000; Pownall et al. 2002).

This myogenic differentiation is integrated with the
process of pattern formation such that as the muscle cells
differentiate and begin to form muscle bundles, they do so
in the correct location and orientation (Kardon 1998;
Kardon et al. 2003; Li et al. 2010). The AP organization
of the muscles is established in response to Shh activity.
When Shh is applied to the anterior chick limb bud, an-
terior muscles are transformed into muscles with poste-
rior identity, in concert with other tissues (Duprez et al.
1999). This is likely an indirect response to Shh, as the
patterning of the limb muscles appears to be controlled by
the prepattern of the muscle connective tissue (Kardon
et al. 2003; Hasson et al. 2010). However, in addition to
patterning changes, ectopic Shh also results in an expan-
sion of the Pax3-expressing muscle precursor population,
leading to muscle hypertrophy (Duprez et al. 1998).
Furthermore, in the complete loss of Shh activity in
mice, there is a total loss of limb musculature, with the
exception of a small portion of the dorsal muscle adjacent
to the humerus (Kruger et al. 2001). Explant cultures sug-
gest that this may be due to a requirement for Shh to main-
tain the expression of Myf5 and MyoD (Kruger et al. 2001).

Shh has also been shown to regulate terminal differen-
tiation of limb muscles. As the muscles differentiate
within the limb, they express different compositions of
myosin heavy chain (MyHC) isoforms, which are de-
terminants of myofiber types—fatigue-enduring oxida-
tive slow muscle fibers or force-generating glycolytic fast
muscle fibers (Gunning and Hardeman 1991; Schiaffino
and Reggiani 1996; Wigmore and Evans 2002). For in-
stance, the soleus is enriched with slow fibers, while the
tibialis anterior (TA) is largely composed of fast fibers
(Agbulut et al. 2003). These differences enable each
muscle to adapt to different physiological and functional
demands. It has been reported that excessive Shh pro-
motes the formation of slow fibers, while loss of Shh
signaling reduces slow muscle fiber formation, due to pre-
cocious differentiation (Cann et al. 1999; Bren-Mattison
and Olwin 2002; Li et al. 2004).

To attempt to distinguish whether these various effects
of Shh on limb muscle development are direct or indirect,
we took a genetic approach in mice. Smoothened (Smo)
encodes a seven-pass transmembrane protein that acts
downstream from the Shh receptor Patched and is re-
quired for Shh signaling (Alcedo et al. 1996; van den
Heuvel and Ingham 1996; Zhang et al. 2001). While Smo
is required for all hedgehog signaling, Shh is the only

member of the Hh family expressed during the early steps
of limb development (Echelard et al. 1993; Yang et al.
1998). Thus, by removing Smo tissue specifically from
the muscle cell precursors or from the surrounding lateral
plate-derived mesenchyme, we are able to dissect the
cell-autonomous and non-cell-autonomous functions of
Shh signaling during limb muscle development. We
found that Shh acts non-cell-autonomously to pattern
limb musculature through lateral plate-derived tissues.
However, Hh signaling is required cell-autonomously to
maintain cell survival in the dermomyotome, initiate
prompt and robust early Myf5 and MyoD expression in
the ventral limb muscle mass, and, at a later stage,
promote slow muscle fiber formation in the limb. In
addition, Shh signaling is essential for the maintenance of
neuroepithelial cell transforming gene 1 (Net1) expres-
sion in the myogenic precursors, which in turn regulates
directional muscle cell migration in the distal limb.

Results

Shh signaling patterns limb muscles
non-cell-autonomously

In order to define the cell-autonomous and non-cell-
autonomous functions of Shh signaling during limb mus-
cle development, we removed the ability to respond to Shh
signaling specifically from the somite or lateral plate-
derived limb mesenchyme by using a conditional allele
of Smoothened (Smofl) (Long et al. 2001) in conjunction
with Pax3Cre (Engleka et al. 2005) or Prx1Cre (Logan et al.
2002), which encode Cre-recombinases that are expressed
in these tissues, respectively. In some crosses, the Smofl

allele was combined with a null allele of the gene Smodel.
Smodel/+ did not show any phenotype. We first examined
the cell-autonomous role of Shh signaling during the AP
patterning of the forelimb muscles by creating either
Pax3Cre; Smofl/fl or Pax3Cre; Smofl/del embryos [collectively
referred to as Pax3Cre; SmoCKO (conditional knockout) when
giving the same phenotype]. At E12.5, MyoD whole-mount
in situ hybridization revealed a loss of MyoD expression in
the cervical somites (Supplemental Fig. 1B). In regions
where MyoD was expressed, the mutant myotomes were
shorter than those of the wild-type Pax3Cre; Smofl/+

siblings (Supplemental Fig. 1A,B). They had additionally
lost parts of the epaxial dermomyotome (Supplemental
Fig. 1C,D), a phenotype that was also seen in the Shh�/�

mutants (Borycki et al. 1999), presumably due to an in-
ability to respond to the midline Shh. However, AP
patterning in the mutant proximal limb muscles was un-
affected, although the MyoD-expressing domain appeared
to be reduced in size at E12.5 (Fig. 1C). This decrease in
MyoD expression did not affect the eventual muscle mass
and patterning, as supported by immunostaining at E16.5
using an antibody against smooth muscle actin (SMA)
(Fig. 1D,F), which is expressed in the skeletal muscles at
this stage (Supplemental Fig. 2A–B0). In these mutants,
Pax3-Cre recombinase effectively led to recombination in
the somites and all limb muscles but not in the lateral
plate-derived tissues, hence enabling removal of Hh
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signaling specifically in the myogenic cells (Table 1;
Supplemental Fig. 2C–D0,G,H). These data show that
Shh does not pattern the proximal limb muscles cell-
autonomously. While no proximal patterning changes
were observed, we did note a complete loss of muscle
tissue in the distal-most limb, a phenotype analyzed below.

To verify that the patterning of the limb muscles by
Shh is an indirect, nonautonomous effect, we specifically
removed the ability of the nonmuscle cells of the limb to
respond to Shh, while leaving Shh signal transduction
intact in the myogenic populations. To this end, we
generated Prx1Cre; Smofl/fl embryos where Prx1Cre is only
active in the lateral plate-derived tissues (Supplemental
Fig. 2E–F0). Prx1Cre; Smofl/fl embryos exhibited a Shh
mutant-like limb phenotype with a much shortened limb
and reduced posterior skeletal elements. Limb muscles in
this mutant appear symmetrical, with an anatomy most
consistent with a double anterior pattern along the AP axis
(Fig. 1B,E). Therefore, these data do indeed confirm the
idea that Shh patterns limb muscles along the AP axis
through lateral plate-derived mesenchyme in a non-cell-
autonomous manner, consistent with previous work in-
dicating that the pattern of the musculature is established
by the muscle connective tissue (Kardon et al. 2003;
Hasson et al. 2010; Li et al. 2010).

Hh signaling promotes slow muscle fiber formation
cell-autonomously

In addition to its early effect on muscle patterning,
memory of Shh exposure could also have an effect on later
muscle differentiation. Moreover, the related protein In-
dian hedgehog (Ihh), produced in the developing cartilage
elements, could also influence later muscle development
(Bren-Mattison et al. 2011). As Smo is required for both

Shh and Ihh activity, its removal will block all Hh
signaling in the developing limb. To determine whether
Hh signaling is required non-cell-autonomously for the
regulation of terminal muscle differentiation at later
stages, we used Tcf4-Cre recombinase (encoded by
Tcf4GFPCre+neo) to remove Smo from muscle connective
tissue, which arises from the lateral plate-derived limb
mesenchyme and has previously been reported to regulate
muscle fiber type (Mathew et al. 2011). However,
Tcf4GFPCre+neo ; Smofl/fl mutant embryos appeared to be
normal in both connective tissue and muscle patterning
and differentiation (Supplemental Fig. 1E,F; data not
shown). Slow muscle fiber formation is a hallmark of limb
muscle terminal differentiation and can be detected by
using an antibody against myosin heavy chain I (MyHCI).
To study whether terminal differentiation is affected, we
therefore quantified the proportion of slow muscle fiber in
the soleus and the extensor digitorum longus (EDL) of the
hindlimb, which contains a higher proportion of slow
muscle fibers than the forelimb and has been traditionally
used to examine this aspect of muscle differentiation.
However, no changes were observed (Fig. 2D,H).

In contrast, when Hh responsiveness was removed
directly from limb muscles in the Pax3Cre; SmoCKO

mutant embryos, there was a significant decrease in the
percentage of slow muscle fiber in the soleus and EDL
compared with the wild type at E18.5 (Fig. 2A–C,E–G).
This indicates that Hh signaling promotes slow muscle
fiber formation in the limb in a cell-autonomous fashion,
a mechanism that is analogous to the adaxial slow muscle
fiber formation in the zebrafish (Baxendale et al. 2004;
Feng et al. 2006). To directly assess whether Shh signaling
is capable of regulating differentiation of myogenic limb
bud cells, we next performed an in vitro differentiation

Table 1. Microarray results

Genes
Ventral muscle

mass P-value
Dorsal muscle

mass P-value

Smo 16.47 0.019462 9.3 0.028431
Zic1 6.58 0.041054 4.05 0.033232
Tbx1 5.37 0.031714 4.09 0.034367
Net1 4.51 0.013456 3.17 0.02355
Fgf15 4.35 0.039025 4.59 0.036518
Ptch1 4.23 0.019941 2.94 0.026412
Meox2 4.20 0.036276 6.43 0.026385
Pgf 3.90 0.010072 2.28 0.019901
Nkx3-1 3.76 0.007874 2.22 0.023284
Gad1 3.42 0.033169 1.73 0.022986
Pgam2 3.13 0.032728 2.5 0.023923
Scara3 3.05 0.039215 2.61 0.030084
Grb14 2.89 0.013878 1.8 0.013472
Ankrd6 2.79 0.048979 2.42 0.040351
Fzd10 2.57 0.011547 2.06 0.035782
Zic4 2.56 0.039428 1.53 0.060918
Dock9 2.28 0.04883 2.69 0.042133
c-Met 2.15 0.063983 1.87 0.024217

Relative fold decrease of selected genes in the E11.25 Pax3Cre;

SmoCKO; RCTrePe mutant ventral and dorsal limb muscle cells
when compared with those of the wild-type siblings. P-value was
corrected using the Benjamin and Hochberg false discovery rate.

Figure 1. Shh signaling patterns limb muscle non-cell-autono-
mously. (A–C) MyoD expression of mouse forelimbs was ana-
lyzed by whole-mount in situ hybridization at E12.5 (dorsal
views). (D–F) The expression of SMA was detected by immu-
nostaining at E16.5 (transverse sections). While the forelimb
muscles of wild-type (WT) embryos were correctly patterned
along the AP axis (A,D), AP patterning was lost in the mutant
forelimb muscles, where Shh activity was removed in the
nonmuscle limb mesenchyme (B,E). (C,F) Cell-autonomous re-
moval of Shh activity in the muscles did not affect AP
patterning. (ECU) Extensor carpi ulnaris; (EDC) extensor digito-
rum communis; (FCR) flexor carpi radialis; (r) radius; (u) ulna.
Bar in F: A–C, 480 mm; D–F, 400 mm.
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assay. To isolate myogenic cells, we generated Pax3Cre;
RCTrePe embryos where RCTrePe is a Cre-responsive GFP
reporter at the Rosa26 locus (Ray et al. 2011), permitting
isolation of all Pax3 descendants by fluorescence-activated
cell sorting (FACS). Myogenic cells isolated from E13.5
forelimbs or hindlimbs were subsequently cultured and
differentiated for 7 d in the presence or absence of Shh
protein. Addition of Shh significantly increased the pro-
portion of MyHCI-positive myofibers in the culture (Fig. 2I–
J9,M,N). In contrast, the addition of the Smo inhibitor
cyclopamine drastically decreased the percentage of slow
myofibers when compared with either the vehicle control
or cells cultured with Shh protein (Fig. 2K–N). Thus, Shh
signaling is capable of inducing slow muscle fiber forma-
tion in culture, consistent with our in vivo findings.

Shh signaling is required cell-autonomously
for initiation of the myogenic program in the early
ventral limb

As Shh signaling has been implicated in regulating Myf5
expression through Gli2/3 in the somites (Borycki et al.

1999; McDermott et al. 2005), we reasoned that it might
similarly promote the myogenic program in a cell-auton-
omous fashion during limb myogenesis. To study this
early aspect of Shh function, we first performed section in
situ hybridization to look at the expression of several
myogenic differentiation markers between E10.5 and
E11.25 in both wild-type and mutant embryos where
Smo was removed by Pax3Cre. While Pax3 and Six1/4
expression was comparable in wild-type and mutant
embryos (Fig. 3A,B; Supplemental Fig. 3A–D), cell-auton-
omous removal of Smo resulted in down-regulation of
Myf5 expression at E10.5 in the forelimb ventral muscle
mass and at E10.75 in the hindlimb ventral muscle mass
(Fig. 3C,D; Supplemental Fig. 4C,D). However, its expres-
sion recovered by E10.75 and E11 in the forelimb and
hindlimb, respectively, at which point the level of Myf5
expression became indistinguishable from wild type at
the resolution of in situ hybridization. (Fig. 3I,J; Supple-
mental Fig. 4I,J). Thus, Shh signaling is required for the
timely initiation of Myf5 expression in the early ventral
limb muscle but not for ultimately establishing or main-
taining its expression. Similar results were obtained by

Figure 2. Hh signaling promotes slow muscle fiber formation cell-autonomously. (A,B,E,F) Frozen sections from the hindlimb soleus
(A,B) and EDL (E,F) were immunostained for laminin to mark all muscle fibers and type I myosin to label slow muscle fibers at E18.5.
(C,D,G,H) The proportion of slow muscle fibers in the soleus (C,D) and EDL (G,H) was quantified as previously described (Hutcheson et al.
2009). Slow muscle fibers were found to be decreased in limbs with cell-autonomous removal of Hh signaling (C,G) but unchanged when Hh
signaling was abrogated in muscle connective tissues (D,H). The red lines mark the average value from all three individuals of the same
genotype. (I–L9) After 7 d of differentiation, hindlimb myogenic cells cultured in the presence of Shh protein exhibited more MyHCI-positive
slow myofibers than the control cells (shown in I–J9). (L,L9) However, in the presence of cyclopamine, few MyHCI signals were detected,
with occasional faintly stained cells (yellow arrowhead). (K,K9) Vehicle control had no effect on the cells. (M,N) When quantified, GFP-
positive myogenic cells from both the hindlimb (M) and forelimb (N) showed a significant increase in the proportion of MyHCI slow
myofibers when cultured with Shh protein and decreased slow muscle fibers in the presence of cyclopamine. Histograms are expressed as
means and standard error of the mean (SEM). (Con) Control; (Veh) vehicle control; (Cyc) cyclopamine. Bar in L9: A,B,E,F, 20 mm; I–L9, 200 mm.
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using Pax3 and Myf5 antibodies (Fig. 3E,F,K,L; Supple-
mental Fig. 4E,F,K,L).

To further confirm this delay in Myf5 initiation, we
next performed quantitative PCR (qPCR) analysis to
quantify Pax3, Six1/4, and Myf5 expression in FACS-
sorted muscle progenitor cells. GFP-positive myogenic
cells were isolated from both Pax3Cre; SmoCKO; RCTrePe
mutant and wild-type ventral limbs across different stages.
Measurement of RNA expression in these cells confirmed
our observation of delayed Myf5 initiation (Fig. 3U;
Supplemental Figs. 3E, S4Q).

This prompted us to further examine MyoD expression
in order to address whether there was a general delay in the
onset of the myogenic differentiation program. Similar to
Myf5, the onset of MyoD expression in the ventral limb
muscle was initiated 6 h later in the Pax3Cre; SmoCKO

mutants than in their wild-type counterparts (Fig. 3M–U;
Supplemental Fig. 4M–Q), indicating that Shh signaling is
required cell-autonomously to promote the early initia-
tion of the myogenic program in the ventral limb.
However, as dorsal muscle cell differentiation was largely
unaffected and the expression of both Myf5 and MyoD in

the ventral muscle mass was ultimately restored, a Shh-
independent mechanism must be in place to initiate
muscle differentiation in these cells.

Shh signaling is required cell-autonomously for distal
limb muscle formation

As noted above, in our analysis of muscle patterning, we
observed a loss of muscle in the distal limb bud of
Pax3Cre; SmoCKO mutant limbs (Fig. 4; Supplemental
Fig. 5). Indeed, even after MyoD expression was restored
in the ventral muscle mass at E11, it remained absent in
the distal forelimb at E11.5 (Fig. 4A,B). In principle, this
could have represented a continuation of the failure in
myogenic differentiation in this domain; however, the
absence of distal Pax3 in situ staining at the same
developmental stage suggests that the muscle progenitor
cells themselves were absent in the mutant autopod (Fig.
4E,F). To confirm this interpretation, we again took
advantage of the RCTrePe allele to perform recombi-
nase-based fate mapping to definitively establish that no
somite-derived cells were present in the distal limb. At

Figure 3. The initiation of the myogenic program is delayed in the Pax3Cre; SmoCKO mutant forelimb ventral muscle cells. (A–D)
When Hh signaling is removed cell-autonomously from muscle progenitor cells, section in situ hybridization showed that at E10.5, the
initiation of Myf5 expression was delayed in the Pax3Cre; SmoCKO mutant forelimb ventral muscle cells (black arrowheads in C,D).
(A,B) However, Pax3 expression was unaffected. (E,F) A similar observation (yellow arrowhead) was made by using antibodies against
Myf5 (red) and Pax3 (green). (G–L) At E10.75, however, Myf5 expression had recovered (black and yellow arrowheads). (M–T) Like Myf5,
the initiation of MyoD expression was delayed in the Pax3Cre; SmoCKO mutant forelimb ventral muscle cells at E10.75, as assessed by
in situ hybridization (M,N, blue arrowheads) and immunostaining (O,P, white arrowheads). (Q–T) However, by E11, the expression of
both MyoD transcripts and MyoD protein was restored. (U) A Cre-responsive GFP reporter (RCTrePe) was used to generate GFP-
positive muscle cells for FACS sorting. Myogenic cells from the ventral forelimb were isolated and analyzed by qPCR, which further
demonstrated that the initiation of Myf5 and MyoD expression was delayed in the Pax3Cre; SmoCKO mutant ventral limb muscle but
recovered to almost wild-type levels at a later stage. Expression levels were normalized to GAPDH expression. Histograms are
expressed as means and standard error of the mean (SEM) (n = 3 for each genotype). (***) P < 0.001; (*) P < 0.05. Bar in T: A–T, 200 mm.
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E11.5, Pax3Cre; SmoCKO; RCTrePe mutants showed
a clear truncation in the distal end of the forelimb ventral
muscle mass (Fig. 4G–J). As a consequence of this absence
of myogenic cells in the distal limb bud, there is a com-
plete loss of muscles in the forelimb autopod, as indicated
by SMA and laminin immunostaining at E16.5 (Fig. 4K,L;
Supplemental Fig. 6B9,E9). Similarly, although less af-
fected, the hindlimb autopod exhibited reduced MyoD

expression at E12.5, which corresponded to a partial
muscle loss in the feet at E16.5 (Supplemental Fig. 5A–D).

The loss of distal muscles was also seen in the fate-
mapping of descendants of Pax3-expressing cells. At E16.5,
GFP-positive Pax3 muscle descendants were present in the
stylopod and zeugopod but absent in the autopod of the
mutant embryos (Supplemental Fig. 6). Interestingly, GFP-
positive endothelial cells that are derived from the somites
were unaffected and still present in the autopod blood
vessels of Smo-deficient animals (Supplemental Fig. 6E).
Together, these results indicate that Hh signaling is
autonomously required for the formation of distal limb
muscles, although dispensable for the more proximal
muscle tissues and the vasculature.

Loss of distal limb muscles is not due to increased cell
death in the dermomyotome

One potential mechanism that could result in the loss of
distal limb muscle is increased cell death in muscle
progenitor cells. TUNEL staining and Pax3/anti-cleaved
caspase-3 coimmunostaining were performed in order to
observe such changes. We found that at E10.25, there was
increased apoptosis in the dorsal dermomyotome (data not
shown), which could partially explain the dermomyoto-
mal truncation that we observed earlier. At E10.5, cell
death also increased at the ventral lateral lip of the
dermomyotome, which gives rise to the limb muscles
(Fig. 5A–C). However, no increased apoptosis was observed
in muscle cells that have migrated into the limb bud,
suggesting that Hh signaling is not required for the cell
survival once muscle progenitor cells have entered the
limb (Fig. 5B; Supplemental Fig. 7B). By E11.5, all abnormal
apoptosis was resolved, and the amount of cell death in
Pax3Cre; SmoCKO was comparable with the wild type
(Supplemental Fig. 7A,B).

In order to address whether this initial loss of muscle
progenitors in the ventral–lateral dermomyotome could
be the cause for the autopod muscle loss, we turned to the
chick system, where embryos can be easily manipulated
by surgery. We ablated the lateral somites of HH16 or
HH20 chick embryos and let them continue to develop in
the incubator. The removal of the somites was confirmed
by the loss of Myf5 in situ staining. However, upon
further development, the lateral somites eventually grew
back, mimicking the recovery of abnormal cell death in
E11.5 mouse mutants. Interestingly, no autopod muscle
loss was observed (Fig. 5D–G; data not shown). In another
experiment, we inserted a metal barrier between the
somites and the limb in HH20 chick embryos to delay the
entry of muscle cells into the limb bud. Without removal of
the barrier, ventral limb muscles failed to form (Supple-
mental Fig. 7H). However, if the barrier was removed either
24 or 48 h post-insertion, all limb muscles were formed
properly (Supplemental Fig. 7I,J), confirming that an initial
delay in the entry of the muscle cells into the limb bud does
not affect the eventual formation of the distal muscles.

Finally, in an attempt to bypass the initial cell death
in mice, we generated Myf5Cre; Smofl/fl; and MyoDCre;
Smofl/fl embryos. Both Myf5Cre and MyoDCre are expressed

Figure 4. Shh signaling is required cell-autonomously for distal
limb muscle formation. (A,C) The presence of MyoD-expressing
myogenic cells in the ventral autopod (black arrows) was
evident in the wild-type (WT) forelimbs at E11.5 (A) and E12.5
(C). (B,D) However, these distal cells were lost in mutant limbs
(black arrows), where Hh activity was removed in muscle
progenitors. (E,F) Pax3 expression was similarly lost in the
ventral autopod of Pax3Cre; SmoCKO mutants (F, red arrow)
when compared with the wild-type forelimb (E) at E11.5. (G–J)
The loss of distal limb muscles was confirmed by using a Cre-
responsive GFP reporter (RCTrePe) at E11.5, which marked all
Pax3 descendants, including those in the wild-type distal limb
(white arrows in G,I). (H,J) However, the autopod Pax3 de-
scendants was lost in the Pax3Cre; SmoCKO; RCTrePe mutant
limb (white arrows). I and J are sections through the red lines
labeled i and j in G and H, respectively. Red arrowheads mark
autofluorescent blood cells. (K,L) Using an antibody against
SMA, we noted that the early loss of distal myogenic cells led to
a complete absence of limb muscles in the Pax3Cre; SmoCKO

mutant autopod (L, yellow arrow) at E16.5, while they were
formed normally in the wild-type distal limb (K, yellow arrow).
Endothelial cells (white arrowheads), also positive for SMA,
remain unaffected in the mutant autopod. Bar in L: A,B,E–H,
320 mm; C,D 500 mm; I,J, 80 mm; K,L, 400 mm.
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later than Pax3Cre (Chen et al. 2005; Gensch et al. 2008).
Removal of Smo using either of these Cre drivers results in
a normal appearance of the hypaxial dermomyotome, with
no evidence of ectopic or increased cell death in the ventral
lateral lip (Fig. 5H). In both cases, where Hh signaling was
abrogated later than in the Pax3Cre; SmoCKO mutants,
muscles did form to some extent in the autopod but did
not extend as distally as the wild-type siblings at E12.5 or
E13.5 (Fig. 5I,J; Supplemental Fig. 7E,F), hence giving a milder
phenotype that is nonetheless consistent with what we
observed in the Pax3Cre; SmoCKO mutants. Together, these
results suggest that it is unlikely that the cell death that we
detected in the dermomyotome is the main cause of the
distal limb muscle loss in the cell-autonomous mutants.

If increased apoptosis did not play an etiological role in
the loss of distal limb muscles, we had to consider the
converse explanation that the loss could be due to a de-
crease in proliferation. This was particularly important to
check, as Shh has been shown to act as a mitogen and can
affect muscle proliferation in other contexts (Duprez et al.
1998; Bren-Mattison and Olwin 2002). Therefore, we
examined muscle cell proliferation in the limb by perform-
ing anti-phospho-histone H3 immunostaining at E11.
However, no changes in cell proliferation were detected
in the limb ventral muscle mass, and it is therefore not
likely that a change in proliferation underlies distal muscle
loss in the Pax3Cre; SmoCKO mutants (Fig. 5K).

Hh signaling is required for limb muscle cell migration

Another possible explanation for the loss of distal mus-
cles in the absence of Hh signaling could be that Hh acts

cell-autonomously to maintain proper cell migration,
allowing muscle progenitor cells to continue their distal
migration into the autopod. In order to test whether Hh
signaling is required for muscle cell migration, we used in
vitro ‘‘scratch assays.’’ This assay examines the ability of
confluent cells to migrate back into a stripe on a plate,
where cells have been removed by creating a scratch. We
cultured FACS-sorted GFP- or DsRed-positive myogenic
cells that had been harvested from chick embryos follow-
ing electroporation of pCAG-GFP or -DsRed in the
somites. The use of chick embryos allowed us to obtain
a large amount of muscle cells, and the inclusion of both
GFP and DsRed signals permitted us to easily track cells
after imaging. When FACS-sorted primary muscle pro-
genitors were cultured in the presence of Shh protein,
they quickly responded to the scratch and migrated over
the scratch to close the wound (n = 3 of 3) (Fig. 6A;
Supplemental Movie 1). However, in the presence of
cyclopamine, Hh signaling was inhibited and the cells
failed to migrate to the scratched region (n = 3 of 3)
(Fig. 6A; Supplemental Movie 2). Interestingly, cells that
had been treated with cyclopamine did migrate but
appeared to be moving randomly, rather than direction-
ally toward the gap. Similar results were obtained using
FACS-sorted mouse myogenic cells (Supplemental
Movies 3, 4) This therefore suggests a model wherein
exposure to Shh is necessary for myoblasts to respond to
other directional cues, such as the signals that are
generated by cells wounded at the scratch. This raised
the possibility that Hh signaling in the limb bud might
be similarly required for myogenic cells to respond to
directional migratory cues in the distal limb.

Figure 5. Loss of distal limb muscles is not
due to increased cell death in the dermo-
myotome caused by removal of cell-auton-
omous Shh activity. (A,B) Sections of E10.5
wild-type (WT) (A) and Pax3Cre; SmoCKO

mutant (B) embryos were analyzed for apo-
ptosis, marked by an antibody against
cleaved caspase-3 (red), in muscle progeni-
tor cells, labeled by Pax3 antibody (green).
Apoptotic cells were counted in the epaxial/
medial and hypaxial dermomyotome (white
and yellow arrowheads, respectively). (C)
An increase in apoptosis was observed in
both domains of the dermomyotome in the
Pax3Cre; SmoCKO mutants. (D–G) In the
chick system, myogenic cells were marked
by Myf5 in situ hybridization. Early removal
of the lateral somite at HH20 (F, black
arrowhead) did not affect the formation of
distal limb muscles in the ventral wing (G),
which were comparable with the control
left side (D,E). (H) In mice, when Hh activity
was removed by using Myf5Cre, no apparent

apoptosis (marked by red anti-cleave caspase-3 antibody) was observed in the Pax3-labeled (green) hypaxial dermomyotome (yellow
arrowhead). (I,J) However, MyoD expression revealed that the distal myocytes in the Myf5Cre; SmoCKO mutant limb (J) did not extend as
distally as those in the wild-type limb (I) (cf. blue and red lines). (K) Finally, the numbers of proliferating myocytes were quantified by
using an antibody against phospho-histone-H3 on limb sections from Pax3Cre; SmoCKO; RCTrePe mutants and wild-type siblings at
E11.5. No significant difference was detected. Histograms are expressed as means and standard error of the mean (SEM) (n = 3 for each
genotype). (**) P < 0.01. Bar in J: A,B, 300 mm; D–G, 1 mm; H, 200 mm; I,J, 440 mm.
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To test the plausibility of this model, we examined
migrating behavior of myoblasts in vivo. We first analyzed
the relative position of the Golgi complex to the nucleus in
the muscle progenitor cells from E11 mouse ventral fore-
limbs, which had a more pronounced distal muscle loss
phenotype than the hindlimbs, thereby permitting robust
identification of subtle differences. The location of the Golgi
apparatus has been found to be at the trailing end of
a directionally migrating cell in a three-dimensional (3D)
environment and can therefore be used as an indicator of the
direction of cell migration (Serrador et al. 1999; Pouthas et al.
2008; Petrie et al. 2009). In GFP-labeled myoblasts within
the wild-type limb buds, the Golgi complex was usually
found proximal to the nucleus, indicating that muscle
progenitors tended to move toward the distal end of the
limb bud (Fig. 6B,C). However, the position of the Golgi
complex relative to the nucleus was more randomly dis-
tributed in the Pax3Cre; SmoCKO; RCTrePe mutants,
pointing to more randomized cell movements in these
embryos (Fig. 6D,E). Thus, in the absence of Shh activity,
the migration of limb muscle progenitors becomes less
oriented.

Finally, to directly visualize cell migration in vivo, we
performed time-lapse imaging on forelimb tissue slices
that were prepared from E11 Pax3Cre; SmoCKO; RCTrePe
mutants and wild-type siblings. In the wild-type limb
bud, the GFP-positive muscle cells in the ventral muscle
mass were observed to migrate distally over a period of
7.5 h (n = 7 of 9) (Fig. 6F; Supplemental Movie 5).
However, such distal movement was rarely detected in
Pax3Cre; SmoCKO; RCTrePe mutants (n = 10 of 10) (Fig.
6F; Supplemental Movie 6). When cells did initially
appear to move distally, they often subsequently wan-
dered back to their original position and made little
overall progress toward the distal limb bud (Fig. 6F,
yellow arrowheads; Supplemental Movie 4). By tracking
individual cells, we were also able to acquire their X and Y
coordinates, which were used to calculate the angle of
cell turning between each frame. Such analysis revealed
that wild-type cells tended to turn distal-ward, in contrast

Figure 6. Cell-autonomous Hh activity is required for the
migration of distal limb muscle cells. (A) Scratch assays were
performed to test the requirement of Shh for cell migra-
tion. Confluent chick primary muscle cells were labeled with
either GFP or DsRed and cultured in the presence of Shh or
cyclopamine. Time-lapse images showed that in the presence of
Shh, cells began to move into the stripe at the fourth hour and
closed the gap by the eighth hour. When Shh signaling was
blocked by cyclopamine, cells continued to move but failed to
close the gap. Cell movement was tracked, with the beginning
of the migration coded white and the subsequent movements
coded with increasing red intensity. (B,D) Sections of E11 mouse
ventral limbs (distal to the right) were analyzed for the position
of the Golgi complex (marked by GM130 antibody, red) relative
to the nucleus (DAPI, blue) in Pax3 descendants (GFP antibody,
green). White arrows indicate the directions of cell movements.
(C,E) The relative position of the Golgi to the nucleus was
measured as the angle between the Golgi/nucleus alignment
and the proximal–distal axis. The numbers of Golgi complexes
at a particular angle were quantified and binned at a 5°-interval,
as represented on the rosette graph. (C) In the wild type (WT),
the majority of the Golgi complexes were positioned in the
proximal half, indicating distal movements (n = 1157 cells from
three individuals). (E) In contrast to this, Golgi complexes of
muscle progenitor cells that had lost Hh activity were more
randomly distributed (n = 1043 cells from three individuals).
This difference is statistically significant, with a x2 value of
136.312; P < 0.00001. (F) Time-lapse images of E11 limb tissue
slices showed that GFP-positive Pax3 descendants in the wild-
type embryos migrated distally, while Pax3Cre; SmoCKO; RCT
rePe mutant myogenic cells did not. In a few cases where cells
did migrate distally, they often retracted in the end (yellow
arrowheads). (G) Cells were tracked, and the angle of turning
between each frame was quantified, showing that wild-type
cells (n = 22) tended to turn toward the distal end of the limb,
while mutant cells (n = 19) turn randomly. This difference is
statistically significant, with a x2 value of 166; P < 0.00001. (H,I)
The velocity and efficiency (i.e., ratio between actual displace-
ment and total distance traveled) of these cells were also
quantified, showing that while Hh signaling does not affect
muscle cell speed, it modulates its migration efficiency. Histo-
grams are expressed as means and standard error of the mean
(SEM). (**) P < 0.01. Bars: A, 500 mm; B,D, 30 mm; F, 40 mm.
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to mutant cells, which moved more randomly (Fig. 6G).
The velocity and efficiency (directness of the path
traversed) of these cells were also calculated, showing
that even though both wild-type and mutant cells
moved at a comparable speed, wild-type cells were
consistently more efficient in reaching their final desti-
nation (Fig. 6H,I). Therefore, in agreement with our
previous results, Shh activity is required for distally
oriented muscle migration.

Net1 acts downstream from Hh signaling to promote
continued cell migration

In order to identify potential targets of Hh signaling in the
muscle progenitor cells, we FACS-sorted GFP-positive
dorsal and ventral muscle cells from E11.25 Pax3Cre;
SmoCKO; RCTrePe mutant embryos and wild-type Pax3Cre;
Smofl/+; RCTrePe siblings and extracted RNA for micro-
array analysis. As expected, both Smo itself and the Hh
signaling-responsive gene Ptch1 were down-regulated
in the mutants (Table 1). However, we did not detect any
change in the expression level of Pax3 or any of the
myogenic regulatory factors (Myf5, MyoD, and Myogenin)
at this stage, consistent with our earlier observation
that these genes were restored to the wild-type level
post-E11.

Interestingly, one of the genes that was significantly
down-regulated in Smo-deficient myoblasts relative to
the wild type was Net1. Net1 encodes a guanine nucle-
otide exchange factor (GEF) that specifically activates the

small GTPase RhoA (Alberts and Treisman 1998). Be-
cause RhoA plays an important role during cell migration,
it raised the possibility that Hh signaling regulates myo-
genic cell migration in the limb bud through Net1. Net1
showed a 4.5-fold decrease in the relative expression level
in the Pax3Cre; SmoCKO; RCTrePe mutant muscles. This
down-regulation of Net1 in muscle cells was validated by
whole-mount in situ hybridization in E11 embryo limbs
(Fig. 7A–D; Supplemental Fig. 8A–J). Interestingly, its
expression appeared to be normal at E10.5, indicating that
Hh signaling is not required for Net1 initiation, in spite of
being needed for its maintenance from E10.5 onward.

In order to test the function of Net1 during muscle
migration, we again took advantage of the chick system,
where Net1 is similarly expressed in the limb muscles
(data not shown). We electroporated HH18 chick embryo
somites at the hindlimb level (somites 26–33) with GFP
(pCAG-GFP) or two previously described dominant-
negative forms of Net1 (Cag-dnNet1-iresGFP) carrying
a deletion in either the Dbl homology (DH) or pleckstrin
homology (PH) domain (Guerra et al. 2008). When somitic
cells were electroporated with just pCAG-GFP, they
continued to migrate and populated the entire muscle
mass (n = 7 of 7) (Fig. 7E). However, coelectroporation of
both dominant-negative Net1 constructs severely inhibited
muscle migration and even prevented muscle progenitors
from entering the limb bud in many cases (n = 18 of 25
affected, nine embryos had no GFP in the limb) (Fig. 7F),
demonstrating that Net1 is indeed required for muscle cell
migration.

Figure 7. Net1 acts downstream from Hh signaling
to promote cell migration. (A,B) Net1 in situ hy-
bridization showed that Net1 expression was down-
regulated in the Pax3Cre; SmoCKO; RCTrePe mutant
forelimb (B, yellow arrowhead) at E11 when com-
pared with the wild-type (WT) limb bud (A). (C,D)
This down-regulation was not due to a loss of
muscle progenitors in the limb, marked by the
Pax3Cre-responsive GFP reporter. (E,F) In the chick
system, when the lateral somites at the hindlimb
level were electroporated with pCAG-GFP at HH18,
GFP-positive cells (green) were found throughout
the Pax7-positive dorsal and ventral muscle masses
(red) at HH26 (shown in E). (F) However, when two
dominant-negative forms of Net1 were coelectropo-
rated into the lateral somites, cells failed to migrate
into the limb, demonstrating that functional Net1
activity is required for muscle cell migration. (G–J)
Active RhoA, as detected by GST-RBD, was reduced
in the Pax3Cre; SmoCKO; RCTrePe mutant forelimb
ventral muscle cells, marked by the Cre-responsive
GFP reporter, at E11 (white arrowheads). (G9–J9)
Blow-ups of the squares in G–J show that there are
less overlapping green and red signals (white
patches) in the mutant myogenic cells. (K–M) The
loss of distal forelimb muscles in the Pax3Cre;

SmoCKO mutants was partially rescued (red arrow-
heads) by serial injection of the RhoA activator LPA. (N) This rescue can be quantified as the distance from the distal-most MyoD

staining to the tip of the hand plate (as indicated by the brackets in K–M). Histograms are expressed as means and standard error of the
mean (SEM) (n = 6 for each genotype). (**) P < 0.01. Bar in M: A–D, 315 mm; E,F, 350 mm; G–J, 60 mm; G9–J9, 45 mm; K–M, 500 mm.
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These results are consistent with the view that, in the
normal limb bud, Hh signaling is required to maintain
Net1 expression in the migrating myoblasts. In the
absence of Hh signaling, Net1 is down-regulated, which
could be predicted to render reduced RhoA activity.
Indeed, by using GST-RBD to label active RhoA and an
antibody to detect GST, it became apparent that in the
mutant ventral limb, there was diminished RhoA activity
in the distal muscle cells (Fig. 7G–J9), which likely led to
inefficient cell migration at E11 and the loss of distal
muscles at E11.5. This model would therefore suggest
that it might be possible to rescue the Smo-deficient
phenotype by restoring RhoA activity. We injected lyso-
phosphotidic acid (LPA), a RhoA activator, into pregnant
female mice starting at E9.5 and every 0.5 d afterward
until E11.5. This treatment was able to partially rescue
the loss of distal muscle in Pax3Cre; SmoCKO mutants at
E12.5 (n = 5 of 6) (Fig. 7K–N; Supplemental Fig. 9). While
the rescue was incomplete, we also noted that Dock9,
a GEF for another small GTPase, CDC42, was addition-
ally down-regulated in the Pax3Cre; SmoCKO mutants
(Table 1; Supplemental Fig. 8K–N), hinting at a common
theme of migratory regulation by the Hh signaling.

Discussion

By conditionally removing Smo activity, and hence the
ability to respond to Hh signaling, from various cell
populations in the limb, we demonstrated that the func-
tion of Hh during limb muscle development is multifac-
eted and that Hh signaling acts both cell-autonomously
and non-cell-autonomously in directing limb muscle for-
mation. A parallel study by Anderson et al. (2012) also
reached similar conclusions.

We observed that when Hh signaling is disrupted in the
lateral plate-derived limb mesenchyme, normal muscle
AP patterning is lost and the resultant muscle bundles are
more symmetrical. The nonmuscle mesenchyme has
long been considered as the main source for muscle pat-
terning, and it has been established that the muscle connec-
tive tissue sets up a prepattern for correct muscle patterning
to take place (Christ et al. 1977; Jacob and Christ 1980;
Kardon et al. 2003; Hasson et al. 2010). Our results
further confirm this notion and show that Shh does not
pattern limb muscles directly but through the lateral
plate-derived cells.

Hh signaling also promotes slow muscle fiber myogen-
esis in a cell-autonomous fashion. This finding is consistent
with a previous study demonstrating that muscle cells are
responsive to Hh signaling after they have migrated into
the limb between E10.5 and E11.5 (Ahn and Joyner 2004).
Whether these cells are responding to Shh or Ihh remains
unclear. While Ihh from the developing long bones could
be responsible for this, we cannot rule out the possibility
that at an earlier stage, Shh sets up cellular memory of
exposure in a population of muscle cells that are destined
to form the slow fibers. When fiber type becomes specified
in myogenic cells has been controversial. For example, at
least in birds, it has been shown that the first muscle
progenitor cells to enter the limb contribute to the proximal

slow muscles and that the fast muscles are formed by later-
migrating populations (Van Swearingen and Lance-Jones
1995). However, other studies have suggested that cell fate
is not predetermined in the somites (Kardon et al. 2002;
Rees et al. 2003).

Regardless of the timing of slow muscle determination,
the cell-autonomous requirement for Hh signaling that
we observed in our study is similar to that seen in the for-
mation of zebrafish adaxial slow muscle fibers (Baxendale
et al. 2004; Feng et al. 2006). However, contrary to the near
complete loss of slow fibers in zebrafish smo mutants
(Barresi et al. 2000), there is only ;20% reduction in the
Pax3Cre; SmoCKO mutants, suggesting that additional
mechanisms are in place for specifying the slow fiber
myogenesis in the mammalian limbs. Additional regula-
tion of this process is likely provided by the muscle
connective tissue, which is known to affect slow fiber
myogenesis via the WNT/b-catenin pathway (Anakwe
et al. 2003; Mathew et al. 2011).

We did not see any significant changes in proliferation
of the limb myogenic cells in the absence of cell-auton-
omous Hh signaling. We also did not see any increase in
myogenic cell death within the limb bud. Similar results
were obtained in the parallel study by Anderson et al.
(2012). However, we did detect cell death in both the
epaxial and hypaxial dermomyotome in the Pax3Cre;
SmoCKO mutants. Our finding that dermomyotomal cell
survival depends on cell-autonomous Hh signaling is
intriguing as, while Shh has been shown to be critical for
cell survival in the ventral somite, it is considered to be
dispensable for the developing dermomyotome (Borycki
et al. 1999). This discrepancy could be due to the stage and
the somite level of the embryo at the time of apoptosis
detection, as apoptosis occurs transiently at E10.5 and is
more apparent in the more mature somites at the fore-
limb level than in those at the hindlimb level. It is also
possible that Ihh from the endoderm maintains the
survival of dermomyotomal cells in the previously ana-
lyzed Shh mutants, while the removal of Smo alleles in
our study blocks all Hh activity. Indeed, at least at E8.5,
the Hh response gene Ptch1 is still expressed in the
somites of Shh-null embryos. Moreover, in general, Smo
mutants phenocopy Shh�/�; Ihh�/� double mutants,
which have more severe phenotypes than the Shh�/�

single mutant (Zhang et al. 2001).
The Hh signaling pathway in the limb has been pre-

viously shown to drive myogenic proliferation (Duprez
et al. 1998), maintain cell survival (Kruger et al. 2001), and
regulate the size of the muscle progenitor pool in the limb
(and hence muscle mass within the limb) by controlling
myoblast proliferation and differentiation during primary
myogenesis and maintaining cell survival over secondary
myogenesis (Bren-Mattison and Olwin 2002; Bren-Mattison
et al. 2011). However, it was unclear whether these
processes were direct effects of cell-autonomous Shh
function. By removing Smo specifically from muscle pro-
genitor cells, both this work and that of the accompanying
study by Anderson et al. (2012) demonstrated a cell-auton-
omous requirement for Shh to initiate the myogenic pro-
gram in the early ventral muscle mass. In this context, Shh
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appears to function similar to its role in the somites to
directly regulate the expression of Myf5 (Borycki et al.
1999; McDermott et al. 2005). However, as the expression
of Myf5 and MyoD in the ventral muscle cells recovered
and the dorsal muscle mass was largely unaffected,
additional mechanisms must be in place to compensate
for the loss of Shh signaling in order to initiate the
myogenic differentiation program. Moreover, as noted
above, neither cell proliferation nor survival was affected
in the absence of cell-autonomous Shh activity; these
effects of loss of Shh observed in previous studies are
therefore most likely due to non-cell-autonomous Shh
function mediated by other tissue types.

Both our work and that of Anderson et al. (2012) further
identified a specific loss of distal muscles when Shh
responsiveness was conditionally removed from the myo-
genic cells. This could be the result of the loss of early
Myf5 and MyoD expression. In this scenario, proper Shh-
induced myogenic differentiation may be required at the
beginning of limb myogenesis to specify a subpopulation
that will eventually become the distal limb muscle.
However, our study strongly suggests that there is also
a cell-autonomous requirement for Hh signaling to main-
tain proper muscle cell migration within the limb. These
explanations are certainly not mutually exclusive, and it is
additionally plausible that a prompt onset of myogenic
differentiation is required to maintain Net1 expression for
Hh-dependent muscle migration.

Shh has previously been reported to regulate cell
movement in various contexts, such as medial migration
of the endothelial progenitors in zebrafish, the navigation
of axons in the neural tube, the distribution of oligoden-
drocytes along the developing optic nerves, and the
migration of adult neural precursor cells to the olfactory
bulb (Charron et al. 2003; Gering and Patient 2005;
Merchán et al. 2007; Angot et al. 2008; Yam et al. 2009).
In these cases, however, Shh acts as a chemoattractant,
which is unlikely to be the governing mechanism by which
Hh signaling regulates limb muscle migration because Shh
is expressed in the posterior limb bud and muscle cells
migrate distally.

In cell culture studies, Shh has been shown to be required
for cell motility by activating Rho GTPases through a ‘‘non-
canonical’’ or Gli-independent pathway (Renault et al.
2010; Sasaki et al. 2010; Polizio et al. 2011). In these
scenarios, signaling activation is relayed from Smo to the
G proteins or Tiam1, a GEF for Rac1 (Sasaki et al. 2010;
Polizio et al. 2011). While we cannot rule out these
possibilities, our results strongly indicate that in the limb
myogenic cells, Hh signaling is required cell-autonomously
to maintain the expression of Net1, which is in turn
required for adequate RhoA activity and cell migration.

From our study, a model for the regulation of limb
muscle development by the Hh signaling pathway
emerges (Fig. 8). As limb muscle progenitor cells are
formed at the ventral lateral lip of the dermomyotome,
Shh from the midline is transiently required cell-autono-
mously at E10.5 to promote their survival. Subsequently,
Shh from the ZPA patterns the lateral plate-derived limb
mesenchyme along the AP axis, which in turn patterns the

muscle progenitor cells that have migrated into the limb
bud. At the same time, Shh promotes the early phase of
myogenic differentiation and maintains Net1 expression
cell-autonomously in the migrating muscle cells. Net1 is
the GEF for RhoA, and its up-regulation by Shh signaling
is permissively required for continued muscle cell migra-
tion toward the distal limb bud between E10.5 and E11.5.
Consequently, in the absence of Shh signaling in the muscle
progenitor cells, Net1 is down-regulated, and directionally
persistent migration is lost in these cells, resulting in the
truncation of distal muscles. At a later stage, myocytes
undergo terminal differentiation, and again Hh signaling is
required cell-autonomously to promote slow muscle fiber
formation, which is key to establishing optimally func-
tional adult muscles.

Last, the vertebrate limb has been thought to have
evolved in two phases: The proximal structures are Shh-

Figure 8. Schematic representation of the function of Shh
during limb muscle development. In normal conditions, Shh
patterns limb muscles non-cell-autonomously along the AP axis
through the lateral plate-derived limb mesenchyme (1) such that
when Hh activity is removed in the nonmuscle limb mesen-
chyme by Prx1-Cre recombinase AP patterning of the limb
muscles is affected. Meanwhile, cell-autonomous function of
Hh signaling is required to maintain cell survival in the
dermomyotome (2), promote the formation of slow muscle
fibers (3), initiate Myf5 and MyoD expression in a timely
manner, and regulate directional migration of the distal myo-
cytes by maintaining Net1 expression (4). Thus, in the absence
of Hh activity in the muscle progenitor cells, there is increased
apoptosis in the dermomyotome, decreased slow muscle fibers,
and loss of distal muscles.
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independent and more basal, and the distal structures are
Shh-dependent and evolutionarily novel (Shubin and
Alberch 1986; Ahlberg and Milner 1994; Sordino et al.
1995; Kardon 1998; Francis-West et al. 2003). In addition,
while Shh expression persists until the beginning of digit
formation in the tetrapods, it disappears at an earlier
stage, prior to ray formation in the teleosts, which lack
muscles in the fin ray region (López-Martı́nez et al. 1995;
Sordino et al. 1995; Thorsen and Hale 2005). Therefore,
despite the ongoing debate on the evolutionary origin of
the autopod in the tetrapods (Holmgren 1933; Gregory
and Raven 1941; Wagner and Chiu 2001; Shubin et al.
2006; Boisvert et al. 2008), it is tempting to propose that
early tetrapods have co-opted an existing pathway (Shh
signaling from ZPA) to extend the distribution of the limb
muscles to the more distally located and structurally
complicated autopod, a potentially neomorphic structure.

Materials and methods

Mouse genetics and manipulations

Smofl/fl, Smodel/+, Pax3Cre, Prx1Cre, Myf5Cre, MyoDCre, and
Tcf4GFPCre+neo mice and RCTrePe (Cre-responsive GFP reporter)
were previously reported and genotyped as described (Long et al.
2001; Logan et al. 2002; Chen et al. 2005; Engleka et al. 2005;
Gensch et al. 2008; Purcell et al. 2009; Mathew et al. 2011; Ray
et al. 2011). Generation of mutant embryos and wild-type
siblings are described in the text. Noon of the day of vaginal
plug discovery was designated as E0.5. For the microarray
analysis of gene expression level, dissociated ventral and dorsal
E11.25 limb mesenchyme was FACS-sorted (Hematologic Neo-
plasia Flow Cytometry Facility at Dana-Farber Cancer Institute),
and RNA was extracted using the RNeasy kit (Qiagen). Fifty-
eight Pax3Cre; SmoCKO; RCTrePe mutant forelimbs and 55 wild-
type sibling forelimbs were pooled into three different samples
for triplicate. Microarray was performed on the Illumina Mouse
WG-6 Expression BeadChip by the Molecular Genetics Core
Facility at Children’s Hospital Boston (supported by NIH-P50-
NS40828 and NIH-P30-HD18655). For qPCR analysis, RNA from
FACS-sorted muscle cells at different stages (as indicated in the
text) was reverse-transcribed to cDNA using SuperScript VILO
cDNA Synthesis kit (Invitrogen). qPCR was performed using the
Roche LightCycler with the following conditions: 2 min at 95°C
and 40 cycles of amplification (5 sec at 95°C, 10 sec at 56°C, and
20 sec at 72°C). The primer sets used are listed in Supplemental
Table 1. All measurements were normalized to GAPDH and
b-actin. A water sample was used as the negative control and set
as 0% for expression level. An in vitro differentiation assay was
performed as previously described (Mathew et al. 2011). Rescue
of the distal muscle loss in the SmoCKO; Pax3Cre mutant limbs
was done by intraperitoneal injection of LPA (20 mg/g body
weight) at E9.5. Serial injections were subsequently made every
12 h until E11.5.

Chick embryos, surgeries, and electroporation

Fertilized chick eggs from commercial sources (Charles River)
were incubated at 38°C and staged according to Hamburger and
Hamilton (1951). Lateral somite ablation was done by cutting the
lateral 200 mm of somite 16–21 using a sharpened tungsten needle.
The barrier experiment was performed by inserting a tantalum
foil barrier between the developing limb bud and the somites at
HH20. The barriers were either left in situ or removed 24 or 48 h

after insertion. Embryos were either immediately processed for
whole-mount in situ hybridization to check Myf5 expression in
the somites or put back into the incubator to allow further
development until HH26 or HH34 to assess limb muscle forma-
tion. Somite electroporation experiments were carried out as
previously described (Scaal et al. 2004). pCAG-GFP was used as
a positive control (Matsuda and Cepko 2004). Dominant-negative
Net1 alleles carrying a deletion in the DH or PH domain were
gifts from Alan Hall (Memorial Sloan-Kettering Cancer Center)
and were subcloned into pCAGIG (Matsuda and Cepko 2004).

In situ hybridization and immunohistochemistry

For whole-mount in situ hybridization, samples were fixed in 4%
PFA overnight at 4°C, and the hybridization was carried out as
previously described (Riddle et al. 1993). DIG-labeled probes
were detected with NBT/BCIP (Sigma) or BM Purple (Roche).
Probes include mouse MyoD (Brent et al. 2003), mouse Pax3

(Goulding et al. 1991), chick Myf5 (Brent and Tabin 2004), mouse
Net1 (RT–PCR product using primers 59-TGGGAGCATCAAG
GGTTACT-39 and 59-AATGAATGCAGAAGGCGAAC-39), and
mouse Dock9 (RT–PCR product using primers 59-GGGA
CATGCTTTGTCATGTG-39 and 59-TCAGTGCTGCTTTGTC
TGCT-39). For antibody staining, all samples were fixed in 4%
PFA for 4–6 h at 4°C (unless stated otherwise in Supplemental
Table 2) and prepared for either frozen or paraffin sectioning.
The primary antibodies used are tabulated in Supplemental
Table 2. Secondary antibodies (Molecular Probes) used include
Alexa Fluor 594 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-
rabbit IgG, Alexa Fluor 594 goat anti-mouse IgG, and Alexa
Fluor 488 goat anti-chick IgG (all at 1:250 dilution for 1 h at
room temperature). For active RhoA detection, sectioned sam-
ples were blocked in 0.05% BSA in HBS before GST-RBD
(Cytoskeleton) application. GST-RBD was diluted in HBS at
a concentration of 200 mg/mL and incubated with samples for
90 min at room temperature. Samples were fixed for 15 sec with
cold acetone–formalin before antibody detection.

Scratch assay

Chick somites at the hindlimb level were electroporated with
pCAG-GFP or pCAG-DsRed (Matsuda and Cepko 2004) at HH18
and allowed to develop at 38°C until HH25/26. In experiments
where Hh signaling was to be abrogated, 1 mg of cyclopamine
(Calbiochem) was delivered to the electroporated chick embryos
by pipetting. Cyclopamine was prepared as previously described
(Incardona et al. 1998). HH25/26 limb mesenchyme was sub-
sequently incubated in 0.5% trypsin for 10 min at room tem-
perature and dissociated by pipetting in DMEM/10% FBS.
Dissociated cells were FACS-sorted for GFP- or DsRed-positive
myogenic cells, which were then plated in a 96-well plate with
a glass bottom (MatTek) coated with ECL (entactin-collagen IV-
laminin; Millipore). The plated cells were incubated in DMEM/
20% FBS/2.5 ng/mL bFGF plus either 20 nM Shh protein (Curis)
or 50 mM cyclopamine for 24 h at 37°C with 5% CO2 to reach
confluence, and a scratch wound was generated by a fine pipette
tip. Cell migration was recorded by performing time-lapse
microscopy.

Time-lapse microscopy and image analysis

Time-lapse imaging was performed as previously described (Gros
et al. 2010). Myogenic cells at the scratch wound were imaged
every 8 min for 12 h at 37°C and 5% CO2 at a wavelength of 910
nm to capture the migration of both GFP- and DsRed-positive
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myogenic cells. For live imaging of limb explants, E10.75–E11
mouse embryos were dissected in PBS and sectioned manually
at a thickness of ;200 mm using obsidian scalpels (Fine Science
Tools). The tissue slices were cultured in 40% DMEM/60% rat
serum (Harlan Laboratories)/1% low-melting agarose/0.5%
glucose/2.5 mM HEPES (Gibco)/1% penicillin–streptomycin,
supplemented with 20 nM of Shh protein (Curis). Images of
ventral limb muscle mass were taken at 850 nm every 5 min for
12 h. Time-lapse movies were generated using NIH ImageJ, and
cells were tracked using the manual tracking plug-in contributed
by Fabrice Cordeli. Colocalization of active RhoA signals and
muscle cells was done by using the ImageJ colocalization plug-in
contributed by Pierre Bourdoncle.
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