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Thesis directed by Professor Bradley Bruce Olwin

Sarcopenia is a geriatric syndrome characterized by loss of skeletal muscle mass, skeletal 

muscle function and decreased regenerative capacity. A number of skeletal muscle-specific 

physiological decrements may contribute to sarcopenia; among these is an age-related 

impairment of satellite cells, the skeletal muscle stem cells required for muscle regeneration. I 

find that cell-autonomous deficits underlie a loss of self-renewal in aging satellite cells. The 

decline in self-renewal implicates altered p38αβ mitogen-activated protein kinase (MAPK) 

activity, which is activated by fibroblast growth factor (FGF) signaling and involved in satellite 

cell activation, differentiation and self-renewal in young satellite cells. Asymmetric activation of 

active p38αβ MAPK produces one daughter cell committed to myogenesis and one quiescent 

daughter cell. In old satellite cells, elevated levels of phosphorylated p38αβ MAPK inhibit 

asymmetric distribution of active p38αβ MAPK thereby preventing self-renewal through 

asymmetric division. Partial inhibition of p38αβ MAPK rescues asymmetric distribution of 

active p38αβ MAPK and self-renewal in aging satellite cells. Attenuated FGF signal transduction 

fails to stimulate further p38αβ MAPK phosphorylation and contributes to reduced self-renewal 

in aging satellite cells. Constitutive activation of FGF Receptor 1 rescues the reduced FGF 

signaling in old satellite cells to increase Pax7 expression and self-renewal. Signaling through 

the FGF/p38αβ MAPK axis regulates satellite cell self-renewal and suggest therapeutic targets 
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for treatment of age-related muscle wasting. While Wnt, Notch and now FGF signaling regulate 

self-renewal in the satellite cell niche, the specific molecular mechanisms driving asymmetric 

and symmetric division remain unclear. I develop degradable, 4-arm (poly)ethylene glycol (PEG) 

hydrogels as an artificial satellite cell niche to study the molecular interactions driving self-

renewal. I identify heparin sequences and extracellular matrix proteins that promote satellite cell 

self-renewal in hydrogel culture, and I demonstrate that 4-arm PEG hydrogels are good 

candidates for future use in regenerative medicine.
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Chapter 1: Introduction
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Frailty is a major cause of disability and mortality in the elderly population

Aging is a gradual deterioration of physiological systems that leads to disability and 

death. The number of people older than 65 years is expected to grow from 461 million (2004) to 

2 billion by 2050 which will increase government healthcare expenditures and strain social 

services  (Janssen et al., 2004; Fuchs et al., 2004). Many of the elderly will be diagnosed as 

clinically frail, a poorly defined syndrome marked by exhaustion, tissue wasting and decreased 

mobility. A diagnosis of clinical frailty identifies elderly individuals with a need for long-term 

care and increased risk of disability and mortality  (Fried et al., 2001; Walston et al., 2006; Song 

et al., 2010; Young et al., 1990).

The age-related decline of skeletal muscle is a major component of clinical frailty

Sarcopenia is a major component of disability and clinical frailty in the elderly  

(Roubenoff, 2000). Sarcopenia is a geriatric syndrome characterized by a progressive loss of 

skeletal muscle mass and function which first becomes evident in middle age  (Evans and 

Campbell, 1993; Baumgartner et al., 1998; Roubenoff, 2000; Bischoff, 1990; Landi et al., 2013). 

In humans, up to 50% of muscle mass is lost from middle age to old age  (Metter et al., 1997). 

Loss of muscle mass is due to a decline in both the size and number of myofibers that are the 

contractile, multinucleate muscle cells. Sarcopenic skeletal muscle regenerates poorly after 

myotrauma  (Brooks and Faulkner, 1990; Grounds, 1998; Karakelides and Nair, 2005; Day et al., 

2010) while detrimental adipogenic and fibrotic tissue infiltrate and further weaken the skeletal 

muscle  (Evans and Lexell, 1995). The underlying causes of sarcopenia are unknown but may 

include increased inflammation and apoptosis, mitochondrial abnormalities, loss of 
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neuromuscular junctions, altered hormone and growth factor levels, and reduced stem cell 

activity  (Walston, 2012).

While sarcopenia is a key component of frailty, clinical frailty can result from the 

concurrent deterioration of many tissues, including the neural, endocrine, immune, respiratory, 

cardiovascular, and renal systems  (Chaves et al., 2005; Kirkwood, 2005; Afilalo et al., 2009). Of 

the alterations observed in aging muscle, some commonalities that appear in the aging of most 

tissues are a decline or senescence of stem cell populations, altered levels of hormones and 

growth factors present in tissues, and an altered response of stem cells to these signals  (Miller, 

1996; Lamberts, 2002; Leng et al., 2004; Cunningham et al., 2005; Streit, 2006; Cawthon et al., 

2009; Hubbard et al., 2009; Bishop et al., 2010). Thus, loss of stem cell function may be a 

general underlying cause of tissue aging driven by cumulative molecular and cellular damage, 

cellular aging, and telomere loss  (López-Otín et al., 2013). 

Skeletal muscle has a remarkable capacity for regeneration, which restores tissue 

homeostasis after myotrauma  (Tatsumi et al., 2006) but is lost with aging  (Brooks and Faulkner, 

1990; Grounds, 1998; Karakelides and Nair, 2005; Day et al., 2010). The nuclei of myofibers are 

terminally differentiated, incapable of entry into the cell cycle, and unable to repair muscle  

(Bintliff and Walker, 1960). Instead, the satellite cell, the adult muscle stem cell, is responsible 

for the robust regeneration of young muscle  (Mauro, 1961; Sambasivan et al., 2011; Lepper et 

al., 2011; Murphy et al., 2011) (Figure 1.1). While satellite cells from both young and old 

animals can adopt a myogenic fate in culture  (Konigsberg, 1961; Konigsberg, 1960; Allen et al., 

1980), old satellite cells exhibit decreased participation in myogenesis (muscle formation), 

including decreased proliferation, aberrant differentiation, and decreased stem cell self-renewal
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Figure 1.1: Myogenic transcription factors regulate satellite cell progression through 
myogenesis.  The upper panel is a model of myogenesis. Quiescent satellite cells reside on the 
myofiber in skeletal muscle. Upon injury, satellite cells proliferate and differentiate to fuse into 
damaged myofibers or form de novo myofibers. A subset of proliferating satellite cells self-renew 
(dotted line) to repopulate the quiescent satellite cell pool. Myogenesis is driven in part by the 
regulated expression of the transcription factors Pax7 (yellow), MyoD (green), and Myogenin 
(red) (nuclei color represents which transcription factors are expressed in cells at the different 
stages of myogenesis). In the lower panel, the height of the shape corresponding to each 
transcription factor indicates the expression level of the transcription factor at different stages of 
myogenesis. The satellite cell transition from quiescence to proliferation is marked by the 
phosphorylation of both p38αβ MAP Kinase (phospho-p38αβ, purple) and its target, 
MAPKAPK2 (pMK2, cyan).
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 (Schultz and Lipton, 1982; Decary et al., 1997; Roth et al., 2000; Tapscott et al., 1988; Shefer et 

al., 2006; Collins et al., 2007; Day et al., 2010). Additionally, there is a reported decline in the 

number of old satellite cells, which varies between the specific muscles and species studied  

(Snow, 1977; Gibson and Schultz, 1983; Conboy et al., 2003; Sajko et al., 2004; Brack et al., 

2005; Shefer et al., 2006; Chakkalakal et al., 2012). Thus, reduced muscle stem cell activity may 

contribute to sarcopenia leading to reduced regeneration and decreased muscle mass. 

Alterations to both the aging muscle environment and the satellite cell impair satellite cell 

activity in sarcopenic muscle

The muscle environment regulates satellite cell activity in young cells and may prevent 

the activity of old satellite cells. Heterochronic transplantation of extensor digitorum longus 

(EDL) muscles between young and old rats reveals that muscle age affects the efficiency of 

regeneration in muscle grafts. Transplantation of an old EDL to a young host increases recovery 

of muscle mass and strength while EDL transplantation to an old host decreases muscle mass and 

strength regardless of the age of the muscle graft  (Rantanen et al., 1995). Heterochronic 

parabiosis studies, which surgically combine the circulatory systems of young and old mice, 

reveal that systemic factors that change with age modulate satellite cell activity. Exposing old 

muscle to a young circulatory system rescues satellite cell proliferation and myofiber formation 

whereas parabiosis of two old mice has no effect on muscle regeneration  (Conboy et al., 2005; 

Brack et al., 2007). Age-related changes in the muscle environment appear to inhibit satellite cell 

function and muscle regeneration while signals in the young environment rescue old satellite cell 

activity.
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There are many age-related changes in skeletal muscle that could reduce satellite cell 

activity. Macrophages, responsible for phagocytic clearance of debris and release of signaling 

molecules, decreases in old muscle after injury  (Zacks and Sheff, 1982; Grounds, 1998). Old 

muscle contains more fibrotic tissue  (Marshall et al., 1989), an altered extracellular matrix 

(ECM) composition  (Young et al., 1990; Oliver et al., 2005) and a thickening myofiber 

basement membrane  (Snow, 1977; Goldspink et al., 1994; Evans and Lexell, 1995; Grounds, 

1998), which change both structural and biochemical cues to the satellite cells. Testosterone  

(McIntire and Hoffman, 2011) and insulin growth factor-1 (IGF-1)  (Whitney et al., 2001) 

protein levels decline in aging muscle decreasing muscle mass and altering satellite cell fate. 

Increased levels of Wnt3a and transforming growth factor-beta (TGFβ) proteins, which promote 

cell fate determination, are present in aging blood and muscle while decreased Delta ligand 

reduces Notch activation, which promotes stem cell maintenance and proliferation, in satellite 

cells  (Conboy et al., 2003; Brack et al., 2007). These altered signals may shift aging satellite 

cells towards differentiation, which diminishes the self-renewing satellite cell population  

(Conboy and Rando, 2002; Brack et al., 2008; Carlson et al., 2008). Exposing old satellite cells 

to a young environment restores “young” levels of signaling factors to rescue differentiation, 

stem cell maintenance and muscle homeostasis in old skeletal muscle  (Conboy et al., 2005; 

Brack et al., 2007).

The heterochronic transplantation and parabiosis experiments suggest that the aging 

muscle environment, rather than intrinsic changes, inhibit satellite cell activity. Transplantation 

of young and old myofiber-associated satellite cells to muscle of young, dystrophic, nude mice, 

results in equivalent levels of engraftment into the host muscle  (Collins et al., 2007) providing 
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further evidence that a young environment can overcome any intrinsic deficits in old cells. 

However, fibroblast growth factor-2 (FGF-2) treatment before myofiber transplantation drives a 

permanent, cell-autonomous change in donor satellite cells that overcomes inhibitory signals 

from the old environment  (Hall et al., 2010). FGF-2-treated satellite cells robustly engraft into 

the host muscle’s satellite cell niche and myofibers, which increases the strength and mass of 

host muscle, and effectively prevent sarcopenia as the host muscle ages  (Megeney et al., 1996). 

Heterochronic transplantation of satellite cells to wildtype host mice reveals that young donor 

satellite cells produce 2-fold more donor-derived satellite cell and myofiber engraftment in 

young host muscle than old donor satellite cells  (Chakkalakal et al., 2012). Young endogenous 

satellite cells in wildtype mice may outcompete old donor cells for niche occupancy in contrast 

to impaired, endogenous satellite cells present in the immunocompromised and dystrophic host 

mice used in previous transplantation experiments.  Decreased engraftment from old donor 

satellite cells demonstrates that intrinsic alterations in old satellite cells do impair satellite cell 

activity as well as a refractory, aging muscle environment.

Alterations in aged old satellite cells that may underlie age-related satellite cell 

impairment, include altered signaling pathways, increased molecular damage, and changes gene 

expression. Old satellite cells are less responsive to growth factor stimulation and exhibit delayed 

activation after injury  (Schultz and Lipton, 1982; Mezzogiorno et al., 1993). Decreased 

responsive to signals may result from altered levels of glycosaminoglycan (GAG) proteoglycan 

co-receptors of growth factor-receptor complexes in satellite cells  (Watanabe et al., 1986; Young 

et al., 1990; Oliver et al., 2005). Old satellite cells exhibit telomere shortening (in human cells)  

(Decary et al., 1997; Zhu et al., 2007; O'Connor et al., 2009), increased apoptosis  (Collins et al., 
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2007; Lees et al., 2009) and increased oxidative stress  (Beccafico et al., 2007; Pietrangelo et al., 

2009), but not increased DNA damage  (Cousin et al., 2013). Global gene expression changes as 

satellite cells age although it is unknown if these gene expression changes in result from altered 

signal transduction or from epigenetic effects  (Bortoli et al., 2003). It remains unclear if these 

intrinsic changes underlie old satellite cell impairment or which of the age-related changes are 

rescued by exposure to a young muscle environment.

The satellite cell as the primary muscle stem cell

Several cell populations present in young and old skeletal muscle exhibit a capacity to 

form muscle, but the satellite cell is the primary skeletal muscle stem cell  (Relaix and Zammit, 

2012). Ablation of satellite cells during development and adult muscle regeneration in vivo 

demonstrates that satellite cells are required for myogenesis  (Lepper et al., 2011; Murphy et al., 

2011; Sambasivan et al., 2011). After muscle injury, satellite cells participate in myogenesis by 

proliferating and differentiating to fuse into damaged myofibers or form de novo myofibers. A 

subset of proliferating cells self-renews to reform the quiescent satellite cell pool for future tissue 

maintenance and repair.

The quiescent satellite cell in uninjured skeletal muscle

Satellite cells reside in a mitotically quiescent state until stimulated to participate in 

myogenesis (Figure 1.1). Quiescent satellite cells do not incorporate labeled nucleotides  

(Reznik, 1969) and contain nuclei with tightly packed heterochromatin  (Mauro, 1961). 

Surprisingly, microarray analysis of quiescent and activated satellite cells reveals that quiescence 

is an actively maintained state since as many mRNA transcripts are down regulated upon satellite 

cell activation as are up regulated  (Farina et al., 2012). Quiescent satellite cells express 
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transcripts whose proteins induce myogenesis, but which are suppressed by an RNA-

destabilizing protein (Melissa Hausburg, Thesis). Thus, quiescent satellite cells are poised to 

contribute to myogenesis when myotrauma induces a release of signals from the muscle 

environment.

Quiescent satellite cells express the transcription factor Pax7  (Olguin and Olwin, 2004), 

which maintains quiescence, and growth factor receptors, which poise the cells to respond to 

activating signals from the muscle environment. Pax7, a paired-box transcription factor, is 

required for the establishment of a long-term satellite cell population, as Pax7 helps maintain 

satellite cell quiescence  (Olguin and Olwin, 2004). In Pax7 null mice, the adult satellite cell 

population is lost as myogenic cells present at birth apoptose before the quiescent satellite cell 

pool forms  (Seale et al., 2000; Oustanina et al., 2004). Some satellite cells also express Myf5  

(Crist et al., 2012) and MyoD (Hausburg, Thesis) transcripts, two of the four myogenic 

regulatory transcription factors that promote expression of the myogenic gene program. Myf5 

and MyoD transcripts are translationally inhibited until satellite cells activate, which suggests 

quiescent satellite cells are primed for myogenesis. Along with these transcription factors, 

quiescent satellite cells express receptors to signals that will be released upon muscle injury. 

These receptors include receptor tyrosine kinases for Hepatocyte Growth Factor (c-Met receptor)  

(Allen et al., 1995), FGF Receptor 1 and FGF Receptor 4  (Cornelison and Wold, 1997) as well 

as the GAG proteoglycan co-receptors  (Cornelison et al., 2001) such as Syndecan-3 (facilitates 

Notch processing)  (Pisconti et al., 2010) and Syndecan-4 (a co-receptor for FGF-FGF Receptor 

binding)  (Rapraeger et al., 1991).

Satellite cells in myogenesis
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Upon myofiber injury, signals released from the muscle environment cause satellite cells 

to activate, enter into the cell cycle, proliferate and differentiate to repair muscle (Figure 1.1)  

(Schultz, 1984; Schultz et al., 1994; Schiaffino and Partridge, 2008). In satellite cell cultures, all 

myofiber-associated satellite cells activate and enter the cell cycle  (Troy et al., 2012). The 

sequential expression of myogenic regulatory factors drives activated satellite cells through 

proliferation and to terminally differentiate. Myogenic regulatory factors are basic helix loop 

helix transcription factors that induce transcription of genes required for muscle formation that 

include Myf5, MyoD, Myogenin and MRF4  (Schiaffino and Partridge, 2008). Self-renewing 

satellite cells inhibit translation of myogenic regulatory factors to prevent differentiation and 

return to quiescence.

Activation of quiescent satellite cells

Myofiber injury and necrosis releases growth factors from the muscle environment to 

activate satellite cells. Injured myofibers synthesize nitric oxide (NO) which promotes 

hepatocyte growth factor (HGF) release from the ECM. HGF binds to the c-Met receptor present 

on quiescent satellite cells causing receptor dimerization and HGF signal transduction to activate 

the satellite cell  (Tatsumi et al., 1998; Anderson and Pilipowicz, 2002; Tatsumi et al., 2002; 

Tatsumi et al., 2006). Intraperitoneal injection of tumor necrosis factor-alpha (TNF-α), an 

inflammatory cytokine, also activates satellite cells in uninjured muscle, and TNF-α signaling is 

required for normal muscle regeneration  (Li, 2003; Chen et al., 2007). Injured muscle releases 

FGF-2  (Hannon et al., 1996; Kastner et al., 2000) that does not directly act as a mitogen but 

instead functions to repress myogenesis  (Clegg et al., 1987; Olwin and Rapraeger, 1992) and 

promote self-renewal (Andrew Troy, Thesis). FGF-2 likely prevents differentiation, permitting 
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cell cycle entry following activation by HGF and TNF-α as FGF signaling is required for satellite 

cell entry into the cell cycle  (Olwin and Hauschka, 1986). Satellite cells from Syndecan-4 (a 

FGFR co-receptor) null mice can neither activate nor signal via FGF receptor 1  (Cornelison et 

al., 2004). Other growth factors (IGF, TGFβ, and Platelet-Derived Growth Factor (PDGF)) are 

released soon after muscle injury but are unable to stimulate activation and entry into the cell 

cycle  (Johnson and Allen, 1995).

The first molecular marker of satellite cell activation is the phosphorylation of p38 alpha/

beta MAP Kinase (p38αβ MAPK), which promotes cell cycle entry through MyoD translation. 

Within 40 minutes of myofiber isolation, ~40% of satellite cells are immunoreactive for 

phosphorylated p38αβ MAPK (phospho-p38αβ)  (Jones et al., 2005).  Activation of the p38αβ 

MAPK pathway is required for activation as inhibiting p38αβ MAPK maintains satellite cells in 

a quiescent state  (Jones et al., 2005) (Hausburg, Thesis). Active, phospho-p38αβ phosphorylates 

and inhibits the activity of Tristetraprolin (TTP), a protein that destabilizes MyoD transcript in 

quiescent satellite cells (Hausburg, Thesis). Inhibition of TTP in activated satellite cells allows 

translation of MyoD, the ‘master’ myogenic regulatory factor  (Tapscott et al., 1988; Tapscott, 

2005), within 3h to 12h after activation  (Cooper et al., 1999; Dhawan and Rando, 2005). MyoD 

induction promotes entry into S-phase within 12h to 18h after activation, then MyoD+ cells 

proliferate as transit-amplifying cells commonly called myoblasts  (Blais et al., 2005; Dhawan 

and Rando, 2005; Jenniskens et al., 2000). 

Proliferation and differentiation of satellite cells

The first myoblast divisions occur within 48h of muscle injury  (Cornelison et al., 2001) 

then myoblasts undergo rounds of rapid division to expand the population of cells that can 
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contribute to muscle repair. Proliferating myoblasts eventually exit the cell cycle and terminally 

differentiate to a muscle-specific lineage (myocytes). Differentiated myocytes fuse to damage 

myofibers or fuse to form de novo myofibers to repair the damaged skeletal muscle  (Schultz et 

al., 1994; Hawke and Garry, 2001).

The levels of Pax7 and myogenic regulatory factor proteins regulate progression through 

myogenesis. Following activation, Pax7 protein levels rise and repress MyoD translation as Pax7 

promotes MyoD transcript and protein degradation. Repressing accumulation of MyoD protein 

drives a myoblast proliferation  (Zammit et al., 2002; Olguin and Olwin, 2004; Olguin et al., 

2007; Troy et al., 2012). As cells continue to proliferate, Pax7 levels decrease, which alleviates 

MyoD repression. MyoD is necessary for progression through myogenesis as satellite cells from 

MyoD null mice exhibit impaired proliferation and differentiation  (Megeney et al., 1996; Le 

Grand et al., 2009). MyoD commits the cells to terminal differentiation through induction of 

Myogenin. Myogenin is a myogenic transcription factor that commits cells to terminal 

differentiation  (Lassar et al., 1989; Montarras et al., 1989; Clegg et al., 1987; de la Serna et al., 

2005; Hall et al., 2010; Zammit et al., 2004; Olguin et al., 2007) by inducing transcription of the 

myogenic gene program. Transcription of myogenic genes causes myocytes to fuse into 

myofibers and express the contractile proteins generating force in myofibers  (Prody and Merlie, 

1991; Seale et al., 2004; Christov et al., 2007).

Self-renewal of a subpopulation of satellite cells during myogenesis

A subset of satellite cells self-renew during myogenesis to repopulate the satellite cell 

pool both in vivo and in culture. The quiescent satellite cell population reappears in skeletal 

muscle several weeks after severe myotrauma,  (Schultz, 1984) while in culture, a mitotically 
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quiescent, Pax7+/MyoD- ‘reserve’ population forms alongside differentiated myocytes  (Yoshida 

et al., 1998; Zammit et al., 2006; Olguin and Olwin, 2004; Olguin et al., 2007). Both the in vitro 

and in vivo populations contribute to further myogenesis after additional passages in culture or 

after serial injury and transplantation  (Yoshida et al., 1998; Hall et al., 2010). Thus, satellite cells 

demonstrate a capacity for long-term maintenance and self-renewal that characterize other adult 

stem cells  (Scadden, 2006).

Potential mechanisms driving satellite cell self-renewal

A satellite cell stem cell subpopulation

Heterogeneity in the satellite cell pool may predispose some satellites cells to self-renew 

to repopulate the quiescent satellite cell pool. As in other stem cell populations, a subpopulation 

of satellite cells express the stem cell markers Sca-1  (Holmes and Stanford, 2007) and Abcg2  

(Tanaka et al., 2009; Ding et al., 2010), which suggests that a stem cell subpopulation may exist 

within the larger satellite cell population (Esko and Selleck, 2002). Some Abcg2+ satellite cells 

comprise a ‘side population’, which efflux Hoescht dye, within the Syndecan-4+ satellite cell 

population  (Tanaka et al., 2009; Ding et al., 2010). Another example of satellite cell 

heterogeneity is in Myf5 expression where a subset of quiescent Pax7+ cells never express Myf5 

as determined by lineage tracing from the Myf5 locus  (Kuang et al., 2007). Both the satellite cell 

‘side population’ and Myf5- cells exhibit increased self-renewal after transplantation to injured 

muscle  (Kuang et al., 2007; Tanaka et al., 2009) supporting the hypothesis that the satellite cell 

population contains a stem cell subpopulation.

Asymmetric and symmetric divisions produce self-renewal in satellite cells
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Self-renewing stem cells arise from either asymmetric or symmetric divisions, but 

determining which mechanism drives self-renewal in a given tissue is difficult. For example, 

intestinal crypt stem cells appear to divide asymmetrically, but lineage tracing reveals intestinal 

crypt stem cells instead undergo daily symmetric divisions to clonally expand the stem cell 

population  (Snippert et al., 2010; Edgar, 2012). In satellite cell cultures, both symmetric and 

asymmetric divisions produce self-renewing, quiescent satellite cells have been reported  (Kuang 

et al., 2007; Le Grand et al., 2009; Troy et al., 2012) (Figure 1.2). Symmetric divisions, 

promoted by Wnt7a through the non-canonical Wnt pathway, produce two Pax7+/MyoD- 

daughter cells to clonally expand the quiescent satellite cell population  (Le Grand et al., 2009). 

Asymmetric satellite cell division produces a daughter cell that joins the transit-amplifying 

population and a daughter cell that retains a stem cell fate  (Kuang et al., 2007; Troy et al., 2012). 

Asymmetric division of satellite cells has been examined during the first satellite cell division 

following injury, where a Pax7+/MyoD- daughter cells and a MyoD+ daughter cell are produced, 

suggesting that a quiescent subpopulation is generated with a transit amplifying myoblast. The 

quiescent Pax7+/MyoD- satellite cell can then be stimulated to reenter the cell cycle generating 

additional transit-amplifying population and undergoing self-renewal, thereby demonstrating that 

the quiescent daughter cells retain stem cell function  (Troy et al., 2012).

The mechanisms regulating satellite cell self-renewal are just beginning to be understood, 

and, as in many stem cells, the satellite cell niche likely plays a critical role in asymmetric 

division  (Knoblich, 2008). A key player in this process, the Par complex comprises the core 

proteins Partitioning Defective 3 (Par-3), Partitioning Defective 6, (Par-6) and atypical Protein 

Kinase C  (Suzuki and Ohno, 2006). A membrane anchor, such as a Junctional Adhesion 

14



M
yf

5

M
yo

D

M
yo

D
m

R
N

A

Pa
r-3

C
om

pl
ex

N
um

b

Notch-3
Delta-1

TT
P

Sdc4

FGFR1

Fzd
7

Sdc4
FGFR1

P
ax

7

Va
ng

l2

FG
F-

2
W

nt
7a

Q
ui

es
ce

nt
S

at
el

lit
e 

C
el

l
A

sy
m

m
et

ric
S

el
f-r

en
ew

al
S

ym
m

et
ric

S
el

f-r
en

ew
alB
as

al

P
la

na
r

A
pi

ca
l P
ax

7

Vangl2

Vangl2
Vangl2

Vangl2

Va
ng

l2

P
ax

7

p3
8

p3
8

p3
8

P
ax

7

P
ax

7
D

el
ta

-1
D

el
ta

-1Notc
h-3

N
ot

ch
-3

TT
P

N
um

b

TT
PP

p3
8P P

Par-
3

Com
ple

x

p38
P
P

M
yo

nu
cl

eu
s

M
yo

nu
cl

eu
s

M
yo

fib
er

15



Figure 1.2: Satellite cells can self-renew through both asymmetric and symmetric divisions.  
Quiescent satellite cells reside on the myofiber (pink) underneath the basal lamina (not shown). 
The quiescent satellite cell expresses Pax7, Notch receptor and the receptors Notch3, Frizzled7 
(Fzd7), FGFR1, c-met (not shown) and FGFR4 (not shown). In the quiescent cell, TTP degrades 
MyoD transcripts to prevent translation of MyoD protein and entry into the cell cycle. After 
muscle injury, signals released from the satellite cell niche induce a symmetric or an asymmetric 
division in a subset satellite cells. Wnt7a stimulates a planar division along the myofiber which 
produces two Pax7+/Myf5- daughter cells that distribute Vangl2, a Planar Cell Polarity pathway 
component, in a parallel pattern  (Le Grand et al., 2009). FGF and Notch signaling induce a 
basal-apical-oriented division which produces a quiescent Pax7+/MyoD-/Myf5- satellite cell 
(white) and a Pax7+/MyoD+/Myf5+ myoblast (blue). One mechanism for asymmetric division is 
the polar segregation of the Par-3/p38αβ MAPK complex, which inhibits TTP to upregulate 
MyoD protein in the myoblast daughter cell. Par-3 segregation also inhibits Numb, an inhibitor 
of Notch signaling, in the myoblast daughter cell. The quiescent daughter cell expresses Notch 
receptor and remains in contact with the basal lamina (not shown). The myoblast daughter cell 
expresses Delta, a Notch ligand, and remains in contact with the myofiber.
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Molecule (Jam)  (Ebnet et al., 2001), localizes the complex to one region of a dividing cell to 

segregate opposite cell fates to the daughter cells. In activated satellite cells, the Par-3 complex 

asymmetrically segregates p38αβ MAPK to one membrane region which permits asymmetric 

activation of p38αβ MAPK in one daughter cell during cell division (Figure 1.2). Active p38αβ 

MAPK inhibits TTP in one daughter cell  (Troy et al., 2012), de-repressing MyoD translation and 

promoting cell cycle entry (Hausberg, Thesis). The lack of p38αβ MAPK activity in the other 

daughter cell de-represses TTP to inhibit MyoD translation promoting re-acquisition of a 

quiescent state  (Troy et al., 2012). Interestingly, asymmetric segregation of mRNA transcripts 

during cell division generates Drosophila oocytes. Mago Nashi, Tsunagi/Y14, and Ranshi 

proteins form a complex on spliced mRNA that restricts transcripts to the developing oocyte cell 

within a 16-cell cyst  (Lewandowski et al., 2010). Thus, regulation of asymmetric division by 

post-translational regulation of mRNA transcripts may function as a common mechanism to 

drive asymmetry in dividing stem cells.

Signals from the environment regulate satellite cell self-renewal

Extracellular signals appear to play a role in initiating and regulating asymmetric 

division. Two of these signals, Notch and FGF appear to regulate self-renewal of satellite cells.  

Persistent activation of the Notch pathway in vivo promotes expansion of the satellite cell pool at 

the expense of transit amplifying myoblasts, reducing the amount of skeletal muscle  (Bröhl et 

al., 2012; Mourikis et al., 2012). FGFR1 signals promote asymmetric p38αβ MAPK activation 

(Bernet, unpublished) and loss of FGFR1 from satellite cells eliminates self-renewal, abrogating 

skeletal muscle regeneration following an induced injury (Troy, Thesis).
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Activation of Notch signaling by cleavage of Notch intracellular domain influences 

satellite cell self-renewal in culture  (Kuang et al., 2007) (Figure 1.2). Notch, a transmembrane 

receptor, binds the membrane-bound Delta on adjacent myofibers or myoblasts. Delta binding 

induces proteolytic cleavage of Notch to release an intracellular domain that enters the nucleus 

and influences gene expression to regulate satellite cell activity  (Buas and Kadesch, 2010). 

Notch-1 promotes proliferation and inhibits differentiation by inhibiting transcription of cell 

cycle inhibitors and by reducing p38αβ MAPK activation  (Conboy et al., 2003; Kondoh et al., 

2007; Carlson et al., 2008). Notch activation promotes self-renewal as overexpression of Notch-1 

intracellular domain upregulates Pax7 to expand the satellite cell population  (Wen et al., 2012) 

while inhibition of Notch signaling eliminates satellite cell self-renewal in muscle  (Bjornson et 

al., 2012). Thus, Notch signaling not only promotes self-renewal but may also regulate 

asymmetric cell fate.

FGF signaling prevents satellite cell differentiation and may have a role in satellite cell 

self-renewal (Figure 1.2). Satellite cells express FGF Receptor (FGFR)  (Cornelison and Wold, 

1997) and the ligands FGF-1 (alpha), FGF-2 (beta), FGF-4, FGF-6 and FGF-9 ligands  (Olwin et 

al., 1994; Sheehan and Allen, 1999). FGF signaling requires complex formation between heparan 

sulfate proteoglycans (HSPGs) and FGFRs to form high affinity FGF ligand binding sites. FGF-

FGFR-HSPG complex formation activates the FGFR tyrosine kinase domains that induce 

downstream signal transduction of multiple pathways including MAPK pathways  (Campbell et 

al., 1995; Mohammadi et al., 1997; Eswarakumar et al., 2005; Mohammadi et al., 2005). FGF 

signaling represses satellite cell differentiation to promote proliferation, promotes myogenic cell 

survival and maintains stem cell plasticity in other stem cells  (Clegg et al., 1987; Allen and 
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Boxhorn, 1989; Conti et al., 2005; Durcova-Hills et al., 2006; Hill et al., 2006; Iwata et al., 2006; 

Shefer et al., 2006; Cosgrove et al., 2009). FGFR4 null mice do not exhibit detectable defects in 

satellite cell self-renewal (John Hall, Thesis). However, satellite cells derived from FGFR1 null 

mice differentiate without forming a Pax7+/MyoD- reserve cells, which implies that the self-

renewing population is lost (Hall, Thesis; Troy, Thesis). Consistent with this observation is the 

failure of FGFR1 null muscle to regenerate following an induced injury (Troy, Thesis). 

Importantly, constitutive activation of an FGFR1 intracellular domain upregulates Pax7 in a 

satellite cell line to form a quiescent cell population in culture  (Whitney et al., 2001), and FGF-2 

pretreatment before myofiber transplantation massively expands the quiescent satellite cell 

population generated from donor satellite cells  (Hall et al., 2010). As FGF signaling activates 

p38αβ MAPK, the FGF signal transduction could influence satellite cell self-renewal by 

regulating asymmetric activation of p38αβ MAPK.

Notch and FGF signaling may act in concert to promote self-renewal by asymmetric 

division. The Par-3/p38αβ MAPK complex interacts with the Notch pathway. The Par-3 complex 

inhibits Numb, an inhibitor of Notch, resulting in localization of active Numb to the daughter 

cell forming opposite the Par-3 complex  (Smith et al., 2007). The FGF co-receptor, Syndecan-4, 

often   localizes with phospho-p38αβ in satellite cells  (Rapraeger et al., 1991; De Cristofaro et 

al., 1998; Troy et al., 2012), and Syndecan-4 regulates Rac1, a member of the Par-3/p38αβ 

MAPK complex, signaling in other cell types  (Tkachenko et al., 2004). Syndecan-4 can act 

independently of satellite cells but may be acting with FGF and Notch to regulate asymmetric 

division in satellite cells.

Satellite cells reside in a polar satellite cell niche that may regulate asymmetric division
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The interaction of the satellite cell with the satellite cell niche likely regulates self-

renewal and asymmetric division. Satellite cells reside on myofibers in a polar niche where the 

basal membrane of the satellite cell contacts the basal lamina, an extracellular matrix sheet 

surrounding the myofiber, and the apical membrane contacts the myofiber plasma membrane  

(Mauro, 1961). Similar polar environments direct asymmetric division in other stem cell 

populations to produce a self-renewing stem cell and a daughter cell that will leave the niche and 

differentiate  (Fuchs et al., 2004). Asymmetric distribution of signals within the satellite cell 

niche may direct the orientation of asymmetric division to protect quiescent daughter cells from 

the signals released by regenerating myofibers  (Kuang et al., 2007). Additionally, asymmetric 

distribution of signals along regions of the basal lamina or myofiber could produce the satellite 

cell heterogeneity that may mark a stem cell population within the satellite cell population.

The role of the basal lamina in the myofiber niche

The myofiber basal lamina forms extracellular matrix sheets around individual myofibers 

and their associated satellite cells  (Sanes, 2003). The basal lamina comprises extracellular 

matrix proteins, linear GAG (sugar) chains on proteoglycans, and soluble signaling factors  

(Sanes, 2003; Kjaer et al., 2006; Schiaffino and Partridge, 2008). These components provide 

structural and biochemical cues to satellite cells that promote or inhibit satellite cell activity, 

including self-renewal and asymmetric division.

The dominant structural proteins in the basal lamina are laminin and collagen isoforms 

while fibronectin, the major component of basement membranes in other stem cell niches, is not 

present in the myofiber basal lamina  (Sanes, 2003). Laminin and collagen form supramolecular 

aggregates with perlecan  (Grounds et al., 2005) and nidogen/entactin that create the scaffold of 
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the extracellular matrix. Laminin and collagen also convey mechanical cues to the myofiber and 

satellite cell through cell surface integrins  (Ingber, 2006; Kjaer et al., 2006). Laminin α2 chains 

are the major component of basal lamina, but α4 and α5 chains appear in regenerating muscle  

(Sorokin et al., 2000; Grounds et al., 2005), which suggests different laminin isoforms may affect 

satellite cell behavior. Several collagen isoforms are present in the basal lamina where collagen 

IV forms the matrix scaffold and collagen VI anchors the basal lamina to interstitial connective 

tissue  (Zou et al., 2008). Interestingly, collagen VI is expressed in quiescent satellite cells, and 

collagen VI null mice exhibit decreased numbers of satellite cells after injury  (Urciuolo et al., 

2013), suggesting that structural proteins may affect satellite cell behavior.

Proteoglycans, core proteins with GAG chains, are important components of the basal 

lamina that help form the matrix scaffold and regulate growth factor signaling  (Sanes, 2003). 

Proteoglycans are secreted by cells in the niche or are enzymatically cleaved from cell 

membranes to the matrix. Many types of proteoglycans are present in skeletal muscle, but 

heparan sulfate proteoglycans are the most prevalent in the basal lamina. These highly sulfated 

heparan sulfate GAG chains have a high negative charge that promotes binding to many soluble 

molecules in the matrix. Variation in GAG sequence and sulfation are likely to establish domains 

for specific growth factors as differences in sulfation affect the specificity of FGF interactions 

with their cognate receptors (Esko and Selleck, 2002). Heparan sulfate GAG composition can 

change during regeneration and may function to present or to sequester signals with spatial and 

temporal specificity from satellite cells during muscle regeneration  (Sanes et al., 1986; Coombe 

and Kett, 2005; Bishop et al., 2007).
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The basal lamina contains signaling factors secreted from systemic (interstitial cells, 

nerve and vascular networks  (Bortoluzzi et al., 2006; Kragstrup et al., 2011)) and local (satellite 

cell and myofiber) sources. The basal lamina forms a repository of these signals that poises the 

niche to direct satellite cell activity  (Olwin and Rapraeger, 1992; Cornelison et al., 2001; 

Jenniskens et al., 2006; Langsdorf et al., 2007). Muscle injury causes expression of matrix 

metalloproteinases (MMP) 2 and 9, which degrade the basal lamina to release growth factors to 

bind to satellite cell proteoglycans and growth factor receptors cells  (Sanes, 2003). The most 

common receptor ligands in basal lamina include proteoglycan-binding HGF, Epidermal Growth 

Factor (EGF), Wnts, FGF-2, IGF-1 and collagen-binding TGFβ  (J. DiMario et al., 1989; Tatsumi 

et al., 1998; Gelse et al., 2003; Machida and Booth, 2004; Brack et al., 2008; Le Grand et al., 

2009; Chakkalakal et al., 2012). As many of these signals affect satellite cell behavior in culture, 

it remains unclear how these signals cumulatively regulate satellite cell self-renewal and 

progression through myogenesis.

The role of the myofiber in the satellite cell niche

Quiescent satellite cells likely reside in a discrete niche on myofibers rather than 

localizing randomly across myofibers. Satellite cell frequency on myofibers is higher in ‘slow’ 

muscles than in ‘fast’ muscles  (Aloisi et al., 1973) and satellite cells often associated with the 

neuromuscular junctions  (Kelly, 1978) and capillaries  (Christov et al., 2007). These regions 

may contain unique localized membrane environments compared to the majority of the myofiber. 

Integrin α3β1 (in Xenopus)  (Cohen et al., 2000) and distinct laminin isoform levels increase at 

the neuromuscular junction, suggesting that the interaction of the myofiber with the nerve 

terminal alters the local basal lamina composition  (Jenniskens et al., 2006). Distribution of 
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ligands in discrete regions of the myofiber may establish satellite cells domains that form the 

niche within the larger myofiber environment. 

Myofibers secrete ligands to the satellite cells that direct satellite cell activity. Signals 

from the myofiber can inhibit satellite cell activity as Marcaine-treated myofibers, which 

undergo necrosis leaving the basal lamina and satellite cells intact, contain more proliferating 

satellite cells than untreated myofibers  (Bischoff, 1990). Myofibers secrete SDF-1 which binds 

to CXCR4 receptor on satellite cells to promote migration  (Ratajczak et al., 2003; Sherwood et 

al., 2004). Additionally, myofibers express the Notch ligand Delta-1, which interacts with Notch 

on satellite cells  (Conboy et al., 2003). These signals are not present in the basal lamina and may 

provide mechanisms for regulation of satellite cell asymmetric division.

In summary, the presence of unique and variable environments within the basal lamina 

and myofiber plasma membrane may provide an environment directed toward regulating regulate 

satellite cell self-renewal and thereby regulating satellite cell numbers, a satellite cell niche. This 

niche may serve to promote either symmetric or asymmetric satellite cell division depending on 

the needs of the skeletal muscle for maintenance, growth or repair.  Further studies are needed to 

delineate the separate roles the basal lamina and the myofiber may play in regulating satellite cell 

behavior.

Here, I present my thesis work characterizing a loss self-renewal in satellite cells from 

old mice. I have found cell intrinsic impairments in the old satellite cell cannot be rescued by a 

young muscle environment, contradicting a popular model presented for satellite cell aging, 

which postulates that the old environment is primarily responsible for inhibiting satellite cell 

function. I present evidence that aberrant activation of p38αβ MAPK and decreased FGF 
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signaling underlie impaired self-renewal in aged satellite cells and that heterochronic 

transplantation to a young environment fails to rescue self-renewal. I propose a novel roles for 

the involvement of FGF signaling in regulating asymmetric satellite cell division by influencing 

asymmetric activation of p38αβ MAPK. As part of a collaborative effort, I present 2D and 3D 

hydrogels as tunable, artificial satellite cell niches and characterize the effect of components 

added to the hydrogels on satellite cell self-renewal in culture.
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Chapter 2: P38 MAPK signaling underlies a cell autonomous 
loss of stem cell self-renewal in aged skeletal muscle
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INTRODUCTION

Sarcopenia, defined as an irrevocable loss of skeletal muscle mass and strength in the 

aged (Evans and Campbell, 1993; Baumgartner, et al., 1998), results in frailty and a high risk of 

mortality (Roubenoff, 2000; Landi et al., 2013), thus greatly increasing government healthcare 

expenditures in the face of a rapidly expanding elderly population (Janssen et al., 2004). The 

mechanisms involved in the development of sarcopenia are poorly understood but include 

diverse changes in skeletal muscle metabolism (Karakelides and Nair, 2005) and compromised 

regeneration (Brooks and Faulkner, 1990; Grounds, 1998; Day et al., 2010). Widely regarded as 

critical to the regeneration process, satellite cells reside between the basal lamina and the 

myofiber plasma membrane of young skeletal muscle (Mauro, 1961). Indeed, ablation 

experiments demonstrate that satellite cells are bona-fide muscle stem cells as they exhibit 

remarkable regenerative and self-renewing properties (Sambasivan et al., 2011; Lepper et al., 

2011; Murphy et al., 2011).

Functional deficits in the satellite cell population (Conboy et al., 2003; Collins et al., 

2007) are thought to be responsible for the poor regenerative capacities of sarcopenic muscle 

(Brooks and Faulkner, 1990; Grounds, 1998; Day et al., 2010; Sadeh, 1988; McGeachie and 

Grounds, 1995; Marsh et al., 1997), where age-related changes in satellite cells include an 

impaired response to injury (Collins et al., 2007; Allen et al., 1980; Decary et al., 1997; Shefer et 

al., 2006), and although controversial, a reduction in satellite cells that could contribute to 

reduced progenitor expansion (Day et al., 2010; Conboy et al., 2003; Shefer et al., 2006; Roth et 

al., 2000). Additionally, systemic cues within the aged environment are reported to impair 

satellite cell activity while exposure to a young environment improves regeneration of aged 
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muscle and satellite cell differentiation (Conboy et al., 2003; Collins et al., 2007; Carlson and 

Faulkner, 1989; Carlson and Faulkner 1996; Conoby et al., 2005; Brack and Rando, 2007).  

Interestingly, recent data suggest that the aged environment can be overcome as transplantation 

of young myofibers with their attached satellite cells prevented age-associated loss of muscle 

mass and strength (Hall et al., 2010). Thus, while the aged environment appears inhibitory, these 

data demonstrate the existence of cell-autonomous behaviors not subject to repressive extrinsic 

cues.

FGFR tyrosine kinases play important roles in coordinating extracellular signals with 

internal satellite cell regulatory networks. While FGFRs indirectly promote proliferation by 

repressing myoblast differentiation, they do not directly function as mitogens (Hannon et al., 

1996). Satellite cells express FGFR1 and FGFR4 (Sheehan and Allen 1999; Kastner et al., 2000) 

where FGFR4 plays a role in cell fate determination during embryonic muscle development 

(Lagha et al., 2008) and FGFR1 prevents terminal differentiation (Kudla et al., 1998; Flanagan-

Steet et al., 2000). Intracellular signals activated by FGFR1 include both ERK and p38αβ MAPK 

pathways, which regulate satellite cell proliferation and asymmetric division, respectively (Jones 

et al., 2001; Jones et al. 2005).

Members of the MAPK family play diverse and complicated roles in the maintenance, 

proliferation, asymmetric division and differentiation of satellite cells. ERK is necessary but not 

sufficient for myoblast proliferation (Jones et al., 2001; Chakkalakal et al., 2012) and does not 

regulate differentiation (Kudla et al., 1998; Jones et al., 2001), but is implicated in age-related 

losses of satellite cell proliferative capacity (Chakkalakal et al., 2012). Regulation of ERK 

signaling by Sprouty affects satellite cell numbers, where Sprouty null mice exhibit regenerative 
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deficits associated with aging (Chakkalakal et al., 2012). Since Sprouty regulates multiple 

signaling pathways, it is unclear which growth factors are involved in mediating Sprouty effects 

on satellite cells (Guy et al., 2009). The p38 MAPK family comprises four members, two closely 

related (p38αβ MAPKs), p38delta MAPK and p38γ MAPK.  Signaling by p38αβ MAPK is 

involved in the exit of satellite cells from quiescence (Jones et al., 2005; Troy et al., 2012), 

asymmetric division of satellite cells (Troy et al., 2012), and for p38α, maintenance of satellite 

cell numbers in vivo (Brien et al., 2013). The p38αβ MAPKs and p38γ MAPK play roles in 

myogenic differentiation (Kang et al., 2008; Gillespie et al., 2009). Because of the diverse roles 

the MAPK family plays in regulating satellite cell function, their relative activities are likely 

spatially and temporally context dependent.

Here I show that aged satellite cells possess a cell-autonomous defect in self-renewal that 

cannot be rescued by exposure to a young environment. Importantly, this impairment of self-

renewal in aged satellite cells may explain the poor regenerative capacity of aged muscle.  I 

demonstrate that these functional deficits arise from an impaired response to FGF ligands and 

elevated p38αβ MAPK activity, which when corrected, rescues self-renewal of aged satellite 

cells. Thus, my data identify cell autonomous FGF/p38αβ MAPK signaling as a critical pathway 

deregulated in aged satellite cells and highlight a novel therapeutic opportunity for clinical 

management of age-associated sarcopenia.

RESULTS

A young local environment does not rescue age-associated self-renewal defects

Substantial evidence from our group and others shows that aged satellite cells fail to 

expand as efficiently as young satellite cells cultured in vitro (Figures 2.1, 2.2, Appendix 1) 
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(Collins et al., 2007; Shefer et al., 2006). Since parabiosis and transplantation experiments show 

that a young environment can restore some aspects of aged satellite cell function (Collins et al., 

2007; Conboy et al., 2005; Brack and Rando, 2007) we developed a heterochronic culture assay 

(Figure 2.3a) to specifically assess whether a young local environment (intact myofibers) could 

restore aged satellite cell expansion. Satellite cells isolated from young or aged mice 

constitutively expressing GFP (βActGFP) were seeded onto unlabeled myofibers from a young 

mouse (Figure 2.3a) and fixed for analysis at 24h (Figure 2.3b) and 72h post-transplantation 

(Figure 2.3c). Quantification of endogenous host satellite cells marked by Syndecan-4 

(Cornelison, et al., 2001) (*, Figure 2.3b) and donor GFP+ satellite cells (⋀, Figure 2.3b, c) 

revealed equivalent young and old donor satellite cell attachment at 24h (Figure 2.3d). Strikingly, 

we observed 3-fold fewer aged donor cells compared to young donor cells at 72h (Figure 2.3e) 

indicating impaired aged satellite cell expansion and suggesting that a young local environment 

is not sufficient to restore aged satellite cell function.

In vivo transplantation of aged satellite cells to a young muscle environment reveals cell-

autonomous self-renewal defects

As in vitro transplantation of aged satellite cells onto young myofibers failed to rescue 

aged satellite cell expansion, I reasoned that a young global environment, including circulating 

factors, may be necessary to rescue aged satellite cell self-renewal and subsequent expansion.  

Therefore, I performed in vivo transplantation experiments where young and aged βActGFP 

myofiber-associated satellite cells were engrafted into young wild type hosts concurrent with 

BaCl2 injury (Hall et al., 2010) (Figure 2.3f). Although young and aged satellite cells fused into 
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FIGURE 2.1. Old satellite cell explants exhibit reduced proliferation and decreased Pax7 
expression.  (a) Satellite cells explanted from young (Y) and old (O) mice were cultured and 
fixed at five days in culture, immunostained for Syndecan-4, Pax7 and MyoD (white) and (b) 
scored for the numbers of Syndecan-4+ (Sdc4) cells that were Pax7+/MyoD- reserve (self-
renewed) cells ( ), Pax7+/MyoD+ myoblasts ( ), and Pax7-/MyoD+ differentiating myocytes 
( ). Pie charts comprise the percentages of Syndecan-4+ satlelite cells that are Pax7+/MyoD-, 
Pax7+/MyoD+ and Pax7-/MyoD+. Inset (^) shows Pax7+/MyoD+ satellite cell. Scale bars, 50 
µm (10 µm). Young cells (c) proliferated more and (d) formed larger myotubes (myofiber-like 
structures) than old cultures, despite similar (e) percentages of total cellular differentiation (% of 
Syndecan-4+ nuclei in myotubes). (Syndecan-4-, mononuclear cells are contaminating 
fibroblasts). Mean ± s.e.m. n=3 independent experiments. *P < 0.05 ***P < 0.0001 by one-way 
ANOVA with Tukey’s test. 30d post-transplantation compared to young donor-derived satellite 
cells (Fig. 1h). By 60d, I detected virtually no aged donor-derived satellite cells (Fig. 1h), 
whereas young donor-derived cells declined but were readily detectable (Fig. 1h). Collectively, 
these data demonstrate that the young environment permits but fails to maintain aged satellite 
cell engraftment.
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FIGURE 2.2. Old myofiber-associated satellite cells exhibit reduced proliferation and 
increased differentiation. (a,c) Young and old myofiber-associated satellite cells were scored 
after 24h or 96h for Syndecan-4+ (red) cells that were (b) Pax7+/MyoD- reserve cells ( , ⌃), 
Pax7+/MyoD+ myoblasts ( ), and Pax7-/MyoD+ myocytes ( )-or (d) for MyoD+ myoblasts 
( ), MyoD+/Myogenin+ committed myocytes ( ), or Myogenin+ terminally differentiated cells 
( ). Pie charts comprise the percentages of Syndecan-4+ satellite cells that are Pax7+/MyoD-, 
Pax7+/MyoD+ and Pax7-/MyoD+ or are MyoD+/Myogenin-, MyoD+/Myogenin+ and MyoD-/
Myogenin+. Pie chart size is directly (1:1) scaled to the number of Syndecan-4+ cells/myofiber 
(mm). Insets depict (^) Pax7+/MyoD+ satellite cells. Scale bars, 50 µm (10 µm). Pie chart areas 
represent Syndecan-4+ cells/mm, revealing no significant difference in the number of young and 
old satellite cells at 24h. Young satellite cells proliferated and retained Pax7 more than old 
satellite cells. A subset of old satellite cells was Myogenin+ at isolation, and by 96h more old 
satellite cells were terminally differentiated.  Mean ± s.e.m. n=3 independent experiments. *P < 
0.05, **P < 0.001, ***P < 0.0001 by unpaired, two-way Student’s t-test (marker profiles) or one-
way ANOVA with Tukey’s test (mean Syndecan-4+cells/mm). Significance is measured across 
age, not across culture time.
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FIGURE 2.3. Heterochronic transplantation of old satellite cells to local or systemic young 
environment fails to rescue age-associated phenotypes.  (a-e) (a) Donor satellite cells (SCs) 
from young (Y) or old (O) βActGFP mice (green) were transplanted onto young myofibers. 
Donor satellite cells, (^ GFP+/Syndecan-4+ (Sdc4)) attached to host myofibers possessing 
endogenous satellite cells (* GFP-/Sdc4+), were visualized after (b) 24h or (c) 72h in culture. 
(Insets, donor satellite cells; scale bar=50 µm or 10 µm, inset).  Quantification of myofiber-
associated donor satellite cells , normalized to myofiber length, at (d) 24h or (e) at 72h, plotted 
as fold-change from 72h/24h. (Mean±s.e.m., n=3, ≥ 20 myofibers scored per condition. *P < 
0.05, t test). (f-h) (f) Donor myofiber-associated satellite cells from young or old βActGFP mice 
(green) were transplanted into young host TA muscles. (g) TA muscles were harvested at (g) 30d 
or (not shown) 60d post-transplantation and processed to visualize GFP, Sdc4 and Laminin 
where sections show GFP+ and GFP- myofibers. (^ marks all GFP+/Sdc4+ satellite cells).  
Dotted line indicates magnified insets (boxes) of representative young donor-derived satellite cell 
or old donor-derived satellite cell. The solid boxed area is a section from contralateral uninjured 
(UI) TA muscle. (Scale bars=50 µm or 10 µm, insets). (h) The numbers of donor-derived satellite 
cells per field were quantified and plotted for 30d and 60d post-transplantation. (A minimum of 
10 fields were scored for n=3-5 transplant recipients. Mean±s.e.m; P < 0.05 for Young 30d vs. 
60d, Old 30d vs. 60d, by one-way ANOVA).
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host myofibers (Figure 2.3g), I detected 3-fold fewer aged donor-derived cells in the satellite cell 

position 30d post-transplantation compared to young donor-derived SCs (Figure 2.3h). By 60d, 

we detected virtually no aged donor-derived SCs (Figure 2.3h), whereas young donor- derived 

cells declined but were readily detectable (Figure 2.3h). Collectively, these data demonstrate that 

the young environment permits but fails to maintain aged SC engraftment.

Aged satellite cells exhibit elevated p38αβ MAPK signaling and altered FGF signaling

One explanation for the poor engraftment of aged satellite cells is that the cells fail to 

properly activate. Given the prominent role of p38αβ MAPK signaling in regulating satellite cell 

activation (Jones et al., 2005) and asymmetric division (Troy et al., 2012), I systematically 

interrogated the integrity of this signal transduction cascade in aged satellite cells. Young 

myofiber-associated satellite cells activate within 30 min of injury or explantation as measured 

by p38αβ MAPK phosphorylation (Jones et al., 2005). Surprisingly, I found enhanced p38αβ 

MAPK phosphorylation in aged myofiber-associated satellite cells compared to young satellite 

cells analyzed 1h post-isolation (Figure 2.4a, b) and that 3-fold more aged satellite cells than 

young satellite cells were positive for phosphorylated MK2 (pMK2), a direct target of p38αβ 

MAPK (Figure 2.4a, b).  This suggests a possible defect in the activation of aged satellite cells 

that may lead to inappropriate cycling of satellite cells in resting muscle as previously reported 

(Chakkalakal et al., 2012).  Interestingly, by 24h, the number of phosphorylated p38αβ MAPK+ 

(phospho-p38) cells was higher in young satellite cells than in aged satellite cells (Figure 2.4c, 

d), indicating a failure by aged satellite cells to appropriately advance through the cell cycle.

Since FGF is a known upstream activator of p38αβ MAPK, I next investigated FGFR1 

activation in aged versus young satellite cells. Immunostaining revealed that phospho-FGFR1+ 
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FIGURE 2.4. Aged satellite cells exhibit elevated p38αβ MAPK signaling and altered 
FGFR1 signaling. (a) Young (Y) and old (O) myofiber-associated satellite cells (SCs) (⋀) were 
fixed and stained for Syndecan-4 (Sdc4), phospho-p38 (pp38) and phospho-MK2 (pMK2) at 1h 
post-dissection (⋀ marks pp38+/pMK2+ satellite cells; scale bar=10 µm). Sdc4+ satellite cells 
were quantified and (b) plotted for the fold increase for pp38 and pMK2 in old vs. young satellite 
cells. (c) Myofibers from young and old mice were cultured for 24h, stained as described for 1h 
except that phospho-FGFR1 (pFGFR) immunostaining replaced pMK2 immunostaining (⋀ 
marks pp38+/pFGR1+ satellite cells; scale bar=10 µm). Sdc4+ satellite cells were quantified and 
(d) the % of pp38+/pFGFR+ SCs and pp38+/pFGFR1- satellite cells were normalized to the total 
number of Sdc4+ satellite cells. (e) Young and old myofibers were cultured for 24h with 
increasing SB203580 (SB), fixed and stained for Sdc4 and pp38, scored and plotted as the % 
Sdc4+ cells that were pp38+ (*P <0.05 for (d) Young vs. Old total pp38 and for (e,f) Young vs 
Old at 0 µM SB and for Young 0µM SB vs Young 10µM SB; P <0.0001 for Young and Old 0µM 
SB vs. 25 µM SB by one-way ANOVA. Mean±s.e.m., n=3 experiments, ≥ 20 myofibers scored 
per condition).  (g-n) Young and aged satellite cells isolated from equivalent muscle masses were 
cultured for 16h and then assayed for FGF-stimulated phosphorylation of p38αβ MAPK by flow 
cytometry.  (g-l) Histograms for young and old satellite cell cultures of (g) Sdc4+cells and (h) 
p38αβ MAPK+ cells. Histograms for pp38+ cells following a 5 min FGF-stimulation in (i) 
young cells and (k) aged cells in DMSO or for (j) young cells and (l) old cells in 25 µM SU5402. 
(m-n)  A plot of the % population shifts (Overton subtraction) for FGF-stimulated pp38+ 
immunoreactivity in young vs. old cells, (m) DMSO carrier and (n) 25 µM SU5402 (n=3 
experiments. *P < 0.05 by t test). 
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(pFGFR1)/phospho-p38+ satellite cell numbers were reduced in aged cultures at 24h post-

isolation (Figure 2.4d). I then scored phospho-p38+ cells in the presence of SB203580, a p38αβ 

MAPK inhibitor, and found that both young and aged satellite cells were sensitive to SB203580 

(Figure 2.4e). To assess whether the elevated phospho-p38 levels in aged cells were FGF-

dependent, I tested the FGFR inhibitor SU5402 on myofiber-associated satellite cells.  

Unexpectedly, I found that p38αβ MAPK signaling was abrogated by FGFR inhibition only in 

young satellite cells, suggesting that the FGFR-p38αβ MAPK signaling pathway is specifically 

altered in aged satellite cells (Figure 2.4f). Single cell analyses of p38αβ MAPK phosphorylation 

by FGF-2 revealed essentially identical numbers of young and aged Syndecan-4+ (Figure 2.4g) 

and p38αβ MAPK+ (Figure 2.4h) satellite cells from equivalent muscle masses. Upon FGF-2 

stimulation, young satellite cells exhibited marked p38αβ MAPK phosphorylation (Figure 2.4i, 

m) whereas p38αβ MAPK phosphorylation in aged satellite cells was refractory to FGF-2 

(Figure 2.4k, m).  Importantly, inhibition of FGF signaling with SU5402 eliminated FGF-

stimulated phosphorylation of p38αβ MAPK in young satellite cells (Figure 2.4j, n) but had no 

effect on aged satellite cells (Figure 2.4l, n), highlighting the FGF insensitivity of p38αβ MAPK 

in aged satellite cells.

FGF-2 enhances self-renewal of young but not aged satellite cells

Aged donor-derived satellite cells cannot be maintained when transplanted into young 

host mice (Figure 2.3), despite similar percentages of Pax7+/MyoD- reserve cells in cultures 

(Figures 2.1, 2.2).  Since aged satellite cells are inappropriately activating (Figure 2.4), this could 

affect both self-renewal and expansion in host tissue post-transplantation. Therefore, I asked if 

FGF-2, which enhances self-renewal in other stem cells (Coutu and Galipeau, 2011), would 
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affect satellite cell self-renewal. FGF-2 addition dramatically increased the numbers of young 

Pax7+ myofiber-associated satellite cells (Figure 2.5a, b, Appendix 1) and reduced the 

proportion of terminally differentiated young cells (Figures 2.5b, 2.2).  In contrast, FGF-2 

addition to aged satellite cells had no effect on the generation of reserve Pax7+ cells but reduced 

terminal differentiation.  When young myofiber-associated satellite cells were pre-treated with 

FGF-2 prior to transplantation into injured host muscles, satellite cell engraftment was enhanced 

(Figure 2.5c) by 3-fold compared to no FGF-2 pretreatment (Figures 2.5e, 2.3h) and donor 

satellite cells were maintained in the host tissue between 30d and 60d post-transplantation 

(Figure 2.5e, f).  FGF-2 pretreatment of aged myofiber-associated satellite cells (Figure 2.5d) 

similarly enhanced engraftment (Figure 2.5e) but aged satellite cell numbers were not maintained 

as evidenced by a 2-fold decline in aged donor-derived satellite cells between 30d and 60d post-

transplantation (Figure 2.5f).  Interestingly, FGF-2 pretreatment of young satellite cells is 

necessary to maintain self-renewal of donor cells for the lifetime of the mouse (Figure 2.5g) 

(Hall et al., 2010). Taken together, these data highlight a role for FGF signaling in promoting 

survival and self-renewal in young satellite cells that is not maintained as satellite cells age.

Generation of quiescent daughter cells and asymmetric phospho-p38 is impaired in aged 

satellite cells.

Our data indicate that maintenance and self-renewal of aged satellite cells cannot be 

rescued by transplantation into a young host environment even with FGF-2 pretreatment.  

Therefore, I assayed the ability of aged satellite cells to generate quiescent daughter cells (Figure 

2.6a) (Troy et al., 2012).  When myofiber-associated satellite cells were treated with the 

mitotoxin 1β-arabinofuranosylcytosine (AraC) for 3-5d post-isolation, I observed similar 
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FIGURE 2.5. FGF maintains self-renewal and expansion of young cells but not aged cells in 
culture and in vivo.  (a) Myofiber-associated satellite cells (SCs) were cultured in FGF-2 for 
96h and stained for (a) Syndecan-4 (Sdc4), Pax7, MyoD and DAPI, or (not shown) Syndecan-4, 
MyoD, and Myogenin (Scale bar=50 µm).  (b) Pie charts representing percentages of Sdc4+ cells 
that are Pax7+/MyoD- self-renewed satellite cells ( ), Pax7+/MyoD+ myoblasts ( ), and Pax7-/
MyoD+ myocytes ( ) or for MyoD+ myoblasts ( ), MyoD+/Myogenin+ committed myocytes 
( ), and Myogenin+ differentiated cells ( ), where chart area is directly scaled to the number of 
Sdc4+ cells per myofiber length at 96h. (Mean±s.e.m., n=3 experiments, ≥ 20 myofibers per 
condition. *P<0.05, 96h Young vs. Old Pax7+/MyoD+, **P<0.001 96h Young vs. Old Myogenin
+, by one-way ANOVA.) (c-f) Donor myofibers from βActGFP (c) young (Y) or (d) aged (O) 
mice were treated with 1.5 nM FGF-2 and transplanted into host TA muscles (⋀ marks all donor-
derived satellite cells; scale bar=50 µm). Dotted box indicates magnified inset area of a (c) 
young donor-derived satellite cell and (d) an old donor-derived satellite cell (Scale bar=10 µm). 
(e) FGF-2-pre-treated donor (GFP+/Syndecan-4+) satellite cells were scored and plotted per field 
of view (Dotted line marks donor cell numbers without FGF-2 pretreatment. P<0.05 for Old 
30d-60d, by one-way ANOVA).  (f) Plot of log2 fold change in donor satellite cell number 
comparing 60d to 30d post-transplantation. (Mean ±s.e.m., n=3-5 recipient mice/condition. 
*P<0.05, **P<0.001 by one-way ANOVA.) (g) A plot of donor-derived satellite cells per field 
pretreated with or without FGF-2 from a young donor βActGFP mouse harvested 21 mo. post-
transplantation (**P<0.001, t test).
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FIGURE 2.6. The self-renewing population is lost in aged satellite cell culture. (a) A 
schematic of AraC treatment shows survival of quiescent satellite cell daughter cells derived 
from asymmetric divisions (red) that recover upon AraC removal functioning as stem cells to 
self-renew (red) and generate committed myoblast progenitors (white).  Myofibers isolated from 
young and aged mice were cultured for 72h then (b) treated for 48h with or without AraC, fixed 
and stained for Syndecan-4 (Sdc4), Pax7, MyoD and DAPI (⋀, marks Sdc4+ satellite cell clones 
in no AraC and quiescent Sdc4+/Pax7+/MyoD- satellite cell daughters in AraC-treated cultures; 
scale bar=10µm).  (c) After 48h in AraC, AraC was removed, and myofibers were cultured for an 
additional 72h and stained as for AraC-treated myofiber cultures (Recovery where ⋀ marks 
Sdc4+ clones (Y) and a Sdc4+/Pax7+/MyoDlow satellite cell (O); scale bars=10 µm).. (d)  
Myofiber-associated AraC-resistant cells and cells following AraC recovery were quantified and 
plotted as self-renewed daughter cells (  Pax7+) and committed myogenic progenitors (  Pax7-, 
where P<0.05 for Young Pax7 AraC vs Recovery and for Young total cells AraC vs. Recovery, 
by one-way ANOVA; .mean ±s.e.m., n=3 experiments, with ≥ 20 myofibers scored per 
condition). 
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numbers of surviving quiescent daughters in young and aged cultures (Figure 2.6b, d).  To test 

for continued stem cell function, the AraC was washed out and cultures were maintained for an 

additional 4d to assess myoblast expansion and self-renewal of satellite cells as previously 

described (Troy et al., 2012).  In contrast to young cultures, aged myofiber-associated satellite 

cells were incapable of further expansion and continued self-renewal upon AraC removal (Figure 

2.6c, d). 

To investigate the molecular basis of this self-renewal defect, I collected RNA from 

FACS-isolated young and aged satellite cells pooled from multiple animals for an unbiased gene 

expression analysis to query gene ontology (GO) terms and molecular pathways that changed 

significantly between young and old satellite cells. I identified a general reduction of gene 

expression associated with asymmetric division (Troy et al., 2012) (Figure 2.7a, Appendix 2) and 

cell growth and differentiation (Figures 2.8, 2.9, Appendix 2, Tables 2.1, 2.2). In contrast, 

expression of FGFR1 and FGFR4 transcripts were elevated in aged satellite cells compared to 

young satellite cells (Figure 2.7b). Together, these data and the observation that aged myofibers 

express high levels of FGF-2 (Chakkalakal et al., 2012) suggest that aged SC FGF signaling is 

impaired and may result in altered p38αβ MAPK pathway activation.  Since satellite cells 

undergo self-renewal by asymmetric division (Troy et al., 2012; Kuang et al., 2007) driven by 

the asymmetric activation of p38αβ MAPK (Troy et al., 2012), I expected a reduction in 

asymmetric phospho-p38 to accompany the impaired self-renewal in aged satellite cells. To test 

this, I scored Syndecan-4+ myofiber-associated satellite cells for asymmetrically distributed 

phospho-p38 (Figure 2.7c) and observed a 2-fold reduction in the number of aged satellite cells 

with asymmetric phospho-p38 compared to young satellite cells (Figure 2.7d). Inhibition of 
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FIGURE 2.7. Loss of self-renewal in aged satellite cells correlates with loss of asymmetric 
phospho-p38 and can be rescued by partial inhibition of p38αβ MAPK signaling. (a) 
Heatmaps of normalized expression (see Methods) for probsets in the Par-3/p38αβ MAPK 
complex for young (Y) and old (O) satellite cells where blue is low expression and red high 
expression, respectively.  (b) A plot of old versus young normalized expression of FGFR1 and 
FGFR4 probesets.  (c) Young and old myofiber-associated satellite cells were cultured with or 
without SB203580 (SB) for 24h , fixed and stained for Syndecan-4 (Sdc4), phospho-p38αβ 
(pp38) and DAPI (⋀ marks a Sdc4+/asymmetric pp38+ satellite cell and * marks a Sdc4- 
myonucleus.; scale bar=10 µm). (d) The asymmetric pp38+/Sdc4+ satellite cells were scored and 
plotted as a percentage of pp38+/Sdc4+ satellite cells for myofiber-associated satlelite cells 
derived from young and old mice cultured in the presence or absence of the indicated SB203580 
concentrations added at isolation for 24h (P<0.05 for Young vs. Old 0 µM SB; P<0.0001 for 
Young 0 µM vs.25 µM SB and for Old 0 µM SB vs. 10 µM SB, by two-way ANOVA. Mean 
±s.e.m., n=3 experiments, for ≥20 myofibers scored per condition).
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FIGURE 2.8. Transcripts related to inhibition of differentiation are decreased in old 
satellite cells. Heat maps of transcripts from young and old microarrays included in the GO 
Terms: GO:0030308 Negative regulation of cell growth, GO:0010454 Negative regulation of cell 
fate commitment, and GO: 0051148 Negative Regulation of muscle cell differentiation.  Red 
indicates increased expression and blue indicates decreased expression. 
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FIGURE 2.9. Transcripts related to self-renewal and p38αβ MAPK/FGF signaling are 
decreased in old satellite cells. Heat maps of transcripts from young and old microarrays 
included in the GO Terms: GO: 0040037 Negative regulation of FGFR signaling pathway, GO: 
0004707 MAP kinase activity, and GO: 0019827 Stem cell maintenance. Red indicates increased 
expression and blue indicates decreased expression. 
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TABLE 2.1. IPA pathway analysis of transcripts changing >4-fold between young and old 
satellite cells.

Top Networks for transcripts changing >4-fold Young/Old

1-DNA Replication, Recombination, and Repair, Cellular Response to Therapeutics, Cancer

2-Organ Morphology, Skeletal and Muscular System Development and Function, Carbohydrate 
Metabolism

3- Embryonic Development, Tissue Development, Organismal Survival

4-Organ Morphology, Skeletal and Muscular System Development and Function, Cellular 
Assembly and Organization

5-Gene Expression, Tissue Development, Cellular Development

Top Canonical Pathways p-value

Mitochondrial Dysfunction 2.38E-06

Glycolysis I 1.12E-05

Gluconeogenesis I 1.50E-05

Calcium Signaling 3.60E-04

ILK Signaling 5.88E-04

Top Bio Functions-Molecular and Cellular Functions p-value

Cell Cycle 8.27E-06 - 3.86E-02 

Post-Translational Modification 2.48E-04 - 4.71E-02 

Cell Death and Survival 6.52E-04 - 4.41E-02 

Molecular Transport 7.30E-04 - 4.41E-02 

Cell Morphology 8.67E-04 - 4.38E-02 
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TABLE 2.2. IPA pathway analysis of transcripts changing >6-fold between young and old 
satellite cells.

Top Networks for transcripts changing >6-fold Young/Old

1-Cancer, Gastrointestinal Disease, Hepatic System Disease

2-Cardiovascular Disease, Cardiovascular System Development and Function, Organ 
Morphology

3-Carbohydrate Metabolism, Skeletal and Muscular System Development and Function, Organ 
Morphology

4-Inflammatory Response, Humoral Immune Response, Protein Synthesis

5-Connective Tissue Disorders, Hematological Disease, Infectious Disease

Top Canonical Pathways p-value

Calcium Signaling 6.37E-06

Glycolysis I 3.51E-05

Gluconeogenesis I 4.70E-04

Glycerol-3-phosphate Shuttle 2.87E-03

NRF2-mediated Oxidative Stress Response 3.38E-03

Top Bio Functions-Molecular and Cellular Functions p-value

Carbohydrate Metabolism 4.70E-04 - 4.15E-02 

Cell Cycle 5.89E-04 - 3.73E-02 

Cellular Assembly and Organization 5.89E-04 - 4.31E-02 

Cell Death and Survival 1.41E-03 - 4.31E-02 

Molecular Transport 1.41E-03 - 4.31E-02 
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25µM SB203580 virtually eliminated asymmetric phospho-p38+ young and phospho-p38+ aged 

satellite cells (Figure 2.7d).  Unexpectedly, partial inhibition of p38αβ MAPK signaling with 

10µM SB203580 dramatically enhanced asymmetric phospho-p38 in aged satellite cellss but not 

young satellite cells (Figure 2.7d), suggesting that excessive activation of p38αβ MAPK in aged 

satellite cells interferes with asymmetric p38αβ MAPK activation.

Partial inhibition of p38αβ MAPK signaling restores aged satellite cell self-renewal.

The restoration of asymmetric phospho-p38 by partial inhibition of p38αβ MAPK 

suggests that self-renewal in aged satellite cells may be similarly rescued. I employed a dye 

retention assay we have previously used (Troy et al., 2012) to test this hypothesis whereby cell 

permeable carboxyfluorescein diacetate, succinimidyl ester (CFDA-SE) is acquired by all cells 

but is retained only in quiescent or differentiated non-cycling cells (Figure 2.10a). Quiescent 

Pax7+satellite cells that retained CFDA-SE were present in young and aged cultures (Figure 

2.10b).  Compared to young satellite cells, there was a 4-fold reduction in aged quiescent CFDA

+/Pax7+ satellite cells (Figure 2.10c). This reduction was rescued by partial p38αβ MAPK 

inhibition and exacerbated by complete inhibition of p38αβ MAPK signaling (Figure 2.10c).  

Consistent with a role for FGF signaling in asymmetric division of satellite cells, addition of 

SU5402 nearly eliminated generation of quiescent daughters in young satellite cells, reducing 

self-renewal to the low levels observed in aged cultures (Figure 2.10d).  Together, our data 

indicate that FGF signaling via p38αβ MAPK plays a critical role in satellite cell self-renewal by 

promoting asymmetric division of satellite cells to generate quiescent daughter cells.  

Constitutive FGFR1 signaling rescues self-renewal in aged satellite cells

Our observations that aged satellite cells exhibit FGF-2 insensitivity (Figure 2.4g-n), and 
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FIGURE 2.10. Partial inhibition of p38αβ MAPK rescues self-renewal in aged satellite cells. 
(a) CFDA-SE retention schematic shows CFDA-SE label is acquired by all cells (green) but 
following a chase is retained only in non-dividing cells (green).  (b) CFDA-SE was added at 24h 
to myofiber cultures from young and old mice for 15 min, washed out and myofibers maintained 
in the presence or absence of either SB203580 (SB) or SU5402 for 72h, fixed and visualized (b) 
for CFDA retention, Pax7+ immunoreactivity and DAPI (⋀ marks a young CFDA+/Pax7+ 
untreated satellite cell; scale bar=10 µm). After 72h treatment with (c) 0-25 µM SB203580 or (d) 
SU5402 CFDA-SE+/Pax7+ satellite cells were quantified, and plotted normalized to myofiber 
length. (P<0.05 for Young vs. Old in 0 µM SB, for Young vs. Old in DMSO, for Young 0µM SB 
vs.25 µM SB, for Old 0µM SB vs.10 µM SB, and for Young DMSO vs.SU5402, all by two-way 
ANOVA).
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elevated activity of the p38αβ MAPK pathway coupled with prior studies documenting the 

upregulation of FGF-2 in aged muscle (Chakkalakal et al., 2012), all suggest that aged satellite 

cells are compensating for an attenuation of FGFR1 signaling. Therefore, I asked if enhancing 

FGFR1 activity could increase self-renewal of aged satellite cells.  I utilized an inducible, 

constitutively active FGFR1 (iFR1) (Whitney et al., 2001; Stevens et al., 2007) to provide 

ligand-independent FGFR1 signaling via small molecule-induced dimerization (Whitney et al., 

2001).  Upon isolation, myofiber-associated satellite cells were transfected with iFR1 expression 

vectors, treated with Dimerizer B/B to activate iFR1 (Whitney et al., 2001; Stevens et al., 2007) 

and harvested at 72h for immunofluorescence analysis (Figure 2.11a).  The iFR1+ satellite cells 

were scored for Pax7 and Myogenin to determine if ligand-independent activation of FGFR1 

signaling altered self-renewal (Figure 2.11b).  In the absence of iFR1 dimerization, fewer Pax7+ 

and more Myogenin+ cells were present in aged satellite cells than in young controls (Figure 

2.11c).  Activation of iFR1 dramatically increased Pax7+ cells at the expense of Myogenin+ cells 

in both aged and young cultures to similar levels (Figure 2.11c). I then assayed for enhanced 

self-renewal by CFDA-SE dye retention assay in aged satellite cell cultures (Figure 2.11d).  To 

distinguish terminally differentiated cells from quiescent cells, CFDA-SE+ myofiber-associated 

cells were stained and scored for iFR1 and Pax7 (Figure 2.11e).  Addition of either Dimerizer B/

B or FGF-2 yielded similar numbers of CFDA-SE+ label-retaining cells in young cultures, 

indicating equivalent young satelilte cell self-renewal from ectopic iFR1 signaling or FGF-2 

addition (Figure 2.11f).  In contrast, FGF-2 treatment elicited no response in aged SCs but iFR1 

activation increased the aged CFDA-SE+/Pax7+ satellite cells nearly 4-fold (Figure 2.11f, g).  

That aged satellite cell self-renewal can be rescued by intracellular FGFR1 signaling and is 
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FIGURE 2.11.  Constitutive FGFR1 signaling partially rescues cell autonomous self-
renewal defect in aged satellite cells. (a) A schematic depicting transfection of myofiber-
associated satellite cells upon isolation and treatment with Dimerizer B/B at 24h followed by 
scoring at 3d for Pax7+(red nuclei), Myogenin+ (white nuclei) and iFR1 (blue). (b) Myofiber-
associated satellite cells from young and old mice satellite cells transfected and treated as in (a), 
fixed and stained for Pax7, iFR1 and Myogenin (⋀, marks a clone of Pax7+/iFR1+ satellite 
cells). The dotted box denotes the magnified insets of the Pax7+/iFR1+ clone (Scale bars=50 µm 
or 10 µm, inset). (c) Satellite cells from (b) were scored and the percent of iFR1+ cells that were 
Pax7+ or Myogenin+ plotted for young and old cultures treated in the presence or absence of 
Dimerizer B/B (B/B; P<0.05 for both Young and Old 0nM vs.100 nM B/B, by one-way 
ANOVA). (d) A schematic depicting myofiber-associated satellite cells transfected with iFR1as 
in (a), treated with Dimerizer B/B or FGF-2 at 24h, and pulsed with CFDA-SE at 48h to assess if 
iFR1 rescues self-renewal. CFDA-SE label is acquired by all cells (green) but following a chase 
is retained only in non-dividing cells (green). (e) At 72h, young and old satellite cells were fixed 
and imaged to quantify iFR1+ young and old myofiber-associated satellite cells that were CFDA
+/Pax7+ (^). (f) The CFDA+/Pax7+ young and old satellite cells were quantified and normalized 
per myofiber length (P<0.05, for Young vs. Old B/B, Young vs. Old FGF-2, Old B/B vs. FGF-2, 
by two-way ANOVA). (g) The fold change in Pax7+/CFDA+ myofiber-associated satellite cells 
was calculated and plotted as a ratio of Dimerizer B/B-treated/FGF-2-treated dye-retaining 
satellite cells (P<0.05 by t test; scale bar=10 µm; mean±s.e.m., n=3 experiments with ≥20 
myofibers scored). 
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sensitive to the levels of phospho-p38 (Figure 2.10a-d) reinforces the notion that the FGF/p38αβ 

MAPK signaling axis is a critical cell autonomous regulator of satellite cell function. Disruptions 

of this core signaling network contribute to age-associated deficits in satellite cell proliferation 

and self-renewal (Figure 2.12).

DISCUSSION

Skeletal muscle function and mass decline with age beginning around 40y in men 

(Faulkner et al., 2007).  Sarcopenia, a more severe loss of muscle mass and function, leads to 

frailty, increased morbidity and increased health care costs (Baumgartner et al., 1998; landi et al., 

2013; Janssen et al., 2004).  The mechanisms involved in sarcopenia are only beginning to be 

understood but clearly involve major metabolic changes in muscle tissue (Ruegg and Glass, 

2011) and reductions in skeletal muscle regeneration (Brooks and Faulkner, 1990; Grounds, 

1998; Day et al., 2010). Previous work suggested that an altered global environment in aged 

mice inhibited satellite cell function and that aged satellite cells could be rescued by exposure to 

a young environment (Collins et al., 2007; Carlson and Faulkner, 1989; Carlson and Faulkner, 

1996; Conboy et al., 2005; Brack and Rando, 2007).  The present study aimed to address two 

major unresolved issues: 1) whether aged satellite cells exhibit cell intrinsic alterations in self-

renewal and 2) the long-term behavior of aged satellite cells transplanted to a young 

environment. I performed an in-depth analysis of satellite cell self-renewal finding that aged 

satellite cells fail to robustly self-renew.  I then asked if transplantation of aged satellite cells 

onto young myofibers or into young host muscle could rescue the reductions in aged satellite cell 

self-renewal. The failure of the young environment to rescue aged satellite cell self-renewal 

identified cell-autonomous deficits in aged satellite cell self-renewal where alterations in an 
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FGF/p38αβ MAPK signaling axis appear at the core of these age-associated deficits.

Elevated p38αβ MAPK activity is present in freshly isolated aged satellite cells when 

compared to young satellite cells. Accompanying the elevated p38αβ MAPK signaling is an 

attenuation of FGFR1 activity upon ligand binding.  I propose that the elevated p38αβ MAPK 

activity is a compensatory response to the loss of FGF sensitivity, and furthermore, hyperactive 

p38αβ MAPK prevents asymmetric p38αβ MAPK signaling, thus disrupting asymmetric division 

and the generation of quiescent daughter cells (Figure 2.12).  The observation that partial 

inhibition of p38αβ MAPK signaling restores (i) generation of Pax7+ cells, (ii) asymmetric 

phospho-p38αβ MAPK, (iii) and generation of quiescent dye-retaining daughter cells in aged 

satellite cells, to levels comparable to young satellite cells, strongly supports this model.  

Moreover, near complete inhibition of p38αβ MAPK virtually eliminates self-renewal 

demonstrating that p38αβ MAPK is required for satellite cell maintenance.  Other published 

work demonstrates that elevated p38αβ MAPK signaling promotes myoblast differentiation 

(Stevens et al., 2007; Faulkner et al., 2007) which may exacerbate the failure of aged satellite 

cells to expand irrespective of the surrounding environment.  Together, these data support a 

critical role for p38αβ MAPK in satellite cell self-renewal, suggesting that the subcellular 

localization, duration of signaling, and timing of p38αβ MAPK activation are highly regulated to 

permit asymmetric division and satellite cell self-renewal.

While the role of FGFR1 in regulating satellite cell self-renewal is less clear, 

observations that loss of FGFR1 signaling in vivo reduces skeletal muscle mass during 

development (Flanagan-Steet et al., 2000), that FGFR1 is expressed in freshly isolated satellite 

cells (Cornelison et al., 2001), and that FGFR1 signaling represses myogenesis in satellite cell 
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lines (Kudla et al., 1998), together  suggest that FGFR1 signaling plays an important role in 

regulating satellite cell function.  Consistent with these are observations that (i) FGFR1 signaling 

is disrupted in Syndecan-4 null mice (Cornelison et al., 2004), (ii) Syndecan-4 null satellite cells 

fail to engraft and expand when transplanted into wild type muscle (Hall et al., 2010), (iii) . 

FGF-2 pretreatment of young donor satellite cells prior to transplantation maintains lifelong 

satellite cell self-renewal, (iv) FGFR1 signaling is attenuated in aged satellite cells, and (v) aged 

satellite cell self renewal is rescued by ligand-independent, ectopic FGFR1 stimulation. As FGF 

stimulation of FGFR1 activates p38αβ MAPK in satellite cells (Jones et al., 2005; Cornelison et 

al., 2004) and ectopic FGFR1 signaling rescues self-renewal it seems likely that FGFR1 

signaling is involved in asymmetric p38αβ activation and asymmetric satellite cell division.  The 

attenuation of FGFR1 activation by FGF-2 in aged satellite cells could arise from changes in 

either FGFR1 interactions with other cell surface proteins or from altered heparan sulfate since 

FGF binding and signaling from FGFR1 requires a ternary complex comprising heparan sulfate, 

FGFR1 and the FGF ligand (Yayon et al., 1991; Rapraeger et al., 2000; Schlessinger et al., 

2000). Thus, alterations in either FGFR1 or heparan sulfate, observed in other aging tissues 

(Huynh et al., 2012; Williamson et al., 2013), could contribute to the decline in signal 

transduction efficiency and cell autonomous loss of satellite cell self-renewal.

between FGFR1 signaling, p38αβ MAPK activation, and satellite cell asymmetric 

division and self-renewal that is deregulated in aged satellite cells and reduces self-renewal while 

promoting terminal differentiation.  While the precise mechanism of FGFR1 involvement in 

asymmetric activation of p38αβ MAPK is unclear, it is an area primed for future investigation.  

Interestingly, recently published data demonstrate that satellite cell-specific loss of p38α MAPK 
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promotes satellite cell expansion, reduces muscle mass and myofiber area  (Brien et al., 2013). 

Thus, FGF/p38αβ MAPK signaling is a potentially new therapeutic target for manipulation of 

skeletal muscle regeneration.

METHODS

Animal Studies

Animal experiments in this study were performed in accordance with protocols approved 

by the Institutional Animal Care and Use Committee at the University of Colorado.  Female 

C57BL/6 mice (Jackson Labs and the National Institutes on Aging) were used for all ex vivo 

experiments.  Transplant recipients were female C57Bl/6xDBA2 mice (Jackson Labs) while 

donor tissue was isolated from female, β-actin GFP (FVB.Cg-Tg(CAG-EGFP)B5Nagy/J; 

Jackson Labs) mice referred to as βActGFP, (Hall et al., 2012) with sample size determined by 

power analysis of previous transplantation studies. Mice were used at 3-6 months of age (Young, 

median 4 months)) or 20-25 months of age (Aged/Old, median 23 months).  βActGFP mice were 

aged in our facilities for transplantation assays.

Cell Isolation, Culture and Transfection

SCs were isolated by enzymatic digestion of whole hindlimb skeletal muscle and 

preplated on uncoated plates overnight at 6% O2.  Cells were then cultured on gelatin-coated 6-

well plates (~10,000 cells/well) in growth medium (F12-C + 15% horse serum) ± 1.5 nM FGF-2 

at 6% O2 for 1-5d.

Myofibers with associated SCs were isolated as previously described (Troy et al., 2012).  

For all experiments, myofibers were cultured in growth medium, F12-C (Life Science Products) 

+ 15% horse serum ± 1.5 nM FGF-2 at 6% O2 with daily medium and reagent changes. AraC 
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(Sigma Aldrich) was used at 100 µM, CFDA-SE (Invitrogen) at 10 µM, SU5402 (Tocris) at 25 

µM, SB203580 (Tocris) at 10 and 25 µM, sodium orthovanadate at 2mM (Sigma Aldrich), and 

Dimerizer B/B at 100 µM (B/B Homodimerizer, previously AP20187, Clontech).

For transfection experiments, we purchased the plasmid pSH1/M-FGFR1-Fv-FVl2-E 

containing the inducible iFGFR1 construct from Addgene (Addgene plasmid 15285) (Welm et 

al., 2002).  I transfected the iFGFR1 construct or performed a mock transfection into myofiber-

associated SCs with Lipofectamine 2000 (Invitrogen) 8h post-isolation.  Dimerizer B/B was 

added 24h post-transfection, and added with daily media changes until fixation at 72h.

For CFDA-SE retention assay, myofiber-associated cells were transfected as above and 

treated with Dimerizer B/B or FGF-2 after 24h.  At 48h, CFDA-SE in Dulbecco’s PBS was 

added for 15 min then myofibers were washed three times with growth media to remove excess 

CFDA.  For each experiment, a subset of myofibers was fixed 30 min post-CFDA-SE treatment 

to verify CFDA uptake by all Syndecan-4+ SCs. The remaining myofibers were transferred to 

growth media with FGF-2 or Dimerizer B/B and fixed at 72h.

Myofiber Transplantation

For heterochronic local transplantation assays, satellite cells from βActGFP were isolated 

alongside myofibers from wild type mice.  Cells were preplated (2-3h) on an uncoated plate 

during myofiber isolation. A total of 2 x 104 cells were mixed with 50 myofibers in a 0.2 mL 

microcentrifuge tube in 0.2 mL warm growth media containing 1.5 nM FGF-2.  The mixture was 

rotated slowly at 37°C for 3.5h then myofibers were gently transferred to individual tissue 

culture plates for three successive washes with fresh growth media to remove unattached cells, 

and cultured for 24 or 72h as described above.
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Transplantation of myofiber-associated satellite cells to host tibialis anterior muscle was 

performed as previously described (Hall et al., 2010) except that myofibers were pretreated for 

5h with or without 1.5 nM FGF-2 prior to injection.  Recipients were randomly selected from a 

group of young C57BL/6 mice ~4 months of age. TA muscles were harvested and sections 

processed as previously described in that protocol.  To count the number of donor satellite cells, I 

scored ~10 fields across at least four serial 10 µm sections from mid-muscle.  Fields scored were 

750 µm x 750 µm. Range in reported sample size due to attrition between injury and harvest.

Flow cytometry and analysis

For phosphorylation analysis, SCs were isolated and cultured in growth media with 25 

µM SU5402 (Tocris) or dimethyl sulfoxide (DMSO) on uncoated plates for 16h (starved of 

FGF-2).  Additional SU5402 or DMSO and 2mM sodium orthovanadate were added 1h before 

FGF-2 stimulation.  Cells were pulsed with or without FGF-2 in Bovine Serum Albumin (BSA) 

for 5 min then fixed in 4% paraformaldehyde at 4°C, remaining at 4°C through flow analysis.  

Sodium orthovanadate (Sigma Aldrich) was added to all reagents through primary antibody 

staining.  Cells were permeabilized with 0.1% Triton X-100 then washed and blocked in 2% 

Fetal Bovine Serum (FBS).  Cells were stained with 1:1000 chicken anti-Syndecan-4 and 1:50 

mouse anti-phospho-p38 MAPK (Cell Signaling 9216S) or no primary control for 1h in 2% FBS 

in PBS, then 30 min for secondary antibodies (anti- chick AlexaFluor 647 and anti-mouse 

AlexaFluor 488), and stained before analysis with 4′,6-diamidino-2-phenylindole (DAPI). Cells 

were analyzed by flow cytometry (CyAN ADP Analyzer) and data was analyzed in FlowJo 9.6. 

A gate was set to exclude small debris based off previous analysis of freshly isolated SCs in the 

Olwin lab. Population shifts in Syndecan-4+/phospho-p38+ cells were quantified by population 
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comparison (Overton subtraction) in FlowJo.

Immunofluorescence 

All cells and tissues were fixed in 4% paraformaldehyde and permeabilized as necessary 

with 0.1% Triton X-100. Muscle sections were prepared as previously described (Hall et al., 

Cornelison et al., 2001).  All slides were blocked in 3% bovine serum albumin (BSA) 1h at RT 

and stained in 1% BSA. Primary antibodies were incubated at 4°C overnight, and secondary 

antibodies incubated 1h at RT.  Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). 

The following primary antibodies were used: chicken Syndecan-4 (1:500) (Cornelison et al., 

2001), chicken Syndecan-3 (1:50) (Cornelison et al., 2001), mouse Pax7 (Developmental 

Hybridoma Bank at Iowa University, 1:5), rabbit MyoD (C-20, Santa Cruz Biotechnology, 

sc-304, 1:400), mouse Myogenin (5FD, Developmental Hybridoma Bank at Iowa University, 

straight), rabbit p38 MAPK (C-20, Santa Cruz Biotechnology, sc-535, 1:50), mouse phospho-p38 

MAPK(Cell Signaling, 9216S, 1:50), rabbit phospho-FGFR (Cell Signaling, 3471S, 1:50), rat 

HA tag (used to image iFGFR1 transfected cells)(Roche, 11867423001, 1:200), rat Laminin 

(Sigma, L0663, 1:200).  AlexaFluor 488-, 555-, and 647-conjugated secondary antibodies 

(Invitrogen) were used at 1:500.  

Microscopy and Image Processing

A Leica TCS SP2 AOBS confocal microscope with Leica software, using an HC Plan 

Apochromat 20x/0.70 IMM CORR CS lens was used to image muscle sections or a HCX Plan-

Apochromat 40x/1.25-0.75 NA was used to image the local transplantation assay (24h 

representative image). Micrographs of local transplantation assays for scoring were captured 

with a Nikon Eclipse E800 equipped with a Sensicam (Cooke) digital camera and Slidebook v4.1 
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(3i) software with a PlanFluor 20x/NA 0.50 PH1 DLL (Nikon) lens.. All other myofiber 

experiments were imaged with a Leica DM RXA Spinning Disk confocal microscope with EM-

CCD digital camera (Hamamatsu) with Metamorph software (Molecular Devices), using HC 

Plan APO 20x/0.70 or HCX PL APO 40x/0.85 CORR lenses.  A Nikon TE2000-U spinning disk 

confocal (Yokogawa) microscope equipped with a Cascade II CCD camera (Photometrics) using 

a Nikon 40x/0.75 DIC MN2 lens captured images for 3D reconstruction. All digital microscopic 

images were acquired at room temperature. The mounting medium for cells and sections was 

Vectashield Mounting Medium (Vector). Images were processed then scored with blinding in 

ImageJ64. As necessary, the brightness and contrast were adjusted linearly for the entire image 

and adjusted equivalently across the experimental image set. Muscle section images are averaged 

Z-stacks with Tikhonov-Miller deconvolution (ImageJ64) of the Syndecan-4 and Laminin 

channels. 

Microarray and Analysis

 SCs from 6-8 young or old mice were isolated, pooled, and sorted for Syndecan-4 

expression as previously described (Tanaka et al., 2009).  RNA was isolated followed by two 

rounds of linear T7-based amplification (RiboAmp HA kit, Arcturus). Labeled RNA (5µg) was 

hybridized to Affymetrix 430 v.2 mouse microarrays and processed as recommended by the 

supplier. A total of two chips, each representing a separate pool of mice, were used for each age. 

Raw data were pre-processed using Genespring software (Agilent) and analyzed for differential 

gene expression changes occurring over time. For selected heatmaps, individual probeset 

expression (log2) from young and old microarray datasets was normalized to the mean relative 

expression (log2) from probesets against transcripts of one gene, where multiple probesets are 
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described for one gene to cover variant transcripts. Pathway analyses were conducted using 

Ingenuity Pathway Analysis (IPA) software on lists of transcripts changing either 4- or 6- fold 

between young and old datasets.

Statistical analysis

All values represent the mean ± s.e.m. of at least three biological replicates except 

microarray data, which represent biological replicates from SCs isolated from multiple animals.  

Statistical differences between groups were determined by unpaired, two-tailed Student’s t-test, 

one-way ANOVA with Tukey’s post-hoc test or two-way ANOVA with Tukey’s post-hoc test 

using Graph-Pad Prism 6. P < 0.05 was determined to be significant for all experiments. P values 

for signaling networks were determined by IPA software. Actual P values and specific statistical 

tests are listed in each figure legend. 
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Chapter 3: Developing an artificial niche in culture to 
promote satellite self-renewal
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INTRODUCTION

Satellite cells self-renew to maintain the quiescent satellite cell population

Satellite cells persist in skeletal muscle by self-renewal, which produces quiescent 

satellite cells to maintain the muscle stem cell population. Both asymmetric and symmetric 

divisions yield self-renewing satellite cells in culture, but asymmetric division, which produces a 

quiescent satellite cell and a myoblast, appears to be the dominant mechanism of satellite cell 

self-renewal (Conboy and Rando, 2002; Shinin et al., 2006; Kuang et al., 2007; Le Grand et al., 

2009; Troy et al., 2012). Several molecular mechanisms promote asymmetric division in culture, 

including Notch-Delta signaling, FGF signaling and asymmetric activation of phosphorylated 

p38αβ MAPK  (Kuang et al., 2007; Troy et al., 2012). The satellite cell niche may regulate the 

activation of these pathways by polar distribution of signaling ligands within the niche, which 

could restrict Notch or FGF receptor activation to one region of the dividing satellite cell 

(Mauro, 1961; Kuang et al., 2008; Cosgrove et al., 2009). 

Maintaining satellite cells in their niche prevents loss of self-renewal

The local satellite cell niche, a polar environment comprising the basal lamina and the 

myofiber (Mauro, 1961), maintains satellite cell self-renewal. Culturing satellite cells that have 

been removed from the niche eliminates the cells’ capacity for self-renewal as transplantation of 

cultured satellite cells produces little engraftment into host skeletal muscle (Montarras et al., 

2005). However, transplanting a small number of myofiber-associated satellite cells, either 

immediately after isolation or after 48h in culture (Bernet, unpublished), enhances self-renewal 

and results in engraftment throughout the host muscle  (Hall et al., 2010). The mechanisms by 

which satellite cell-myofiber interactions promote self-renewal remain poorly understood and are 
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difficult to study in myofiber culture. Developing an artificial satellite niche could reduce the 

complexity present in the myofiber niche and allow us to identify the specific signals that 

influence satellite cell self-renewal.

Hydrogels serve as an artificial satellite cell niche

Hydrogels, three-dimensional (3D) cross-linked scaffolds, are being developed to 

recapitulate aspects of tissue microenvironments for cell culture (Tibbitt and Anseth, 2009). Both 

natural and synthetic materials can form hydrogels, but material from natural tissue sources is 

poorly defined and exhibits batch-to-batch variability. Synthetic hydrogels, such as those made 

of (poly)ethylene glycol (PEG), are biocompatible and tunable scaffolds that better serve as 

artificial stem cell niches. Synthetic hydrogels are highly reproducible and provide a 

minimalistic approach to cell culture. However, synthetic hydrogels require the addition of 

molecular signals to direct cell behavior (Slaughter et al., 2009; Tibbitt and Anseth, 2009). 

Synthetic, PEG hydrogel that are modified to contain proteins found in the myofiber change cell 

fate in culture to increase satellite cell self-renewal and enhance engraftment after  

transplantation (Gilbert et al., 2010). These results demonstrate that PEG hydrogels can act as 

artificial satellite cell niches.

PEG hydrogels can be further optimized to allow for study of the mechanisms underlying 

satellite cell self-renewal. 4-arm PEG norbornene hydrogels are photopolymerizable, which 

enables cells to be grown on (2D) or encapsulated within the scaffold to study how niche polarity 

influences self-renewal. PEG hydrogels are degradable, which allows cells to remodel their 

environment in culture as cells appear to do in vivo (Bryant and Anseth, 2003; Daley et al., 2008; 

Tibbitt and Anseth, 2009). Additionally, PEG hydrogels may be modified to contain signals 
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found in a stem cell niche to attempt to regulate self-renewal in culture (Huang et al., 2012; Ding 

et al., 2013). Thus, these characteristics make PEG hydrogels a minimalist, artificial 

microenvironment in which to probe the role of the niche in satellite cell self-renewal.

Identifying and screening components of the myofiber niche in PEG hydrogels may help 

to elucidate the satellite cell-niche interactions that underlie self-renewal. The niche contains 

structural and biochemical cues to satellite cells that can be incorporated into hydrogels.  For 

example, extracellular matrix (ECM) proteins enable satellite cells to adhere to the niche and  

signal to satellite cells through cell surface integrins (Giancotti and Ruoslahti, 1999; Sanes, 

2003; Weber et al., 2008; Cosgrove et al., 2009). ECM proteins may promote self-renewal by 

helping stem cells home to the niche and by establishing polarity during asymmetric division 

(Kim et al., 2011; Chen et al., 2013). Adding ECM proteins present in the satellite cell niche to 

hydrogels should increase satellite cell self-renewal in culture.

Other important cues in the satellite cell niche that influence self-renewal are growth 

factors and cell surface and ECM-bound proteoglycans. Heparan sulfate glycosaminoglycan 

(GAG) chains, which are often linked to proteoglycans, bind heparin-binding growth factors to 

sequester signals from satellite cells and facilitate growth factor receptor activation in satellite 

cells. Several growth factors that are present in muscle increase self-renewal in cultured cells 

(Rapraeger et al., 1991; Olwin and Rapraeger, 1992; Bernfield et al., 1999; Gallagher, 2001; 

Coutu and Galipeau, 2011; Kraushaar et al., 2013), so incorporating these growth factors into 

hydrogels should increase self-renewal. However, the specific composition and spatio-temporal 

distribution of heparan sulfate GAGs in the satellite cell niche are unknown (Jenniskens et al., 

2000; Jenniskens et al., 2002; Bink et al., 2003), so the GAG sequences that promote satellite 
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cell self-renewal must be empirically determined. As heparan sulfate composition may be quite 

variable, libraries of enzymatically modified heparin, a highly sulfated, but structurally similar 

GAG to heparan sulfate  (Sasisekharan and Venkataraman, 2000), will be used in place of 

heparan sulfate to reveal GAG sequences that affect satellite cell self-renewal in hydrogel 

cultures (Puvirajesinghe et al., 2012; Rudd et al., 2011). Thereby, adding both growth factors and 

heparan sulfate GAG chains to hydrogels will establish which signals regulate satellite cell self-

renewal and promote asymmetric division.

In this chapter, I develop degradable, 4-arm PEG hydrogels as an attempt to create an 

artificial satellite cell niche. I screen putative niche components, including heparin sequences, 

growth factors, and ECM proteins for the ability to promote satellite cell self-renewal. I find that 

heparin length and sulfation pattern affect satellite cell activity and that, among the ECM 

proteins tested, the presence of laminin most successfully increases satellite cell self-renewal. I 

demonstrate that the distribution of signals in hydrogels affects self-renewal, which supports the 

model that the polarity found in the niche helps establish asymmetric divisions. 

RESULTS

Hydrogels are versatile and can be designed to mimic the SC niche

The mechanisms by which the myofiber niche (Figure 3.1a) promotes self-renewal 

remain unclear and are difficult to study in myofiber culture. I propose that tunable, degradable 

4-arm PEG norbornene hydrogels can serve as an artificial satellite cell niche in culture as these 

hydrogels can mimic the elasticity and polarity of the myofiber (Figure 3.1c, d). The 

concentration of PEG (6%wt PEG) in these hydrogels (Figure 3.1e, f) is optimized to produce 

scaffolds with the elasticity of muscle tissue (Young’s modulus ~12 kPa) rather than the stiff 
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Figure 3.1: PEG hydrogels serve as a satellite cell niche in vitro. (a) Satellite cells reside on 
myofibers in vivo where satellite cell-myofiber interactions drive satellite cell fate and maintain 
the quiescent satellite cell pool. (b) Satellite cells are normally cultured on gelatin-coated plastic 
plates that are both very rigid and that form a polar environment between the plate and the 
media. After a short time in culture on coated plates, satellite cells lose the ability to engraft into 
muscle after transplantation. (c,d) Hydrogels better mimic the myofiber niche as rigidity, 
molecular composition and polarity can be altered to maintain self-renewing satellite cells. In the 
experiments described in this chapter, satellite cells are cultured on (c) 2D degradable hydrogels 
or (d) encapsulated in 3D degradable hydrogels. To form these hydrogels, monomer solutions of 
(e) 4-arm PEG norbornene are mixed with (f) MMP-cleavable linking peptides. (g) Pendant 
peptides (green) containing integrin-binding sequences from ECM proteins can be covalently 
incorporated into the matrix or macromolecules can be physically constrained within the gel 
matrix. For 3D experiments, satellite cells are added to the monomer solution before photo-
polymerization. Upon exposure to UV radiation, the hydrogel solution polymerizes to form the 
hydrogel scaffold which is then cultured in growth media.
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surface of polystyrene plastic plates (Young’s modulus ~3 GPa) (Figure 3.1b)  (Engler et al., 

2004; Callister and Rethwisch, 2013; Gilbert et al., 2010). Additionally, these hydrogels provide 

tools to study polarity in the satellite cell niche as satellite cells can be grown on top of (Figure 

3.1c) or encapsulated within hydrogels (Figure 3.1d). By altering the presentation of signals 

within the hydrogels (polar-2D versus nonpolar-3D), I can ask whether signal distribution in the  

niche affects satellite cell self-renewal. 

Optimization of hydrogels for SC attachment and growth

I first determined whether satellite cells would survive and grow on 2D hydrogels by culturing 

satellite cells on 6 wt% PEG hydrogels from 0d - 6d (Figure 3.2a, b), then scoring cells for 

myogenic markers (Figure 3.3a) and proliferation (Figure 3.3b).  Satellite cells adhered to 

hydrogels within 4h of plating (Figure 3.2a) and then entered the cell cycle as indicated by the 

increase in MyoD immunoreactivity by 24h post-plating (Figure 3.3). By 6d, satellite cells 

proliferated to form myospheres (clusters of muscle stem cells that resist differentiation in 

culture (Sarig et al., 2006; Wei et al., 2012)) that consisted of reserve cells (Pax7+/MyoD- cells) 

and myoblasts (MyoD+ cells) (Figure 3.2, 3.3). The myospheres contained almost no terminally 

differentiated, Myogenin+ cells, which was unexpected as other types of hydrogels promote 

myogenic differentiation  (Gilbert et al., 2010; Boonen et al., 2009). Thus, I found that 2D, 4-arm 

PEG norbornene hydrogels were permissive for satellite cell attachment and survival but not for 

terminal differentiation.

ECM molecules increase self-renewal of satellite cells cultured on hydrogels

I next incorporated ECM proteins into hydrogels to begin to determine which cues in the 

satellite cell niche affected self-renewal. The most common ECM proteins in the satellite cell 
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Figure 3.2: Satellite cells form myospheres in 2D and 3D hydrogel culture. Satellite cells 
were cultured on 6 wt% hydrogels with RGDS (2D) or encapsulated within hydrogels (3D), by 
resuspending satellite cells in 6 wt% 4-arm PEG norbornene monomer solution followed by 
photo-polymerization with UV light. Hydrogels were fixed then stained and visualized for DAPI 
(blue), Pax7 (green) or MyoD (red) and by brightfield. (a) After 1d, Pax7+/MyoD+ satellite cells 
were in single cell suspension and sparsely dispersed throughout the 3D hydrogel. By 6d, large, 
spherical cell clusters formed in both (b) 2D and (c) 3D culture. The myospheres comprised 
Pax7+ reserve cells, Pax7+/MyoD+ myoblasts and MyoD+ myocytes, but terminally 
differentiated Myogenin+ cells were not present. (d) Contaminating, nonmyogenic cells formed 
large, branching structures that were negative for Pax7, MyoD and Myogenin.(Figure 3.3a). By 
6d in culture, proliferating (~15-fold increase in cells) satellite cells formed large clusters similar 
to myospheres  (Sarig et al., 2006) (Figures 3.2b, 3.3b) but did not terminally differentiate as no 
Myogenin+ cells or myotubes were observed (Figure 3.3a). Nonmyogenic cells also adhered to 
hydrogels and proliferated by 120h (Figure 3.3b), which could be improved by more selective 
satellite cell isolation. This experiment established that 4-arm PEG norbornene hydrogels with 
degradable peptides could act as an artificial satellite cell niche.
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Figure 3.3: Satellite cells proliferate after adhering to hydrogels. Satellite cell fate in 2D 
hydrogels was analyzed to determine if satellite cells self-renew in hydrogel culture. Satellite 
cells were cultured on 6 wt% hydrogels (2D) containing 300 nM laminin. Hydrogels were fixed 
at 4h, 24h and 120h, then immunostained and visualized for DAPI, Pax7 and MyoD. (a) Pax7 
and MyoD immunoreactivity in cells was quantified and plotted as a percentage of the total 
number of myogenic cells that were Pax7+/MyoD- reserve cells (red), Pax7+/MyoD+ myoblasts 
(yellow) or Pax7-/MyoD+ committed myocytes (white). Satellite cells adhered to hydrogels (4h) 
and then began to proliferate (24h) and differentiate (120h) on the hydrogels. (b) The average 
number of myogenic (Pax7+,MyoD+; red) and nonmyogenic (Pax7-/MyoD-; black) cells per 
hydrogel was calculated and plotted. (Data were from a single experiment).
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niche were laminin and collagen whereas fibronectin was common in other stem cell niches. 

These proteins were known to promote cell adhesion through integrin-binding peptide sequences 

(Collagen (DGEA peptide) (Staatz et al., 1991), laminin (IKVAV peptide) (Tashiro et al., 1989), 

and fibronectin (RGDS peptide) (Wright and Meyer, 1985)). I first added the integrin-binding 

peptides to the hydrogels instead of the full-length proteins to reduce the complexity of signals 

presented to the satellite cells. Satellite cells were cultured on 2D hydrogels for 6d and were 

quantified for Pax7/MyoD immunoreactivity. After 24h, similar numbers of cells adhered to all 

of the hydrogels. By 6d, satellite cells proliferated poorly and exhibited reduced self-renewal 

(fewer Pax7+/MyoD- cells) on hydrogels containing no peptides (Figure 3.4a), indicating that the 

base hydrogel was insufficient to promote robust self-renewal. Adding IKVAV peptide to 

hydrogels increased the percentage of Pax7+/MyoD- reserve cells (3-fold) and Pax7+/MyoD+ 

myoblasts (3-fold) compared to the unmodified hydrogels. DGEA addition increased the 

percentage of Pax7+/MyoD- reserve cells 2-fold, increased myogenic proliferation 7-fold, and 

inhibited the proliferation of nonmyogenic cells (Figure 3.4b). In contrast, RGDS addition did 

not increase reserve cell generation. These data demonstrated that addition of integrin-binding 

peptides from ECM proteins present in the niche increased satellite cell self-renewal.

ECM proteins contained other domains, besides the integrin-binding sequences, that 

could influence satellite cell self-renewal.I repeated the peptide screen with full-length laminin 

and fibronectin proteins to test whether protein addition increased self-renewal more than peptide 

addition. I did not screen collagen as hydrogel polymerization could have prevented the 

formation of collagen’s helical structure. Quantifying Pax7/MyoD immunoreactivity revealed 

that laminin addition to hydrogels increased the proportion of Pax7+/MyoD- reserve cells and 
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Figure 3.4: Integrin-binding peptide sequences promote self-renewal in 2D hydrogel 
culture. Pendant peptides were incorporated into the hydrogel matrix to determine if these 
sequences promoted self-renewal in 2D hydrogels. Satellite cells were cultured for 6d on 6 wt% 
hydrogels (2D) containing DGEA (collagen), IKVAV (laminin) or RGDS (fibronectin) peptides. 
Hydrogels were fixed, then immunostained and visualized for DAPI, Pax7 and MyoD. (a) Pax7 
and MyoD immunoreactivity in cells was quantified and plotted as a percentage of the total 
number of myogenic cells that were Pax7+/MyoD- reserve cells (red), Pax7+/MyoD+ myoblasts 
(yellow) or Pax7-/MyoD+ committed myocytes (white). The percentage of Pax7+ cells was 
decreased in hydrogels containing no pendant peptides (None). The percentage of Pax7+/MyoD- 
cells was increased in IKVAV peptide containing hydrogels, while the percentage of Pax7+/
MyoD- cells was decreased in hydrogels containing all three peptides (All). (b) The average 
number of myogenic (Pax7+, MyoD+; red) and nonmyogenic (Pax7-/MyoD-; black) cells per 
hydrogel was calculated and plotted. (Data represent three independent experiments. Error bars 
are standard deviation (S.D.)). 
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Figure 3.5: Laminin increases the proportion of self-renewing cells in 2D hydrogel culture. 
ECM proteins present in the basal lamina were screened to identify proteins that promoted self-
renewal in 2D hydrogels. Satellite cells were cultured for 6d on 6 wt% 4-arm PEG norbornene 
hydrogels (2D) containing laminin or fibronectin protein. Hydrogels were fixed, then stained and 
visualized for DAPI, Pax7 and MyoD. (a) Pax7 and MyoD immunoreactivity in cells was 
quantified and plotted as a percentage of the total number of myogenic cells that were Pax7+/
MyoD- reserve cells (red), Pax7+/MyoD+ myoblasts (yellow) or Pax7-/MyoD+ committed 
myocytes (white). The percentage of Pax7+/MyoD- and Pax7+/MyoD+ cells was increased in 
Laminin containing hydrogels, while hydrogels containing either no protein (None) or 
fibronectin exhibited a decreased percentage of Pax7+ cells. (b) The average number of 
myogenic (Pax7+,MyoD+; red) and nonmyogenic (Pax7-/MyoD-; black) cells per hydrogel was 
calculated and plotted (Data represent average of three independent experiments. Error bars are 
S.D.).
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Pax7+/MyoD+ myoblasts 2-3-fold compared to fibronectin addition (Figure 3.5a), but did not 

increase proliferation (Figure 3.5b). However, laminin increased the percentage of reserve cells 

less than the IKVAV peptide (Figure 3.4). These data demonstrated that laminin, the most 

prevalent protein in the basal lamina, promoted self-renewal and that addition of integrin-binding 

peptides increased self-renewal more than full-length proteins.

The concentration and presentation of signals affect satellite cell activity

The concentration of a signal in the niche can influence satellite cell fate, so I have 

cultured satellite cells for 6d on hydrogels containing different concentrations of laminin, the 

ECM protein that most increases self-renewal. Lower concentrations (150 and 300 nM) of 

laminin increase the proportion of Pax7+/MyoD- reserve cells 2-fold over cells cultured on a 

hydrogel containing a higher (600 nM) concentration of laminin (Figure 3.6a). However, 

addition of 300 nM laminin increases proliferation 3-fold over addition of 150 or 600 nM 

laminin (Figure 3.6a, b). Thus, the concentration of signal in hydrogels does affect satellite cell 

activity.

The satellite cell niche contains signals in addition to ECM proteins that direct satellite 

cell fate, including growth factors like FGF-2. FGF-2 signaling inhibits myogenic differentiation 

(Clegg et al., 1987), enhances engraftment after transplantation (Hall et al., 2010) and promotes 

self-renewal in other stem cell populations (Coutu and Galipeau, 2011). I have demonstrated that 

FGF signaling has a role in satellite cell self-renewal and that FGF may induce asymmetric 

division (Chapter 2). Perhaps, polar distribution of FGF ligands in the satellite cell niche induces 

asymmetric division by activating FGFR on only one side of a satellite cell (Cosgrove et al., 

2009). If the presentation of FGF ligand in the niche directs the orientation of division, then the 

77



Figure 3.6: Laminin concentration affects satellite cell self-renewal and proliferation. As 
laminin increased self-renewal in hydrogel culture, different laminin concentrations were 
screened to assess the relationship between laminin concentration and satellite cell fate. Satellite 
cells were cultured for 120h on 6 wt% 4-arm PEG norbornene hydrogels (2D) containing 
150-600 nM laminin. Hydrogels were fixed, then stained and visualized for DAPI, Pax7 and 
MyoD. (a) Pax7 and MyoD immunoreactivity in cells was quantified and plotted as a percentage 
of the total number of myogenic cells that were Pax7+/MyoD- reserve cells (red), Pax7+/MyoD+ 
myoblasts (yellow) or Pax7-/MyoD+ committed myocytes (white). Addition of 300 nM laminin 
to hydrogels increased both the percentage of reserve cells and myoblasts. (b) The average 
number of myogenic (Pax7+,MyoD+; red) and nonmyogenic (Pax7-/MyoD-; black) cells per 
hydrogel was calculated and plotted (Data were from a single experiment).
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Figure 3.7: FGF-2 addition to culture media increases self-renewal. FGF-2 was added to 
media or entrapped within hydrogels to determine if the method of growth factor delivery 
affected satellite cell fate. Satellite cells were cultured for 6d on 6 wt% 4-arm PEG norbornene 
hydrogels (2D) containing no protein, containing laminin with FGF-2 encapsulated in the 
hydrogel, or containing laminin with FGF-2 added to the growth media. Hydrogels were fixed,  
immunostained and visualized for DAPI, Pax7 and MyoD. (a) Pax7 and MyoD 
immunoreactivity in cells was quantified and plotted as a percentage of the total number of 
myogenic cells that were Pax7+/MyoD- reserve cells (red), Pax7+/MyoD+ myoblasts (yellow) or 
Pax7-/MyoD+ committed myocytes (white). FGF-2 addition to the media increased the Pax7+/
MyoD- and Pax7+/MyoD+ populations relative to encapsulated FGF-2. (b) The average number 
of myogenic (Pax7+,MyoD+; red) and nonmyogenic (Pax7-/MyoD-; black) cells per hydrogel 
was calculated and plotted (Data represent the average of two independent experiments. Error 
bars are S.D.).
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distribution of FGF-2 in hydrogels should influence self-renewal (Figure 3.3). I have cultured 

satellite cells on hydrogels for 6d with FGF-2 added to the media (non-polar) or entrapped in the 

hydrogel (polar) and then quantified for Pax7/MyoD immunoreactivity to measure self-renewal. 

FGF-2 addition to media increases the proportion of reserve cells (2-fold) and myoblasts (2- to 3-

fold) compared to other conditions. Surprisingly, entrapping FGF-2 in the hydrogel does not 

increase the proportion of Pax7+/MyoD- reserve cells (Figure 3.7a) but does increase the 

proliferation of nonmyogenic cells (Figure 3.7b). These data suggest that polar distribution of 

FGF-2 ligand does not increase satellite cell self-renewal in hydrogels.

Heparin addition in hydrogels has complex effects on satellite cell self-renewal

 Heparan sulfate proteoglycans facilitate growth factor signaling (Jenniskens et al., 2000; 

Jenniskens et al., 2002; Bink et al., 2003), so addition of heparin (Figure 3.8), which is used in 

place of heparan sulfate in culture, to hydrogels may enhance growth factor signaling and 

increase self-renewal. Heparin exists in a range of sizes that exhibit different activities  (Salzman 

et al., 1980; De Cristofaro et al., 1998), so I have screened both low and high molecular weight 

heparin in hydrogel culture. I have cultured satellite cells on hydrogels containing laminin and 

heparin or heparin alone and quantified cells for Pax7 and MyoD immunoreactivity to measure 

self-renewal (Figure 3.9b). Unexpectedly, satellite cells do not attach to high molecular weight 

(h.w.) heparin hydrogels but do attach to low molecular weight (l.w.) heparin (Figure 3.9b). 

Satellite cells cultured on l.w. heparin hydrogels exhibit increased Pax7 expression compared to 

cells cultured on laminin/heparin hydrogels even though proliferation does not change (Figure 

3.9b). Overall, heparin addition does not increase self-renewal as much as laminin or IKVAV 

peptide addition (Figures 3.4, 3.5). However, entrapped heparin may be sequestering growth 
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factors in the hydrogel which could render growth factors inaccessible to the satellite cells (Yoon 

et al., 2006; Park et al., 2009; Galderisi et al., 2013).

Satellite cells survive encapsulation in hydrogels to form myospheres

As the distribution of growth factors in hydrogel culture affects satellite cell activity, I 

have developed 3D hydrogels to further probe the influence of signal distribution in the niche on 

satellite cell self-renewal (Mauro, 1961; DeForest and Anseth, 2012). Satellite cells can be grown 

on top of 2D hydrogels (a polar niche) or encapsulated within the hydrogel scaffold in 3D culture 

(a non-polar niche) (Figure 3.1d). I have first determined that satellite cells survive within 3D 

hydrogels by culturing encapsulated cells for 1d and staining cells with ethidium homodimer-1, 

which labels dying cells (red cells; Figure 3.10b). Upon quantifying ethidium homodimer-1 

staining, I find that 80% of cells survive encapsulation (Figure 3.10a). When I culture hydrogel-

encapsulated satellite cells for 1d - 6d and stain for Pax7/MyoD, I find that encapsulated satellite 

cells proliferate to form myospheres containing reserve cells (Pax7+/MyoD-) and myoblasts 

(MyoD+) (Figure 3.2c) whereas contaminating (Pax7-/MyoD-) cells form large branching 

structures (Figure 3.2d). Real-time imaging reveals that these myospheres represent individual 

colonies as cells do not migrate through the hydrogel matrix. These results demonstrate that 3D 

hydrogels maintain a self-renewing satellite cell population. In future studies, 3D hydrogels will 

be used in combination with 2D culture to probe the effects of polar distribution of ECM 

proteins, growth factors and heparin in the niche.

Heparan sulfate GAGs are important regulators of self-renewal in the satellite cell niche

As the changes in cell fate after heparin addition to hydrogels suggest (Figure 3.9), 

heparan sulfate proteoglycans are important regulators of signaling in the satellite cell niche and 
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Figure 3.8: The glycosaminoglycan heparin is composed of variably sulfated, repeating 
disaccharide units. Heparin has a closely related structure to heparan sulfate, which is found on 
proteoglycans present on cell surfaces. Heparin, which is well characterized and commercially 
available, is used in place of heparan sulfate in the culture experiments described in this chapter 
as little is known of the composition of heparan sulfate in the satellite cell niche. This structure 
depicts the saccharides most commonly found in heparin which include L-iduronic acid (2-O-
sulfated) and D-glucosamine (6-O-sulfated, N-sulfated). Disaccharide units of both heparin and 
heparan sulfate are modified by O-sulfation, which creates binding domains for heparin-binding 
growth factors and other proteins. The types of O-sulfation (2, 3 and 6) are marked in the 
structure above. 2-O- and 6-O-sulfation facilitate FGF-2/FGFR signaling while 3-O-sulfation is a 
rare modification that is not known to regulate FGF-2 signaling. R and R1 are groups produced 
by variable enzymatic modification during glycosaminoglycan biosynthesis.
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Figure 3.9: Encapsulating heparin in hydrogels increases proliferation but not self-renewal. 
Heparin was added hydrogel culture to determine if entrapping heparin, which binds growth 
factors, would increase self-renewal of satellite cells. Satellite cells were cultured for 6d on 6 wt
% 4-arm PEG norbornene hydrogels (2D) containing either laminin and low weight (l.w.) 
heparin, low weight (l.w.) heparin, or high weight (h.w.) heparin. Hydrogels were fixed, stained 
and visualized for DAPI, Pax7 and MyoD. (a) Pax7 and MyoD immunoreactivity in cells was 
quantified and plotted as a percentage of the total number of myogenic cells that were Pax7+/
MyoD- reserve cells (red), Pax7+/MyoD+ myoblasts (yellow) or Pax7-/MyoD+ (white) 
committed myocytes. The percentage of Pax7+ cells was low in hydrogels containing no heparin 
or laminin (None). Culturing cells on hydrogels containing laminin and l.w. heparin increased the 
proportion of Pax7+/MyoD- reserve satellite cells whereas culturing cells on hydrogels 
containing only l.w. heparin greatly increased the Pax7+/MyoD+ myoblast population. No 
myogenic cells were found on hydrogels containing h.w. Heparin. (b) The average number of 
myogenic (Pax7+,MyoD+; red) and nonmyogenic (Pax7-/MyoD-; black) cells per hydrogel was 
calculated and plotted. (Data are the mean of two independent experiments. Error bars are S.D.).
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are required for satellite cell self-renewal and activation. Satellite cells activate and self-renew 

poorly in mice lacking Syndecan-3 or -4, two membrane-bound heparan sulfate proteoglycans 

expressed by satellite cells  (Cornelison et al., 2004; Pisconti et al., 2010). A general loss of 

heparan sulfate proteoglycans or heparan sulfate chains on satellite cells reduces Pax7 expression 

and inhibits both FGF and Notch signaling, which drive self-renewal  (Rapraeger et al., 1991; 

Olwin and Rapraeger, 1992; Pisconti et al., 2010). Intriguingly, both FGF-2 and heparan sulfate 

GAGs localize to satellite cells on myofibers, which suggests that heparan sulfate GAGs may be 

particularly important to signal transduction in the satellite cell niche (Figure 3.13).

To probe the role of heparan sulfate in the satellite cell niche, I have first determined 

whether the levels of heparan sulfate proteoglycan transcripts change in satellite cells over an 

injury time course (Time post-injury: 0h (quiescence), 12h, (activation), 24h and 48h (first cell 

division)) (Table 3.1). The level of several proteoglycan transcripts are upregulated or 

downregulated after activation. I indirectly assess whether heparan sulfate composition changes 

by determining whether transcripts of enzymes acting in the heparan sulfate GAG biosynthesis 

pathway are changing (Table 3.2). GAGs are synthesized by a complex enzymatic pathway 

where changes in enzyme expression appear to result in altered GAG chain composition  (Esko 

and Lindahl, 2001). Intriguingly, the expression of several enzymes change through activation 

(0h-12h) and the first cell division (0h-48h) (Table 3.2). These results suggest that heparan 

sulfate composition may change with satellite cell activity. As the heparan sulfate sequence 

establishes growth factor binding sites  (Guimond et al., 1993), dynamic heparan sulfate 

composition may regulate which signaling pathways are activated in satellite cells after muscle 

injury.

84



Figure 3.10: Satellite cells survive encapsulation into 3D hydrogels. I determined whether 
satellite cells would survive encapsulation into 3D hydrogels as a 3D niche better represented the 
in vivo niche. For 3D hydrogel culture, satellite cells were resuspended in 7 wt% 4-arm PEG 
norbornene monomer solution with RDGS peptide, then hydrogels were polymerized and 
returned to growth media for 1d. Hydrogels were stained with ethidium homodimer-1, a marked 
of death and cell membrane instability, and scored for  ethidium homodimer-1+ (red) cells. (a) 
Most (78%) satellite cells did not take up ethidium homodimer-1 label indicating that these cells 
survived encapsulation, (b) a while proportion of cells (22%) were positive for ethidium 
homodimer-1 (^, red nuclei) and dying.
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Figure 3.11: Satellite cells in 3D hydrogels proliferate from small clones to form 
myosphere-like structures. 3D hydrogel cultures were observed by live imaging to determine 
they dynamics of myosphere formation. For 3D hydrogel culture, satellite cells were resuspended 
in 6 wt% 4-arm PEG norbornene monomer solution with RDGS, then encapsulated by 
polymerizing hydrogels with UV light and returned to growth media.  Some cells were also 
plated to gelatin-coated plastic plates. From 3d to 4d, cells were imaged (brightfield) hourly to 
capture cell division and migration in real-time. (a) Satellite cells plated to gelatin-coated plastic 
plates were highly mobile. (b) Satellite cells encapsulated within hydrogels proliferated to form 
spherical clusters (^) but did not migrate through the hydrogel. (c) Nonmyogenic cells formed 
large, branching structures.
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Heparin sequence length and sulfation pattern influence satellite cell self-renewal

Heparan sulfate GAG chain length and sulfation pattern may regulate interactions with 

growth factors and growth factor receptors. GAG chains are composed of repeating hexuronic 

acid and glucosamine disaccharide units that are modified during biosynthesis by N- and O-

sulfation of discrete regions along the oligosaccharide  (Gallagher, 2001) (Figure 3.8). 

Biochemical assays with fragmented heparin demonstrate that both the type of sulfation and the 

sequence length of sulfated disaccharides establish different growth factor domains  (Delehedde 

et al., 2002; Mohammadi et al., 2005; Pellegrini et al., 2000). For example, the putative FGF-2 

domain requires 2-O-sulfation (binding) and 6-O-sulfation (active signaling)  (Guimond et al., 

1993; Guglieri et al., 2008). However, genetic experiments in vivo suggest that the overall charge 

of heparin chains rather than sequence specificity determines heparan sulfate activity  (Merry et 

al., 2001; Kamimura et al., 2006), which contradicts data generated in vitro. Further complicating 

the issue, the specific composition and spatio-temporal distribution of heparan sulfate GAGs are 

unknown in the satellite cell niche and other stem cell niches  (Jenniskens et al., 2000; 

Jenniskens et al., 2002; Bink et al., 2003).

As heparan sulfate activity in the satellite cell niche was poorly understood, I used 

heparin to further optimize hydrogels as an artificial satellite cell niche. I developed a high-

throughput screen for 96-well plate culture to efficiently identify sequences from a heparin 

library (Turnbull laboratory) that promote FGF signaling and self-renewal in an FGF-sensitive 

cell line (MM14 cells)  (Lim and Hauschka, 1984; Clegg et al., 1987). MM14 cells were known 

to proliferate in response to heparan sulfate-facilitated FGF-2 stimulation, which inhibits 
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Figure 3.12: FGF-2 and heparan sulfate are concentrated at myofiber-associated satellite 
cells.  FGF-2 and heparan sulfate localization were characterized as a preliminary study of 
heparan sulfate activity in myofiber culture. (a) Myofiber-associated satellite cells were cultured 
in growth media with FGF-2, fixed, stained and visualized for DAPI (blue), FGF-2 (green) and 
Syndecan-4 (red), which marks satellite cells. FGF-2 staining localized to satellite cells. (b) 
Myofiber-associated satellite cells were stained and visualized for DAPI (blue), Syndecan-4 (red) 
and heparan sulfate (H.S.) (green) with the antibodies 10E4 (detects a common H.S. domain) or 
3G10 (detects an H.S. domain created by heparitinase-treatment). Heparan sulfate 
immunoreactivity was concentrated around satellite cells. (c). To determine that staining was 
specific to the H.S. epitope, myofibers were treated with heparitinase, and stained and visualized 
for DAPI (blue), Syndecan-4 (red), 10E4 (green) or 3G10 (green). Heparitinase-treatment 
extinguished 10E4 immunoreactivity and induced 3G10 immunoreactivity, revealing that 
heparan sulfate staining localized to satellite cells.
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Table 3.1: Heparan sulfate proteoglycan transcript levels changed throughout satellite cell 
activation and proliferation. Microarray analysis of transcripts in satellite cells isolated from 
skeletal muscle over an injury time course revealed dynamic proteoglycan expression after 
injury. Comparisons were made between satellite cells isolated from uninjured (quiescent 
satellite cells) and injured tibialis anterior muscles at 12h (activated cells), 24h (cells begin first 
round of mitosis), and 48h (proliferating myoblasts) following BaCl2-induced injury. Total 
mRNA was extracted and hybridized on Affymetrix gene chips to perform global gene 
expression analysis. (The table comprises proteoglycan transcripts that significantly change 2-
fold or more between the time points indicated. Red = upregulated transcripts. Blue = 
downregulated transcripts. n.c. indicates no change in expression. P value < 0.01). 

Proteoglycan Symbol 0-12h 0-24h 12-24h 24-48h 0-48h

CD44 antigen CD44 n.c. n.c. 7.85 n.c. n.c.

Syndecan 4 Sdc4 n.c. n.c. 10.42 n.c. 11.68

Glypican 4 Gpc4 -3.52 -3.56 n.c. n.c. -3.66

Glypican 6 Gpc6 n.c. -2.11 n.c. n.c. -2.20

Sparc/osteonectin, cwcv 
and kazal-like domains 
proteoglycan 2

Spock2 n.c. n.c. -2.26 n.c. n.c.

Syndecan 1 Sdc1 -4.00 n.c. n.c. n.c. -4.50

Syndecan 2 Sdc2 -9.97 -12.47 n.c. n.c. -10.58

89



Table 3.2: Transcript levels of heparan sulfate glycosaminoglycan biosynthesis enzymes 
changed throughout satellite cell activation and proliferation. Microarray analysis of 
transcripts in satellite cells isolated from skeletal muscle over an injury time course revealed 
dynamic expression of GAG biosynthesis enzymes after injury. Comparisons were made 
between satellite cells isolated from uninjured (quiescent cells) and injured tibialis anterior 
muscles at 12h (activated cells), 24h (cells begin first round of mitosis), and 48h (proliferating 
myoblasts) following BaCl2-induced injury. Total mRNA was extracted and hybridized on 
Affymetrix gene chips to perform global gene expression analysis. (The table shows all 
proteoglycans that significantly changed 2-fold or more between time points as indicated. Red = 
upregulated transcripts. Yellow = transcript levels were variable over injury time course. Blue = 
downregulated transcripts. n.c. indicates no change in expression. P value < 0.01).

Enzyme Symbol 0-12h 0-24h 12-24h 24-48h 0-48h

Exotoses (multiple)-like 2 Extl2 n.c. n.c. n.c. 10.81 n.c.

Heparan sulfate 
(glucosamine) 3-O-
sulfotransferase 3B1

Hs3st3b1 2.43 2.36 n.c. n.c. n.c.

N-deacetylase/N-
sulfotransferase 
(heparan glucosaminyl) 1

Ndst1 -3.01 -3.28 n.c. n.c. 6.50

Exostoses (multiple)-like 
3

Extl3 n.c. -4.54 n.c. 4.24 n.c.

Exostoses (multiple) 1 Ext1 -4.63 -3.24 n.c. n.c. -4.55

Glucuronyl C5-epimerase Glce -12.00 -14.12 n.c. n.c. -8.94

Heparan sulfate 2-O-
sulfotransferase 1

Hs2st1 -2.13 n.c. n.c. n.c. -2.22

3'-phosphoadenosine 5'-
phosphosulfate synthase 
2

PAPSS2 -6.87 -5.92 n.c. n.c. n.c.

Sulfatase 1 Sulf1 -5.10 -5.25 n.c. n.c. -12.11

Sulfatase 2 Sulf2 -29.94 n.c. n.c. n.c. n.c.
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differentiation in cells (Clegg et al., 1987; Rapraeger et al., 1991; Olwin and Rapraeger, 1992; 

Schlessinger et al., 2000). Proliferation was measured by BrdU incorporation into the DNA of 

cycling MM14 cells. I determined that the high-throughput assay could detect small changes in 

MM14 proliferation by measuring the effect of FGF-2 and heparin concentration on BrdU 

incorporation. The amount of BrdU incorporated by MM14 cells was proportional to the 

concentration of FGF-2 and heparin added (Figure 3.13a). Additionally, removal of FGF-2 

prevented MM14 cells from incorporating BrdU (Figure 3.13a) and caused MM14 cells to 

differentiate and form myotubes (^) (Figure 3.13b).

After confirming that the high-throughput assay had detected small changes in MM14 

proliferation, I began to screen the heparin library to determine if heparin fragment length 

affected growth factor signal transduction and satellite cell activity. Endogenous heparan sulfate 

activity was inhibited by treating MM14 cells with sodium chlorate (NaClO3) which prevents 

biosynthesis of the 3'-phosphoadenosine 5'-phosphosulfate (PAPS) sulfate donor, inhibits GAG 

sulfation, and blocks FGF signaling  (Olwin and Rapraeger, 1992; Rapraeger et al., 1991) 

(Figure 3.13c). Exogenous heparin addition to chlorate-treated cells rescued FGF signaling and 

BrdU incorporation (Figure 3.13c), which indicated that heparin overcame the inhibition of 

endogenous heparan sulfate activity. I then cultured chlorate-treated MM14 cells in the presence 

of FGF-2 and heparin fragments of 2-20 saccharides and measured BrdU incorporation (Figure 

3.13d, e). Heparin fragment length had a biphasic effect on MM14 proliferation where 8mer to 

12mer (8 saccharides to 12 saccharides; 4 to 6 disaccharide units) heparin fragments best rescued 

BrdU incorporation compared to other heparin lengths. Previous studies had found 8mer or 

10mer fragments were the minimal domain size capable of enhancing FGF-2 signaling in culture 
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Figure 3.13: Heparin fragment length regulates FGF signaling in MM14 cells. A library of 
fragmented heparin sequences was screened to determine the effect of heparin length on FGF 
signal transduction. The FGF-sensitive MM14 cell line was previously shown to require FGF-2 
addition to inhibit rapid differentiation. (a) MM14 cells were passaged, then fed 0 - 0.33 nM  
FGF-2 and BrdU, a marker of S-phase, to establish that the Calbiochem HTS01 high-throughput 
assay could detect small changes in MM14 proliferation. BrdU incorporation in proliferating 
cells was measured by ELISA and plotted in relative fluorescence units (RFU) normalized to 
background fluorescence, revealing that FGF-2 addition increased BrdU incorporation. (b) Cells 
were also fixed, stained with DAPI (blue) and visualized. Representative images depict merged 
DAPI and brightfield channels. Cells receiving FGF-2 remained mononuclear while FGF-2-
starved cells formed differentiated myotubes (^, a representative, multinucleate myotube). (c) To 
confirm the requirement for heparin in FGF signaling, MM14s were passaged then treated with 
sodium chlorate (to inhibit endogenous GAG sulfation), FGF-2, and 0-100 µg/ml heparin, then 
given BrdU. BrdU incorporation was measured by ELISA and plotted in relative fluorescence 
units. MM14 proliferation declined in the absence of heparin and increased after exogenous 
heparin addition. (d) The experiment was repeated with the library of 2-20 saccharide heparin 
fragments (2mer - 20mer = 1-10 disaccharide units) added to MM14 cells at 10 (red) or 100 
(blue) µg/ml. 8mer - 12mer heparin addition increased BrdU incorporation. (e) Cells were fixed 
and stained with DAPI (blue). Representative images depict merged DAPI and brightfield 
channels. Proliferation decreased after addition of 2mer or 18mer heparin relative to the 
increased proliferation observed after 10mer heparin addition. (RFU varies between experiments 
due to use of multiple fluorimeters. Datapoints are the average of triplicate wells.)
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 (Guimond et al., 1993), which confirmed that the high-throughput assay had identified real 

differences in the activity of heparin sequences.

I hypothesized that heparin fragment length affected self-renewal and screened the library 

for fragments that promoted Pax7 expression. I cultured MM14 cells with heparin fragments as 

before then scored MM14 cells for Pax7 immunoreactivity as a measure of self-renewal  (Troy et 

al., 2012) and for myotube formation as a measure of differentiation. 85% of MM14 cells 

retained Pax7 in the presence of FGF-2 while only 33% of MM14 cells were Pax7+ in the 

absence of FGF-2 (Figure 3.14a), which established that Pax7 marked undifferentiated cells. 

Only 15% of chlorate-treated MM14 cells retained Pax7 whereas ~65% of chlorate-treated cells 

that received exogenous heparin retained Pax7. Addition of 2mer heparin failed to rescue Pax7 

levels (36% of cells were Pax7+), but both 10mer heparin and 18mer heparin increased Pax7 

levels (~75% of cells were Pax7+) (Figure 3.14a), which suggested that 10mer and 18mer 

heparin fragments promote self-renewal through FGF signaling. All heparin fragments inhibited 

terminal differentiation and myotube formation (Figure 3.14b). Thus, heparin length influenced 

FGF-2 signal transduction to inhibit or promote self-renewal in MM14 cells. 

The amount and type of O-sulfation on GAG chains influenced growth factor binding in 

vitro, so I next screened a library of selectively desulfated heparin fragments to identify 

fragments that promoted FGF-2 signal transduction in MM14 cells. I cultured chlorate-treated 

MM14 cells with FGF-2 and heparin fragments selectively desulfated of 2- or 6-O-sulfate, then 

measured BrdU incorporation. Cells receiving 4mer heparin proliferated less overall compared to 

cells receiving 10mer and 18mer heparin (Figure 3.15a). However, loss of 2-O- or 6-O-sulfation 

from 4mer heparin fragments further decreased BrdU incorporation. Addition of 6-O-desulfated 
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Figure 3.14: Addition of longer heparin fragments increases self-renewal and decreases 
differentiation in MM14 cells.  Heparin fragments were screened to determine the effect of 
heparin length on MM14 cell fate. MM14 cells were passaged, then cultured with sodium 
chlorate, FGF-2, and 0-100 µg/ml heparin or 2mer - 18mer heparin. Some cells did not receive 
sodium chlorate but were treated with or without FGF-2 as controls. Cells were fixed, 
immunostained and visualized for DAPI and Pax7, a marker of self-renewal. (a) Pax7 
immunoreactivity was plotted as a portion of each pie chart representing the percentage of Pax7+ 
cells (red) or Pax7- cells (white) compared to the total number of cells. Pie charts are not scaled. 
FGF-2 addition increased the percentage of Pax7+ cells by 2.5-fold. Both 10 and 100 µg/ml 
heparin rescued the percentage of Pax7+ chlorate-treated cells to the level of untreated cells 
receiving FGF-2. Both 10mer and 18mer heparin, but not 2mer heparin, rescued Pax7 expression 
to the level seen in untreated cells receiving FGF-2. (b) MM14 cells that received insufficient 
FGF signal fused into myotubes. The myonuclei of myotubes were quantified to measure 
differentiation and plotted as the percentage of nuclei in myotubes compared to the total number 
of nuclei. Both FGF-2 removal and sodium chlorate treatment without heparin addition promoted 
myotube formation. Addition of 100 µg/ml heparin but not 10 µg/ml heparin reduced myotube 
formation. Addition of any length of fragmented heparin reduced myotube formation. (Data 
shown are the averages of triplicate wells. 2mer - 20mer = 2 - 20 saccharides = 1 - 10 
disaccharide units).
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or 2/6-O-desulfated 10mer and 18mer heparin fragments decreased BrdU incorporation in 

MM14 cells, indicating that 6-O-sulfation was required for MM14 proliferation. The requirement 

for 2-O-sulfation varied with heparin fragment length (Figure 3.15b, c). These results suggested 

that heparin domain length and sulfation pattern together determined which sequences were 

FGF-2 domains.Sequences from the heparin library affect satellite cell function in hydrogel 

culture

The screen identified heparin fragments that promoted FGF signal transduction and self-

renewal in myogenic cells, so I next confirmed that heparin fragments were functional in 

hydrogel cultures. I encapsulated satellite cells in hydrogels with 10mer or 18mer heparin 

fragments. After 1d, I observed that cell doublets formed in 10mer heparin hydrogels but not in 

18mer heparin containing hydrogels (Figure 3.16a, b), indicating that the results of the heparin 

library screen could be translated to 3D hydrogel culture.

DISCUSSION

My work demonstrates that degradable 4-arm PEG norbornene hydrogels serve as 

artificial satellite cell niches in culture. Satellite cells survive and proliferate in both 2D and 3D 

PEG hydrogels. In hydrogels, satellite cells form large myospheres that maintain populations of 

Pax7+/MyoD- stem cells and MyoD+ transit-amplifying cells whereas terminal differentiation 

and myotube formation are inhibited. In the future, I plan to determine whether these Pax7+/

MyoD- satellite cells have retained stem cell function by measuring donor-derived engraftment 

after transplantation of satellite cells cultured on 4-arm PEG norbornene hydrogels  (Gilbert et 

al., 2010). If hydrogels function as a true satellite cell niche, hydrogel culture should enhance 

satellite cell self-renewal as measured by engraftment after transplantation.
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Figure 3.15: Specific heparin sulfation patterns drive FGF signaling in MM14 cells. A 
library of fragmented and selectively desulfated heparin sequences was screened to determine the 
relationship of heparin length and sulfation pattern on FGF signal transduction. MM14s were 
passaged and treated with sodium chlorate, FGF-2, and 10-100 µg/ml heparin or selectively 
desulfated heparin fragments (+, untreated fragments; 2, 2-O-sulfation removed; 6, 6-O-sulfation 
removed; 2/6, 2/6-O-sulfation removed) and then given BrdU. BrdU incorporation was measured 
by ELISA and was plotted in relative fluorescence units (RFU). (a) BrdU incorporation was 
lowest overall in 4mer heparin-treated cells relative to cells receiving (b) 10mer heparin and (c) 
18mer heparin. Addition of either 2-O-desulfated heparin or 6-O-desulfated heparin decreased 
BrdU incorporation. BrdU incorporation was lowest in cells receiving 2/6-O-desulfated heparin. 
(4mer = 4 saccharides = 2 disaccharide units).
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Incorporating components of the niche into hydrogels reveals which structural and 

biochemical cues promote satellite cell self-renewal. Of the ECM components, I find that adding 

IKVAV peptide, the integrin-binding sequence in laminin  (Tashiro et al., 1989), to the hydrogel 

scaffold increases the Pax7+/MyoD- self-renewing cell population  (Troy et al., 2012). 

Surprisingly, laminin protein is less effective at promoting self-renewal in satellite cells, so other 

domains in laminin may instead promote proliferation or differentiation. After screening  

components involved in growth factor signaling, I find that both FGF-2 and heparin affect 

satellite cell activity, but the effect on self-renewal varies with their localization in the hydrogel. I 

demonstrate that the length and sulfation pattern of heparin fragments affects satellite cell 

activity and that FGF-dependent self-renewal requires 6-O-sulfated heparin sequences at least 8 

saccharides in length. Now that I have identified individual niche components that increase 

satellite cell self-renewal, I plan to determine if multiple signals act synchronistically to regulate 

self-renewal. For example, both FGF and Notch signaling have been described to regulate  

satellite cell self-renewal, so these signals could act together to promote or inhibit asymmetric 

division.

Hydrogel culture provides a tool to probe whether the polar nature of the myofiber niche 

underlies the molecular mechanisms of asymmetric division in satellite cells  (Mauro, 1961; 

Knoblich, 2008; Cosgrove et al., 2009). Preliminary data suggest that changing the presentation 

of signals in hydrogels alters satellite cell activity. Entrapping heparin in 2D hydrogels produces 

different satellite cell activity than entrapping heparin fragments in 3D hydrogels. Additionally, 

adding FGF-2 to the media increases the proportion of reserve cells (Pax7+/MyoD-) and 

myoblasts (MyoD+) compared to entrapping FGF-2 in hydrogels, which expands only the 
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Figure 3.16: Heparin fragments direct satellite cell activity in 3D hydrogel cultures. Heparin 
fragments were entrapped in 3D hydrogels to determine if the results from the MM14 heparin 
screen translated to satellite cell culture. Satellite cells were encapsulated in 6 wt% 4-arm PEG 
norbornene hydrogels with RGDS/IKVAV/DGEA and 10 µg/ml 10mer or 18mer heparin. 
Hydrogels were cultured in 18% O2 in growth media with FGF-2. (a) Representative brightfield 
images, captured at 1d post-encapsulation, reveal that satellite cells (^) were sparsely dispersed 
through the hydrogels. (b) Cell doublets were observed in hydrogels containing 10mer heparin 
but not 18mer heparin. Single cells in 18mer-containing hydrogels also appeared smaller in size. 
(10mer = 10 saccharides = 5 disaccharides; debris and out-of-focus cells are visible in these 
images).
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myoblasts. These results suggest that signal localization in the niche does affect satellite cell self-

renewal (Figure 1.2)  (Cosgrove et al., 2009). Many signals are known to localize to only one 

area of the satellite cell niche, which may help regulate asymmetric division. Myofiber 

membrane-bound Delta-1, a Notch ligand, may interact with Notch-3+ on the apical membrane 

of satellite cells  (Kuang et al., 2009), while heparan sulfate in the basal lamina may sequester 

FGF ligands to form the FGF-FGFR-Syndecan-4 ternary complex on the basal satellite cell 

membrane  (Steinfeld et al., 1996; Rapraeger et al., 1991; Cosgrove et al., 2009; Troy et al., 

2012). Activated FGFR may induce phosphorylation of p38αβ MAPK on one side of the satellite 

cell so that phospho-p38αβ segregates with the Par-3 complex to the daughter cell that commits 

to differentiation  (Troy et al., 2012). The Par-3 complex restricts Numb, an inhibitor of Notch, to 

the opposite daughter cell that becomes a quiescent satellite cell  (Knoblich, 2008), which could 

serve to reinforce the activation of Notch on only one side of the daughter cell. In the future, 

these putative interactions in the niche may be tested in hydrogel culture to help determine 

whether polar distribution of FGF and Delta ligands in the niche act in combination to promote 

asymmetric division.

While 2D and 3D hydrogels are promising tools to study the effects of signal orientation 

on self-renewal, neither truly recapitulates the satellite cell niche. 2D hydrogels form a polar 

niche that presents niche components to one side of the satellite cell membrane while the other 

side is exposed to media. 3D hydrogels surround the satellite cells and present signals evenly 

across the cell membrane. A better model of the myofiber would be a polar, 3D hydrogel where 

satellite cells would be sandwiched between two hydrogel layers that could contain different 

signals. Currently, we are developing such a polar, 3D hydrogel for satellite cell culture to better 
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determine how signal presentation affects asymmetric division. The flexibility provided by 2D, 

3D and polar 3D hydrogels will allow us to study the molecular mechanisms driving self-renewal 

in satellite cells and may lead to creating hydrogel-based therapies for sarcopenia and other 

skeletal muscle diseases.

METHODS

Animal Studies

Animal experiments in this study were performed in accordance with protocols approved 

by the Institutional Animal Care and Use Committee at the University of Colorado.  Mice were 

housed in a pathogen-free facility at the University of Colorado-Boulder. Female C57BL/6 mice 

(Jackson Laboratories) 3-6 months of age were used for all ex vivo experiments.  

Cell Isolation and Culture

MM14 cells (Lim and Hauschka, 1984) are grown from frozen cell stocks and passaged 

twice before use. MM14 cells are grown at 18% O2 in growth media (Ham’s F12-C + 15% horse 

serum (Hyclone)) with FGF-2 addition every 12h with daily media changes. For proliferation 

experiments, MM14 cells were passaged and plated at 1,000 cells/well in gelatin-coated, black, 

clear-bottom 96-well plates to triplicate wells. Passaging removes exogenous FGF-2. Cells were 

returned to growth media with additional reagents as described for each experiment. To inhibit 

sulfation of heparan sulfate, 60 nM Sodium chlorate (NaClO3) was added upon plating. To 

measure Bromodeoxyuridine (BrdU) incorporation, the BrdU Cell Proliferation Assay, HTS 

(Calbiochem HTS01) was used. Cells were cultured for 12h post-passage (one MM14 cell 

cycle), BrdU was added and cells were cultured for 24h. The assay kit was used to stain 

incorporated BrdU with anti-BrdU antibody, which was labeled with a secondary antibody 
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conjugated to horse radish peroxidase. Addition of peroxidase substrate produced a soluble, 

fluorescent product that was detected by 96-well plate fluorimeters. Additionally, MM14 cells 

were cultured in different media conditions to determine Pax7 retention and differentiation.  For 

these experiments, cells were passaged and plated in growth media at 1,000 cells/well in 

triplicate wells. Reagents were added as described for each experiment, with FGF-2 added every 

12h and media changed daily. Cells were fixed at 48h in 4% paraformaldehyde, immunstained 

then visualized.

Satellite cells were prepared as previously described (Pisconti et al., 2010; Troy et al., 

2012). In brief, hind-limb skeletal muscles from mice were harvested, minced, digested with 

collagenase type I (Worthington) for 1h 15min at 37°C and filtered. Satellite cells were either 

purified from nonmyogenic cells and debris by 1) density centrifugation through a 40%/70% 

Percoll (GE Life Sciences) gradient or 2) overnight preplating on uncoated plates followed by 1d 

culture on gelatin-coated plates.  Cells were cultured in growth media (F12-C + 15% horse 

serum) ± 1.5 nM FGF-2 at 6% O2 with daily medium changes. For the culture of 3D hydrogels 

containing 10mer and 18mer heparin, cells were cultured in 18% O2 (University of Liverpool).

To isolate live myofibers, whole hindlimb skeletal muscle was dissected, taking care to 

remove gross fat and connective tissue. Muscles were digested in F12-C and collagenase type I 

for 1.5h. Collagenase activity was quenched by transfer to plates of growth medium. Live 

myofibers were collected with a fire-polished glass pipette. Myofibers were transferred to 3-5 

plates of growth medium to remove debris. Myofibers were then cultured in growth medium  

with 1.5 nM FGF-2 at 6% O2 with daily medium changes. For heparitinase digestion, myofibers 

were fixed in 4% paraformaldehyde then Heparitinase I was used at 5 mU at 37°C for 10 min.
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For cell and hydrogel cultures, reagents were added as described in the text. 

Unfragmented heparin (sodium salt from porcine intestinal mucosa) was used at 0-100 ug/ml 

(Sigma-Aldrich). For hydrogel encapsulation high and low molecular weight heparin was used at 

10 ug/ml.  Heparin fragments and desulfated heparin fragments were provided by Yassir Ahmed 

in the Turnbull laboratory (Univeristy of Liverpool). These were generated, as described (Powell 

et al., 2010; Puvirajesinghe et al., 2012), by heparinase digestion and fractionation by gel 

filtration chromatography from heparin sodium salt from porcine intestinal mucosa. 

Hydrogel Formation and Culture

Hydrogel studies were performed in collaboration with Anseth lab members April Kloxin 

and Melissa Pope, who generated peptides, hydrogels and hydrogel materials. They also imaged 

hydrogels. 

For 2D hydrogel experiments, hydrogels were formed by mixing a base monomer 

solution (6 wt% 4-arm (poly)ethylene glycol (PEG) norbornene with 0.05 wt% initiator (Irgacure 

2959), 10 mM MMP-cleavable, dicysteine crosslinking peptide KKCGGPQGIWGQGCKK 

(Fairbanks et al., 2009) with extracellular matrix protein pendant peptides, extracellular matrix 

proteins, heparin or FGF-2.  The solution was injected into a rubber mold which produces 20-30 

µl hydrogels and polymerized under a UVP Black-Ray UV Benchtop Lamp 115 V (Fisher 

UVP95 0045 04) with Sankyo-Denki Blacklight blue bulb centered at 352 nm (5-10 mW/cm2) 

for ~ 3 min. Hydrogels were then washed and placed into uncoated 24-well tissue culture plastic 

plates with growth media for 1 h. Hydrogels were again washed with growth media. Pre-plated 

satellite cells were added to hydrogels at ~10,000 cells/well. Hydrogels were maintained in 

growth media (without FGF-2 except where described in figures) through 6d with daily media 
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changes. Hydrogels were fixed in 4% paraformaldehyde for 15 min and washed in phosphate-

buffered saline.

For 3D hydrogel experiments, hydrogels were formed as described above except satellite 

cells were added to the PEG solution before polymerization. The peptides RGDS, IKVAV and 

DGEA (Figure 3-14, 3-15) and RGDS (Figure 3-16) were added to the PEG monomer solution.  

Percoll-isolated satellite cells were washed several times in growth media then in Dulbecco’s 

phosphate-buffered saline. Cells were collected to a pellet by centrifugation then resuspended to 

a single cell solution of 750,000 cells/ml in the PEG monomer solution. Hydrogels were 

polymerized as described, moved to tissue culture plates, then washed several times in growth 

media. After 1-2h, media was changed to remove any un-polymerized material from the 

hydrogel. Hydrogels were maintained in growth media with FGF-2 through 6d with daily media 

changes. Hydrogels were fixed in 4% paraformaldehyde for 15 min and washed in phosphate-

buffered saline. For initial experiments, 5-10 wt% PEG hydrogels were tested with satellite cells. 

However 5 %wt PEG hydrogels degraded too rapidly, and 10 wt% PEG hydrogels inhibited 

satellite cell proliferation. Lower cell densities were also tested, but encapsulated cells neither 

died nor proliferated.

Additional reagents were added to the base PEG solution as follows. Monocysteine tether 

peptides CGDGEAG (Collagen, modified to increase solubility), KKKKCGIKVAV (Laminin, 

modified to increase solubility) and CRGDS (Fibronectin) (integrin-binding sequences 

underlined) were added at 2mM and were produced in the Anseth laboratory (synthesized using a 

peptide synthesizer (Applied Biosystems or Protein Technologies Inc.), purified by HPLC, and 

molecular weight verified by MALDI-mass spectroscopy). For hydrogels containing multiple 

peptides, tether peptides were added to a total concentration of 2mM. Fibronectin (BD 
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Biosciences 354008, from human plasma) and Laminin (BD Biosciences 354232, from mouse 

tumor cells) were added at 300 nM, except for the Laminin concentration curve experiment 

where Laminin was added at 150-600 nM. Heparin was added at 10 µg/ml. FGF-2 was added at 

1.5 nM.

Satellite cell survival post-encapsulation was determined by staining hydrogels with 

ethidium homodimer-1 (Invitrogen, LIVE/DEAD Cytoxicity Assay).

Immunofluorescence 

All cells and hydrogels were fixed in 4% paraformaldehyde and permeabilized as 

necessary with 0.1% Triton X-100 (cells) or 1% Triton X-100 (hydrogels). All slides were 

blocked in 5% bovine serum albumin (BSA) 1h at RT and stained in 3% BSA. Primary 

antibodies were incubated at 4°C overnight, and secondary antibodies incubated 1h at RT.  

Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). The following primary 

antibodies were used: chicken Syndecan-4 (1:500), mouse Pax7 (Developmental Hybridoma 

Bank at Iowa University, 1:5), rabbit MyoD (C-20, Santa Cruz Biotechnologies, sc-304, 1:400), 

goat Myogenin (N-20, Santa Cruz Bioltechnologies, 1:100), mouse heparan sulfate 10E4 

(1:100), mouse heparan sulfate 3G10 (1:100).  AlexaFluor 488-, 555-, and 647-conjugated 

secondary antibodies (Invitrogen) were used at 1:500.  The mounting medium for cells and 

sections was Vectashield Mounting Medium (Vector). Hydrogels were imaged on a confocal 

LSM 710 microscope (Carl Zeiss) at 20x magnification (water immersion, N.A. 1) or on a real-

time (live imaging) microscope with enclosure maintained at 37°C and 6% O2. Images were 

processed then scored with blinding in ImageJ64. As necessary, the brightness and contrast were 

adjusted linearly for the entire image and adjusted equivalently across the experimental image 
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set.

Microarrays and Analysis

The tibialis anterior muscles of 3-month-old female B6D2F1/J mice were injured by 

injection with 50 µL 1.2% BaCl2 in saline at 12h, 24h or 48h before tissue harvest. The uninjured 

contralateral tibialis anterior was used for the 0h time point. The tibialis anterior muscles were 

dissected from the hindlimb, minced, and digested in 400 U/mL collagenase in Ham’s F-12C at 

37°C for 1h. Cells were filtered through 70µm and 40µm cell strainers (BD Falcon) to remove 

debris. Cells were centrifuged and the cell pellets were incubated at 4°C with 1:100 rabbit anti-

Syndecan-3 antibody in F-12C with 15% horse serum followed by an incubation on ice with Cy5 

conjugated anti-rabbit-IgG (Molecular Probes). Satellite cells were sorted by Syndecan-3 

immunoreactivity on a MoFlo Legacy cell sorter (Dako Cytomation) into RNA lysis buffer 

(PicoPure RNA Isolation kit, Arcturus).

RNA was isolated from satellite cells using the PicoPure RNA Isolation kit (Arcturus) 

followed by two rounds of linear T7-based amplification (RiboAmp HA kit: Arcturus). The 

RNA equivalent of 5000 cells was hybridized to Affymetrix mouse 430v2 GeneChips 

(MOE430v2) according to manufacturers’ instructions. GeneChips were scanned at the 

University of Colorado at Boulder on an Affymetrix GeneChip Scanner 3000 and spot intensities 

were recovered in the GeneChip Operating System (Affymetrix).

All analysis was performed using Spotfire Decision Site 2 for Microarray Analysis. Raw 

CEL data files (from three experiments) were normalized using GC Robust Multi-array Analysis 

(GCRMA). All transcripts related to proteoglycans and glycosaminoglycans were converted to 

log2 and analyzed for significant changes in expression greater than 2-fold between time points. 
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The significance between time points was determined using multifactor analysis of variance 

(ANOVA) with a false discovery rate (FDR) ≤ 0.05 and Bonferroni adjustment. For genes 

covered by multiple probesets, the highest significant fold-change is reported.
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Chapter 4: Discussion
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INTRODUCTION

Adult stem cell populations are maintained by self-renewal where stem cells interact with 

their niche to undergo asymmetric or symmetric divisions  (Yamanaka et al., 2001). Stem cells 

typically divide rarely or slowly throughout an organism’s lifetime to prevent DNA damage and 

cellular senescence  (Hayflick, 2000; Finkel and Holbrook, 2000). While stem cells are protected 

from the stresses of prolonged proliferation, stem cell function inevitably declines as organisms 

age  (López-Otín et al., 2013).

Satellite cells are the resident skeletal muscle stem cells that maintain muscle and repair 

skeletal muscle. Skeletal muscle is dynamic, capable of hypertrophy or hypotrophy depending on 

use or injury, and skeletal muscle is continuously maintained as well as regenerated after injury  

(Booth et al., 1982; Smith et al., 2001; Favier et al., 2008; Ambrosio et al., 2009). In normal 

muscle,  satellite cells divide infrequently to maintain skeletal muscle by replacing the terminally  

differentiated myonuclei  (Smith et al., 2001; Oustanina et al., 2004; Dhawan and Rando, 2005). 

More satellite cells are recruited when necessary to repair skeletal muscle damaged by muscle 

use and injury  (Caldwell et al., 1990; Rantanen et al., 1995; Smith et al., 2001; Ambrosio et al., 

2009). Satellite cell divisions produce self-renewing satellite cells  (Zammit et al., 2004; Sacco et  

al., 2008; Hall et al., 2010) and myoblasts, the transit-amplifying muscle precursor cells, that 

eventually exit the cell cycle and terminally differentiate to repair myofibers  (Schultz et al., 

1994). Satellite cell numbers and regenerative capacity decline with aging as satellite cells 

eventually lose the capacity to maintain and repair muscle after injury  (Grounds, 1998; Gopinath 

and Rando, 2008).

In the first part of my thesis, I examine the underlying causes of declining activity in 
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aging satellite cells and confirm that old satellite cells are less capable of self-renewal.  I 

demonstrate that is a cell-autonomous loss of old satellite cell self-renewal that cannot be 

counteracted by exposure to a young muscle environment, which contradicts previous research 

finding that the aged environment underlies the alterred activity of old satellite cells. I find that 

decreased FGF signaling and a loss of asymmetric activation of phopho-p38αβ drive the loss of 

self-renewal in old satellite cells. The decline in asymmetric division in old satellite cells 

provides further evidence that asymmetric division may be the dominant mechansism of satellite 

cell maintenance  (Kuang et al., 2007; Troy et al., 2012). I establish that FGF signaling promotes 

satellite cell self-renewal by asymmetric division, although the relationship between FGF 

signaling and asymmetric activation of p38αβ MAPK is not understood.

In the second part of my thesis, I develop 2D and 3D degradable, 4-arm PEG norbornene 

hydrogels as artificial satellite cell niches in culture to further study how the niche regulates 

satellite cell self-renewal. This degradable hydrogel platform (developed by the Anseth 

laboratory) inhibits terminal differentiation and myotube formation in contrast with other types 

of hydrogels used for muscle cell culture that often increase differentiation. I optimize the 

composition of this degradable hydrogel platform by addition of niche components described in 

the muscle literature to increase satellite cell self-renewal in culture. Specifically, I screen ECM 

proteins, growth factors, and a heparin library for conditions that promote the expansion of the 

Pax7+/MyoD- population and observe that laminin or IKVAV peptide addition best maintains 

satellite cell self-renewal.  In the heparin library, I find that both fragment length and sulfation 

pattern affect FGF-driven satellite cell self-renewal and demonstrate that functional heparins 

sequences can be incorporated into hydrogels. My research establishes that using hydrogel 
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culture and heparin libraries reveal mechanisms that drive satellite cell self-renewal. In future 

experiments, I will develop hydrogels as tools to promote self-renewal for therapeutic assays 

such as intramuscular transplantation studies.

Both cell intrinsic and extrinsic alterations disrupt self-renewal in aged satellite cells

Satellite cells isolated from old skeletal muscle exhibit impaired satellite cell activity in 

vitro and in vivo. I find half as many old satellite cells as young satellite cells on freshly isolated 

myofibers acquired from hindlimb muscle, which agrees with the reports that satellite cell 

numbers decline in aging muscle  (Snow, 1977; Gibson and Schultz, 1983; Conboy et al., 2003; 

Sajko et al., 2004; Brack et al., 2005; Shefer et al., 2006; Chakkalakal et al., 2012). The cycling 

population of satellite cells expands in old muscle as the dividing cells cannot return to 

quiescence  (Chakkalakal et al., 2012), which agrees with my obersvation that markers of 

activation are elevated in old satellite cells within 1h of isolation. I observe that proliferation and 

Pax7 expression decline while differentation increases in old satellite cells. The decline in 

Pax7+/MyoD- cells represents a loss of satellite cell self-renewal as demonstrated by using 

transplantation assays in parallel with AraC survival and CFDA-SE label retention assays in 

culture. These assays highlight the importance of translating techniques from other stem cell 

fields to muscle research as engraftment after transplantation, label retention and AraC survival 

are better indicators of stem cell activity than simply measuring Pax7+ and MyoD+ populations  

(Troy et al., 2012).

The molecular basis of impaired satellite cell function in aging muscle is unclear. 

Heterchronic transplantation, into immunosuppressed or diseased mice, and parabiosis 

experiments suggest that the aged muscle environment impairs satellite cell function rather than 
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cell-autonomous defects in old satellite cells  (Carlson and Faulkner, 1989). However, growing 

evidence demonstrates that the young environment is not sufficient to rescue old satellite cell 

activity  (Chakkalakal et al., 2012) (Chapter 2). My transplantation assay further challenges old 

satellite cell self-renewal by transplanting donor cells into immunosufficient, wildtype hosts 

where old satellite cells compete with ‘healthy,’ young satellite cells for niche occupancy. 

Transplanstation to an immunocompetent, healthy host reveals that there are cell-autonomous 

defects underlying impaired activity in old cells. 

Dysregulated FGF and p38 signaling drive the loss of self-renewal in old satellite cells

 Asymmetric division appears to maintain the satellite cell population in young satellite 

cell cultures  (Kuang et al., 2007; Troy et al., 2012) while symmetric division that clonally 

expands the satellite cell population accounts for a limited number of divisions in culture  (Le 

Grand et al., 2009). Polar distribution of the Par-3/phospho-p38αβ complex across a dividing 

satellite cell results in asymmetric division, which produces opposite fates in the daughter cells  

(Troy et al., 2012). Elevated levels of phospho-p38αβ in old satellite cells appear to prevent 

asymmetric segregation of the Par-3/phospho-p38αβ complex, resulting in two phospho-p38αβ+ 

daughter cells. Phospho-p38αβ in both daughter cells induces MyoD translation (Hausburg, 

Thesis), entry into the cell cycle, and commitment to a myogenic fate. Each time elevated 

phospho-p38αβ prevents asymmetric division in old satellite cell the quiescent population 

declines. However, I demonstrate that loss of self-renewal in old satellite cells is reversible as 

partial inhibition of p38αβ MAPK reduces phospho-p38αβ to rescue asymmetric distribution of 

phospho-p38αβ in the dividing cell. Perhaps, this culture treatment can be developed for use in 

vivo to treat sarcopenia.

FGF signaling is altered in aging muscle and in aging satellite cellls. FGF-2 protein and 
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FGF-2 transcripts in myofibers increase in the myofiber niche of old muscle  (Chakkalakal et al., 

2012), suggesting that FGF-2-mediated signaling is altered in aging satellite cells. Inhibition of 

FGF signaling by injection of SU5402-beads or genetic knockout of Sprouty1, an inhibitor of 

MAPK pathways and FGF signaling  (Hacohen et al., 1998), reduces the number of 

inappropriately cycling satellite cells and increases regeneration in aging muscle  (Chakkalakal et 

al., 2012). Thus, increased FGF signaling appears to prevent satellite cells from returning to 

quiescence and begins to exhaust the aging satellite cell pool. Yet, both SU5402 and Sprouty1 are 

promiscuous inhibitors that may target other signaling pathways. SU5402 inhibits the activation 

of multiple growth factor receptors, including FGFR and vascular endothelial growth factor 

receptor (VEGFR), which regulates angiogenesis during muscle regeneration  (Sun et al., 1999; 

Abou-Khalil et al., 2010). Sprouty1 may target multiple signaling pathways and may inhibit 

multiple targets, including targets not involved in receptor tyrosine kinase signaling  (Hacohen et 

al., 1998; Choi et al., 2006). I demonstrate that constitutive activation of FGFR1 rescues self-

renewal in old satellite cells, so I propose that increased FGF-2 in the aging niche is a feedback 

mechanism to overcome deficient FGF signal transuction. Instead of increased FGF signaling 

preventing quiescence in old cells  (Chakkalakal et al., 2012), attenuated FGF signaling underlies 

the loss of self-renewal in old satellite cells. 

Restoring FGFR1 activation in old satelite cells in vivo will address whether FGF 

signaling is an underlying cause of aged satellite cell impairment. We are currently generating 

and aging mice that will express FGFR1 under the control of a tetracyclin operator in Pax7-

expressing cells, which will restrict exogenous FGFR1 activation to the satellite cell population  

(Murphy et al., 2011). I expect that inducing FGFR1 activation in aging satellite cells will 
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expand the self-renewing population and improve muscle regeneration.

Atypical p38αβ MAPK activity in old satellite cells correlates with attenuated FGF-2/

FGFR signaling, which suggests that FGF signaling may regulate asymmetric division. FGF 

signaling is required for satellite cell self-renewal as consitutive FGFR1 activation increases self-

renewal while pharmaecological inhibition of FGF signaling and genetic ablation of FGFR1 

eliminate self-renewing cells (Troy, Thesis; Hall, Thesis). As FGF signaling increases self-

renewal and activates p38αβ MAPK phosphorylation, which is required for asymmetric division 

in satellite cells, FGF signaling also regulate asymmetric segration of phospho-p38αβ. 

Members of the FGFR ternary complex may interact with the Par-3/p38αβ MAPK 

complex to promote self-renewal. Syndecan-4, an FGF co-receptor required for satellite cell 

activation and self-renewal  (Cornelison et al., 2004), often segregates with asymmetrically 

distributed phospho-p38αβ in satellite cells  (Troy et al., 2012). Asymmetric distribution of 

Syndecan-4 on the satellite cell membrane could activate FGFR1 only in the region of the Par-3/

p38αβ MAPK to restrict further p38αβ MAPK activation to one membrane. Future studies using 

the proximity ligation assay (PLA) will reveal if direct interaction between activated FGFR1 or 

Syndecan-4 and the Par-3/p38αβ MAPK complex. Intriguingly, JAM-A, a member of the protein 

family that anchors the Par complex to the membrane during asymmetric division, has an 

essential role in FGF-2 induced blood vessel formation  (Cooke et al., 2006), which suggests that 

JAMs could interact with the FGF pathway in other cell types such as satellite cells. A JAM 

family member may interact with the FGF-Heparan sulfate-FGFR ternary complex to link FGF 

activation with segregation of the Par-3/p38αβ MAPK complex.

A remaining question is whether mechanisms of satellite cell self-renewal identified in 
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vitro represent self-renewal in vivo. Wnt7a  (Le Grand et al., 2009), Notch1  (Kuang et al., 2007) 

and FGF-2/p38αβ MAPK  (Troy et al., 2012) signaling drive symmetric (Wnt) and asymmetric 

divisions (Notch, p38αβ MAPK) in myofiber-associated satellite cells. Furthermore, the satellite 

cell population contains subpopulations  (Beauchamp et al., 2000; Kuang et al., 2007; Tanaka et 

al., 2009) that may act as satellite cell stem cells while the majority of satellite cells produce 

transit-amplifying daughter cells. Perhaps, all of these mechanisms contribute to self-renewal in 

vivo to meet the needs of dynamic muscle tissue. The severity of muscle injury may regulate the 

level of Wnts and FGFs released to the niche, which would affect the proportion of satellite cells 

undergoing asymmetric divisions or symmetric divisions. In resting muscle or after mild 

myotrauma, asymmetric division may be sufficient to maintain the number of quiescent satellite 

cells. However, severe injury may require that satellite cells symmetrically divide to expand the 

satellite cell population and to produce enough myoblasts to rapidly regenerate muscle, so severe 

muscle injury could release high levels of Wnt7a to prompt the satellite cell pool to undergo such 

symmetric divisions.

Life-long stem cell maintenance may require plasticity in the fate of individual stem cells 

to maintain a homeostatic population in vivo  (Simons and Clevers, 2011). Multiple mechansisms 

of self-renewal may maintain the satellite cell population in skeletal muscle through variable 

muscle use and health over the course of a lifetime. In future studies, lineage tracing and 

population modeling should reveal if asymmetric division and symmetric division occur 

primarily in different muscle states such as in resting muscle or after exercise, injury and aging. 

Additionally, lineage tracing may determine whether the satellite cell subpopulations represent a 

conserved stem cell lineage or whether interactions with the satellite cell niche create a stem cell 
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subpopulation.

Optimizing degradable hydrogels as an artificial satellite cell niche

Satellite cells reside in a polar niche, formed by the basal lamina and the myofiber plasma 

membrane, which regulates satellite cell self-renewal  (Dhawan and Rando, 2005; Kuang et al., 

2007; Le Grand et al., 2009; Hall et al., 2010). Satellite cells in culture undergo self-renewal by 

both asymmetric (FGF, Notch-Delta) and symmetric (Wnt7a) divisions  (Kuang et al., 2007; Le 

Grand et al., 2009; Troy et al., 2012). The interaction between satellite cells and the myofiber 

niche may regulate satellite cell self-renewal to produce a planar-oriented division (symmetric) 

along the myofiber or an apical-basal oriented division (asymmetric)  (Conboy and Rando, 2002; 

Shinin et al., 2006; Kuang et al., 2007; Le Grand et al., 2009; Troy et al., 2012) (Figure 1.2). The 

availability and presentation of Delta, FGF and Wnt in the niche may determine the plane of 

division in individual cells. However, the molecular mechanisms that induce asymmetric and 

symmetric division are difficult to study in vivo. I have developed hydrogels as artificial satellite 

cell niches to study the molecular mechanisms promoting self-renewal in culture. 

2D and 3D hydrogels with tunable elastic moduli and controlled incorporation of 

signaling ligands can mimic stem cell niches to allow study of the environmental regulation of 

stem cell activity  (Discher et al., 2009; Lutolf et al., 2009; Saha et al., 2007; Sands and Mooney, 

2007). Poly(ethylene glycol) (PEG)-based hydrogels are particularly ideal for controlling 

satellite cell-niche interactions. PEG scaffolds are resistant to cell adhesion mediated by protein 

adsorption but instead allow for controlled presentation of ligands to cells. Tethering ligands to 

the scaffold more closely mimics the orientation of signals in the niche than adding growth 

factors to culture media or coating structural proteins to plastic plates  (Langsdorf et al., 2007). 
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PEG hydrogels can mimic the elastic modulus of healthy resting muscle that is optimal for 

myogenic differentiation in culture  (Collinsworth et al., 2002; Engler et al., 2004; Boonen et al., 

2009). PEG hydrogel may be photodegradable to allow temporal control of hydrogel stiffness  

(Kloxin et al., 2009) or may incorporate degradable motifs to allow cells to modify the scaffold, 

which could recapitulate the progression of structural changes associated with muscle disease 

and aging in hydrogel-based satellite cell culture. These characteristics of PEG hydrogels make 

possible a systematic analysis of the role of specific niche components, which could not be 

achieved in explanted satellite cell or myofiber culture.

The degradable, 4-arm PEG norbornene hydrogels developed by the Anseth laboratory 

maintain satellite cell self-renewal and prevents differentiation of satellite cell cultures. I have 

begun to screen biochemical (growth factors, heparin sequences) and structural (ECM proteins) 

cues present in the putative satellite cell niche to discover which components of the niche 

promote self-renewal. These glycans and proteins are difficult to screen efficiently using our 

current 2D and 3D hydrogel design. Coating macromolecules to 96-well plastic plates to increase 

screening efficiency can not recapitulate the localization of macromolecules in hydrogel culture, 

which is now known to affect satellite cell fate (Chapter 3). Instead, I plan to develop a 96-well 

hydrogel platform similar to microwell-patterned hydrogels  (Gilbert et al., 2010) for real-time 

imaging to track the divisions of satellite cells expressing a transgenic reporter. This system will 

serve as a high-throughput hydrogel screen of self-renewal and would allow tracking of 

asymmetric and symmetric divisions. Developing a high-throughput hydrogel screen would 

allow me to efficiently characterize a much larger set of niche components and allow me to study 

how satellite cells respond to multiple cues in a niche. 
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I have identified heparin sequences, from a library provided by the Turnbull laboratory, 

that promote satellite cell self-renewal and which can be incorporated into hydrogel culture. This 

work does not attempt to model in vivo heparan sulfate activity as the short sequences in heparin 

libraries cannot recapitulate the specificity and complexity of binding sites in the long heparan 

sulfate chains present in the satellite cell niche  (Sasisekharan and Venkataraman, 2000). In 

decades to come, improved sequencing of in vivo heparan sulfates chains  (Huang et al., 2013) 

and phage display-derived heparan sulfate antibody libraries  (Jenniskens et al., 2000; Kurup et 

al., 2007) may reveal how heparan sulfate function and localization in the satellite cell niche. For 

now, the results of this heparin screen and the many biochemical studies reported in the literature 

are better used to develop stem cell therapies for regenerative medicine such as hydrogel 

platforms for satellite cells.

Summary

Satellite cells exhibit an impressive capacity to maintain and regenerate skeletal muscle 

by generating proliferating myoblasts while repopulating the satellite cell population by self-

renewal. Satellite cells reside within an anatomically-defined niche, consisting of the myofiber 

and other cells, biochemical components released from local and systemic sources, and structural 

components. The complex interactions between satellite cells and the niche maintain satellite cell 

self-renewal although the mechanisms that regulate self-renewal remain unclear. Accumulating 

cellular and molecular damage from aging disrupt the interactions in the satellite cell niche, 

resulting in impaired satellite cell activity and muscle function. Skeletal muscle deterioration 

ultimately leads to frailty and increased risk of death.
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RELATED TO FIGURE 2.1. Percentage of explanted Syndecan-4+ satellite cells at 5d 
culture expressing myogenic transcription factors*

Age: Young (mean) s.e.m. Old (mean) s.e.m. p-value

Pax7 15 2 14 3 n.s.

Pax7/
MyoD 28 4 15 3 0.04

MyoD 57 3 71 6 0.02

*Mean ± s.e.m. n.s. = no significance. n=3 independent experiments. P values by one-way 

ANOVA with Tukey’s test.
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RELATED TO FIGURE 2.2. Percentage of 24h myofiber-associated satellite cells 
expressing myogenic transcription factors*

Age: Young (mean) s.e.m. Old (mean) s.e.m. p-value

Pax7 2 1 1 0.1 n.s.

Pax7/
MyoD 84 3 31 6 0.001

MyoD 13 4 19 3 n.s.

Myog. 0 0 2 0.04 0.00001

Myog./
MyoD 0 0 0 0

MyoD 87 4 50 2 0.0006

*Mean ± s.e.m. n.s. = no significance. n=3 independent experiments. P values by unpaired, two-

way Student’s t-test.
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RELATED TO FIGURE 2.2. Percentage of 96h myofiber-associated satellite cells 
expressing myogenic transcription factors*

Age: Young (mean) s.e.m. Old (mean) s.e.m. p-value

Pax7 15 2 10 1 0.05

Pax7/
MyoD 33 1 32 14 n.s.

MyoD 39 4 26 8 n.s.

Myog. 9 1 24 5 0.03

Myog./
MyoD 54 2 30 14 0.02

MyoD 20 1 10 5 0.02

*Mean ± s.e.m. n.s. = no significance. n=3 independent experiments. P values by unpaired, two-

way Student’s t-test.
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RELATED TO FIGURE 2.5. Percentage of 96h, +FGF-2 myofiber-associated satellite cells 
expressing myogenic transcription factors*

Age: Young (mean) s.e.m. Old (mean) s.e.m. p-value

Pax7 18 7 15 6 n.s.

Pax7/
MyoD 62 3 37 8 0.04

MyoD 14 3 25 7 n.s.

Sdc4
Alone 6 0.4 23 6 n.s.

Myog. 2.22 0.13 13.27 2.84 0.0009

Myog./
MyoD 40.7 4.64 26.11 6.55 n.s.

MyoD 45.32 6.75 27.33 4.51 n.s.

Sdc4
Alone 11.73 2.23 33.29 5.93 0.04

*Mean ± s.e.m. n.s. = no significance. n=3 independent experiments. P values by unpaired, two-

way Student’s t-test.
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RELATED TO FIGURE 2.7. Normalized expression values for probesets included in the 
Par3/p38αβ MAPK asymmetry complex.

Young Old
Ccm2 0.35 -1.04
Ccm2 -0.10 0.00
Ccm2 0.00 -0.31
Cdc42 -0.17 0.36
Cdc42 0.11 -0.18
Cdc42 -0.30 0.19
Cdc42 -0.44 0.31

Map2k3 0.05 -0.34
Map2k3 0.10 -0.00
Map2k4 0.00 -0.69
Map2k4 0.71 -0.72
Map2k6 1.78 -1.01
Map3k10 -0.04 0.10
Map3k10 0.00 0.18
Map3k10 -0.43 0.16
Map3k11 -0.32 0.00
Map3k3 0.41 -0.78
Map3k3 -0.80 0.56
Map3k3 -0.44 0.29
Map3k4 0.25 0.00
Map3k4 1.34 -0.87
Map3k4 -0.00 -0.48
Map3k4 0.52 -1.65
Mapk14 0.62 -0.99
Mapk14 -0.09 0.02
Mapk14 -0.50 0.13
Mapk14 0.58 -0.45
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RELATED TO FIGURE 2.8. Normalized expression values for probesets included in GO:
0030308 Negative Regulation of Cell Growth.

Young Old Young Old Young Old
Acvr1b -0.02 0.13 Ccdc85b 0.39 -0.45 Dnajc2 -0.00 -0.44
Acvr1b -0.16 0.33 Cda -0.22 0.36 Dnajc2 -0.49 0.14
Acvrl1 0.90 0.00 Cdhr2 0.09 -0.39 Dnajc2 1.10 -0.30
Acvrl1 0.18 0.00 Cdkn1a 0.20 -0.63 Dnajc2 0.05 0.00

Adipor1 0.27 -0.21 Cdkn1a 0.00 -0.09 Eaf2 0.10 -0.02
Adipor1 1.57 -1.76 Cdkn2a 0.67 0.00 Ei24 0.89 -0.91
Adipor1 0.84 -1.46 Cdkn2aip 0.22 0.00 Fgf2 -0.12 0.06
Adipor2 0.21 -0.20 Cdkn2aip 0.27 -0.19 Foxk1 -0.08 0.00
Adipor2 0.00 -0.02 Cdkn2c 0.09 0.00 Foxk1 0.00 -0.00

Agt 0.14 -0.17 Cdkn2c 0.00 0.01 Foxk1 1.65 -1.08
Ahsg -0.24 0.14 Cgref1 -0.50 0.65 Gdf2 0.04 -0.20

Apbb1 0.28 -0.24 Cgref1 -0.20 -0.00 Gdf9 -0.19 0.22
Apbb1 0.06 -0.24 Cgrrf1 0.23 -0.10 Gng4 -0.33 0.23
Apbb2 1.00 -1.19 Cgrrf1 0.00 0.16 Gng4 -0.16 0.22
Apbb2 -0.04 0.00 Cgrrf1 0.52 -0.39 Gng4 0.13 -0.00
Apbb2 0.60 -1.30 Cgrrf1 -0.20 0.00 Grem1 -0.09 0.24

Arhgap4 0.72 0.00 Cryab 0.82 -2.53 Hspa1a -0.18 0.23
Arhgap4 -0.17 0.17 Cryab 0.88 -1.14 Hspa1b 0.00 -0.28
Arhgap4 -0.00 0.37 Cryab -0.09 0.11 Hspa1b 0.00 -0.19

Bbc3 -0.54 0.60 Cth 0.00 -0.03 Hspa1b -0.00 0.04
Bcl2 -0.80 1.36 Cyp27b1 -0.22 0.25 Ifi204 0.10 -0.40
Bcl2 0.00 0.67 Dab2 1.66 -1.57 Ifi204 0.03 -0.05
Bcl2 0.15 -1.13 Dab2 0.29 -0.26 Ifi204 -0.32 0.29
Bcl2 0.00 -0.02 Dab2 0.33 -0.48 Il7 -0.06 0.00
Bcl2 -0.71 0.44 Dab2 0.48 -0.84 Il7 0.71 -0.04
Bcl6 0.04 -0.57 Dab2ip -0.00 -0.33 Inhba -0.24 0.73
Bcl6 -0.60 0.55 Dab2ip -0.53 1.34 Inhba -0.05 0.48

Bdkrb1 -0.12 0.21 Dcbld2 0.67 -0.01 Mndal 0.19 -0.90
Bmp10 0.26 -0.17 Dcbld2 -0.00 0.10 Mndal 0.01 -0.49
Bmpr2 0.03 -0.03 Dcbld2 -0.61 0.00 Mul1 -0.19 0.60
Bmpr2 0.00 -0.06 Dcun1d3 -0.71 0.77 Mul1 1.39 -0.98
Bmpr2 -0.42 0.28 Dcun1d3 -0.93 1.15 Myl2 1.03 -1.55

Caprin2 -0.28 0.76 Dnajb2 1.21 -1.21 Ndufa13 0.60 -1.09
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Young Old Young Old
Ndufs3 0.75 -0.65 Psrc1 -0.23 0.17

Nf2 -0.40 -0.00 Rbbp7 -0.08 0.62
Nf2 0.28 -1.68 Rbbp7 0.00 0.28
Nf2 1.40 -0.89 Rerg 0.22 0.00
Nf2 -0.41 0.44 Rnf6 1.68 -1.11

Nme6 0.67 -0.07 Rnf6 0.72 -0.65
Nppa 0.00 0.04 Rrad 0.08 -0.28
Nppb -0.27 0.20 Rtn4 0.14 -0.21
Nrp1 -0.93 0.49 Rtn4 0.19 -0.22
Nrp1 -0.04 0.06 Rtn4 -0.65 0.70
Nrp1 -0.28 0.26 Rtn4 -0.60 0.49
Nrp1 -0.11 0.24 Rtn4 -0.73 0.38
Ntn1 -0.18 0.45 Ryk 0.60 -0.80
Ntn1 -0.12 0.14 Ryk 0.00 -0.03

Osgin1 -0.27 0.00 Ryk -0.16 -0.00
Plscr3 0.26 -0.22 Sema3a -0.15 0.33
Plscr3 0.19 -0.06 Sema3a -0.14 0.41
Plxna3 0.32 -0.25 Sema3a 0.00 0.16
Plxna3 0.03 0.00 Sema3f 0.00 -0.26

Pml -1.00 0.68 Sema3f -0.17 0.25
Pml 0.13 -0.14 Sema3f -0.48 0.32
Pml 0.00 0.18 Sema4f 0.00 0.72

Ppard 0.00 0.18 Sema4f 0.00 0.41
Ppard -0.77 0.00 Serpine2 -0.06 0.00
Pparg -0.39 0.00 Sertad1 -0.53 0.20
Ppt1 -0.00 0.44 Sertad2 -0.27 0.26
Ppt1 -0.69 0.85 Sertad2 1.21 -0.08
Ppt1 -0.00 -0.13 Sertad3 -0.00 0.09
Ppt1 0.00 -0.05 Sertad3 -0.36 0.26
Ppt1 0.58 -0.90 Slit1 0.00 -0.39

Prdm4 0.53 -1.65 Slit2 -0.29 0.24
Psrc1 0.00 0.15 Slit2 0.16 0.00
Psrc1 -0.05 0.00 Slit2 -0.17 0.37
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Young Old Young Old
Slit3 -0.15 0.45 Ulk1 -0.03 0.00
Slit3 0.38 -0.00 Ulk1 0.43 -1.60

Smad3 0.29 -0.98 Ulk2 0.77 -0.53
Smad3 0.00 -0.51 Ulk2 1.05 -1.34
Smad3 0.23 -0.80 Ulk2 0.00 0.19
Smad4 0.29 0.00 Ulk2 -0.00 0.00
Smad4 0.00 0.62 Wnt11 -0.28 0.49
Smad4 0.01 -0.37 Wnt3 -0.51 0.00
Sox17 0.28 -0.09 Wnt3a -0.14 0.17
Sox17 0.00 0.76 Wnt5a -0.26 0.24
Spp1 -0.17 0.32 Wnt5a 0.32 -0.21
Tgfb1 0.31 0.00 Wnt5a 0.10 -0.16
Tgfb1 -0.04 0.17 Wnt5a -0.10 0.10
Tgif1 -0.67 0.00 Wt1 0.33 0.00
Tnk1 0.00 0.49 Zmat3 0.32 -0.01
Tnk1 0.00 0.62
Tnk1 -0.21 0.39
Tro -0.25 0.30
Tro -0.06 0.00

Trp53 0.00 0.00
Trp53 -0.33 0.00
Trp53 0.06 0.00
Trp53 -1.27 1.81
Trp53 -0.14 0.00
Trp53 -0.16 0.05
Trp53 -0.09 0.21
Trp63 -0.19 0.00
Trp63 0.07 0.00
Trp63 0.35 -0.21
Trp63 -0.22 0.56
Trp73 -0.23 0.69
Trp73 -0.33 0.20
Tspyl2 0.24 -0.19
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RELATED TO FIGURE 2.8. Normalized expression values for probesets included in GO: 
0010454 Negative Regulation of Cell Fate Commitment.

Young Old
Ctnnb1 -0.24 0.04
Ctnnb1 0.00 0.30
Ctnnb1 -0.34 0.28
Gfi1 -0.30 2.17

Inpp5a 0.73 -1.01
Jup 0.75 -0.63

Mesp1 0.19 -0.01
Nanog -0.17 0.55
Nkx6-2 0.00 -0.60
Sfrp2 1.19 0.00
Spdef -0.20 0.51
Wnt3a -0.14 0.17
Wnt8b 0.21 -0.32
Wnt8b 0.34 0.00
Wnt8b 1.51 -0.97
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RELATED TO FIGURE 2.8. Normalized expression values for probesets included in GO: 
0051148 Negative Regulation of Muscle Cell Differentiation.

Young Old
Bmp4 -0.32 0.46
Ereg -0.31 0.38
Ezh2 0.45 -0.24
Foxo4 0.22 -0.00
Foxo4 1.10 -1.71
Gm7040 0.05 0.00
Hdac4 1.01 -0.26
Hdac4 0.00 -0.24
Hdac4 0.66 0.00

Itgb1bp3 0.53 -0.43
Mbnl3 0.00 0.17
Mbnl3 -0.17 0.00
Mbnl3 0.46 -0.68
Nkx2-5 -0.00 -0.00
Notch1 0.23 -0.37
Notch1 0.43 0.00
Prdm6 -0.12 0.18
Prl2c2 -0.16 0.32
Rcan1 0.49 -0.09
Rcan1 -0.21 0.47
Shh -0.24 0.02
Shh 0.19 -0.04
Sox8 -0.32 0.70
Sox9 -0.03 0.15
Sox9 0.00 1.66
Sox9 0.19 0.00
Tbx3 -0.35 0.21
Tbx3 -0.16 0.80
Tbx3 -0.02 0.13
Tbx3 0.06 -0.00
Tbx3 -0.16 0.00
Zfhx3 -0.54 0.19
Zfhx3 0.80 -1.58
Zfhx3 0.51 -1.03
Zfhx3 0.08 -1.11
Zfhx3 0.00 -0.68
Zfhx3 -1.07 0.94

RELATED TO FIGURE 2.9. Normalized expression values for probesets included in GO: 
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0040037 Negative Regulation of FGFR Signaling Pathway.

Young Old
Fgfrl1 -0.61 0.09
Fgfrl1 -0.07 0.05
Ngfr -0.03 0.16
Ngfr -0.17 0.09
Ngfr -0.01 0.04
Spry1 0.26 0.00
Spry2 -0.09 0.00
Spry2 -0.69 0.75
Thbs1 -0.98 1.12
Thbs1 -0.67 1.30
Thbs1 -0.52 0.48
Wnt4 -0.40 0.00
Wnt4 -0.32 1.02
Wnt5a -0.26 0.24
Wnt5a 0.32 -0.21
Wnt5a 0.10 -0.16
Wnt5a -0.10 0.10
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RELATED TO FIGURE 2.9. Normalized expression values for probesets included in GO: 
0004707 MAP Kinase Activity.

Young Old
Mapk1 -0.28 0.26
Mapk1 0.62 -1.17
Mapk1 0.56 -0.58
Mapk3 0.00 -0.03
Mapk4 0.17 -0.02
Mapk6 0.09 -0.19
Mapk6 -0.39 0.26
Mapk6 0.64 -0.87
Mapk6 0.11 -0.03
Mapk7 0.19 -0.32
Mapk8 1.19 -1.22
Mapk8 -0.18 0.44
Mapk8 -0.29 0.34
Mapk8 1.01 -0.18
Mapk8 0.11 -0.01
Mapk9 1.04 -0.48
Mapk9 0.00 -1.00
Mapk9 1.44 -1.13
Mapk10 -0.02 0.16
Mapk10 0.00 0.10
Mapk10 0.00 -0.01
Mapk11 0.02 0.00
Mapk11 0.21 -0.27
Mapk12 1.31 -0.99
Mapk12 0.94 -0.67
Mapk13 -0.13 0.08
Mapk14 0.62 -0.99
Mapk14 -0.09 0.02
Mapk14 -0.50 0.13
Mapk14 0.58 -0.45
Mapk14 0.00 0.20
Mapk14 1.80 -0.24
Mapk15 -0.62 0.33

Nlk 0.24 -0.21
Nlk -0.13 0.27
Nlk 0.61 -1.18
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RELATED TO FIGURE 2.9. Normalized expression values for probesets included in GO: 
0019827 Stem Cell Maintenance.

Young Old Young Old Young Old
Apc 0.00 -1.52 Igf1 0.05 -0.14 Vangl2 -0.33 0.18
Apc 0.00 -1.25 Kit 0.09 -0.09 Vangl2 -0.04 0.32
Apc 0.39 -0.11 Kit -0.51 0.43 Vangl2 0.00 0.07
Apc 0.00 0.21 Klf4 0.18 -0.31 Wnt7a -0.36 0.54
Ascl2 0.05 -0.10 Klf4 0.32 -0.48 Wnt7a 0.20 0.00
Ascl2 0.02 0.00 Lif -0.09 -0.00 Wnt7a -0.00 0.08
Ascl2 0.09 -0.03 Lif 0.36 -0.20 Zcchc11 -0.56 0.44

Bmpr1a 0.41 -2.16 Lig4 -0.30 0.19 Zcchc11 0.40 -0.00
Bmpr1a 0.22 -1.30 Lin28 0.51 -0.07 Zcchc11 0.22 -0.30
Bmpr1a 0.05 -0.55 Lin28a -0.14 0.00 Zcchc11 -0.29 1.09
Bmpr1a 0.36 -0.16 Lrp5 -0.09 0.00 Zcchc11 0.27 -0.35
Bmpr1a 0.21 -0.22 Myst3 0.00 -0.33 Zfp358 -0.22 0.57
Bmpr1a -0.11 0.15 Myst3 0.15 -0.12 Zfp358 1.69 -0.48
Cdx2 0.08 -0.18 Myst3 0.00 -0.11
Cdx2 -0.34 0.39 Nanog -0.17 0.55

Crebbp 2.27 -0.35 Nodal 0.00 0.16
Crebbp -0.00 0.29 Nodal -0.20 0.16
Crebbp 0.00 0.09 Nog -0.09 0.25
Crebbp 0.00 -0.05 Piwil2 -0.66 0.55
Dicer1 0.72 -0.95 Pla2g2a -0.10 0.01
Dicer1 1.20 -1.25 Pou5f1 0.00 0.25
Esrrb -0.46 0.07 Rif1 0.01 -0.11
Esrrb -0.35 0.45 Rif1 0.00 -0.18
Esrrb -0.32 0.00 Rif1 -0.46 0.46
Fgf10 -0.10 0.41 Rif1 0.00 1.95
Fgf4 0.00 -0.00 Rif1 0.46 -0.00
Fgf4 0.00 -0.15 Sfrp1 0.22 -0.00
Fgf4 -0.60 0.34 Sfrp1 -0.15 0.26
Fgf4 -0.17 0.39 Sfrp1 -0.28 0.00
Fgfr1 0.23 0.00 Sfrp1 0.33 -0.37
Fgfr1 -0.06 0.51 Sfrp1 0.00 0.43
Fgfr1 -0.75 0.36 Sox2 -0.01 0.16
Fzd7 0.04 0.00 Tcf7l2 -0.01 0.08
Fzd7 0.87 -1.44 Tcf7l2 0.44 0.00
Igf1 0.00 0.85 Tcf7l2 0.00 0.26
Igf1 0.35 -0.93 Tcf7l2 -0.86 0.37
Igf1 0.02 -0.24 Tcl1 -0.20 0.14
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