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SUMMARY

Skeletal muscle growth and regeneration rely on
myogenic progenitor and satellite cells, the stem
cells of postnatal muscle. Elimination of Notch
signals during mouse development results in prema-
ture differentiation of myogenic progenitors and
formation of very small muscle groups. Here we
show that this drastic effect is rescued by mutation
of the muscle differentiation factor MyoD. However,
rescued myogenic progenitors do not assume a
satellite cell position and contribute poorly to myo-
fiber growth. The disrupted homing is due to a deficit
in basal lamina assembly around emerging satellite
cells and to their impaired adhesion to myofibers.
On a molecular level, emerging satellite cells deregu-
late the expression of basal lamina components and
adhesion molecules like integrin o7, collagen XVllla1,
Megf10, and Mcam. We conclude that Notch signals
control homing of satellite cells, stimulating them
to contribute to their own microenvironment and to
adhere to myofibers.

INTRODUCTION

Stem cells reside in specialized environments, termed stem cell
niches, that produce factors that regulate stem cell behavior.
Adhesive interactions keep stem cells in their niches close to
these factors. In Drosophila, cadherins mediate adhesive inter-
actions between male gonadal stem cells and the hub cells in
the niche and thereby control the maintenance of stem cells
(Song et al., 2002). Integrin-mediated adhesion between ovarial
stem cells and the stroma retains follicle stem cells in their niche
in the Drosophila ovary and has been implicated in the homing of
spermatogonial and hematopoietic stem cells, as well as in the
maintenance of skin stem cells in mammals (reviewed in Ray-
mond et al., 2009; Marthiens et al., 2010). The stem cells of the
muscle (satellite cells) reside between the basal lamina and

plasma membrane of myofibers, and we refer to this anatomical
position as the stem cell niche. Although they were originally
defined by anatomical criteria, recent work indicates that satel-
lite cells receive functionally important cues in their niche (Kuang
et al., 2008; Bjornson et al., 2012; Mourikis et al., 2012). The
cellular and molecular mechanisms that control the colonization
of the niche have not been defined.

Progenitor and stem cells associated with the muscle
allow skeletal muscle development, growth, and regeneration.
A pool of myogenic progenitor cells is established during devel-
opment that provides a source of cells for muscle growth
in development and generates satellite cells in the perinatal
period (Gros et al., 2005; Kassar-Duchossoy et al., 2005; Relaix
et al., 2005). These progenitor cells express Pax7 and Pax3,
and either self-renew or give rise to differentiating myoblasts.
The latter express myogenic determination genes like MyoD
and Myf5 that initiate the muscle-specific differentiation pro-
gram (Rudnicki et al., 1993; Tapscott, 2005). Late in fetal devel-
opment, a basal lamina forms around muscle fibers (Rosen
et al.,, 1992). In parallel, progenitor cells adopt a satellite cell
position, i.e., they locate between the basal lamina and plasma
membrane of myofibers. This anatomical position is distinct
from the one observed at earlier stages, when progenitors
only loosely associate with the fibers (Gros et al., 2005; Kassar-
Duchossoy et al., 2005; Relaix et al., 2005). After satellite cells
assume their appropriate positions, they initially remain prolifer-
ative and generate cells for muscle growth during the peri-
natal and postnatal periods. This results in a continuous increase
in the numbers of nuclei in muscle fibers (White et al., 2010).
Satellite cells in mice become quiescent around the time of
weaning (postnatal day 21), a process that depends on canoni-
cal Notch signals and its target genes Hey1 and Heyl, as well
as on Sprouty1, a negative regulator of tyrosine kinase signaling
(Shea et al., 2010; Fukada et al., 2011; Bjornson et al., 2012;
Mourikis et al., 2012). Upon injury, satellite cells are reactivated
to generate myogenic cells for muscle repair and the replenish-
ment of the stem cell pool (Sherwood et al., 2004; Collins et al.,
2005).

The signals that maintain the myogenic progenitor/stem
cell pool during embryonic, fetal, and postnatal development
are under intense investigation. Bone morphogenetic proteins,
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fibroblast growth factors, and canonical and noncanonical Wnt
and Notch signals are believed to participate (Kuang et al.,
2008; Relaix and Marcelle, 2009; Abou-Khalil and Brack,
2010). Activated Notch signaling has long been known to sup-
press myogenic differentiation in cultured C2C12 cells, primary
satellite cells, and developing chick embryos (Kopan et al.,
1994; Shawber et al., 1996; Kuroda et al., 1999; Delfini et al.,
2000; Hirsinger et al., 2001; Conboy and Rando, 2002). Recent
genetic work showed that mutation of the Notch ligand, DIl1,
or the transcriptional mediator of Notch signaling, Rbpj, results
in early depletion of the myogenic progenitor pool due to prema-
ture differentiation and the formation of tiny muscle groups that
lack myogenic progenitors and satellite cells (Schuster-Gossler
et al., 2007; Vasyutina et al.,, 2007). In contrast, mutation of
Notch3 results in an increase of satellite cells and an overgrowth
of muscles upon repeated muscle injury (Kitamoto and Hanaoka,
2010).

Notch signaling in vertebrates and invertebrates is evolution-
arily highly conserved and controls growth, differentiation, and
patterning (Kimble and Simpson, 1997; Lewis, 1998; Artavanis-
Tsakonas et al., 1999). Canonical Notch signaling is initiated by
ligand binding (of DIlI1, 3 and Jag1, 2 in mice) to the receptors
(Notch1-4 in mice), which results in proteolytic cleavage of the
intracellular domain of Notch and its transport to the nucleus.
This intracellular domain interacts directly with Rbpj (also known
as Rbpsuh or CSL), the primary transcriptional mediator of Notch
signaling, and with mastermind-like (Maml), which allows the
recruitment of the p300 coactivator and the expression of direct
Notch target genes like Hes1, Hey1, and Heyl (Jarriault et al.,
1995; Wu et al., 2000). Distinct Notch receptors display different
functional activities, and notably, the intracellular domain of
Notch1 is a potent activator of Hes1/5 promoters, while the
Notch3 intracellular domain is a weaker activator and represses
Notch1-mediated Hes1/5 activation in certain contexts (Beatus
et al., 1999).

The bHLH transcription factor MyoD drives myogenic differen-
tiation and cooperates with Myf5 and Mrf4 to control myogene-
sis in vivo (Rudnicki et al., 1993; Kassar-Duchossoy et al., 2004).
Myogenesis proceeds in mice that lack MyoD, but muscle
differentiation is delayed by ~2 days in paraxial muscles and
is accompanied by upregulated expression of Myf5 (Rudnicki
et al., 1992; Kablar et al., 2003). Various molecular mechanisms
have been proposed to mediate Notch-dependent suppression
of myogenic differentiation, including suppression of MyoD
(see Buas and Kadesch, 2010 for a recent review). We previously

reported that the depletion of the myogenic progenitor pool in
Rbpj mutant mice is accompanied by rapid MyoD upregulation
(Vasyutina et al., 2007). We now show that progenitor depletion
is rescued by ablation of MyoD. However, rescued myogenic
progenitors in Rbpj;MyoD double mutants do not assume a satel-
lite cell position. Instead, they locate to the interstitial space
of the muscle and contribute poorly to myofiber growth. We
provide evidence that Notch signaling controls the assembly of
the basal lamina around emerging satellite cells, and promotes
the sustained adhesion between satellite cells and myofibers.

RESULTS

Mutation of MyoD Rescues the Myogenic Stem Cell Pool
in Notch Signaling Mutants

Conditional mutation of Rbpj in myogenic progenitors (Pax3°";
Rbpjo/fox: referred to as coRbpj) led to premature differentia-
tion of the progenitor cells, resulting in the formation of tiny
muscle groups (shown at E14.5 in Figure 1A; the control is dis-
played in Figure 1D; cf. Vasyutina et al., 2007). We examined
whether MyoD upregulation might be involved and analyzed
muscle from coRbpj;MyoD double mutants. At E14.5, a pro-
nounced rescue of muscle development was observed, with
the overall muscle mass in coRbpj;MyoD and MyoD single
mutants being virtually indistinguishable (Figures 1B and 1C).
Indeed, comparable numbers of Pax3+ or Myf5+ cells were
associated with the muscles of control, coRbpj;MyoD*/ ~, and
MyoD~'~ mice, and these cells displayed similar proliferative
capacities at E14.5 (Figures 1E, 1F, 1l, and 1J; quantified in
Figures 1G, 1H, 1K, and 1L). The pronounced rescue was
observable in limb and back muscles but not in diaphragm
muscles (Figures 1A-1D; Figures S1A, S1B, S1J, and S1K avail-
able online). The absence of the diaphragm muscle may be a
cause of the postnatal lethality of coRbpj;MyoD ™~ mice. We
conclude that Rbpj maintains the myogenic progenitor pool by
suppressing MyoD.

Further analysis indicated, however, that mutation of MyoD
did not completely rescue late fetal muscle development of
coRbpj mutants. For example, although the muscle mass of
coRbpj:MyoD ™'~ mice increased after E14.5, at E17.5 it had
not reached the mass observed in MyoD ™~ mice (Figures 1M
and 1N; for comparison, see MyoD ™~ and control muscles in
Figures 10 and 1P; for a quantification, see below). We also
compared a strong hypomorph DI//1T mutation that results in
a muscle phenotype similar to that seen in coRbpj mutants

Figure 1. MyoD-Dependent Rescue of the Myogenic Progenitor Pool in Mice with Disrupted Notch Signaling

(A-D) Immunohistological analyses of limb muscle at E14.5 in coRbpj, coRbpj;MyoD’/’, MyoD’/’, and control mice. The muscle was visualized in animals with
the indicated genotypes using antibodies against skeletal muscle-specific myosin.

(E-L) Analysis of Pax3+ (E and F) and Myf5+ (I and J) cells associated with back muscle of E14.5 coRbpj (E and I) and coRbpj;MyoD~'~ (F and J) mice by
immunohistology. The arrow in (A) points to the tiny muscle formed in coRbpj mice. (G and K) Quantification of the numbers of Pax3+ and Myf5+ cells per mm? and
(H and L) their proliferation capacity (proportion of BrdU+Pax3+ cells/Pax3+ cells and BrdU+Myf5+ cells/Myf5+ cells) in mice with the indicated genotypes.

(M-T) Immunohistological analyses of limb muscle in mice with disrupted Notch signaling (i.e., DIl

1LacZ/Ki - coDnMaml and the corresponding MyoD double

mutants), using antibodies against desmin at E17.5. The genotypes of the animals are indicated.
(U and V) The myogenic progenitor pool in back muscle was analyzed in E17.5 coRbpj and coF?bp/';MyoD’/’ mice by costaining with antibodies directed against

Pax3 and laminin.

(W) Quantification of the numbers of Pax3+ cells at E17.5 per 100 myofibers of the indicated genotypes compared with the one in control that was set as 100%.
Error bars, SD. Statistical significance is indicated [compared with control mice in (G), (H), (K), and (L)]; **p < 0.01; ***p < 0.001; n.s., not significant). Scale bars:

200 pm in (A), 30 pm in (E), 500 um in (M), and 20 um in (U).
See also Figure S1.
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(Schuster-Gossler et al., 2007), and again observed a pro-
nounced but not complete rescue of limb and back muscle
mass in DIIT-2°ZXi-\yoD compound mutants at E17.5 (Figures
1Q, 1R, S1E, and S1F; see quantification below). Dominant-
negative Maml (DnMaml) interferes with Notch signaling by form-
ing an inactive Rbpj complex. Pax3°®-induced expression of
DnMaml from the ROSA26 locus (called the coDnMaml mutant;
cf. Tu et al., 2005) also resulted in a reduction of the muscle
mass, which was less pronounced than that of coRbpj or
DII1-3°Z’Ki mice at E17.5 (Figure 1S). This indicates that the trans-
genic expression of DnMaml downregulates but does not elimi-
nate canonical Notch signaling. Despite the milder effects of
the coDnMaml mutation, mutation of MyoD did not completely
rescue the muscle mass of coDnMaml mice at E17.5 (Figures
1T, S1G, and S1H; see quantification below). This provided a first
indication that suppression of MyoD is an important but not the
sole readout of Notch signaling during muscle development.

Progenitor cells associated with the muscle tissue in the
various mutants at E17.5 were analyzed and quantified (Figures
1U-1W). In control mice, we observed 33.4 + 5.6 Pax3+ cells/100
myofibers, which was set as 100% (Figure 1W). Pax3+ cells were
rare in coRbpj or DIl mutants, and their numbers were
strongly reduced in coDnMaml| mutants (Figure 1W). When the
MyoD mutation was introduced into the coRbpj, Dil1-8°4/K
and coDnMaml mutant backgrounds, the numbers of Pax3+
cells increased dramatically and reached 93.4%, 119.4%, and
116.2% of those observed in control mice (Figure 1W). It should
be noted that the muscle of MyoD mutants contained 153.8%
progenitor cells compared with control mice (cf. Seale et al.,
2004), and that the progenitor cell numbers in all three double
mutants did not reach such levels (Figure 1W). The proliferative
activity of the Pax3+ cells in the double-mutant mice was only
mildly affected (Figure S1l). We conclude that during late fetal
stages, the MyoD mutation rescues muscle development sub-
stantially but not completely.

Notch Signals Are Required for Satellite Cell Homing

Satellite cells represent the stem cells of the adult muscle. They
are wedged between the basal lamina and plasma membrane of
myofibers (Mauro, 1961) and emerge around E15.5, when a basal
lamina forms around myofibers (Gros et al., 2005; Kassar-Duch-
ossoy et al., 2005; Relaix et al., 2005; see Figure 2A for a scheme
displaying the anatomical position of satellite cells). We therefore
sought to determine whether satellite cells formed correctly
in the various single and double mutants, and quantified the
numbers of Pax3+ cells (number of cells/100 fibers) that were
located below the basal lamina (Figures 2B-2F; arrows point
toward satellite cells; quantified in Figure 2G). Remarkably, few
Pax3+ cells settled correctly in coRbpj;MyoD™~, DIl1-a°#/Ki.
MyoD™'~, and coDnMami:MyoD '~ animals. Instead, the vast
majority of Pax3+ cells located in the interstitial space of the
muscle in the double mutants (Figures 2B-2D; arrowheads point
toward the unusual interstitial Pax3+ cells; quantified in Fig-
ure 2H). It should be noted that MyoD mutants display a 1.5-
fold increase in the number of Pax3+ cells compared with control
mice, but the number of Pax3+ cells below the basal lamina
remained constant and the supernumerary cells located to the
interstitial space. Thus, 28.5% of all Pax3+ cells in control
mice located to the interstitial space, whereas 49.9% and
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92.3% located interstitially in MyoD ™~ and coRbpj;MyoD ™'~
animals, respectively (Figure 2F; Pax3+ cells in the interstitial
space are quantified in Figure 2H). The heterozygous MyoD
mutation affected neither satellite cell number nor homing (Fig-
ure S2). Electron microscopy confirmed the disrupted emer-
gence of satellite cells in coRbpj;MyoD*/ ~ mice, and in control
mice these were clearly seen as myofiber-associated cells below
the basal lamina (Figures 2| and 2J; quantified in Figure 2K;
arrowheads point toward the basal lamina surrounding myofiber
and satellite cell in control mice). Thus, despite the substantial
rescue of the progenitor pool in double mutants, colonization
of the satellite cell niche was severely disrupted in the muscle
of Notch/MyoD double mutants. In MyoD mutant mice, intersti-
tial cells were more abundant, but the number of cells that
assumed a satellite cell position was unchanged, indicating
that the major deficit in homing observed in coRbpj:MyoD /'~
mice can be assigned to the Rbpj mutation. It is interesting to
note that Pax3+ cells in the interstitial space were not sur-
rounded by a continuous basal lamina (Figures 2B-2E).

We next tested the proliferation or survival of Pax3+ cells that
settled between the basal lamina and plasma membrane of my-
ofibers or outside in the interstitial space. Pax3+ cells in coRbpj;
MyoD mutants displayed a small reduction in proliferation
compared with those present in MyoD mutants or control
animals, regardless of where they settled (Figures 2L-2N). We
assessed apoptosis by analyzing cleaved caspase 3 (E17.5). In
general, apoptosis rates were small. We observed a trend
toward increased cell death of interstitial Pax3+ cells in coRbpj;
MyoD double mutants (0.000, 0.001, and 0.006 cleaved cas-
pase 3+ Pax3+ cells/total Pax3+ cells in control, MyoD*/ ~,and
coRbpj:MyoD '~ mice, respectively), but this difference was
not statistically significant. Thus, neither decreased proliferation
nor preferential loss of cells by apoptosis can account for the dis-
rupted homing of emerging satellite cells in the coRbpj;MyoD ™'~
muscle. We conclude that progenitor cells require Notch signals
to settle in a satellite cell position.

We next asked whether mislocated progenitor cells contribute
correctly to myofiber growth in coRbpj;MyoD mutants. Nuclei
in myofibers were counted, and their numbers differed little
between MyoD and coRbpj;MyoD mutant mice up to E15.5.
However, the subsequent fiber growth was severely blunted in
coRbpj:MyoD ™'~ mice, and compared with MyoD mutants, we
observed a 54% reduction in the number of myonuclei/myofib-
ers 4 days later (Figures 3A-3E). This provides further evidence
that Notch signals serve additional important functions in late
fetal myogenesis that go beyond MyoD suppression. We also
tested whether disrupted secondary myogenesis, which occurs
in the late fetal period and generates fast myofibers, accounts for
this. Fast and slow myofibers were present in similar proportions,
and secondary myofibers had formed under the same basal
lamina as primary fibers in the muscle of MyoD and coRbpj;
MyoD mutant mice (Figures S3A-S3D). The in vitro fusion capac-
ities of progenitor cells obtained from coRbpj;MyoD™'~ and
MyoD ™'~ mice at E17.5 were comparable (Figures 3F-3l). Thus,
the disrupted myofiber growth is not due to disrupted secondary
myogenesis or to altered fusion capacity.

Pax7 and the paralogous Pax3 protein are coexpressed
in myogenic progenitor cells in trunk muscle of control and
MyoD ™'~ mice at E17.5 (Figure 3J). Remarkably, the Pax3+ cells
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Figure 2. Canonical Notch Signaling Is
Required for Satellite Cell Homing

(A) Schematic diagram showing the anatomical
localization of satellite cells (SC) wedged between
the basal lamina (BL) and the myofiber (MF)
plasma membrane (PM). Myonuclei (MN) are
shown in yellow.

(B-F) Analysis of emerging satellite cells at E17.5
using antibodies against Pax3 (red) and laminin
(green). Shown are sections of back muscle from
mice with the indicated genotypes. Arrowheads
point toward Pax3+ cells located in the interstitial
space, which are abundant in the MyoD/Notch
signaling double mutants.

(G and H) Quantification of Pax3+ cells located
below the basal lamina of muscle fibers (G) and in
the interstitial space (H).

(I-K) Analysis of emerging satellite cells in coRbpj;
MyoD~~ (l) and control (J) E17.5 mice using
electron microscopy, and their quantification (K) in
forelimb and back muscle. The arrowheads in (J)
point toward the contact site between a myofiber
and satellite cell located below a basal lamina in
control mice.

(L-N) Proliferation of Pax3+ cells in control,
MyoD~'~, and coRbpj;MyoD '~ mice. The prolif-
eration of cells located below the myofiber basal
lamina or in the interstitial space, as well as the
proliferation of all Pax3+ cells, were assessed.
Error bars, SD. Statistical significance is indicated
(*p < 0.05; *p < 0.01; **p < 0.001; n.s., not
significant). Scale bar: 15 umin (B) and 2 um in (l).
See also Figure S2.

and E11.5 (data not shown). In contrast,
in coDnMami;MyoD ™~ mice, the Pax3+
cells coexpressed Pax7 protein, whereas
gRT-PCR indicated a mild downregula-
tion of the corresponding mRNA (Figures
3J and 3K). It should be noted that Pax3+
cells coexpressed Myf5 but not markers
of endothelial (Pecam) or smooth muscle
cells (smooth muscle actin) in coRbpj;
MyoD™'~ mice (Figures S3E-S3J). We
conclude that correct Pax7 expression
in myogenic progenitors depends on
Notch signaling.

Disrupted Cell Adhesion and Basal
Lamina Assembly of Emerging
Satellite Cells in Notch Signaling
Mutants

We next examined which mechanism
might be responsible for the disrupted
homing of satellite cells. Emerging satel-
lite cells and myofibers interact, and pro-

did not coexpress Pax7 in coRbpj:MyoD and DIl1-#Z¥i-pyoD
double-mutant muscle, and Pax7 mRNA was downregulated in
a pronounced manner, as assessed by quantitative real-time
PCR (qRT-PCR; Figures 3J and 3K). Downregulated Pax7 pro-
tein in coRbpj;MyoD mutant muscle was also noted at E14.5

teins produced by fibers or progenitor cells may be required
for homing. Immunohistochemical analysis showed that Rbpj is
strongly expressed in Pax3+ and MyoD+ cells of wild-type
muscle (Figures 4A, 4A’, 4A”, 4B, and 4B'; arrows point toward
Pax3+ and MyoD+ cells coexpressing Rbpj), but little or no

Developmental Cell 23, 469-481, September 11, 2012 ©2012 Elsevier Inc. 473
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Figure 3. The MyoD Mutation Does Not Rescue Notch Signaling-Dependent Fiber Growth and Pax7 Expression

(A-D) Isolated myofibers obtained from coRbpj;:MyoD ™'~ and MyoD ™~ mice at E15.5 (A and C) and E19.5 (B and D) stained with DAPI.

(E) Quantification of nuclei/myofiber isolated from coRbpj;MyoD '~ and MyoD’/ ~ mice.

(F-1) Culture of isolated cells from coRbpj;:MyoD '~ and MyoD '~ mice after 6 days in differentiation medium (F and G) and directly after plating (H and I).

(J) Analysis of Pax7 and Pax3 coexpression by immunohistology of back muscle of coRbpj;MyoD’/ -, Dll1La°Z/K’;MyoD’/ -, coDnMaml;MyoD’/ ~, control, and
MyoD ™~ mice at E17.5. The upper and lower panels show the same sections stained with antibodies against Pax7, Pax3, and laminin. The upper panels display

Pax3/Pax7/laminin, and the lower panels show Pax7 and laminin signals.

(K) Quantification of Pax7 and Pax3 mRNA isolated from back muscle tissue by gRT-PCR. Error bars, SD. Statistical significance is indicated [compared with
control mice in (K); “p < 0.05; ***p < 0.001; n.s., not significant]. Scale bars: 20 um in (A), 100 pm in (B) and (F), and 2 um in (J).

See also Figure S3.

Rbpj or MyoD was detectable in the myofibers (arrowheads in
Figures 4A-4A"). More than 90% of all Pax3+ cells coex-
pressed Rbpj, and approximately one-third were triple-positive
for Rbpj, Pax3, and MyoD. Rbpj was not detectable in Pax3+
cells of coRbpj;MyoD mutants, demonstrating the specificity of
the antibody (Figure 4C). Thus, Rbpj is transiently expressed
and quickly downregulated in differentiated fibers. We therefore
concentrated our further analyses on emerging satellite cells and
defined their expression profiles to identify genes responsible for
the disrupted homing.

We isolated myogenic progenitor cells from fetal mice at E17.5
by fluorescence-activated cell sorting (FACS), using a modi-
fication of a previously established protocol (see Experimental
Procedures; Kuang et al., 2007), and verified the identity of the
sorted cells by analyzing Pax7 and/or Pax3 expression (Figures
4G-4l). At the stage when satellite cells emerge, the muscles of
coRbpj, DII1"3°ZXi or coDnMaml mutants contain few progenitor

cells, and the low abundance did not allow us to isolate a pure
population of these cells. We therefore sorted cells (Vcam-1+/
CD31—/CD45—/Scal— cells) from wild-type, MyoD™~, coRbpj;
MyoD™'~, and coDnMami;MyoD ™'~ mice, and used these cells
for RNA isolation and microarray analysis. We identified differen-
tially expressed genes using a Bonferroni-corrected p-value of
<0.0001 as a cutoff (Figure 4J). We defined genes consistently
deregulated in coRbpj:MyoD '~ and coDnMam/;MyoD ™'~ cells,
i.e., 88 downregulated genes in cluster 1, and 108 upregulated
genes in clusters 2 and 3 (see Table S1 for a list of all deregulated
genes). Among the downregulated genes in cluster 1 (Figure 4J;
cluster 1 is also shown in Table 1) were Notch receptors (Notch1
and 3) and direct Notch target genes like Hey1, Heyl, Dtx4, and
Msc (Buas et al., 2009). Notch target genes were downregulated
in a pronounced manner in coRbpj;MyoD*/ ~ and coDnMami;
MyoD '~ cells. Notch receptors and targets were also mildly
downregulated in the isolated cells from MyoD mutants. Thus,
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Figure 4. Molecular Characterization of
Myogenic Progenitor Cells in Notch Sig-
naling Mutants

(A-A") Immunohistological analysis of control
muscle at E17.5 using antibodies directed against
Rbpj, laminin, and Pax3; the section was also
counterstained with DAPI. Note that (A), (A’), and
(A”) show the same section and display Rbpj/
laminin, Rbpj/Pax3/laminin, and Rbpj/DAPI/lam-
inin signals, respectively. Nuclei of myogenic
progenitors (arrows) were defined by DAPI stain-
ing and the presence of Pax3 and/or MyoD or
myogenin. Myofiber nuclei (arrowheads) were
defined by DAPI staining, their location inside the
laminin+ matrix, and the absence of Pax3 and
MyoD signals.

(B and B’) Immunohistological analysis of Rbpj,
laminin, and MyoD in control muscle. Note that B
and B’ show the same section and display Rbpj/
laminin and Rbpj/MyoD/laminin signals, respec-
tively.

(C) Immunohistological analysis of muscle from
coF{bpj;MyoD’/’ mice using antibodies against
Rbpj, Pax3, and laminin.

(D and D’) Immunohistological analysis of MyoD,
laminin, and Pax3 in control muscle; the section
was also counterstained with DAPI. Note that
(D) and (D') show the same section and display
MyoD/laminin/DAPI and MyoD/laminin/Pax3 sig-
nals, respectively.

(E and E’) Immunohistological analysis of my-
ogenin, laminin, and Pax3 in control muscle; the
section was also counterstained with DAPI. Note
that (E) and (E’) show the same section and display
myogenin/laminin/DAPI and myogenin/laminin/
Pax3 signals, respectively.

(F) FACS analysis of muscle cells using antibodies
directed against Vcam-1, CD31, CD45, and Sca1.
The gate used to isolate cells is indicated.

(G-I) Immunohistological analysis of sorted and
directly cytospun cells using Pax7, MyoD, and
myogenin antibodies; the cells were counter-
stained by DAPI.

(J) Heat map of deregulated genes identified by
microarray experiments of FACS-isolated cells
obtained from control (wild-type), MyoD”’,
coDnMaml;MyoD™’~, and coRbpj:MyoD '~ mice.
(K) Verification of the deregulated expression of
selected genes from cluster 1 by gRT-PCR.

(L) Western blot analysis of untransfected (con-
trol), pMX-IRES2-DsRed2- (-DIlI1), and pMX-hDII1-
IRES2-DsRed2-transfected (+DIlI1) 70Z/3 cells.
Protein extracts were incubated with antibodies
against hDII1, Flag-tag, or B-actin.

(M) Expression of Hey1 and of genes in cluster 1
that encode basal lamina and adhesion molecules

[J-pm1 §+DIM

& v
&

was analyzed by qRT-PCR in isolated satellite cells after coculture with transfected 70Z/3 cells expressing DII1/DsRed (+DII1) or DsRed only (—DII1). Only those
genes that respond to DII1 are shown. Error bars, SEM. Statistical significance is indicated (*p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant). Scale bars:

10 umin (A) and 25 pmin (G).
See also Figure S4.

loss of MyoD may modulate Notch signaling in certain cells,
such as the subpopulation of Pax3+ cells that coexpress
MyoD in normal development. Our initial immunohistological
analyses indicated that basal lamina assembly around emerging
satellite cells, but not around myofibers, was severely disrupted
in coRbpj;MyoD mutants (see below). Interestingly, 17% of the

genes in cluster 1 (e.g., Itga7, Col18a1, Megf10, and Mcam:;
Table 1) were previously implicated in basal lamina formation
or assembly and cell adhesion. Expression of the majority
changed in a more pronounced manner in coRbpj;MyoD ™~
and coDnMami;MyoD ™~ cells than in MyoD '~ cells. The de-
regulated expression of the genes encoding cell adhesion and
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Table 1. Genes from Cluster 1 of Microarray Analyses Associated with Basal Lamina Assembly, Cell Adhesion, and Notch Signaling

Fold Change®

Category Symbol Definition RM DM M
Basal lamina assembly Col18a1 collagen, type XVIII, alpha 1 -1,8 -1,6 -1,2
Itga7 integrin alpha 7 -4,5 -3,0 -1,7
Sgca sarcoglycan, alpha (dystrophin-associated glycoprotein) -6,9 -4,1 -3,1
Dag1 dystroglycan 1 -2,6 -2,5 -2,1
Cds2 CD82 antigen -2,8 -1,6 -1,9
Col4a2 collagen, type IV, alpha 2 -1,9 -2,0 —14
Chodl chondrolectin —6,4 —4,1 -1,7
Hmcn2 hemicentin 2 —13,0 -94 -34
Lrrn1 leucine rich repeat protein 1, neuronal -3,7 —-1,5 —24
Cell adhesion Megf10 multiple EGF-like-domains 10 -3,1 -2,3 -1,8
Odz4 odd Oz/ten-m homolog 4 (Drosophila) -3,5 -3,3 -2,0
Gpc1 glypican 1 -1,7 -14 -1,3
Ctnnal1 catenin (cadherin associated protein), alpha-like 1 2,1 -1,7 -1,3
Mcam melanoma cell adhesion molecule -1,9 -1,2 1,1
Tspan7 tetraspanin 7 2,1 -1,2 1,1
Notch signaling/targets Hey1 hairy/enhancer-of-split related with YRPW motif 1 4,7 4,5 -2,2
Heyl hairy/enhancer-of-split related with YRPW motif-like -9,9 -7,3 -3,2
Dtx4 deltex 4 homolog (Drosophila) —2,6 —-2,4 -1,4
Msc musculin -1,8 —-1,6 1,0
Notch1 Notch gene homolog 1 (Drosophila) -2,2 -2,5 -1,8
Notch3 Notch gene homolog 3 (Drosophila) -5,8 -7,7 —-2,8

aFold changes of genes in cluster 1 for the genotypes coRbpj;MyoD '~ (RM), coDnMami;MyoD '~ (DM), and MyoD '~ (M) compared with control mice.
Genes indicated in italics were tested for a response to DII1 in satellite cells. Genes indicated in bold were induced by the presence of DII1, indicating

that they are direct targets of Notch signaling. See also Table S1.

basal lamina molecules was verified by gRT-PCR (Figure 4K).
No major changes in gene expression were detected when
sorted progenitor cells of heterozygous MyoD mutants and
wild-type mice were compared (Figure S4). We also examined
whether the identified genes are directly regulated by Notch
signaling. For this, satellite cells from wild-type mice were iso-
lated and exposed to a DIl1-expressing 70Z/3 pre-B lympho-
blast cell line. This line was generated by transfection of a
DIlI1-expression vector (pMX-hDII1-IRES2-DsRed2), and cells
transfected with a plasmid without DII1 sequences served as
control (pMX-IRES2-DsRed2; Figure 4L). Satellite cells were
cocultured for 3 hr in the presence of DII1+ and DIl1- cells,
and the protein translation inhibitor cycloheximide was added
to exclude indirect effects on gene expression. Analysis by
gRT-PCR demonstrated that many of the identified genes
encoding cell adhesion and basal lamina components, for in-
stance Itga7, Col18a1, Odz4, and Megf10, responded to DII1
(Figure 4M). These data demonstrate that Notch signaling
directly modulates cell adhesion and basal lamina formation in
satellite cells.

We also analyzed the assembly of the basal lamina and adhe-
sion during the time period of satellite cell homing. Collagen
XVllla1 is a component of basal lamina that possesses structural
properties common to both collagens and proteoglycans (Mar-
neros and Olsen, 2005). In control muscle, the collagen-
XVllla1-containing basal lamina surrounding myofibers is still
discontinuous at E14.5 and is not yet directly associated with

Pax3+ cells. AtE15.5, aweak collagen XVllla1 staining is discern-
ible around emerging satellite cells, and by E17.5 a contiguous
collagen-XVllla.1-containing basal lamina surrounds fibers and
satellite cells (Figures 5A and 5A’; arrowheads point to emerging
basal lamina). Assembly of a collagen-XVllle.1-containing basal
lamina around Pax3+ cells was also observable at E15.5 and
E17.5 in MyoD ™'~ muscle (Figures 5B and 5B'). Collagen XVIlio1
staining associated with Pax3+ cells of coRbpj;MyoD ™~ mice
was consistently very low at all stages analyzed, indicating that
these cells do not assemble a collagen-XVllla1-containing basal
lamina (Figures 5C and C'). In addition to collagen XVIlle1, laminin
also was not assembled around Pax3+ cells in coRbpj;MyoD /'~
muscle at E17.5, pointing toward a general deficit in the assembly
of the basal lamina around emerging satellite cells. Similar
changes in basal lamina assembly around emerging satellite cells
were present in coDnMaml;MyoD mutants (Figures S5A-S5F).
It should be noted that only basal lamina assembly around
emerging satellite cells, and not around myofibers, was disrupted
in coRbpj;MyoD and coDnMaml;MyoD mutants (Figures 5D-5F
and S5G-S5J). Col18a1 and ltga7 encode collagen XVlllo1 and
integrin a.7, respectively, and integrin o7 is a component of the
principal laminin receptor of satellite cells with essential functions
in postnatal muscle (Mayer et al., 1997). Both genes were down-
regulated in the microarray experiments (see Table 1). Our data
thus indicate that canonical Notch signals are required for the
assembly of the basal lamina surrounding emerging satellite
cells.
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Figure 5. Notch Signals Control Assembly of the Basal Lamina around Emerging Satellite Cells

(A-C') Collagen XVIlla1 assembly around Pax3+ cells in muscle of control (Aand A’), MyoD '~ (B and B'), and coRbpj;MyoD "~ (C and C') mice at indicated stages
(E14.5-E17.5). (A) and (A), (B) and (B'), and (C) and (C’) show the same fibers but display collagen XVIllz1/Pax3 and collagen XVllla1 signals, respectively.
(D-F) Immunohistological analysis of collagen IV expression in the back muscle of E17.5 control (D), MyoD (E), and coRbpj;MyoD (F) mutant mice. Scale bars:

5 pum in (A) and 20 pm in (D). See also Figure S5.

We next defined the adhesion molecules that mediate the
attachment of emerging satellite cells to myofibers between
E14.5 and E17.5 in control mice. This revealed that M-cadherin,
cadherin-associated B-catenin, and talin, a molecule that is
recruited to activated integrins (Moser et al., 2009), located to
contact sites between emerging satellite cells and myofibers
(Figures 6A, 6B, and 6H; arrowheads point to contact sites).
Megf10, a transmembrane protein that is implicated in adhesion,
engulfment, and myogenic development (Holterman et al., 2007;
Suzuki and Nakayama, 2007a, 2007b; Logan et al., 2011), and
the adhesion molecule Mcam (Oubhtit et al., 2009) both accumu-
lated at these sites (Figures 6M and 6N; arrowheads point to
contact sites). M-cadherin, Vcam-1, talin, Mcam, and Megf10
molecules were also present at adhesive contacts in MyoD ™/~
muscle at E17.5 (arrowheads in Figures 6C, 6D, 6l, 6J, 60,
and 6P).

In coRbpj;MyoD mutants, M-cadherin, B-catenin, and talin
were present at the contact sites that began to form at E15.5
(Figure 6E; arrowheads point to contact sites; data not shown).
However, the contacts were transient and the vast majority of
Pax3+ cells had detached in coRbpj;MyoD '~ muscle by E17.5
(Figures 6F, 6K, and 6L). Further, low levels of Mcam and
Megf10 protein were observable in the plasma membrane
of Pax3+ cell at E15.5 and E17.5 (Figures 6Q and 6R; data

not shown). Mcam and Megf10 were among the deregulated
genes identified in the microarray experiments (see Table 1).
Similar transient contacts were observed in coDnMaml;MyoD
mutant muscle (Figure S6). Our data thus indicate that canonical
Notch signals are required for sustained and stable adhesion to
myofibers.

DISCUSSION

Satellite cells were originally defined as cells “wedged” between
the basal lamina and plasma membrane of myofibers (Mauro,
1961), and this particular anatomical position has been referred
to as the satellite cell niche. We show that canonical Notch
signaling in emerging satellite cells stimulates these cells to
adhere to myofibers and to produce components of the basal
lamina that will eventually surround the muscle fiber and the
satellite cell.

Notch Signaling, MyoD, and Myogenic Stem Cell
Maintenance

Suppression of myogenic differentiation is a well studied func-
tion of Notch and has been observed in C2C12 cells, primary
satellite cells in culture, developing chicks, and the muscle of
the developing and adult mouse (Kopan et al., 1994; Shawber

Developmental Cell 23, 469-481, September 11, 2012 ©2012 Elsevier Inc. 477



Control

Developmental Cell

Homing of Muscle Stem Cells

coRbpj;MyoD

Pax3

Pax3

Lam

Lam Pax3

Figure 6. Notch Signals Control Adhesion of Emerging Satellite Cells

Collv Pax3 Lam Pax3

(A-L) Adhesive contacts between Pax3+ cells and myofibers in control (A, B, G, and H), MyoD '~ (C, D, 1, and J), and coRbpj;MyoD '~ (E, F, K, and L) mice at
indicated stages; the distribution of M-cadherin (A-F), Vcam-1 (G, |, and K), and talin (H, J, and L) was analyzed.
(M-R) Analysis of Megf10 (M, O, and Q) and Mcam (N, P, and R) distribution in the muscle of control (M and N), MyoD '~ (O and P), and coRbpj;MyoD '~ (Qand R)

mice at indicated stages. Scale bar: 5 um. See also Figure S6.

et al., 1996; Kuroda et al., 1999; Delfini et al., 2000; Hirsinger
et al., 2001; Conboy and Rando, 2002; Schuster-Gossler et al.,
2007; Vasyutina et al., 2007; Bjornson et al., 2012; Mourikis
et al., 2012). Various mechanisms have been discussed to ex-
plain how Notch exerts this effect (for a recent review, see
Buas and Kadesch, 2010). Our genetic analysis demonstrated
that the drastic depletion of the pool of myogenic progenitor cells
is rescued by a mutation of MyoD, indicating that a major role
of Notch during fetal myogenesis is to repress MyoD. The DII1
signal in the developing muscle appears to be provided by differ-
entiating cells, i.e., myoblasts and myotubes (Hrabé de Angelis
etal., 1997; Mourikis et al., 2012), indicating that Notch signaling
adjusts the proportion of progenitors and differentiating cells,
a mechanism that is similar to lateral inhibition during neurogen-
esis. MyoD and Myf5 act redundantly to control the entry into the
myogenic differentiation program, and the presence of Myf5 can
therefore account for the efficient myogenesis in Notch/MyoD
double-mutant mice. However, Notch signals have additional
important functions in late fetal myogenesis that go beyond
MyoD suppression. In particular, satellite cell homing and
assembly of a basal lamina around emerging satellite cells are
severely disrupted in the rescued Notch/MyoD mutants.

Notch Signaling and the Satellite Cell Fate

The homing of emerging satellite cells is an important aspect
of their biology. Here we propose that emerging satellite cells
are driven into the interstitial space by a lack of Notch signals,
and that such mislocated cells do not contribute to normal
fiber growth in late fetal development. The aberrantly located

myogenic progenitor cells observed in Notch/MyoD mutant
mice are Pax3+ and thus are distinct from PW1+ cells, a recently
identified interstitial cell population with myogenic potential that
does not derive from the Pax3 lineage (Mitchell et al., 2010). Pax7
is an important regulator of muscle stem cell physiology and is
required for survival of satellite cells in the postnatal muscle
(Seale et al., 2000; Oustanina et al., 2004). We find that Pax7 ex-
pression during development depends on Notch signals. Inter-
estingly, others showed recently that Pax7 is upregulated in
cultured satellite cells upon expression of the Notch intracellular
domain (Wen et al., 2012). We conclude that canonical Notch
signals suppress myogenic differentiation and contribute to
important aspects of the satellite cell fate, such as Pax7 expres-
sion and homing.

We analyzed a series of mutants that affect canonical Notch
signaling and observed a graded severity of the phenotypes. A
depletion of muscle progenitor cells is observed in coRbpj and
DII1-2°Z’Ki mutant mice at E17.5. In contrast, the expression of
a dominant-negative variant of Maml1 results in a less severe
but grave reduction of progenitor cells, indicating that the tran-
scriptional responses to Notch signals are attenuated but not
eliminated in this mutant. We show that an additional mutation of
MyoD rescues the depletion of the progenitor pool irrespective
of the nature of the Notch signaling mutation. Despite the rescue
of the progenitor pool, further deficits became apparent in the
late fetal period. Rbpj activates genes in a Notch-dependent
manner (Kopan and llagan, 2009; Tanigaki and Honjo, 2010;
Johnson and Macdonald, 2011), but we recently also observed
a Notch-independent function of Rbpj in neuronal development
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(Hori et al., 2008). The maintenance of myogenic progenitor cells
via MyoD regulation, the strong effect on the homing of satellite
cells, and Pax7 expression all depend on Rbpj and DII1, and thus
represent readouts of canonical Notch signaling.

Adhesion and Assembly of the Basal Lamina during
Homing of Satellite Cells

Homing of satellite cells is a little-understood process that
has not yet been analyzed on a molecular or cellular level. Our
analyses show that this process is exquisitely regulated and
that mutations can disrupt this process. Homing of satellite cells
is basically abolished in coRbpj;MyoD mutant mice, accompa-
nied by deficits in adhesion and basal lamina assembly. Our
analyses indicate that Rbpj exerts cell-autonomous functions
in muscle progenitor cells during homing. Instable adhesive
interactions between myofibers and progenitor cells, and de-
layed assembly of the basal lamina provide a cellular basis for
the colonization deficit. The assembly of a common basal lamina
surrounding emerging satellite cells and the myofibers may
stabilize the adhesive interactions in normal development, and
sustained adhesion and basal lamina formation may thus be
interdependent.

The single MyoD mutation results in the appearance of super-
numerary myogenic cells that locate in the interstitial space. The
presence of supernumerary myogenic cells in MyoD mutant
mice was previously reported (Megeney et al., 1996), but it
was not noted that these cells do not localize below the basal
lamina of the myofiber. The lack of MyoD may preserve the
progenitor status of interstitial cells by preventing their differen-
tiation and instead result in their accumulation. Emerging satel-
lite cells are heterogeneous, and approximately one-third of
Pax3+/Pax7+ cells below the basal lamina in control mice coex-
press MyoD (D.B., unpublished data). Lineage-tracing experi-
ments have shown that a majority of adult satellite cells go
through a MyoD+ state during development (Kanisicak et al.,
2009), indicating that expression of MyoD is not always coupled
to irreversible entry into the myogenic differentiation program.
Thus, the MyoD mutation may exert cell-autonomous effects
on a subpopulation of emerging satellite cells.

We identified a multitude of molecules that locate to adhesion
sites between satellite cells and myofibers, including M-cad-
herin, Mcam, Megf10, and integrin o431 and its corresponding
counterreceptor, Vcam-1. Megf10 is an epidermal growth factor
(EGF) repeat-containing transmembrane protein that is impli-
cated in engulfment, adhesion, and myogenic differentiation
(Holterman et al., 2007; Suzuki and Nakayama, 2007a, 2007b;
Logan et al.,, 2011). Previous genetic analyses showed that
integrin B1 serves major functions in myoblast fusion, preclud-
ing a genetic analysis during homing at a later stage in myo-
genesis (Cachaco et al., 2003; Schwander et al., 2003). Vcam-1
is not essential for adherence of satellite cells to myofibers, as
assessed by analysis of conditional Vcam1 mutation in mice
(Pax3°";Vcam 11X mice; D.B., C.R., and C.B., unpublished
data). M-cadherin plays a role in muscle regeneration but
appears to have no major impact on muscle development (Holl-
nagel et al.,, 2002). Mutation of MEGF10 in humans causes
severe muscle deficits, and Megf10 impinges on Notch signaling
in myogenesis (Holterman et al., 2007; Logan et al., 2011). We
observed that Odz4, Megf10, and ltga7 are downregulated in

Notch/MyoD double-mutant muscle and that their expression
directly responds to Notch signals. The various cell adhesion
and basal lamina molecules identified here may act redundantly
in timely, intricate ways to provide stable interactions when
satellite cells emerge. Our work provides evidence that Notch
signaling stimulates emerging satellite cells to contribute to the
production of the basal lamina that will eventually surround
both the satellite cell and the myofiber.

EXPERIMENTAL PROCEDURES

Mouse Strains

The Rbp/™, MyoD, ROSA26-DnMaml, Dil1-3°%, DII1%/, Pax3°"®, and ROSA26-
YFP strains have been described previously (Rudnicki et al., 1992; Hrabé de
Angelis et al., 1997; Srinivas et al., 2001; Han et al., 2002; Engleka et al.,
2005; Tu et al., 2005; Schuster-Gossler et al., 2007). Unless otherwise indi-
cated, we used heterozygous littermates, i.e., MyoD*'~, Rbpj heterozygous
(Rbpj™™*;Pax3°®), and double heterozygous (Rbpj"'*;MyoD*'~;Pax3°")
mice, for controls.

Isolation of Myogenic Progenitor Cells, Adult Satellite Cells, and
Myofibers

Muscle tissue of E17.5 embryos or 3- to 4-week-old mice was dissected,
treated with collagenase, and used for the isolation of single cells and for sort-
ing. Single myofibers were isolated from the extensor carpi radialis longus and
brachioradialis muscles of E15.5 and E19.5 embryos by a modification of
a previously described protocol (Collins and Zammit, 2009). For more details,
see Supplemental Experimental Procedures.

Immunohistochemistry and Electron Microscopy

Immunohistology was performed on cells fixed in 4% paraformaldehyde for
10 min, or on 12 pm cryosections of tissues fixed in 4% paraformaldehyde
or Zamboni’s fixative (paraformaldehyde/picric acid) for 2 hr. Electron micros-
copy on muscle was performed as described previously (Vasyutina et al.,
2007). The antibodies used for immunohistological analyses are described in
Supplemental Experimental Procedures.

qRT-PCR and Microarrays

Total RNA was isolated from FACS-isolated myogenic progenitor cells. PCR
analysis after first-strand cDNA synthesis was performed using a CFX96 RT-
PCR system (Bio-Rad, Hercules, CA). Microarray analysis was done using
MouseRef-8 v2.0 Expression BeadChips (lllumina, San Diego, CA). Data
were analyzed using GenomeStudio v2010.1 (lllumina) and the Partek Geno-
mics Suite (Partek, St. Louis, MO). Genes that showed high differential expres-
sion in analysis of variance (Bonferroni-corrected, p < 0.0001) were selected.
Microarray data have been deposited in the Gene Expression Omnibus (GEO)
database under accession number GSE39379. See Supplemental Experi-
mental Procedures for further details.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2012.07.014.
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