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Embryonic and tetal limb myogenic cells
are derived trom developmentally distinct
progenitors and have ditterent requirements
for B-catenin

David A. Hutcheson, Jia Zhao, Allyson Merrell, Malay Haldar, and Gabrielle Kardon'
Department of Human Genetics, University of Utah, Salt Lake City, Utah 84112, USA

Vertebrate muscle arises sequentially from embryonic, fetal, and adult myoblasts. Although functionally distinct,
it is unclear whether these myoblast classes develop from common or different progenitors. Pax3 and Pax7 are
expressed by somitic myogenic progenitors and are critical myogenic determinants. To test the developmental
origin of embryonic and fetal myogenic cells in the limb, we genetically labeled and ablated Pax3* and Pax7" cells.
Pax3*Pax7 " cells contribute to muscle and endothelium, establish and are required for embryonic myogenesis, and
give rise to Pax7" cells. Subsequently, Pax7* cells give rise to and are required for fetal myogenesis. Thus, Pax3*
and Pax7" cells contribute differentially to embryonic and fetal limb myogenesis. To investigate whether
embryonic and fetal limb myogenic cells have different genetic requirements we conditionally inactivated or
activated B-catenin, an important regulator of myogenesis, in Pax3- or Pax7-derived cells. -Catenin is necessary
within the somite for dermomyotome and myotome formation and delamination of limb myogenic progenitors. In
the limb, B-catenin is not required for embryonic myoblast specification or myofiber differentiation but is critical
for determining fetal progenitor number and myofiber number and type. Together, these studies demonstrate that

limb embryonic and fetal myogenic cells develop from distinct, but related progenitors and have different cell-

autonomous requirements for B-catenin.
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Muscle development, growth, and regeneration take
place throughout vertebrate life and are mediated by
myogenic progenitors. As with other stem cells, myo-
genic progenitors are capable of self-renewal and differ-
entiation. Therefore, a key to understanding vertebrate
myogenesis is an understanding of the developmental
origin of muscle progenitors and the signals that regulate
their proliferation and differentiation.

Vertebrate myogenesis occurs in three successive
phases, fulfilling different functional needs (for review,
see Stockdale 1992; Biressi et al. 2007a). Embryonic
myogenesis establishes the basic muscle pattern. Fetal
myogenesis is critical for growth and maturation of the
muscle. Adult myogenesis allows for postnatal growth
and repair of damaged muscle. Each one of these phases
involves specification of myoblasts that express the
myogenic regulatory factors (MRFs) Myf5, MyoD, and/
or Mrf4; differentiation of committed myocytes; fusion of
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myocytes into multinucleate myofibers; and maturation
of myofibers with different speeds of contraction and
myosin heavy chain (MHC) isoforms. During embryonic
myogenesis (embryonic day 10.5-12.5 [E10.5-E12.5]
mouse) (Biressi et al. 2007a) embryonic myoblasts differ-
entiate into primary myofibers. During fetal myogenesis
(E14.5-E17.5), fetal myoblasts both fuse to primary fibers
and fuse to one another to make secondary myofibers.
Finally, during adult myogenesis (postnatal day 0 [PO] and
onward), muscle growth, fiber maturation, and regenera-
tion are mediated by adult progenitors, satellite cells.
Embryonic, fetal, and adult myoblasts are distinct
myogenic populations. These myoblast classes were ini-
tially classified based on their in vitro characteristics.
They differ in their appearance, media requirements, re-
sponse to extrinsic signaling molecules, drug sensitivity,
and morphology of myofibers they generate (Stockdale
1992; Biressi et al. 2007a). In vivo these myoblasts generate
primary, secondary, and adult myofibers that express
different MHC isoforms and muscle enzymes (Gunning
and Hardeman 1991; Wigmore and Evans 2002). Recent
genetic analyses of Pax3/7 and Myf5/MyoD/Mzf4 families
of transcription factors and microarray studies reveal that
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the three myoblast classes are specified by different
transcription factor combinations and express different
genes (Kassar-Duchossoy et al. 2004, 2005; Relaix et al.
2006; Biressi et al. 2007b). Of intense interest is whether
embryonic, fetal, and adult myoblasts derive from com-
mon or different progenitor populations.

During vertebrate development all axial and limb
skeletal muscle originates from progenitors in the
somites, epithelial structures that arise from the preso-
mitic mesoderm (psm) (Bryson-Richardson and Currie
2008). Muscle progenitors derive from the dorsal somite,
the dermomyotome. Axial muscle forms in two waves
from the dermomyotome. Initially, cells delaminate from
the dermomyotomal lips to form the underlying primary
myotome, and later central dermomyotomal cells trans-
locate to the myotome to form all subsequent axial
muscle. Limb muscle originates from progenitors that
delaminate from the dermomyotome ventrolateral
lip and migrate into the limb (Christ and Brand-Saberi
2002).

Research on muscle progenitors has concentrated on
two closely related paired domain homeobox transcrip-
tion factors, Pax3 and Pax7, expressed in somitic cells (for
review, see Relaix et al. 2004; Buckingham 2007). Pax3 is
initially expressed (E8) in the psm as somites form, but is
progressively restricted, first to the dermomyotome and
later to the dorsomedial and ventrolateral dermomyoto-
mal lips. In the limb Pax3 is expressed in somitically
derived cells during E10.5-E13.5. Somitic Pax7 expres-
sion initiates later (E9) and is restricted to the central
region of the dermomyotome. In the mouse limb Pax7
expression begins at E11.5 in somitically derived cells.
Pax7 continues to be expressed during fetal myogenesis
and by adult satellite cells. Although Pax3 is not gener-
ally expressed in muscle after E13.5, a few adult satellite
cells are Pax3* (Relaix et al. 20006).

Functionally, Pax3 and Pax7 are important for myo-
genesis. Pax3 is required for somite segmentation and
formation of the dermomyotomal lips (Schubert et al.
2001; Relaix et al. 2004). In addition, Pax3 is required for
multiple aspects of limb myogenesis, and all limb muscle
is lost in Pax3~/~ mice (Relaix et al. 2004, and references
therein). Pax3 is sufficient to induce MyoD and Myf5 in
vitro (Maroto et al. 1997) and directly binds and trans-
activates enhancers of Myf5 (Bajard et al. 2006) and MyoD
(Hu et al. 2008). Pax7~/~ mice show no defects in em-
bryonic or fetal myogenesis. However, Pax7 is required
for maintenance of adult satellite cells (Seale et al. 2000;
Oustanina et al. 2004; Kuang et al. 2006; Relaix et al.
2006). Pax7 is sufficient to drive myogenic specification
in vitro (Seale et al. 2004) and binds a Myf5 enhancer
(McKinnell et al. 2008). Pax3~/~;Pax7~/~ mice have no
limb muscles (recapitulating the Pax3~/~ phenotype), but
also have no embryonic or fetal axial muscle (although
the primary myotome does initially form) (Relaix et al.
2005). Thus, expression of Pax3 or Pax7 is critical for
assuring the survival of embryonic, fetal, and adult
muscle progenitors.

Recent studies have identified Pax3*/Pax7* somitic cells
as the source of muscle progenitors (Kassar-Duchossoy
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et al. 2005; Relaix et al. 2005). Using a Pax3°™ allele
(in which GFP is expressed similarly to Pax3 but per-
dures beyond the transient endogenous Pax3 expression)
to track the fate of Pax3 cells and Pax3 and Pax7
expression and loss-of-function experiments, these stud-
ies suggest that Pax3*/Pax7* cells are the common
progenitors responsible for all embryonic, fetal, and adult
myogenesis in axial and limb muscles. However, both
Pax3 and Pax7 are only transiently expressed in progen-
itors and down-regulated during myogenic differentia-
tion. Therefore, a full assessment of the contribution of
Pax3* and Pax7* cells to embryonic, fetal, and adult myo-
blasts and myofibers requires a lineage analysis in which
Pax3* and Pax7" cells and their progeny are genetically
labeled.

Wnt/B-catenin signaling is an important regulator of
muscle development, and likely to be critical for regulat-
ing muscle progenitor proliferation and differentiation.
Whnts are secreted ligands for receptor-mediated signaling
(Clevers 2006). Cytoplasmic B-catenin is the central me-
diator of canonical Wnt signaling. In the absence of Wnts,
B-catenin is phosphorylated and targeted for degradation.
Wnt binding to receptors leads to the formation of
stabilized, dephosphorylated B-catenin that translocates
to the nucleus where it binds to Tcf/Lef proteins and
activates transcription of Wnt-responsive genes.

During axial myogenesis, Wnt/B-catenin signaling is
important for dermomyotome and myotome formation.
Dermomyotome formation requires Wnt/B-catenin sig-
naling (Ikeya and Takada 1998; Linker et al. 2003;
Schmidt et al. 2004), and Wnts also positively regulate
the number of dermomyotomal Pax3* and Pax7* progen-
itors (Galli et al. 2004; Schmidt et al. 2004; Otto et al.
2006). Subsequently, Wnts are necessary and sufficient to
promote normal Myf5 and MyoD expression (Munsterberg
et al. 1995; Maroto et al. 1997; Tajbakhsh et al. 1998;
Borello et al. 1999b; Schmidt et al. 2000; Linker et al. 2003;
Galli et al. 2004; Chen et al. 2005; Brunelli et al. 2007).
Myf5 is directly regulated by B-catenin, as two Tcf/Lef-
binding sites in the Myf5 enhancer are essential for
myotomal expression (Borello et al. 2006). In contrast,
MyoD appears to be regulated predominantly via a Wnt/
PKC-mediated pathway (Chen et al. 2005; Brunelli et al.
2007).

In the limb, Wnts and B-catenin have been found to
play several, sometimes conflicting, roles in embryonic
myogenesis. Several studies show that Wnts promote
embryonic limb myogenesis (Anakwe et al. 2003; Geetha-
Loganathan et al. 2005, 2006; Takata et al. 2007).
However, others found that Tcf/Lef signaling inhibits
differentiation of muscle progenitors (Miller et al. 2007).
Wnts also regulate embryonic fiber type, via canonical
and noncanonical signaling (Anakwe et al. 2003; Takata
et al. 2007).

Despite this wealth of studies, several important ques-
tions remain unanswered. First, it is unresolved whether
Wnt/B-catenin signaling is critical cell-autonomously
within myogenic cells for skeletal myogenesis in vivo.
Second, it is unclear whether B-catenin’s function may
differ between different phases of myogenesis.
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In this study we used genetic lineage, ablation, and
conditional mutagenesis in the mouse to analyze the
developmental origin of limb muscle progenitors and test
the role of B-catenin signaling in regulating the number
and differentiation of these progenitors. We genetically
labeled and ablated Pax3* and Pax7* cells in vivo to
determine whether Pax3* and/or Pax7* cells are commit-
ted myogenic progenitors that give rise to and are re-
quired for limb embryonic and fetal muscle. We also
tested whether embryonic and fetal limb myogenic cells
in vivo have different cell-autonomous requirements for
B-catenin by conditionally inactivating and activating
B-catenin in Pax3* and Pax7* cells and their progeny.
These studies demonstrate that limb embryonic and fetal
myogenic cells develop from distinct, but related progen-
itors and have different cell-autonomous requirements
for B-catenin.

Results

Pax3*Pax7~ somitic cells give rise to all Pax7" and
embryonic myogenic cells, while Pax3* and Pax7" cells
contribute to fetal myogenic cells in the limb

To test whether Pax3* and Pax7* somitic cells are the
progenitors for embryonic and fetal myogenic cells in the
limb, we conducted a lineage analysis of Pax3* and Pax7*
cells. We genetically labeled Pax3* or Pax7* cells and their
progeny using Pax3°™ (Engleka et al. 2005) or Pax7:¢™
(Keller et al. 2004) mice, in which Cre is faithfully
expressed in all cells in which either Pax3 or Pax7 is
normally expressed. These mice were crossed with
R26R % yeporter mice (Soriano 1999), in which LacZ is
expressed in response to Cre recombinase. In Pax3°™/*;
R26RMZ/ or Pax7i¢e/*, R26R*?/* mice Pax3* or Pax7*
cells and their progeny are positive for B-galactosidase
(B-gal) activity.

To confirm that Pax3" and Pax7" cells give rise to limb
muscle and test the temporal-spatial relationship between
the Pax3 and Pax7 lineages, we analyzed Pax3°™/*;
R26RMZ/* and Pax7°"/*;R26R*“?/* E9-E14.5 embryos.
Whole-mount analysis of Pax3°™/*;R26R*““/* embryos
shows B-gal* cells are present in somites by E9 (beginning
in the newly most formed somite, somite stage I} and in
limbs by E10.5 with strong expression in all limb muscles
by E14.5 (Suppplmental Fig. 1A-C; data not shown). In
Pax7'°"/*,R26R“/* embryos, a few B-gal* cells are
present in somites at E9.5 (beginning at somite stage X),
with increasing numbers at E10.5, while B-gal* cells are
absent in the limbs at E10.5, just beginning at E11.5, and
widely expressed in all limb muscles by E14.5 (Supple-
mental Fig. 1E-G; data not shown). Thus, both Pax3* and
Pax7* cells contribute to all limb muscles by E14.5.
However, Pax7-derived cells appear later in somites and
limbs relative to Pax3-derived cells, consistent with pre-
vious Pax3 and Pax7 RNA expression studies (e.g., Relaix
et al. 2004). To test whether Pax7* cells may be derived
from and a subset of Pax3-derived cells, we analyzed
sections of E10.5-E14.5 Pax3°"/+;Ro6RL4/* embryos. In
the limb all Pax7* cells are B-gal* and thus derived from

Embryonic and fetal limb myogenesis

Pax3* cells (Fig. 1A-D; data not shown). Therefore, in the
limb both Pax3* and Pax7* somitic cells contribute to all
muscles by E14.5, and Pax7* cells are derived from and
a subset of the Pax3 lineage.

The temporal differences in Pax3 and Pax7 gene expres-
sion and lineage suggest that Pax3" and Pax7* cells could be
differentially contributing to limb embryonic myogenic
cells. Myoblasts and myofibers present in the limb between
E10.5 and E12.5 have been classified as embryonic myo-
genic cells based on their distinctive in vitro characteristics
(molecular markers distinguishing embryonic vs. fetal
myogenic cells are only just starting to be identified) (Biressi
et al. 2007a,b). Therefore, we examined hindlimb sections
of E12.5 Pax3°*/*;R26R"**/* and Pax7'“"/*;R26R"*°%/*
embryos. In Pax3°™/*;R26R**°?/* 1imbs all MyoD* myo-
blasts (Fig. 1IE-H) and myosin* myofibers (Fig. 2A) are 3-gal*
and thus derived from Pax3* cells. In contrast, in E12.5
Pax7'¢**, R26R ?/* embryos, only a few MyoD* myo-
blasts (Fig. 1I-L) and myosin™ myofibers (Fig. 2D) are B-gal*.
This demonstrates that Pax3* cells give rise to all embry-
onic myoblasts and myofibers, while Pax7* cells give rise to
few embryonic myogenic cells. This indicates that in the
limb almost all embryonic myoblasts and myofibers have
arisen directly from Pax3* cells without ever having
expressed Pax7.

E12.5 Hindlimb

3-Gal

Pax7

Pax3cre;R26RL

MyoD B-Gal

;H2GRLECZ/+
-Gal

ax?!ﬂmh
MyoD

"Illji

Figure 1. Pax3" somitic cells give rise to all Pax7* cells and
embryonic myoblasts, while Pax7* cells give rise to only a few
myoblasts at E12.5 in the limb. (A-H) All Pax7* cells and MyoD*
embryonic myoblasts are B-gal* in E12.5 Pax3™/*;R26R" 4<%/
hindlimbs. (I-L) Only a few proximal MyoD"* myoblasts are
B-gal* in E12.5 Pax7:°*/*,R26R /* hindlimbs.
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Figure 2. In the limb embryonic myofibers are derived from
Pax3*Pax7~ somitic cells, while fetal myofibers have contribu-
tions from Pax3* and Pax7* somitic cells. At E12.5 all embryonic
myosin® myofibers are B-gal* in Pax3°"*;R26R***/* hindlimbs
(A), while only a few proximal myosin® myofibers are B-gal® in
Pax7'¢r*, R26R 4+ hindlimbs (D). At PO all fetal myosin*
myofibers are B-gal* in Pax3“*/*;R26R*%* (B,C) and Pax7°**;
R26R*¢Z/* (E F) hindlimbs.

The whole-mount analysis of El4.5 Pax3°™/*,
R26R*°Z* and Pax7:°™/*;R26R ?/* limbs suggests that
both Pax3* and Pax7" cells may contribute to fetal
myogenic cells. Myogenic cells present in the limb
between E14.5 and E17.5 have been classified as fetal
myogenic cells (Biressi et al. 2007a,b). We examined
hindlimbs sections from newly born (P0O) Pax3°™/*;
R26RMZ/* and Pax7'°"/*;R26R**%/* mice, just at the
end of fetal myogenesis. In both Pax3*/*;R26R**“* and
Pax7'¢r*,R26RL%/* limbs, all myosin* myofibers are
B-gal® (Fig. 2B,C,E,F). This demonstrates that fetal myo-
fibers have contributions from both Pax3* and Pax7* cells.

In summary, our lineage analysis shows that Pax3*
and Pax7" cells contribute differentially to embryonic
and fetal myogenic cells in the limb. Pax3*Pax7~ cells
give rise to all embryonic myoblasts and myofibers and
also Pax7* cells. Subsequently, all fetal myofibers have
contributions from both Pax3* and Pax7* cells.

4 GENES & DEVELOPMENT

Pax3*, but not Pax7* somitic cells are required for
embryonic limb myogenesis

The finding that all embryonic myogenic cells in the limb
are derived from Pax3™ cells, while only a few are derived
from Pax7" cells, suggests that the Pax3 lineage is re-
quired for embryonic myogenesis, while the Pax7 lineage
is not. To test whether Pax3* and/or Pax7* cells and their
progeny are required for embryonic limb myogenesis, we
genetically ablated Pax3* and Pax7* cells. In Pax3°™/*;
R26RPTA% and Pax7'¢"*;R26RPTA* mice, Cre acti-
vates the expression of diphtheria toxin (DTA) and kills
Pax3* and Pax7* cells (Wu et al. 2006). Pax3°r/*;
R26RPT™* embryos do not survive beyond E12.5. In
these embryos, myosin® myofibers are present in the
head (data not shown), consistent with the lack of Pax3
expression in myogenic progenitors in head muscles
(Horst et al. 2006). However, there is no Pax7, MyoD, or
myosin expression in the limb or trunk (Fig. 3A-C; data
not shown), indicating a complete lack of appendicular
and axial myogenesis. Pax7'"/*,R26RPTA/* mice survive
until birth. In contrast to Pax3°"*;R26RP™/* there is
a normal embryonic pattern of MyoD* myoblasts and
myosin* myofibers in E14.5 Pax7'°*/*;R26RP™/* hin-
dlimbs, just at the end of embryonic myogenesis (Fig.
3D,E).

To rule out that the normal muscle pattern in Pax
R26RP™* mice is due to the presence of surviving
Pax7* progenitors, we investigated the efficiency of
ablation of Pax7" cells. Previous studies (Wu et al. 2006;
Haldar et al. 2008) demonstrated that the DTA in the
R26RPTA% mice specifically kills all Cre* cells within
24 h of Cre expression. In addition, Cre appears to be
expressed in nearly all Pax7* cells since in Pax7C™/,
R26RY?/* nearly all Pax7* cells are B-gal* (Supplemental
Fig. 2A,B); the few cells that are Pax7*B-gal ™ are likely ones
in which the reporter is not yet expressed. Likewise, in
Pax7°e+ . RoO6RPTA* there is almost a complete loss of
Pax7* cells (Supplemental Fig. 2C,D); the few Pax7* are
likely cells that have not yet been killed by the DTA. Thus,
in the Pax7°"**;R26RP™* mice, it is probable that all
Pax7" cells are being killed and the remaining embryonic
myoblasts and myofibers are derived from Pax3*Pax7~
progenitors.

These data demonstrate that the Pax3 lineage, but not
the Pax7 lineage, is required to give rise to limb (and axial)
embryonic myogenic cells. Therefore, during normal
development Pax3*Pax7~ somitic progenitors are essen-
tial for embryonic myogenesis. The Pax3*Pax7~ progen-
itors are also required to give rise to Pax7* muscle
progenitors.

iCre/+
7 ;

Limb fetal myogenesis is compromised in the absence
of Pax7* somitic cells

Our lineage analysis demonstrated that all fetal myofib-
ers are derived from Pax3 and Pax7 progenitors, suggest-
ing these progenitors are essential for fetal myogenesis.
We tested whether Pax7* progenitors are required for fetal
myogenesis by examining PO Pax7'"*;R26RP™A/* mice,
at the end of fetal myogenesis and just prior to their death
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(examination of the requirement for Pax3" progenitors
was precluded by the E12.5 death of Pax3°7/*;R26RPTA/*
mice). The basic pattern of muscles is present in PO
Pax7°"/*;R26RP™/* mice, but each muscle is much
smaller and contains fewer myofibers (Fig. 3H vs. F;
Supplemental Fig. 3). Also, a higher proportion of myo-
fibers express slow MHC in most muscles (with the
exception of the normally slow-enriched soleus) in the
Pax7'¢"* R26RPTA* compared with Pax7¢™/*;R26R*"*
(Fig. 3F-H ; Supplemental Fig. 3). The proportion of slow
myofibers in PO limbs is determined by maturation of
both embryonic and fetal muscle. Previous studies
showed that all embryonic myofibers express slow myo-
sin and then fibers destined to become fast gradually
lose slow myosin (Condon et al. 1990; Gunning and
Hardeman 1991). In contrast, most fetal myofibers never
express slow (Kelly and Rubinstein 1980; Condon et al.
1990; Gunning and Hardeman 1991; Biressi et al. 2007a).

Embryonic and fetal limb myogenesis

Myosin

Myosin

Figure 3. In the limb Pax3" somitic cells,
but not Pax7* somitic cells are required for
embryonic myogenesis, while Pax7" cells
are required for fetal myogenesis. (A-C)
E12.5 Pax3°*/*;R26RP™"* hindlimb sec-
tions show a complete loss of Pax7* pro-
genitors (A), MyoD"* myoblasts (B), and
myosin* myofibers (C), indicating a com-
plete loss of embryonic limb myogenesis
when Pax3* cells are ablated. (D,E) E14.5
Pax7°"*;R26RP™/+  hindlimb sections
show a normal pattern of embryonic
MyoD* myoblasts (D) and myosin® myo-
fibers (E) when Pax7* cells are ablated. PO
Pax7'C"e*;R26RPTA/+ shank cross-section
shows a basic muscle pattern (H,I), but
muscles contain fewer laminin® myofibers
with a higher proportion of slow myosin*
myofibers compared with control Pax7:¢/*;
R26R*™* sections (EG).

Therefore, the increased proportion of slow myofibers in
Pax7°™/*,R26RPTA* mice likely results from a retention
of slow-expressing embryonic myofibers and a decreased
formation of fetal myofibers, which mainly do not ex-
press slow myosin. Taken together, the overall decreased
number of myofibers and the increased proportion of slow
myofibers in the Pax7¢/*;R26RP™* mice suggest that
fetal myofibers have not differentiated and that Pax7*
progenitors are required for their differentiation.

Pax3*, but not Pax7*, somitic cells give rise to limb
endothelial cells

Our whole-mount analysis of Pax3°"/*;R26R**%/* limbs
revealed obvious nonmyogenic 3-gal* cells that appeared
to be associated with vessels in the shank and foot
(Supplemental Fig. 1C,D). Previous studies have shown
that somitic cells contribute to the endothelial cells of

GENES & DEVELOPMENT 5


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on April 3, 2009 - Published by Cold Spring Harbor Laboratory Press

Hutcheson et al.

the limb vasculature (Pardanaud et al. 1996; He et al.
2003; Huang et al. 2003). Therefore, Pax3* and/or Pax7*
somitic cells could give rise to limb endothelial cells. To
test whether Pax3* cells contribute to endothelial cells,
we immunolabeled E14.5 sections of Pax3°"/*;R26R 4%/
limbs with an endothelial marker, CD31. We found
B-gal"CD31* cells, indicating that Pax3* cells give rise to
endothelial cells (Fig. 4A-D). Most Pax3-derived CD31*
cells were found in superficial vessels directly below the
epidermis and a few in deeper vessels. Overall, only
a small proportion of limb endothelial cells were B-gal*
and therefore derived from Pax3* somitic cells. The
majority of limb endothelial cells appear to be derived
from nonsomitic sources (Pardanaud et al. 1996). Never-
theless, the finding of Pax3-derived endothelial cells dem-
onstrates that Pax3* somitic cells are not committed to
a myogenic fate in the limb, but are able to differentiate
into either myogenic or endothelial cells. In contrast
to Pax3, neither whole-mount nor section analysis of
Pax7'¢*,R26R %+ limbs (Fig. 4E-H; Supplemental
Fig. 1G H) revealed B-gal™ endothelial cells and indicates

E14.5 Hindlimb

Pax3cr*;R26RZ+

Pax7iCre/+’-R26RLacZ/+
CD31

Figure 4. Pax3", but not Pax7*, somitic cells give rise to limb
endothelial cells. (A-D) CD31* endothelial cells superficial
(yellow arrowheads) and adjacent (white arrowhead) to muscle
are B-gal* in E14.5 Pax3°"/*;R26R*“?/* hindlimbs. (E-H) CD31*
endothelial cells are not B-gal* in E14.5 Pax7'C*/*Ro6R 4<%/
hindlimbs. Arrows point to subcutaneous trunci muscle near
superficial endothelial cells.
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that Pax7* somitic cells never differentiate into endothe-
lial cells. This suggests that Pax7* somitic cells may be
restricted, and potentially committed, to a myogenic fate
in the limb.

Wnt/B-catenin signaling is active in myogenic
precursors and myoblasts

Wnt/B-catenin signaling is an important regulator of
muscle development and is likely to be critical for
embryonic and fetal limb myogenesis. To first determine
whether canonical B-catenin signaling is active within
myogenic cells, we examined BAT-gal mice, in which
seven TCF/LEF-binding sites drive nuclear LacZ expres-
sion when bound by transcriptionally active TCF/LEFs
(Maretto et al. 2003). At E12.5 Pax7*B-gal* and MyoD*-
gal® cells are found in the limb and somites (Supplemen-
tal Fig. 4; see also Borello et al. 2006), indicating that Wnt/
B-catenin signaling is active in myogenic progenitors and
myoblasts. Because not all Pax7* and MyoD™ cells were
B-gal™ and also BAT-gal mice are inefficient in reporting
all cells with active Wnt/B-catenin signaling (Barolo 2006),
it is unclear whether all or just some myogenic progeni-
tors and myoblasts are active for Wnt/B-catenin signaling.

B-catenin is required in Pax3-derived somitic cells for
dermomyotome and myotome formation, but not
subsequently in Pax7-derived cells for embryonic axial
myogenesis

As Paxa3 is initially expressed in the somites and Wnt/B-
catenin signaling is active there, we first tested whether
B-catenin is required cell-autonomously within the Pax3
lineage for somite development. We generated Pax3°™/*;
B-catenin®?%,R26RY*"* mice in which both alleles of
B-catenin have been inactivated, via excision of exons 2-6
(Brault et al. 2001), in all Pax3* cells and their progeny
(the A allele is constitutively inactivated, while the fI2-6
allele is inactivated in response to Cre). These mice also
contained the Cre-responsive R26RY™"/* reporter (Srinivas
et al. 2001) and allowed us to visualize cells, via expression
of YFP, in which Cre has been expressed and B-catenin
inactivated. Pax3°"/*;8-catenin™%*;R26R"™""* mice, in
which only one allele of B-catenin is excised in response to
Cre, serve as heterozygous controls and are indistinguish-
able from wild type. Cre-mediated reporter expression is
present and B-catenin is inactivated in the somites by E9.
Sections through E10.5 somites of Pax3°™/*;B-catenin®/"?-°;
R26RYP* mice reveal that the somites are disorganized
with poorly formed dermomyotomes and fewer Pax7*
progenitors (Supplemental Fig. 5A-H). Since Pax3 and
Paraxis are required for formation of epithelial somites
and proper dermomyotomes (Burgess et al. 1996; Relaix
et al. 2004), we analyzed by whole-mount in situ hybrid-
ization expression of Pax3 (Supplemental Fig. 5I) and
Paraxis (data not shown). Expression of both genes initiates
in the psm and early somites (prior to Cre-mediated in-
activation B-catenin), but is not maintained in mature
somites (after B-catenin inactivation) in Pax3°"*;8-cat-
enin®™2°,R26R™™* mice. In addition, analysis of MyoD
and Myf5 (Supplemental Fig. 5K,L) and myosin (data not
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shown) of Pax3°"" B-catenin®4,R26RY™"* mice show

a complete absence of the myotome with no Myf5" or
MyoD" myoblasts or myosin® myofibers. We did not see
a significant increase in cell death or change in prolifera-
tion (as assayed by TUNEL and phospho-histone H3) (data
not shown) in the somites of these mice. These data
demonstrate that B-catenin is required within Pax3-
derived cells for maintenance of Pax3 and Paraxis somitic
expression, proper dermomyotome formation, and the
subsequent differentiation of myoblasts and myofibers
within the myotome.

We also tested whether B-catenin may be required
subsequently for formation of embryonic axial muscles.
To test this we generated Pax7'°"*B-catenin®/?-
6, R26RY™* mice in which the later expression of Pax7
drives Cre recombination and widespread inactivation of
B-catenin at E10.5 in the somites. Surprisingly, at E14.5
(at the end of embryonic myogenesis) axial myogenesis
appears unperturbed, with a normal pattern of MyoD"*
myoblasts (Supplemental Fig. 5M-T) and myosin™ myo-
fibers (data not shown). Because these myoblasts and
myofibers are YFP*, these myogenic cells are Pax7-
derived and have Cre-mediated inactivation of B-catenin.
The presence of myoblasts and myofibers despite their
cell-autonomous inactivation of B-catenin demonstrates
that B-catenin, although required for dermomyotome and
myotome formation, is not required subsequently for
embryonic axial myogenesis.

B-catenin is required in the somite for delamination of
limb myogenic progenitors, but not required for
embryonic limb myoblasts and myofibers

The disorganization of the dermomyotome in the Pax3°™"*;

B-catenin®?-°/,R26RYP"* mice suggests that B-catenin
may be required for formation of the ventrolateral dermo-
myotome and delamination of limb myogenic progenitors.
Indeed in E12.5-E14.5 Pax3°™*,B-catenin®/"?-;R26RY"/*+
mice inactivation of B-catenin in Pax3-derived cells results
in the complete absence of Pax7* myogenic progenitors,
MyoD" myoblasts, or myosin® myofibers in the limb
(Fig. 5A-H; Supplemental Fig. 6A-P). The lack of any
myogenic cells in the limb suggests that Pax3-derived
myogenic progenitors did not delaminate from the der-
momyotome ventrolateral lip. This delamination process
requires the ligand Hgf, expressed in the limb, to signal
to its receptor Met, expressed in ventrolateral somitic
cells (Dietrich et al. 1999). In the absence of either Hgf
or Met, somitic cells fail to delaminate from the ventrolat-
eral dermomyotome and no limb myogenesis occurs
(Bladt et al. 1995; Maina et al. 1996). In Pax3°™/*
B-catenin®?%,R26R™"* mice expression of Met initiates
in the most newly formed somites (prior to complete
inactivation of B-catenin) (arrow in Supplemental Fig. 5]),
but fails to be maintained in more mature somites and
limb myogenic progenitors (after complete inactivation
of B-catenin). This loss of Met expression is likely to
result from the loss of Pax3 in the somites, as it has
been previously shown that Met expression is dependent
on activation by Pax3 (Epstein et al. 1996). Therefore,

Embryonic and fetal limb myogenesis

B-catenin is required in the somites to maintain Pax3
expression and Met* ventrolateral dermomyotomal cells
that delaminate and migrate into the limb.

Analysis of the BAT-gal reporter mice suggested canon-
ical B-catenin signaling is active within myogenic cells in
the limb. However, the requirement for B-catenin early in
the somites precluded analysis of later roles for B-catenin
in limb myogenesis using Pax3°"’*;B-catenin®/?-¢,
R26RY™"* mice. Therefore we analyzed MCre™®*;s-
catenin®’M?=6,R26R¥"* mice. MCre mice have a trans-
gene containing a Pax3 enhancer element and proximal
promoter expressed only in the ventrolateral lip of the
dermomyotome, the body wall, and limb myogenic cells
(Brown et al. 2005) and resulting in Cre-mediated re-
combination in newly delaminated myogenic cells and
their progeny (data not shown). In MCre™*;8-catenin™"*;
R26R*™" mice, in which one allele of B-catenin is in-
activated, YFP*MyoD"* myoblasts (as well as YFP*Pax7*
muscle progenitors and YFP* myofibers) (data not shown)
are present (Fig. 5I-L). The efficiency of labeling limb
myogenic cells in these mice is considerably lower and
more variable than Pax3°™*R26RY™/* mice perhaps be-
cause not all elements necessary for Pax3 expression in
the hypaxial somitic cells are present in the transgene
(Schienda et al. 2006). Nevertheless, in MCre’®*;
B-catenin®?%,R26RYF"* mice, in which both B-catenin
alleles are inactivated, YFP*MyoD" myoblasts (as well
as YFP*Pax7* muscle progenitors and YFP* myofibers)
(data not shown) are present (Fig. 5M-P). This indicates
that once in the limb B-catenin is not required within Pax3-
derived cells for specification of embryonic myoblasts
and differentiation of myofibers. Whether the total
number of myoblasts and myofibers differs from wild-type
levels is difficult to evaluate because of the inefficiency of
the MCre driver.

B-catenin is not necessary for Pax3-derived limb
endothelial cells, nor is it sufficient to drive Pax3*
somitic cells to a myogenic fate

Our lineage analysis revealed that Pax3™ somitic cells
give rise to limb myogenic and endothelial cells. Poten-
tially, B-catenin is required in Pax3™ somitic cells for
generation of both limb myogenic progenitors and endo-
thelial progenitors. However, in Pax3°™/*,8-catenin®/?=,
R26RY™P* mice YFP*CD31* endothelial cells are present
in the limb (Fig. 6A-H). This indicates that, unlike
myogenic progenitors, Pax3-derived endothelial progeni-
tors do not cell-autonomously require B-catenin when
residing within the somites or subsequently when in the
limb for delamination, migration, or differentiation into
endothelium. Furthermore, because Met is absent in the
Pax3°™"*,B-catenin®"?~%,R26R™™"* mice, this also indi-
cates that, unlike myogenic progenitors, limb endothelial
progenitors do not require Met for delamination.

Because B-catenin is required for generation of limb
myogenic but not endothelial cells from the somite, we
hypothesized that B-catenin signaling may act in Pax3*
somitic cells as a molecular switch between myogenic
and endothelial cell fates. To test this we conducted
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Figure 5. B-Catenin is required early in Pax3-derived somitic cells for generation of limb myogenic cells, but is not required in Pax3-
derived migrating progenitors for specification of embryonic myoblasts. Loss of B-catenin in Pax7-derived cells does not affect myoblast
specification. During embryonic myogenesis at E12.5 mutant Pax3°"/*,8-catenin®/"*~%;R26RY*"* hindlimbs (E-H) contain many fewer
YFP* cells in the limb and none give rise to MyoD* myoblasts as compared with heterozygous control Pax3°*/*;B-catenin®°";
R26RYPP* hindlimbs in which many YFP* cells are present that give rise to YEP*MyoD* myoblasts (A-D). In E12.5 mutant MCre™®/*;
B-catenin®/™-%,R26RYF’/* hindlimbs (M-P) in which B-catenin is inactivated in Pax3-derived cells after delamination from the somite,
YFP* MyoD* myoblasts are present similar to the heterozygous control MCre™¥*;8-catenin™ **;R26R*"* hindlimbs (I-L). In E12.5
mutant Pax7°°"*,8-catenin®??~%,R26R¥"* hindlimbs (U-X) YFP*MyoD* myoblasts are present in similar numbers as found in
heterozygous Pax7:¢™/*;-catenin™%"*;R26RY™""* hindlimbs (Q-T).

Tg/+,
;

a gain-of-function experiment in which B-catenin is cells in the limb at E12.5), and so we analyzed MCre

conditionally, constitutively activated via a B-catenin/™* B-catenin’™*;R26RY™"* mice. If B-catenin indeed medi-

allele (Harada et al. 1999). In the B-catenin™’* allele, the
presence of Cre causes deletion of exon 3 and the
formation of a stabilized, constitutively activated form
of B-catenin. PaX3cw/+;B-cateninf]3/+;R26RYF PH mice die
at E11.5 (prior to the presence of Pax3-derived CD31*
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ates between a myogenic versus an endothelial fate, we
anticipated that activation of B-catenin would drive
all somitic progenitors in the limb to a myogenic fate at
the expense of an endothelial fate. In contrast, in both
El45 MCre™™8-catenin**;R26RY™* and MCre™®";
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B-Catenin*">%;R26 R

B-Catenin**;R26 R-*%*

Figure 6. B-Catenin is not necessary for Pax3-derived limb endothelial cells, nor is it sufficient to drive Pax3* somitic cells to
a myogenic fate. (A-D) In E14.5 Pax3°"/*;8-catenin**;R26R¥"""* hindlimbs YFP*CD31" endothelial cells are present. (E-H) In
Pax3°™"*,B-catenin®’"®;R26RYF’/* hindlimbs many fewer YFP* cells are present in the limb but these still give rise to YFP*CD31*
endothelial cells. (I-L) In E14.5 MCre™$"*,8-catenin*’*;R26R***%/* hindlimbs Pax3-derived cells expressing Cre after delamination from
the somite give rise to YFP*CD31* endothelial cells. (M—P) In MCre™*;8-catenin™’*;R26R**#/* hindlimbs Pax3-derived cells still give
rise YFP*CD31".

B-catenin™*;R26RYF"* mice we found YFP*CD31* endo-
thelial cells (Fig. 6I-P). The presence of MCre-derived
endothelial cells even in the presence of constitu-
tively active B-catenin demonstrates that B-catenin is
not sufficient to drive somitic cells in the limb to a myo-
genic fate.

B-catenin is critical for fetal myogenesis in the limb

Although B-catenin is not required for embryonic myo-
genesis once somitic progenitors have entered the limb,
B-catenin may be critical subsequently for fetal myogene-
sis. To test this, we analyzed Pax7'°"/*,8-catenin®?;
R26RYFP*+ and Pax7i¢e! +;,B—caten1'nﬂs/+;R26RYF P/ mice at
PO (both genotypes die at birth) in which B-catenin
has been either inactivated or constitutively activated in
Pax7-derived cells. In Pax7°¢"/ +;B—caten1’n“/f]24’;R26RYF P/
and Pax7'°"*"*,B-catenin™*;R26RY™* limbs all myofibers

are YFP* (data not shown), indicating that Pax7-derived
cells contributed to fetal myofibers, despite the inactiva-
tion or activation of B-catenin (Supplemental Fig. 2E-1).
In Pax7'°""* B-cateni®™4,R26R™"* mice the overall
pattern of muscles in the limb is unaffected (Supplemen-
tal Fig. 7A). However, individual muscles contain sig-
nificantly fewer myofibers and in most muscles
significantly fewer of the myofibers are slow (Fig. 7A;
Supplemental Fig. 7D, 8, 9). In contrast, in Pax7:¢™/*
B-catenin™*;R26R™’/* mice the pattern of muscles was
highly perturbed (Fig. 7C; Supplemental Fig. 7C) with
many of the muscle boundaries obscured and myofibers
misoriented. There are also fewer myofibers but almost
all myofibers are slow, although the irregular fiber ori-
entations make this difficult to quantify (Fig. 7C; Supple-
mental Fig. 7F). In the Pax7"°"*B-catenin®/"?;
R26RYPPH and PaX7jcw/+;B—cateninf]3/+;R26RYF P/ mice
defects in muscle pattern, myofiber number, and/or
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Figure 7. B-Catenin regulates progenitor number and myofiber number and type during fetal myogenesis in the limb. In PO Pax7:"/*;
B-catenin®/6,R26R¥FP/* hindlimbs inactivation of B-catenin in Pax7-derived fetal muscle leads to fewer overall laminin* myofibers
with a lower proportion of slow myosin* myofibers (A vs. B) but relatively the same number of Pax7* progenitors (D vs. E) as compared
with heterozygous Pax7'C"*,8-catenin**;R26RY"*. In PO Pax7'°"*,B-catenin™*;R26RYF’/* constitutive activation of B-catenin
leads to a disorganized pattern of myofibers, fewer overall laminin* myofibers with a higher proportion of slow myosin* myofibers (C vs.

B), and more Pax7* progenitors (F vs. E) as compared with Pax

71'Cm/+

iB-catenin?¢/*,R26RYFP* (Arrow in F) Dense concentrations of

Pax7* progenitors are frequently found in Pax7'¢"/*,8-catenin™’*;R26RY*""* limbs. (G) Model of embryonic and fetal limb myogenesis.

type arose during fetal myogenesis. Muscle pattern is
normal in E14.5 Pax7°"*"*,B-catenin™’*;R26R"™""* mice
(data not shown), and a normal pattern of myoblasts (Fig.
5U-X) and myofibers (Supplemental Fig. 6U-X) is present
at E12.5-E14.5 in Pax7'°*/* B-catenin®/™?°,R26RY"/*
mice. It is likely that embryonic muscle is not affected at
E12 because Cre-mediated deletion of B-catenin is just
beginning and at E14.5 multinucleate myofibers contain
myonuclei derived from Pax7* precursors in which
B-catenin has been deleted as well as Pax3*Pax7~ precursors
in which B-catenin is still expressed. Overall, our data show
that during fetal myogenesis B-catenin affects myofiber
number and positively regulates the number of slow fibers.

Examination of Pax7°™/*,8-catenin®/?-%,R26RYFT/*
and Pax7°"*,B-catenin™"*;R26R¥™""* PO mice also dem-
onstrates that B-catenin positively regulates the number

10 GENES & DEVELOPMENT

of Pax7" myogenic progenitors during fetal myogenesis.
Significantly more Pax7* cells are present in Pax7:™/*,3-
catenin™/*;R26RY™""*  versus  Pax7'°"*,B-catenin*’*;
R26RYP* mice, while the number of Pax7* cells is not
detectably changed in Pax7'"/*;-catenin®/?-,R26 R¥"*
mice (Fig. 7D-F; Supplemental Figs. 7G-I, 10). Inter-
estingly, in the Pax7°°"/*B-catenin™*;R26R™™"* mice
there were regions of dense concentrations of Pax7*
cells (arrows in Fig. 7F; Supplemental Fig. 7I). An
analysis of Pax7* cell proliferation (PHH3*Pax7* cells/
Pax7* cells) was inconclusive, as we found high vari-
ability both within and between individuals of all
genotypes. The dense concentrations of Pax7" cells in
Pax7'°r* B-catenin™*;R26RY™* mice did not have
high levels of PHH3" cells (data not shown). Also,
an analysis of apoptosis (via TUNEL) did not reveal
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significant levels of cell death in any of the three genotypes
(data not shown). Overall, our data show that p-catenin
cell-autonomously positively regulates the number of
Pax7" muscle progenitors during fetal myogenesis. In
particular, activated B-catenin is sufficient to increase
the number of progenitors, but B-catenin itself is not
required for maintenance of Pax7* progenitors.

Discussion

Pax3* somitic cells give rise to muscle and
endothelium, while Pax7* somitic cells are
committed to myogenesis

Pax3 and Pax7 are important regulators of myogenesis
and mark myogenic progenitors. To determine the re-
lationship between the Pax3 and Pax7 lineages in the
limb and test whether Pax3* and Pax7* cells are commit-
ted myogenic progenitors we genetically labeled and
ablated Pax3* and Pax7* cells. Our lineage analysis
reveals that Pax3* somitic cells in the limb contribute
to both muscle and endothelial cell lineages. Transplan-
tation studies had established that somitic cells contrib-
ute to both limb muscle and endothelial cells (Pardanaud
et al. 1996; He et al. 2003; Huang et al. 2003), and chick
lineage studies showed that even single somitic cells are
bipotential, contributing to muscle and endothelium
(Kardon et al. 2002). Here we show that Pax3* somitic
cells are bipotential in the limb. Thus, even though Pax3
is a member of the genetic cascade committing cells to
myogenesis (Maroto et al. 1997; Tajbakhsh et al. 1997;
Bajard et al. 2006; Buchberger et al. 2007), in vivo
expression of Pax3 in somitic cells is not sufficient to
commit these cells to a myogenic fate.

We also found that Pax7* cells are a subset of Pax3"
somitic cells and only give rise to myogenic, and not
endothelial cells. Our ablation studies demonstrate that
the Pax3 lineage is required for the emergence of Pax7*
cells, even though Pax3 function is not required for the
specification of Pax7* cells (Pax7" cells are present
in axial muscles of Pax3~/~ mice) (Kassar-Duchossoy
et al. 2005). Subsequently, Pax7 somitic derivatives
appear to be restricted, and therefore potentially commit-
ted, to the muscle lineage. Whether the expression of
Pax7 itself commits Pax3* cells to myogenesis or simply
marks committed cells is unclear. Pax7 regulates
Myf5 expression (McKinnell et al. 2008), and myogenesis
(with the exception of the primary myotome) requires
either Pax3 or Pax7 expression (Relaix et al. 2005).
Recently Pax7 has been shown to be more stable than
Pax3, which is subject to monoubiquitination and pro-
teasomal degradation (Boutet et al. 2007). An attractive
hypothesis is that Pax3 expression initially establishes
intermediate, bipotential precursors (see Lang et al. 2005;
Boutet et al. 2007). Given the right extrinsic cues, some of
these Pax3* cells differentiate into muscle (or endothe-
lium). However, Pax3* cells that do not differentiate
subsequently express the more stable Pax7, committing
these cells to a myogenic fate via Pax7 activation of Myf5
expression.

Embryonic and fetal limb myogenesis

Pax3*Pax7~ somitic cells are required for embryonic
myogenesis, while Pax3-derived Pax7* somitic cells are
required for fetal myogenesis in the limb

Recent studies have argued that Pax3*/Pax7* cells are
common muscle progenitors for embryonic and fetal
myoblasts and muscle (Kassar-Duchossoy et al. 2005;
Relaix et al. 2005). We used genetic lineage and abla-
tion studies to fully assess the contribution of Pax3* and
Pax7* cells to limb muscle and find that these two
lineages contribute differentially to embryonic and fetal
limb myogenesis.

Our lineage analysis of Pax3* and Pax7* cells found that
all limb embryonic muscle is derived from Pax3* cells.
Moreover, the loss of all embryonic myofibers when
Pax3* cells are ablated demonstrates that these cells are
required for limb embryonic myogenesis. Ablation of
Pax3" cells also leads to loss of all axial muscles. Thus,
although Pax3 function is only required for limb muscle
development (all limb muscle is lost in Pax3~/~ mice)
(Relaix et al. 2004 and references therein), Pax3™ cells are
required for both limb and trunk muscle development.
We also find that Pax7* cells contribute little to and are
not required for embryonic muscle in the limb. This
shows that, although Pax7* cells later contribute to all
myofibers during fetal myogenesis, Pax3*Pax7~ cells set
up the embryonic muscle pattern. Similar to the founder
model of Drosophila muscle development (Magbool and
Jagla 2007), the Pax3*Pax7~ cells act as founder cells,
establishing an initial muscle template on which Pax7*
cells subsequently fuse.

Pax7* cells give rise to and are required for fetal
myogenic cells. Pax7* cells are Pax3-derived and do not
necessarily express Pax3, as Pax3 is generally no longer
expressed after E13.5. The loss of fetal myofibers when
the Pax7 lineage is ablated highlights the important role
of Pax7* cells for fetal myogenesis. This role is consis-
tent with expression and microarray studies showing
that Pax7 is expressed in fetal myoblasts (Horst et al.
2006; Biressi et al. 2007b). However, this role has not
been revealed by analysis of Pax7~/~ mice, in which
fetal myogenesis appears normal although adult satellite
cells are not maintained and adult myogenesis and re-
generation are severely compromised (Seale et al. 2000;
Oustanina et al. 2004; Kuang et al. 2006; Relaix et al.
2006). During fetal myogenesis either Pax7’s function is
not essential or is compensated by other proteins. Nev-
ertheless, clearly, Pax7* cells are required for fetal growth
and fiber-type maturation.

B-catenin is required for dermomytome and myotome
formation, but not subsequently for embryonic axial
mpyogenesis

Multiple studies have demonstrated that Wnt/B-catenin
signaling is important for axial and limb myogenesis.
Nevertheless, still unanswered is whether B-catenin
signaling is required cell-autonomously in vivo for em-
bryonic and fetal myogenesis. To address these questions,
we first demonstrated that Wnt/B-catenin signaling is
active in myogenic progenitors and myoblasts. We then
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tested genetically whether B-catenin is critical for myo-
genesis by conditional inactivation or constitutive acti-
vation of B-catenin within the Pax3 and Pax7 lineages.
During axial muscle development, B-catenin is re-
quired within the Pax3 lineage for dermomyotome for-
mation. Inactivation of B-catenin in the most newly
formed somites in Pax3°*;8-catenin®™®° mice re-
sulted in disorganized somites with poorly formed der-
momyotomes. The poor formation of epithelial der-
momyotomes suggests that B-catenin’s cell adhesion
function may be critical. Alternatively, B-catenin’s func-
tion in Wnt signaling may be critical. Similar dermomyo-
tome defects have been found in Wnt1~/~;Wnt3a~/~ mice
(Tkeya and Takada 1998) as well as embryos in which
Wnt/B-catenin/Lefl signaling is blocked (Schmidt et al.
2004; Linker et al. 2005). The dermomyotomal defects in
Pax3°"*,B-catenin®/"?-® mice may be mediated by Pax3
and Paraxis. Previous studies showed that these genes are
critical for proper formation of epithelial somites and
dermomyotomes (Burgess et al. 1996; Relaix et al. 2004),
and Pax3 and Paraxis expression is not maintained in
somites of Pax3°"*B-catenin®/?° mice. These data,
combined with expression studies (e.g., Tajbakhsh et al.
1998; Borello et al. 1999a, 2006), suggest that Wnts,
produced in the neural tube and ectoderm, activate
B-catenin/Lefl signaling within newly formed somites,
which regulates Paraxis and Pax3 expression and is
critical for proper dermomyotome formation.
Inactivation of B-catenin in the most newly formed
somites also ablated the myotome, MyoD and Myf5
expression, and subsequently all axial muscle. The loss
of MyoD and Myf5 is consistent with Myf5 and MyoD
down-regulation in the myotome of Wnt1~/~;Wnt3a~/~
mice and in psm explants in which Wnt/B-catenin
signaling has been blocked (Borello et al. 1999b; Linker
et al. 2003; Brunelli et al. 2007). However, the complete
loss of MyoD is unexpected given recent explant data
suggesting that MyoD expression is predominantly regu-
lated by a Wnt/PKC pathway (Chen et al. 2005; Brunelli
et al. 2007). Multiple mechanisms may explain why
B-catenin is required for both myotomal Myf5 and MyoD.
Two Tcf/Lef-binding sites in the early epaxial enhancer of
Myf5 are critical for myotomal Myf5 expression (Borello
et al. 2006). However, the incomplete loss of Myf5 after
deletion of these binding sites, as compared with the
complete loss of Myf5 in the Pax3°"/*,8-catenin®/?-¢
mice, suggests that B-catenin may also be regulating
Myf5 via other mechanisms. MyoD is not regulated by
direct B-catenin/Tcf/Lef transcriptional activation as no
Tcf/Lef-binding sites have been found in the core en-
hancer controlling MyoD expression (Kucharczuk et al.
1999). Paraxis may be an important mediator between
B-catenin signaling and Myf5 and MyoD expression; Paraxis
is down-regulated in Pax3°""*,B-catenin®’™° mice and
in Paraxis™'~ mice Myf5 and MyoD are down-regulated
(Burgess et al. 1996; Wilson-Rawls et al. 1999). Neverthe-
less, the incomplete loss of Myf5 and MyoD in Paraxis™/~
mice suggests that loss of Paraxis cannot explain the com-
plete loss of Myf5 and MyoD in Pax3“*"*,B-catenin®/?-
mice. Finally, Pax3 may also mediate the loss of Myf5 and
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MyoD expression; Pax3 expression is not maintained in
Pax3°""*,B-catenin®’™° mice, and Pax3 has been shown to
bind and activate Myf5 and MyoD enhancers (Bajard et al.
2006; Hu et al. 2008). Therefore, B-catenin is likely playing
multiple roles in myotome formation, and it is loss of all
these functions that results in the complete loss of myoto-
mal Myf5 and MyoD. The consequence of both the loss of
the dermomyotome, which gives rise to later axial muscle
progenitors (Gros et al. 2005; Relaix et al. 2005), and the
myotome, which serves as a scaffold for these progenitors,
is the subsequent loss of all axial muscles in Pax3°**;
B-cateni®’™?° mice.

After dermomyotome and myotome formation, sur-
prisingly, B-catenin is not required within myogenic cells
for embryonic axial myogenesis. In Pax7'“"*,8-catenin®/2-¢
mice, B-catenin is deleted in Pax7* progenitors and
their derivatives in stage X somites, in which the dermo-
myotome and myotome have already formed. Despite the
loss of B-catenin in the Pax7 lineage, embryonic axial
myogenesis is normal, indicating that B-catenin is not
required at this later stage of myogenesis. Thus, although
many experiments demonstrate that Wnt/B-catenin sig-
naling is important for axial myogenesis (for review, see
Cossu and Borello 1999; Borycki and Emerson 2000), we
find that B-catenin is essential for dermomyotome and
myotome development but not critical for embryonic
axial myogenesis. Previous explant and in vivo chick
experiments all manipulate Wnt/B-catenin signaling in
the psm and early somites, thus affecting dermomyo-
tome, myotome, and subsequent axial myogenesis. Our
results emphasize the difference between the develop-
mental requirements for the myotome versus those for
later embryonic axial myogenesis. Such differences are
also evident in the Myf5 enhancer where the early epaxial
enhancer only drives expression in the myotome (Teboul
et al. 2002); in Pax3~/~;Pax7~/~ mutants where the
primary myotome is formed, but subsequent axial myo-
genesis is ablated (Relaix et al. 2005); and in Myf5 '~
Mrf4~~ mice where the myotome fails to form, but
subsequent myogenesis is relatively normal (Kassar-
Duchossoy et al. 2005).

Pax3-derived limb endothelial cells do not require
B-catenin

We found that Pax3-derived limb endothelial cells
migrate and differentiate independent of B-catenin. In
Pax3°** B-catenin®/™?-° mice, despite the absence of a
dermomyotome and Met expression, endothelial progen-
itors migrate from the somites into the limb. Similarly,
Geetha-Loganathan et al. (2006) have found in chick
endothelial cells do not, while myogenic cells do, require
Wnt6 for their emigration from the somites into the limb.
Pax3-derived endothelial progenitors may be intrinsically
different from myogenic progenitors within the somite
and thus not require the dermomyotomal lip and Met
expression for their migration. However, the finding of
individual somitic cells that give rise to endothelial and
myogenic cells argues against this interpretation (Kardon
et al. 2002). Alternatively, Pax3* cells migrating (perhaps
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earlier) from the somites independent of the dermomyo-
tomal lip and Met enter a limb environment that pro-
motes an endothelial fate. Subsequently, once in the limb
Pax3-derived endothelial cells do not require B-catenin
for their differentiation, nor does B-catenin promote
a myogenic versus an endothelial cell fate.

Once in the limb, myogenic cells do not require
B-catenin for embryonic myogenesis but require
B-catenin for fetal myogenesis

B-catenin plays several cell-autonomous roles during
limb myogenesis. First within the somite B-catenin is
required for formation of the dermomyotome and main-
tenance of Pax3 and Met expression, which are prereq-
uisites for delamination of limb myogenic cells (Bladt
et al. 1995; Maina et al. 1996; Dietrich et al. 1999; Relaix
et al. 2003, 2004). Subsequently, once in the limb embry-
onic and fetal myogenic cells have different requirements
for B-catenin.

Limb myogenic cells do not require B-catenin for
specification of embryonic myoblasts and differentiation
of myofibers. We found, via analysis of BAT-gal embryos,
that canonical B-catenin signaling is active in limb
myogenic progenitors and myoblasts. Yet, deletion of
B-catenin cell-autonomously within limb myogenic cells
had no obvious effect on embryonic myoblast specifica-
tion and myofiber differentiation. This indicates that,
despite the presence of active B-catenin signaling within
some myogenic cells, during normal limb development
B-catenin is not critical for embryonic myogenesis. It is
possible that B-catenin regulates the overall number of
limb embryonic myoblasts and myofibers, but this pos-
sibility could only be evaluated with a more robust Cre
driver (e.g., a tamoxifen-inducible Pax3“7ERT?),

During fetal myogenesis, B-catenin is critical for de-
termining the number of Pax7" progenitors and myofib-
ers. B-Catenin positively regulates the overall number of
Pax7* progenitors, but did not detectably or consistently
regulate their rate of proliferation or cell death. Recent in
vitro studies on adult satellite cells show that nuclear,
dephosphorylated B-catenin is present in activated satel-
lite cells and Wnts and B-catenin promote self-renewal of
Pax7* satellite cells (Otto et al. 2008; Perez-Ruiz et al.
2008; but see Brack et al. 2008). Because B-catenin either
does not consistently affect (our finding) or slows (Perez-
Ruiz et al. 2008) Pax7* cell proliferation and does not alter
apoptosis (our finding; Perez-Ruiz et al. 2008), this sug-
gests that B-catenin may expand the number of Pax7*
fetal myoblasts or satellite cells by preventing their
differentiation. The frequent appearance of dense clusters
of Pax7* cells that are not highly proliferative in Pax7:¢"/*;
B-catenin™’* mice supports this notion. We also found
that the overall myofiber number decreased when either
B-catenin was deleted or constitutively activated in Pax7-
derived cells. Myofiber number is determined by several
factors: progenitor number, rate of proliferation, and rate
of differentiation and fusion. Fewer myofibers may be
present in Pax7'°"/*B-catenin®/?-% mice because pro-
genitors prematurely differentiate (as found in vitro by

Embryonic and fetal limb myogenesis

Gavard et al. 2004; Perez-Ruiz et al. 2008), ultimately
resulting in the formation of fewer myofibers. In Pax7:¢%/*,;
B-catenin™’* mice, reduction in myofibers is likely due
to a block in progenitor differentiation and fusion, as con-
stitutive activation of B-catenin has been shown in vitro
to block myogenic differentiation and fusion (Goichberg
et al. 2001; Gavard et al. 2004; Perez-Ruiz et al. 2008).
Mechanistically how B-catenin is functioning is unclear.
Currently, there are multiple proposals for how B-catenin
regulates adult myogenesis that may be applicable to fetal
myogenesis. B-Catenin can function via canonical Wnt/
B-catenin signaling (Brack et al. 2008; Otto et al. 2008;
Perez-Ruiz et al. 2008), but can also regulate myogenesis by
direct modification of MRF transcriptional activity (Pan
et al. 2005; Kim et al. 2008) and by modification of
adherens junctions and cell adhesion (Goichberg et al.
2001; Gavard et al. 2004; Nastasi et al. 2004; Kramerova
et al. 2006).

Finally, we also found that B-catenin positively modu-
lates the number of slow myofibers during fetal myo-
genesis. How B-catenin regulates the expression of slow
myosin is potentially complex. B-Catenin may be nega-
tively regulating the maturation of embryonic myofibers
so that more retain slow myosin, positively regulating
fetal myofibers so that more acquire slow myosin, and/or
increasing the relative proportion of slow myosin* em-
bryonic myofibers versus slow myosin~ fetal myofibers.

Model of embryonic and fetal myogenesis in the limb

Vertebrate myogenesis occurs in three successive phases:
embryonic, fetal, and adult. The embryonic, fetal, and
adult myoblasts responsible for these phases of myo-
genesis are distinct. However, it has been unclear
whether these classes of myoblasts arise from common
or different progenitors. From our lineage and ablation
studies a model of the developmental origin of embryonic
and fetal myogenic cells in the limb emerges (Fig. 7G).
Pax3*Pax7~ somitic cells initially entering the limb are
bipotential progenitors and contribute to limb muscle
and endothelium. These cells give rise to and are required
for embryonic myogenesis. Pax3* cells also give rise to
Pax7* cells. These Pax3-derived, Pax7* cells give rise to
and are required for fetal myogenesis. Subsequently, some
of these Pax3-derived, Pax7* cells also give rise to adult
satellite cells, critical for adult myogenesis (Gros et al.
2005; Kassar-Duchossoy et al. 2005; Relaix et al. 2005;
Schienda et al. 2006). Thus, in the limb embryonic and
fetal myoblasts arise from developmentally distinct,
although related, progenitors. Future in vitro and expres-
sion studies using recently identified genes expressed in
embryonic versus fetal myoblasts (Biressi et al. 2007D)
will further test whether Pax3*Pax7~ cells are embryonic
myogenic progenitors, while Pax3-derived Pax7* cells are
fetal myogenic progenitors.

During development, functional contractile, post-mitiotic
myofibers must differentiate to allow for movement,
while proliferating progenitors must be maintained for
growth. Therefore, in the same environment some myo-
genic progenitors must differentiate, while others must

GENES & DEVELOPMENT 13


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on April 3, 2009 - Published by Cold Spring Harbor Laboratory Press

Hutcheson et al.

maintain their proliferative status. It has been hypothe-
sized that embryonic, fetal and adult progenitors and/or
myoblasts are intrinsically different so that these cells
will respond differently to similar environmental signals
(Biressi et al. 2007a,b). For instance, in vitro TGFp
inhibits differentiation of fetal but not embryonic myo-
blasts (Cusella-De Angelis et al. 1994). Here we show in
vivo that the different progenitor populations have
different cell-autonomous requirements for B-catenin
(Fig. 7G). In the somite B-catenin is required in Pax3-
derived cells for dermomyotome and myotome forma-
tion and delamination of myogenic, but not endothelial,
progenitors. Once in the limb Pax3*Pax7~ cells and their
progeny do not require B-catenin for embryonic myoblast
specification and myofiber differentiation. During fetal
myogenesis B-catenin is critical within the Pax7 lineage
for determining progenitor number and myofiber num-
ber and type. If B-catenin is functioning via canonical
Wnt/B-catenin signaling this suggests that the fetal Pax7
lineage is sensitive to Wnts. In contrast, the embryonic
Pax3*Pax7~ lineage appears to be insensitive to Wnt
signals. Thus differential sensitivity to Wnt signaling
may be a mechanism to allow embryonic progenitors to
differentiate, but maintain a fetal progenitor population.

Materials and methods

Mice

All lines of mice were generated previously and reported. Cre
drivers included Pax3°™ (Engleka et al. 2005), Pax7°°™ (Keller
et al. 2004), and MCre (Brown et al. 2005); reporters included
R26RZ (Soriano 1999), R26RY!? (Srinivas et al. 2001), and BAT
gal (Maretto et al. 2003); and conditional alleles included
B-catenin loss-of-function B-catenin®/?=¢ (Brault et al. 2001),
constitutive gain-of-function B-catenin™/* (Harada et al. 1999),
and cell ablation R26RP™ (Wu et al. 2006).

B-gal staining, immunofluorescence, microscopy, and in situ
hybridization

Whole-mount B-gal staining protocol is online at http://genetics.
med.harvard.edu/~cepko/protocol/xgalplap-stain.htm. For sec-
tion immunofluorescence, 12-wm cryosections were washed
in PBS and then, if needed (see Supplemental Table 1), subjected
to antigen retrieval, consisting of heating slides in citrate buffer
(1.8 mM citric acid, 8.2 mM sodium citrate in H,O) in a 2100
PickCell Retriever. Slides were incubated 1 h in 5% goat serum
in PBS, overnight at 4°C in 1° antibody, washed in PBS, for 2 h at
room temperature in 2° antibody, washed in PBS, and stained 5
min Hoechst. Primary antibodies are listed in Supplemental
Table 1 and secondary antibodies consisted of Alexa 488 or 594
goat anti-mouse IgG1 (Invitrogen) or Cy2 or Cy3 goat anti-rabbit,
anti-rat, or anti-chick (Jackson ImmunoResearch). All sections
were imaged on a Zeiss TCS SP5 confocal microscope. Each
image is a composite of maximum projections derived from
stacks of optical sections. Whole-mount in situ hybridization
protocol is online at http://genetics.med.harvard.edu/~cepko/
protocol/ctlab/ish.ct.htm.

Cell counts and statistics

For counts of laminin® myofibers, MHCslow™ myofibers, and
Pax7* cells the three sections in the center of each muscle or
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limb were identified. Total and slow myofibers were counted by
hand and Pax7* and PH3*Pax7* cells were counted using Image]
software. Counts for three sections of three individuals for each
genotype were analyzed using a repeated-measures ANOVA with
JMP7 software.
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Antibody Type Source Product Working Na Citrate
number concentration | Antigen
Retrieval
Pax7 Mouse DSHB PAX7 2.4 ug/ml yes> E14.5
IgG1 no< E14.5
MyoD Mouse Santa Cruz Sc-32758 | 4 ug/ml no
1gG1 Biotechnology | (5.8A)
MHC Mouse DSHB F1.652 1.5 ug/ml yes
embryonic 1gG1
MHC slow mouse Sigma M8421 1.5 ug/ml yes
1gG1 (NOQ7.5.
4D)
MHC Mouse Sigma M4276 10 ug/ml works with
neonatal+fast | IgG1 (MY32) and without
Laminin rabbit Sigma L-9393 3 ug/ml works with
polyclonal and without
CD31 rat BD 557355 0.5 ug/ml no
monoclonal | Pharmingen
B- chick ICL CGAL- 0.3 ug/ml no
galactosidase | polyclonal 45A-7
B- rabbit ICL RGAL- 1 ug/ml no
galactosidase | polyclonal 45A-Z
GFP chick Ave’s Lab GFP-1020 | 20 ug/ml no
polyclonal
GFP rabbit Molecular A11122 2 ug/ml no
polyclonal Probes
Phospho rabbit Millipore 06-570 0.05 ug/ml yes
Histone H3 polyclonal

Supplemental Table 1: Antibodies used in this study.




Supplemental Figure 1

Comparison of Pax3 and Pax7 lineages in embryonic (E12.5) and late embryonic/early
fetal (E14.5) limbs. Whole mount p-gal staining of Pax3“"¥*;R26R"**“"* (A-D) and
Pax7"°"®"*:R26R"**** (E-H) hind limbs. Pax3-derived cells are present in the limb prior to
Pax7-derived cells (A, E). By E14.5, all limb muscles are p-gal+ in Pax3"®*;R26R*“*
(B-C) and Pax7°"*;R26R"**“* (F-G), indicating contributions of Pax3-derived and Pax7-
derived cells to fetal muscle. Presumptive limb endothelial cells are labeled in

Pax3°®":R26R"**“* (C-D), but not in Pax7"“"®"*:R26R"**** (G-H) limbs.

Supplemental Figure 2

Pax7'°"®" effectively mediates recombination in Pax7-expressing cells. (A,B) In E12.5
Pax7°"®*:R26R-**** limb muscle Pax7°"®* effectively causes Cre-mediated p-gal
expression in almost all Pax7+ cells, demonstrating the efficacy of Pax7"“"®*. (C,D) In PO
Pax7°"*:R26R°™"* hind limbs very little Pax7 expression is seen (C) compared to
Pax7"°"*"*:R26R"***"* controls (D), indicating effective ablation of Pax7+ cells by
R26R°™"* In PO Pax7'°"*;p-catenin/™®:R26R"™* mice, activated p-catenin is
effectively downregulated (F) compared to controls (E), and in PO Pax7“"" ;-
catenin™*;R26R"""* mice, increased nuclear p-catenin is seen (H,|) relative to controls
(G). Dense concentrations of cells seen in Pax7"“"®"*;g-catenin™"*;:R26R""* mice show

very strong nuclear localization of p-catenin (1).

Supplemental Figure 3



Pax7-derived cells are required for growth and maturation of fetal myofibers in the limb.
For each individual, three sections at the center of each muscle were measured and
each bar depicts the average +/- 2 SEM. Colored lines represent the average

of all individuals of a particular genotype. Black bars depict mean measurements

significantly different (*p<.0001 Repeated ANOVA) in mutant versus wildtype.

Supplemental Figure 4

Some Pax7+ progenitors and MyoD+ myoblasts in the limb actively signal via Wnt/f-
catenin. In E12.5 BAT-gal embryos, in which $-gal is expressed in cells with active
Whnt/p-catenin signaling, some Pax7+ progenitors (A-D) and MyoD+ myoblasts (E-H) are

p-Gal+ in the hind limb.

Supplemental Figure 5

In the somite, conditional inactivation of p-catenin in Pax3-derived cells disrupts
dermomyotome and myotome formation, while inactivation of -catenin in Pax7-derived

/fl2-

3% B-catenin:

cells does not affect embryonic axial myogenesis. In E10.5 Pax
8-R26R"™* somites (E-H) the epithelial dermomyotome is severely disrupted with few
Pax7+ progenitors as compared with Pax3“®*;-catenin™%*;R26R"™""* somites (A-D).
Whole mount in situ hybridization shows that Pax3 expression initiates in newly formed
somites (arrow 1) and in the neural tube (asterisk) but is not maintained in Pax3“"; -
catenin/™®:R26R"™"* embryos as compared with Pax3“®*;g-catenin™**:R26R"""*

embryos(l). Met expression initiates in newly formed somites (arrow, J) but is not



maintained in the ventrolateral dermomyotome or in progenitors migrating into limb in
E10.5 Pax3°"®"*;g-catenin/"®:R26R"™* embryos (J). Myotomal MyoD and Myf5
expression is completely absent in E10.5 Pax3“®*;g-catenin/™°:R26R"™""* embryos (K-
L). In E14.5 Pax7"°"®";B-catenin/™°;R26R""™* embryos Pax7-derived cells, in which -
catenin has been conditionally inactivated, give rise to a normal pattern of YFP+ MyoD+

myoblasts as compared with Pax7“"*; g-catenin™®*;R26R"™* embryos (M-P, Q-T).

Supplemental Figure 6

B-catenin is required early in the somite in Pax3-derived cells for generation of limb
Pax7+ progenitors and embryonic myofibers. Loss of p-catenin in Pax7-derived cells
does not affect myofiber differentiation. During late embryonic myogenesis in Pax3“"; -
catenin™®*:R26R""™* hind limbs a large number of YFP+ cells are present which give
rise to many YFP+Pax7+ progenitors (A-D) and differentiate into YFP+myosin+
myofibers (I-L). In contrast, in embryonic Pax3°®"*;-catenin/"®:R26R"""* hind limbs
many fewer YFP+ cells are present in the limb and none give rise to YFP+Pax7+
progenitors (E-H) or YFP+myosin+ myofibers (M-P). In E14.5 Pax7'“®";g-catenin/™
8-R26R"™"* hind limbs the pattern of YFP+myosin+ myofibers is similar to that found in

Pax7°"®"*: g-catenin™®*;R26R"™"* hind limbs (Q-T, U-X).

Supplemental Figure 7

B-catenin regulates progenitor number and myofiber number and type during fetal

myogenesis in the limb. In PO Pax7"“"®";-catenin/™;R26R""™* shanks inactivation of -

catenin in Pax7-derived fetal muscle leads to fewer overall laminin+ myofibers with a



lower proportion of slow myosin+ myofibers (A,D versus B,E) and but relatively the same
number of Pax7+ progenitors (G versus H) as compared with Pax7°“"®*;g-catenin™
-R26R™* . In PO Pax7"“"®";p-catenin™*;R26R"™* shanks constitutive activation of -
catenin leads to a disorganized pattern of myofibers, fewer overall laminin+ myofibers
with a higher proportion of slow myosin+ myofibers (C,F versus B,E), and more Pax7+
progenitors (I versus H) as compared with Pax7'“"®*;g-catenin™®*:R26R""*. Dense
concentrations of Pax7+ progenitors (arrow, 1) are frequently found in Pax7'“®*; -

catenin™*:R26R" " limbs.

Supplemental Figure 8

B-catenin regulates the number of myofibers differentiated during limb fetal myogenesis.
For each individual, three sections at the center of each muscle were measured and
each bar depicts the average +/- 2 SEM. Colored lines represent the average

of all individuals of a particular genotype. Black bars depict mean measurements

significantly different (*p<.0001 Repeated ANOVA) in mutant versus wildtype.

Supplemental Figure 9

B-catenin regulates the type of myofibers differentiated during limb fetal myogenesis. For
each individual, three sections at the center of each muscle were measured and

each bar depicts the average +/- 2 SEM. Colored lines represent the average

of all individuals of a particular genotype. Black bars depict mean measurements

significantly different (*p<.0001 Repeated ANOVA) in mutant versus wildtype.



Supplemental Figure 10

B-catenin regulates the number of Pax7+ progenitors. For each individual, three sections
at the center of the hindlimb were measured and each bar depicts the average +/- 2
SEM. Colored lines represent the average of all individuals of a particular genotype.
Black bars depict measurements significantly different (*p<.05, ***p<.0005 Repeated

ANOVA) in mutant versus wildtype.
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