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Summary

Pax7 is a nodal transcription factor that is essential for regulating the maintenance, expansion, and 

myogenic identity of satellite cells during both neonatal and adult myogenesis. Deletion of Pax7 
results in loss of satellite cells and impaired muscle regeneration. Here we show that ectopic 

expression of the constitutively active intracellular domain of Notch1 (NICD1) rescues the loss of 

Pax7-deficient satellite cells and restores their proliferative potential. Strikingly NICD1-expressing 

satellite cells do not undergo myogenic differentiation and instead acquire a brown adipogenic fate 

both in vivo and in vitro. NICD-expressing Pax7-/- satellite cells fail to upregulate MyoD and 

instead express the brown adipogenic marker PRDM16. Overall these results show that Notch1 

activation compensates for the loss of Pax7 in the quiescent state and acts as a molecular switch to 

promote brown adipogenesis in adult skeletal muscle.
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 Introduction

Muscle regeneration is a process that involves the repair of damaged myofibers or the 

formation of new myofibers upon injury. The successful outcome of the regenerative process 

relies on the ability of satellite cells to self-renew as well as give rise to transient amplifying 

progenitors that are capable of differentiation (Collins et al., 2005; Kuang et al., 2007; 
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Montarras et al., 2005; Sacco et al., 2008; Yin et al., 2013b). The central role of satellite 

cells in promoting and leading muscle regeneration is well documented by several genetic 

ablation studies (Lepper et al., 2011; McCarthy, 2012; Relaix and Zammit, 2012; 

Sambasivan et al., 2011).

Initially identified by their location underneath the basal lamina of muscle fibers (Mauro, 

1961), satellite cells are also defined by the expression of the paired box transcription factor 

Pax7 (Seale et al., 2000). Pax7 is essential for satellite cell maintenance and function during 

the neonatal and post-natal period as shown by the absence of satellite cells and poor 

regenerative response of germ-line Pax7-deficient mice (Kuang et al., 2006; Relaix et al., 

2006; Seale et al., 2000). Similarly, inactivation of Pax7 via tamoxifen-inducible Cre 

recombination of the Pax7 locus at all stages of adulthood results in a pronounced 

regeneration deficit and dramatic loss of satellite cells (Gunther et al., 2013; von Maltzahn et 

al., 2013).

The Notch pathway is intimately related to and required for the maintenance of satellite cells 

and it is down regulated during terminal differentiation (Bjornson et al., 2012; Brack et al., 

2008; Buas et al., 2010; Conboy and Rando, 2002; Kuroda et al., 1999; Mourikis et al., 

2012a; Mourikis et al., 2012b; Pisconti et al., 2010; Vasyutina et al., 2007). Signaling is 

activated by the physical interaction at the cell membrane between a Delta or Jagged ligands 

and one of the four Notch receptors. This in turn leads to the release of the Notch 

intracellular domain (NICD), which translocates into the nucleus where it binds to the 

transcription factor Rbp-j. The binding determines the release of transcriptional repressors 

and recruitment of co-activators of gene transcription. Canonical Notch target genes include 

the family of transcription factors Hes (1/5) and Hey (1/2) (Bray, 2006; Castel et al., 2013; 

Kopan and Ilagan, 2009).

Interestingly, deletion of Rbp-j during embryonic development results in loss of satellite 

cells and formation of small muscle fibers due to precocious terminal differentiation of Rbp-
j-/- satellite cells (Vasyutina et al., 2007). In adult muscle, loss of Rbp-j leads to early 

satellite cell exit from quiescence and terminal differentiation, which closely resembles the 

Pax7-/- phenotype (Bjornson et al., 2012; Mourikis et al., 2012b). Importantly, Notch1 is 

expressed by satellite cells and is required for their proliferation (Conboy and Rando, 2002). 

More recently it was reported that over expression of the Notch1 intracellular domain 

(NICD1) promotes satellite cell self-renewal (Wen et al., 2012). These studies support the 

notion that the Notch pathway is an important regulator of satellite cell function and led us 

to investigate the effect of Notch signaling in Pax7-deficient satellite cells.

 Results

 NICD1 Rescues the Loss of Pax7-Deficient Satellite Cells

Previous studies have shown that germ line and conditional deletion of Pax7 results in 

satellite cell loss and impaired proliferation due in part to precocious differentiation. (Kuang 

et al., 2006; von Maltzahn et al., 2013). Gene expression and extensive in vivo studies imply 

that active Notch signaling is important for the maintenance of uncommitted satellite cells 

(Bentzinger et al., 2013; Fukada et al., 2007; Price et al., 2014). However, the extent to 
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which Notch is essential for satellite cell function is currently unknown. Here, we over 

expressed a constitutively activated form of Notch1 (NICD1) in Pax7-deficient satellite cells 

to assess the role of Notch in satellite cell function.

Cre-recombinase dependent conditional deletion of Pax7 in adult satellite cells was achieved 

by crossing Pax7CE/+ with Pax7f/f mice (Figure 1A and Figure S1) (Lepper et al., 2009). To 

conditionally activate Notch signaling in vivo, Pax7CE/+ or Pax7CE/f mice were crossed with 

RosaNotch mice in which the intracellular domain of Notch1 (NICD1) is driven from the 

Rosa26 locus (Murtaugh et al., 2003). Thus, in Pax7CE/f:RosaNotch mice, tamoxifen-induced 

CreER recombinase from the Pax7 locus results in the simultaneous inactivation of the Pax7 
gene and the constitutive activation of NICD1 (Figure 1A). Expression of nuclear Green 

Fluorescent Protein (GFP) allowed us to distinguish satellite cells that have activated NICD1 

(GFP+) from those that did not (GFP-). Efficient deletion of Pax7 expression was observed 

two weeks after the last tamoxifen injection (Figure 1B) and by enumerating the number of 

Pax7-expressing cells on isolated single EDL myofibers (Figure 1C).

Myofibers isolated from EDL muscle from Pax7CE/f mice following Pax7 deletion exhibited 

a significant decrease in satellite cells as measured by counting the number of α7 integrin-

expressing cells per myofiber relative to control Pax7+/f mice (1.26 ± 0.13 versus 5.98 

± 0.32 respectively) (Figure 1D). Myofibers isolated from heterozyogous Pax7+/- mice 

(Pax7CE/+), which express one functional Pax7 allele, also exhibit reduced numbers of 

satellite cells compared to Pax7+/f mice with 2 functional Pax7 alleles (4.31 ± 0.37 versus 

5.98 ± 0.32 respectively) (Figure 1D).

Remarkably, the number of satellite cells on myofibers isolated from Pax7CE/f:RosaNotch 

mice was increased by 3.7-fold relative to Pax7CE/f mice (4.64 ± 0.37 versus 1.26 ± 0.13 

respectively), and not significantly different from Pax7CE/+ control mice (Figure 1D). The 

increase in satellite cell number observed in Pax7CE/f:RosaNotch mice was not attributed to 

incomplete Pax7 excision as evidenced by the similar low level of Pax7-expressing cells on 

myofibers isolated from Pax7CE/f and Pax7CE/f:RosaNotch mice (Figure 1C). GFP expression 

was detected only in Pax7CE/f:RosaNotch satellite cells and not in Pax7CE/f cells (Figure 1E-

F). Importantly, the expression of GFP and Pax7 was mutually exclusive in 

Pax7CE/f:RosaNotch mice clearly excluding the possibility that the rescue effect was 

dependent on residual Pax7 expression (Figure 1F-G). By contrast, the number of satellite 

cells on myofibers isolated from Pax7CE/+:RosaNotch mice compared to Pax7CE/+ littermate 

controls was only increased by about 1.6-fold (6.86 ± 1.07 versus 4.31 ± 0.37 respectively) 

(Figure 1D). Therefore, NICD1 expression prevents the loss of satellite cells that occurs 

following Pax7-deletion.

 NICD1 Rescues the Proliferation of Pax7-Deficient Satellite Cells

When cultured in high serum conditions, satellite cells exit quiescence, rapidly enter the cell 

cycle and divide. After 48h in culture (Figure 2A) most satellite cells on Pax7+/f myofibers 

expressed the proliferation marker Ki67 (87.33% ± 3.49) (Figure 2B). By contrast, only a 

minor fraction (23.9% ± 1.7) of Pax7CE/f satellite cells expressed Ki67 (Figure 2B-C).
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Strikingly, the number of proliferating satellite cells was significantly increased in myofibers 

isolated from tamoxifen-treated Pax7CE/f:RosaNotch mice compared to Pax7CE/f mice 

(59.21% ± 2.98 versus 23.9% ± 1.7 respectively) (Figure 2B). Immunofluorescence staining 

indicated that Pax7-deficient GFP-expressing cells on myofibers from Pax7CE/f:RosaNotch 

mice expressed both α7 Integrin and Ki67 (Figure 2D). Notably GFP+/Ki67+ cells were 

clearly Pax7 negative (Figure 2E). However, the presence of GFP+/Ki67- cells on myofibers 

isolated from Pax7CE/f:RosaNotch muscle suggested that some NICD1 expressing cells were 

not in the cell cycle (Figure 2D). No significant change in the proportion of Ki67-expressing 

satellite cells from Pax7CE/+:RosaNotch mice was observed compared to Pax7CE/+ littermate 

controls (Figure 2B and Figure S2). Together, our data indicates that ectopic expression of 

NICD1 is sufficient to rescue the proliferative disadvantage of Pax7-deficient satellite cells.

 NICD1 inhibits MyoD expression in Pax7 null cells

Notch signaling is a strong inhibitor of terminal myogenic differentiation (Buas et al., 2010; 

Conboy and Rando, 2002; Kuroda et al., 1999). Therefore, to investigate the myogenic status 

of NICD1-expressing satellite cells, EDL myofibers were isolated from tamoxifen-treated 

Pax7CE/+:RosaYFP, Pax7CE/f:RosaNotch, and Pax7CE/+:RosaNotch mice. Myofibers were 

cultured for 48h in standard myofiber culture media (Figure 2A) and MyoD expression 

assessed by immunostaining.

After 48 hours of culture, MyoD was detected in the majority of satellite cells on myofibers 

isolated from Pax7CE/+:RosaYFP EDL muscles (Figure 3A-B). Strikingly GFP expression 

was mutually exclusive with MyoD expression in Pax7CE/+:RosaNotch and 

Pax7CE/f:RosaNotch satellite cells (Figure 3A-B). These results suggest that ectopic NICD1 

expression completely abrogates expression of MyoD in both the presence and absence of 

Pax7.

Consistent with these results, over-expression of NICD1 in primary myoblasts resulted in 

down regulation of all three myogenic regulatory factors, MyoD, Myf5 and Myogenin 

(Figure 3C). Conversely, inhibition of Notch1 in primary myoblasts results in up-regulation 

of MyoD (Figure 3D) and Myogenin (Figure 3E). Of note MyoD and Myogenin were 

observed to be up regulated in Pax7-deficient satellite cells (germ line mutation 

Pax7LacZ/LacZ) (Figure S3). Moreover, RT-qPCR analysis revealed that multiple components 

of the Notch signaling pathway including Notch1, Notch2, Rbp-j, and Hey1 were down 

regulated in Pax7LacZ/LacZ cells (Figure S4A) and in siPax7 primary myoblasts relative to 

control (Figure S4B).

Together these results suggest that inactivation of Pax7 in adult satellite cells results in an 

increase in myogenic differentiation genes and a corresponding decrease in genes of the 

Notch pathway. In contrast, ectopic expression of NICD1 in Pax7-deficient cells abrogates 

expression of the MyoD-family of factors.

 Notch Activation Promotes Brown Adipogenesis

We previously demonstrated that satellite cells are bi-potential stem cells that have the 

ability to undergo both myogenic and brown adipogenic differentiation (Yin et al., 2013a). 

To investigate whether Notch signaling influences brown adipogenic differentiation of 
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satellite cells, myofibers were cultured in proadipogenic media between 12 and 15 days 

(Figure 4A). Importantly, these culture conditions are permissive of brown adipogenesis but 

do not inhibit myogenic differentiation, as shown by the presence of fully differentiated 

myotubes in control Pax7CE/+:RosaYFP cultures (Figure 4B).

Remarkably, expression of NICD1 in both Pax7CE/f and Pax7CE/+ cells resulted in the 

induction of very high numbers of adipocytes as shown by the co-expression of GFP and the 

adipose marker perilipin (Figure 4B-C). Consistent with this observation, quantification of 

the percentage of perilipin+ cells expressing GFP revealed that a significant number of 

adipocytes are derived from NICD1 (GFP+)-expressing cells (Figure 4D). Importantly all 

GFP+/perilipin+ cells express the brown adipogenic marker Prdm16 (Figure 4E).

To assess the effect of NICD1 expression in satellite cells in vivo, the tibialis anterior (TA) 

muscles of tamoxifen-treated Pax7CE/f:RosaNotch and Pax7CE/+:RosaNotch mice were 

injected with cardiotoxin to induce acute injury (Figure 5A). Control (Pax7CE/+:RosaYFP) 

TA muscles underwent normal regeneration as evidenced by normal muscle weight (Figure 

5B) and homogenous appearance of centrally nucleated myofibers, a hallmark of muscle 

regeneration (Figure 5F-F′). By contrast, Pax7-deficient (Pax7CE/f:RosaYFP) TA muscles 

following cardiotoxin-induced injury showed extensive fibrosis and widespread fatty 

infiltration (Figure 5G-G′). Notably, a significant loss of muscle mass (Figure 5D-E) and 

increased fat infiltration (Figure 5H-H′ and I-I′) was observed in both Pax7 heterozygous 

mutant (Pax7CE/+) and Pax7 homozygous mutant (Pax7CE/f) animals expressing NICD1. 

Examination of the uninjured contralateral muscles did not reveal any significant 

morphological differences across the genotypes (not shown).

To address the contribution of NICD1 cells in the observed increase in muscle adiposity, 

regenerating TA muscles were prefixed and stained with GFP (Figure 5J-M). While 

Pax7CE/+ and Pax7CE/f YFP+ satellite cells were found in their anatomical position 

underneath the basal lamina of muscle fibers (Figure 5J-K), NICD1/GFP+ cells were clearly 

localized in the interstitial space of muscles in both Pax7CE/+:RosaNotch and 

Pax7CE/f:RosaNotch mice (Figure 5L-M, white arrows). Importantly NICD1 expressing 

muscles also showed an increase in the number of UCP-1 expressing interstitial brown 

adipocytes compared to control (Figure S5 C-C′; D-D′).

We next investigated the fate of NICD1/GFP+ over-expressing cells in vivo after 

regeneration by determining the proportion of Pax7-CreER marked cells that had activated 

the definitive brown adipose marker Prdm16. GFP-expressing cells were isolated 17 days 

after cardiotoxin injury by Fluorescence Activated Cell Sorting (FACS) (Figure 6A-D) 

(Pasut et al., 2012). Satellite cells isolated from Pax7CE/+:RosaYFP muscles did not express 

detectable levels of Prdm16 (Figure 6E-E′). A significant proportion (13.3% ± 4.4) of 

Pax7CE/f cells expressed Prdm16 (Figure 6I), suggesting that the regenerative deficit and 

loss of muscle mass observed in Pax7 deficient mice is due in part to brown adipogenic 

specification of presumptive satellite cells (Figure 6F-F′). Strikingly, NICD muscles 

exhibited a dramatic increase in the numbers of GFP+/Prdm16+ cells (Figure 6G-G′; H-H′; 

quantified in Figure 6I). In addition, qRT-PCR analysis of GFP+ sorted cells confirmed that 

Prdm16 mRNA was upregulated in satellite cells that express NICD1 (Figure 6J-K). Ectopic 
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expression of NICD1 also resulted in down-regulation of miR-133a, which we previously 

demonstrated directly inhibits Prdm16 expression (Figure 6L-M) (Yin et al., 2013a).

Over-expression of NICD1 results in markedly reduced MyoD expression (Figure 3A-B). 

Interestingly, chromatin immunoprecipitation (ChIP) sequencing experiments on cultured 

myoblasts identified putative binding sites for Pax7 (enhancer 2) and MyoD (enhancer 1 and 

3) upstream of miR-133a (Figure S6A), which were confirmed to be functionally active by 

luciferase assays (Figure S6B). Altogether, these data support the notion that both Pax7 and 

MyoD enforce satellite cell myogenic identity and that this is achieved in part by 

maintaining high levels of miR-133a expression. In conclusion, our experiments suggest that 

NICD1 acts as a molecular switch to promote brown adipogenesis of satellite cells both in 
vitro and in vivo by down-regulating MyoD and miR-133a expression.

 Discussion

Pax7 is absolutely required for normal satellite cell function in both neonatal and adult 

skeletal muscle (Gunther et al., 2013; Kuang et al., 2006; Relaix et al., 2006; Seale et al., 

2000; von Maltzahn et al., 2013). By using a genetic approach, we found that over 

expression of the intracellular domain of Notch1 (NICD1) is sufficient to rescue the loss and 

proliferation of Pax7-deficient satellite cells. Moreover, we discovered that expression of 

NICD1 promoted a molecular lineage switch toward brown adipogenesis.

Notch signaling preserves satellite cell number during embryonic development and sustains 

their quiescent state in adult muscle (Bjornson et al., 2012; Brohl et al., 2012; Jiang et al., 

2014; Mourikis et al., 2012b; Vasyutina et al., 2007). Quiescent satellite cells express high 

levels of Notch effector genes, which supports the notion that Notch signaling is active 

(Fukada et al., 2007). A potential mechanism has been proposed in which Notch signalling 

regulates genes involved in adhesion and cell-cell interaction (Vasyutina et al., 2007). The 

central role of Notch signaling in safeguarding stem cell number and quiescence has also 

been reported in other systems such as the adult brain suggesting that this is a general 

mechanism by which stem cell homeostasis is maintained during the life span of an 

organism (Androutsellis-Theotokis et al., 2006; Imayoshi et al., 2010).

Notch1 has been suggested to mediate satellite cell activation and expansion (Conboy and 

Rando, 2002; Sun et al., 2007). More recently, in vivo studies have shown that NICD 

myoblasts exhibit a slower growth rate compared to control cells (Wen et al., 2012) and 

Rbpj-/- cells directly differentiate without entering S-phase (Bjornson et al., 2012; Mourikis 

et al., 2012a). Notch signaling is initiated by ligand-receptor binding at the cell membrane. 

However, non-canonical ligand-independent activation of Notch signaling mediated by the 

ubiquitin ligase Deltex has recently been described (Hori et al., 2012). Importantly ligand-

independent Notch signaling activation has been shown to act in a context dependent manner 

during blood cell development (Mukherjee et al., 2011). Our experiments indicate that 

NICD1 over-expression is sufficient to rescue the proliferative disadvantage of Pax7-

deficient satellite cells (Figure 2B). Whether this rescue occurs via activation of canonical or 

non-canoical Notch signaling effectors remains to be determined.
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Analysis of cell cycle kinetics indicates that NICD1 over-expressing satellite cells divide at a 

slower rate than wild type cells (Wen et al., 2012). We also found that Pax7CE/+:RosaNotch 

cells had a lower proportion of Ki67-expressing cells compared to Pax7+/f (51.72% ± 4.41 

versus 87.33% ± 3.49 respectively) (Figure 2B). Activation of NICD1 may selectively favor 

the accumulation of slow cycling cells or result in an initially longer G1 phase. In this 

regard, an experiment in which cell divisions were traced by the use of an H2B-GFP reporter 

revealed that satellite cells are a heterogeneous population of slow and fast cycling cells and 

while slow cycling cells are responsible for self-renewal, fast cycling cells readily respond to 

injury and contribute to muscle repair (Chakkalakal et al., 2012). Interestingly, slow cycling 

cells can divide asymmetrically and generate both fast and slow cycling cells. It is tempting 

to speculate that this choice is regulated by Notch and that the level of Notch dictates the 

proliferative behavior of the daughter cells.

During embryonic development, brown adipocytes arise from Myf5-expressing myogenic 

cells (Seale et al., 2008). Moreover, lineage tracing has also shown that Pax7-expressing 

cells give rise to both brown adipocytes, and skeletal muscle (Lepper and Fan, 2010). In the 

adult, satellite stem cells are bipotential and are capable of differentiation into myogenic or 

brown adipogenic lineages. This lineage switch is regulated by microRNA-133 targeting the 

3′UTR of Prdm16 (Yin et al., 2013a). Surprisingly, we found that NICD1 over-expression in 

Pax7-deficient satellite cells markedly stimulates their brown adipogenic determination 

(Figure 4D-E). Interestingly, Myf5-Cre activated NICD1 cells were found to express Pparᵧ 
(a marker of brown adipocytes) in the developing embryo (Mourikis et al., 2012a).

Our experiments suggest that high levels of NICD1 in adult satellite cells promote the up-

regulation of Prdm16 and stimulate brown adipogenic specification by down-regulating 

miR-133a (Figure 6L-M) and MyoD expression (Figure 3C). Importantly, we now show that 

both Pax7 and MyoD can functionally bind to enhancer elements upstream of miR-133a and 

miR-133b, thereby providing mechanistic evidence of how miR-133 expression is regulated 

in satellite cells (Figure S6). As shown in Figure 6E-F and quantified in Figure 6I, the 

presence of brown adipocytes is more readily detectable in Pax7CE/f cells compared to 

Pax7CE/+ cells. The similar increase in BAT conversion observed in Pax7CE/f and Pax7CE/+ 

mice upon NICD over expression also suggests that MyoD inhibition is a critical and an 

important factor in promoting brown adipogenic lineage switching of satellite cells. In adult 

myogenesis, fibroadipogenic cells or other mesenchymal cells have been shown to 

contribute to ectopic fat infiltration within muscles (Joe et al., 2010; Uezumi et al., 2010). 

Our data show that satellite cells contribute at least in part to the formation of ectopic brown 

fat within regenerating muscles (Figure 4 and 6). However, not all interstitial cells were 

GFP+ and therefore we cannot exclude that over-expression of NICD1 may also have 

indirect effects on other cell types.

Gene expression studies of activated satellite cells from regenerating muscles show a 

transient decline in the expression of Notch pathway genes around 20h after injury. Notch 

activity is then up-regulated again with a peak observed around 4-5 days post injury 

(Mourikis and Tajbakhsh, 2014). NICD1 mice exhibit a profound regenerative deficiency 

characterized by an abnormal accumulation of mononucleated cells within the interstitial 

space that persists 15 days after injury (Figure 5). Over expression of NICD1 in the 
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dystrophin/utrophin compound mutant mice correlates with an increased inflammation and 

impaired muscle regeneration (Mu et al., 2015). Thus an additional function of Notch 

signaling may be to regulate the initial recruitment of immune cells and that a transient 

down-regulation of the pathway allows for immune cell clearance. Notch activity is then up-

regulated to allow for satellite cells expansion, differentiation and self-renewal.

In conclusion, our experiments suggest that Notch signaling partially compensates for the 

loss of Pax7. In normal muscle, high levels of Notch signaling are required to maintain the 

uncommitted state of satellite cells. Similarly, genetic over expression of NICD restores the 

proliferative potential of Pax7-deficient satellite cells. In addition, Notch signalling also 

plays a role in satellite cell fate as activation of Notch1 strongly promotes the lineage switch 

from myogenic towards brown adipogenic fate. These experiments provide important 

insights into the molecular circuits controlling lineage determination of adult satellite cells 

and the complex interplay of Notch signaling in satellite cell homeostasis and activation.

 Experimental Procedures

 Mice and Animal Care

Tamoxifen inducible Pax7 null mice (Pax7CE/f) were generated by crossing Pax7CE/+ mice 

with Pax7f/f mice (Lepper et al., 2009). To activate Notch in satellite cells, RosaNotch mice 

(Murtaugh et al., 2003) were crossed with Pax7CE/f mice. For satellite cell lineage tracing 

experiments, Pax7CE/+ and Pax7CE/f mice were crossed with Gt(Rosa)26Sortm9(CAG-YFP) 

mice (Jackson laboratories) to obtain Pax7CE/+:RosaYFP and Pax7CE/f:RosaYFP mice 

respectively. Tamoxifen (Sigma T5648) was pre-dissolved in corn oil at a concentration of 

20mg/ml and injected intraperitoneally for 5 consecutive days. To induce muscle 

regeneration, 50μl of a cardiotoxin solution was administered intramuscularly to 

anesthetized animals. Cardiotoxin was prepared by dissolving Latoxan (Sigma) in 

physiological saline to a final concentration of 10 μM. Care of animals was in accordance 

with institutional guidelines as regulated by the Canadian Council of Animal Care (CCAC). 

Protocols were approved by Animal Research Ethics Board (AREB) at the University of 

Ottawa and are reviewed on an annual basis.

 Satellite Cell Isolation and Culture

Satellite cells were isolated from hind limb muscles as previously described (Pasut et al., 

2012). Briefly, muscles were dissected and minced to release cells by sequential incubation 

in collagenase-dispase. Antibody labeling was performed in PBS supplemented with 2% 

horse serum at 4°C. A complete list of antibodies can be found in Table S1 of the 

Supplementary Information. Hoechst 33342 (Sigma) was added at a final concentration of 

1mg/ml. FACS was performed on a Moflo cytometer (Dako Cytomation) equipped with 5 

lasers. The Summit v4.3 Suite was used for data acquisition and image processing. For gene 

expression analysis, RNA was isolated from freshly sorted satellite cells using the 

Arcturus® Picopure® RNA isolation kit as per manufacturer's instructions. Quantification of 

gene expression was performed using the REST 2009 software (Qiagen) or using the ∆∆Ct 

formula.
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 Myofiber Isolation and Analysis

Single EDL myofibers were isolated as previously described (Pasut et al., 2013). Briefly, 

single EDL muscles were dissected and digested at 37°C in 2% collagenase (Sigma). Single 

myofibers were either fixed right after the isolation or cultured in DMEM supplemented 

with Sodium Pyruvate (Invitrogen), 20% Fetal Bovine Serum (FBS, Wisent Inc), 1% 

Chicken Embryo Extract (CEE, New England Biolabs) and penicillin and streptomycin (P/S, 

Wisent Inc). For short-term culture, myofibers were cultured in suspension in horse serum-

coated dishes. For long-term culture, myofibers were maintained in suspension for 24h and 

then transferred into Matrigel™ (BD Matrigel) coated dishes and cultured for up to 2 weeks. 

The medium was changed every two days. Adipogenic differentiation was induced as 

described in the Supplemental Experimental Procedures. For immunofluorescence, 

myofibers were fixed in 2% or 4% PFA (Sigma) followed by permeabilization in 0.05% 

Triton X100 (Sigma) in PBS and overnight blocking in 10% horse serum in PBS. Primary 

antibodies were diluted in blocking buffer and used as specified in Table S1 of the 

Supplementary Information. Respective secondary antibodies (Alexa, Invitrogen) were 

diluted in PBS and used at a 1:1000 dilution. DAPI 10 mg/ml (Sigma) was used to counter 

stain nuclei. Images were acquired using a Zeiss Axio Observer microscope or Zeiss 

Axioplan 2 microscope equipped with an AxioCam HR. Colors were added by using 

Photoshop Suite C5.

 Cell Culture

Primary myoblasts were maintained in collagen-coated dishes and cultured in HAM's F10 

(Invitrogen) supplemented with 2.5 ng/μl of bFGF (Cedarlane-Millipore), 20% fetal bovine 

serum (FBS, Wisent Inc), and penicillin and streptomycin (P/S, Wisent Inc). Virus infection 

was performed in HAM's F10 without antibiotics, supplemented with 10% fetal bovine 

serum (FBS, Wisent Inc). Adenoviruses containing either Cre (Ad-Cre) or Red Fluorescent 

Protein (Ad-RFP) were provided by Dr. Robin Parks. For gene expression analysis, cells 

were lysed in TRizol and RNA isolated using Nucleospin RNA Kit (Macherey Nachel) 

unless otherwise specified.

 Histological Analysis

Tibialis anterior (TA) muscles were dissected and embedded into OCT-30% sucrose for 

sectioning. Primary antibodies were diluted in blocking solution (10% horse serum, 1% 

BSA in PBS) and used as specified in Table S1 of the Supplementary Information. 

Respective secondary antibodies (Alexa, Invitrogen) were diluted in PBS and used at a 

1:1000 dilution. DAPI (Sigma) was used to counter stain nuclei.

 Statistical Analysis

All quantitative data are expressed as mean +/- standard error of the mean (SEM), 

represented as error bars. Statistical analysis was performed on at least three biological 

replicates and significance determined by the Student t-test. Individual P-values are 

indicated in each figure legend.
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 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NICD1 Rescues the Loss of Pax7CE/f Satellite Cells
(A) Schematic describing the alleles used and the genetic approach used to activate NICD in 

Pax7CE satellite cells. CreERT2 driven from the Pax7 promoter simultaneously promotes the 

excision of exon 2 of Pax7 and the expression of the Notch intracellular domain (NICD1) 

from the Rosa 26 locus. NICD cells can be traced by the expression of iRES-GFP. See also 

Figure S1.

(B) Schematic of the tamoxifen regimen used in this study. 6-7 week old mice were given 

tamoxifen via IP injection for 5 consecutive days. Satellite cells were analyzed 2 weeks after 

the last tamoxifen injection.

(C) Graph shows the number of Pax7+ satellite cells per EDL fiber analyzed immediately 

after isolation. Data are shown as mean ± SEM. n=3; >50 fibers per genotype were counted. 

***p≤0.001.

(D) Quantification of the number of satellite cells per EDL fiber. n=6; >50 fibers per 

genotype were counted. ***p≤0.001.

(E) Immunofluorescence staining of satellite cells on EDL myofibers stained for α7-Integrin 

(red) and GFP (green). Nuclei were counterstained with DAPI (blue). GFP is detected only 

in NICD+ satellite cells. Insets show cropped image of single satellite cells. Scale bar 

represents 100μm.
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(F) Representative immunofluorescence staining showing lack of GFP expression in 

PaxCE/+:Rosa+/+ satellite cells (upper panel). Pax7 and GFP were detected in 

Pax7CE/+:RosaNotch satellite cells (middle panel). Pax7CE/f:RosaNotch satellite cells 

expressed GFP but not Pax7 (lower panel). Pax7 is shown in red; GFP is shown in green; 

and nuclei were counterstained with DAPI (blue). Scale bar represents 20μm.

(G) Graph shows the number of Pax7+ and GFP+ cells per EDL fiber isolated from mice of 

the indicated genotype. n=3; > 50 fibers per genotype were counted.
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Figure 2. NICD1 Rescues the Proliferation Deficit of Pax7CE/f Satellite Cells
(A) Schematic detailing experimental procedures performed. EDL myofibers were isolated 

from mice 2 weeks after the last tamoxifen injection. Single fibers were cultured cultured for 

48h in growth medium (GM) to allow satellite cell proliferation.

(B) Quantification of the number of activated satellite cells (α7-Integrin/Ki67/GFP+ cells) 

on EDL fibers. Data are shown as mean ± SEM. n=3 mice; >50 fibers per genotype were 

counted. ***p≤0.001.

(C) Immunofluorescence staining of Pax7CE/f satellite cells on EDL fibers. Note that most 

satellite cells are Ki67-. α7-Integrin is shown in red, Ki67 is shown in green, and nuclei were 

counterstained with DAPI (blue). Scale bar represents 100μm.

(D) Immunofluorescence staining of tamoxifen treated Pax7CE/f:RosaNotch satellite cells on 

EDL fibers. Note that NICD-GFP+ cells are Ki67+ (indicated with yellow arrows). White 

arrows indicate α7-Integrin+/NICD-GFP+ cells negative for Ki67. α7-Integrin is shown in 

red, Ki67 is shown in green, GFP is shown in grey, and nuclei were counterstained with 

DAPI (blue). Scale bar represents 100μm.

(E) Representative images of satellite cells on EDL fibers. NICD1-GFP+ cells from 

tamoxifen treated Pax7+/f:RosaNotch satellite cells are Pax7+ and GFP- (upper panel). 

Pax7CE/f:RosaNotch are KI67+ and Pax7− (lower panel). Ki67 is shown in red, GFP is shown 

in green, Pax7 is shown in grey, and nuclei were counterstained with DAPI (blue). Scale bar 

represents 10μm. See also Figure S2.
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Figure 3. NICD1 Inhibits the Myogenic Program of Satellite Cells
(A) Quantification of the number of MyoD+ and MyoD- satellite cells cultured on EDL 

myofibers cultured for 48h in standard myofiber media. Cell number was normalized to total 

GFP+ cells. Data are shown as mean ± SEM. n=3; >50 fibers were counted per genotype.

(B) MyoD expression in satellite cells from Pax7CE/+:RosaYFP (upper panel), 

Pax7CE/+:RosaNotch (middle panel) and Pax7CE/f:RosaNotch (lower panel) EDL fibers. MyoD 

is shown in red, GFP is shown in green, and nuclei were counterstained with DAPI (blue). 

Scale bar represents 10μm.

(C) qRT-PCR of Pax7, Myf5, MyoD, Myogenin (Myog), Notch1 and Hey1 from Pax7f/f 

RosaNotch primary myoblasts infected with an adenovirus expressing Cre recombinase (Ad-

Cre) or a control virus expressing the Red Fluorescent Protein (Ad-RFP). Cell lysates were 

collected 48h post infection. Graph shows mean mRNA expression levels (± SEM) 

normalized to Gapdh. n=3. *p≤0.05. See also Figure S3.

(D) qRT-PCR of primary myoblasts transfected with a cocktail of siRNAs against Notch1 
(siNotch1) or with a scrambled oligonucleotide control (siC). Graph shows mean relative 

mRNA expression level ± SEM normalized to Gapdh. n=3. See also Figure S4.

(E) Primary myoblasts transfected with siRNA against Notch1 (siNotch1) or with control 

siRNA (siC) were fixed 48h post transfection and stained for Myogenin (green) and Ki67 

(red). Nuclei were counterstained with DAPI (blue). Scale bar represents 200μm.
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Figure 4. NICD1 Promotes Brown Adipogenesis
(A) Timeline of the adipogenic differentiation protocol. See also Supplementary 

Information.

(B) Immunofluorescence of satellite cell-derived adipocytes from Pax7CE/+:RosaYFP (left); 

Pax7CE/+:RosaNotch (center) and Pax7CE/f:RosaNotch (right) fiber derived cultures 

respectively. Perilipin is shown in red, GFP is shown in green, and nuclei were 

counterstained with DAPI (blue). Scale bar represents 200μm.

(C) Cropped images of NICD-GFP+ cells from Pax7CE/+:RosaNotch and Pax7CE/f:RosaNotch 

fibers cultured in adipogenic medium. Perilipin is shown in red, GFP is shown in green, and 

nuclei were counterstained with DAPI (blue). Scale bar represents 100μm.

(D) Quantification of the number of GFP+/Perilipin+ cells in Pax7CE/+:RosaYFP, 
Pax7CE/+:RosaNotch, and Pax7CE/f:RosaNotch fiber derived cultures. Graph shows mean ± 

SEM; n=3; > 200 cells counted per genotype. **p≤0.01.

(E) Immunofluorescence images of NICD/GFP+ PRDM16+ cells after 15 days in culture 

under adipogenic conditions from Pax7CE/+:RosaNotch and Pax7CE/f:RosaNotch mice. 

Prdm16 is shown in red, GFP is shown in green, and nuclei were stained with DAPI (blue). 

Scale bar represents 200μm. Insets show cropped image of single GFP+/Prdm16+ cells.
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Figure 5. NICD1 Promotes in vivo Brown Fat Formation
(A) Schematic of the regeneration experiment. Mice were injected with tamoxifen daily for 

5 days. Muscle injury was performed via cardiotoxin injection in the tibialis anterior (TA) 

muscle 2 days after the last tamoxifen injection. Mice were harvested and TA muscles were 

dissected and analyzed 17 days after injury.

(B-E) Ratio of TA muscle mass normalized to total body weight. Grey bars represent injured 

TA muscle mass, white bars represent contralateral (uninjured) TA. Data are shown as mean 

± SEM. n≥4. ***p≤0.001.

(F-I) Representative Haematoxylin and Eosin (HE) staining of TA muscle sections. Scale bar 

repesents 200μm.

(F′-I′) Representative Oil red O staining of TA muscle sections. Scale bar represents 200μm.

(J-M) Detection of GFP expression in prefixed muscle sections from Pax7CE/+:RosaYFP (J); 

Pax7CE/f:RosaYFP (K); Pax7CE/+:RosaNotch (L) and Pax7CE/f:RosaNotch (M). GFP is shown 

in green. Nuclei were counterstained with DAPI (blue). Scale bar represents 100μm. See 

also Figure S5.
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Figure 6. NICD1 Cells Express Markers of Brown Adipocytes in vivo
(A-D) FACS profiles of prospectively isolated satellite cells from injured muscles. 

Endogenous GFP expression was used to gate for satellite cells.

(E-H) A portion of FACS sorted satellite cells were cytospun and fixed immediately after 

sorting. GFP is shown in green, Prdm16 is shown in red, and nuclei were counterstained 

with DAPI (blue). Scale bar represents 100μm. E′-H′: cropped images of GFP+/Prdm16+ 

cells.

(I) Quantification of the number of GFP+/PRDM16+ cells from Pax7CE/f:RosaYFP, 
Pax7CE/+:RosaNotch, and Pax7CE/f:RosaNotch injured muscles expressed as the percentage of 

GFP+ cells that express PRDM16. Data are shown as mean ± SEM; >150 cells counted per 

genotype. **p≤0.01 and ***p≤0.001.

(J-M) q-PCR analysis of total Notch1 (J), Prmd16 (K), miR-133a (L) and miR-133b (M) in 

prospectively isolated NICD/GFP+ cells from Pax7CE/+:RosaNotch (white bars) and 

Pax7CE/f:RosaNotch (grey bars) injured muscles. Graphs show mean mRNA expression level 

± SEM. Gene expression was normalized to ppia, and expressed relative to control 

(Pax7CE/+:RosaYFP). n≥3. *p≤0.05. See also Figure S6.
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