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Abstract 

Rejuvenation of the Aged Stem Cell Niche: Signal Transduction and Reversing the Decline of 
Adult Hippocampal Neurogenesis and Myogenesis  

 

by  

Hanadie Yousef 

Doctor of Philosophy in Molecular and Cell Biology  

University of California, Berkeley  

Professor David Schaffer, Co-Chair 

Professor John Ngai, Co-Chair 

 
Although functional organ stem cells persist in the elderly, tissue damage invariably overwhelms 
tissue repair, ultimately leading to the failure of major organ systems. It has been demonstrated 
that the microenvironment, or niche in which adult stem cells reside critically influences stem 
cell function. The delicate balance between positive and negative signaling regulators controls 
the decision of adult stem cells to remain quiescent, self-renew or differentiate, a crucial balance 
for the maintenance of tissue homeostasis. In this dissertation, we provide evidence that the same 
key morphogenic signaling pathways become deregulated with age and contribute to the decline 
of both hippocampal neurogenesis and skeletal muscle regeneration with aging, leading to the 
decline in regenerative performance of both brain and muscle tissue stem cells. Furthermore, we 
demonstrate that the aged tissue niches can be rejuvenated to enhance native stem cell function 
in muscle and brain by youthful calibration of the intensity of these morphogenic signaling 
pathways. In particular, local attenuation of BMP signaling in the aged hippocampus, systemic 
and local attenuation of TGF‐β signaling in both the aged hippocampus and aged skeletal 
muscle, and specific proteins secreted by human embryonic stem cells that act through MAPK 
and Notch signaling rejuvenate brain and muscle tissue precursor cell function by normalizing 
the signaling strength of the pathways that are chronically overexpressed or underexpressed with 
aging. Summarily, by better understanding the age‐imposed decline in the regenerative capacity 
of stem cells, the debilitating lack of organ maintenance in the old, including decline in 
neurogenesis and skeletal muscle regeneration, can be ameliorated. 
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Introduction  

Hippocampal neurogenesis and muscle regeneration occur throughout life and are the 
products of stem cell differentiation. However, the ability of mammalian neural and muscle stem 
cells to survive and function properly declines with age. Interestingly, evidence suggests that the 
intrinsic capacity of some tissue stem cells, such as in muscle, for tissue maintenance and repair 
does not drastically decline with age. Rather, molecular changes in the stem cell 
microenvironments or niches contribute to or account for diminished stem cell regenerative 
potential in several tissue types, ultimately leading to tissue aging. Such changes in stem cell 
microenvironments that negatively regulate stem cell function have been observed in aged 
skeletal muscle, brain, skin, blood, and bone (Conboy & Rando 2012). In this dissertation, we 
are interested in understanding how the microenvironments of both brain and muscle tissue 
change with age and result in the decline of tissue stem cell function.  

An adult tissue stem cell has the ability to self-renew or differentiate, and it is the 
biochemical cues in the microenvironment, or stem cell niche, that influences this decision. For 
example, a hippocampal adult neural stem cell has the ability to self-renew, or differentiate into a 
neuron, astrocyte, or oligodendrocyte (Ming & Song 2005). What regulates this decision are the 
various biochemical cues in the neural stem cell niche, which include juxtacrine or paracrine 
signaling with other cell types, including astrocytes, microglia, endothelial cells, and mature 
neurons, morphogenic signaling through these cell-cell interactions which include through 
Notch, Wnt, transforming growth factor β (TGF-β), fibroblast growth factor (FGF), and Sonic 
hedgehog (Shh) signaling pathways, endocrine factors and chemokines that influence the local 
environment, small molecules such as neurotransmitters, and biophysical cues from the 
extracellular matrix, such as stiffness cues and the presence of various proteoglycans including 
heparin sulfate (Ming & Song 2005; Schwarz et al. 2012; Basak & Taylor 2009). In this 
dissertation, we focus on the extrinsic, morphogenic signal transduction pathways that change 
with age in the neural and muscle stem cell niches and contribute to decline in tissue stem cell 
function and regeneration.  

Considering that the same morphogenic signal transduction pathways – including Notch, 
Wnt, TGF-β, FGF, Shh, and others – regulate adult stem cell behavior in different tissues 
(Conboy & Rando 2012), it is possible that age-related changes in these pathways that lead to 
diminished stem cell regeneration are also conserved among multiple organ systems. 
Furthermore, complex interplays between systemic and local changes in specific signaling 
factors with age have been shown to inhibit stem cell mediated tissue regeneration (Loffredo et 
al. 2013; Villeda et al. 2011; Vukovic et al. 2012; Carlson, Conboy, et al. 2009; Paliwal et al. 
2012; Ruckh et al. 2012), and these interactions may also be conserved across tissues. In this 
dissertation, we assess age-induced changes in extrinsic signaling in both hippocampal neural 
and muscle stem cell microenvironments that lead to diminished tissue stem cell function and 
organogenesis. We furthermore assess methods of reversing age-induced signaling changes and 
thus methods to rejuvenate tissue regeneration in the aged.  

Neurogenesis occurs throughout our lifetime within the central nervous system (CNS), in 
the subgranular zone (SGZ) of the dentate gyrus of the hippocampus and the subventricular zone 
(SVZ) of the lateral ventricles, via differentiation of adult neural stem cells (NSCs) into 
excitatory granule neurons and inhibitory olfactory bulb interneurons, respectively (Ming & 
Song 2005). Hippocampal neurogenesis is believed to aid learning and new memory formation, 
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Figure 1. Stages of Hippocampal Neurogenesis.  

while SVZ neurogenesis plays a role in maintaining sensory functions. Hippocampal 
neurogenesis is a result of Type 1 NSCs differentiating into granule neurons in the dentate gyrus 
through successive stages 
which are marked by specific 
protein marker expression 
(Figure 1), and is regulated 
by a variety of complex 
stimuli. Positive regulators of 
neurogenesis, which are 
known to either increase 
proliferating neural precursor 
cells or to enhance survival 
of immature neurons include 
enriched environment, 
exercise, stroke, epilepsy, 
and diet (Ming & Song 2005; 
Gould et al. 2000). Negative 
regulators of neurogenesis, 
known to inhibit proliferation 
or neuronal survival include 
stress, depression, neurodegeneration, and aging. In this dissertation, we are interested in 
understanding the mechanistic causes of the decline in hippocampal neurogenesis with aging, as 
it may have impacts for the effects of aging on human cognitive function. 
 Likewise, skeletal muscle slowly degenerates with old age, as illustrated by a loss of 
skeletal muscle mass and strength, a process known as sarcopenia (Le Grand & Rudnicki 2007). 
Skeletal muscle regeneration and repair also occur throughout our lifetimes, in response to injury 
and exercise (Kuang et al. 2008). The ability of muscle stem cells (satellite cells) to induce 
myogenesis also declines with age, leading to increased fibrosis and scar tissue formation in 
place of regenerated muscle after injury (Conboy & Rando 2005) (Figure 2a). Understanding the 
causes of muscle degeneration with age may allow us to develop methods of reversing the effects 
of aging on muscle repair. Furthermore, if we could find similar mechanisms underlying the 
failure of organ stem cell function with age, this could result in the development of therapies that 
tackle the aging of multiple organs, and thus aging on an organismal level. 

The declines in hippocampal neurogenesis and muscle regeneration are believed to be a 
result of both a reduction in the number of organ stem cells and in the ability of the remaining 
stem cells to function properly with age. In particular within the SGZ, type 1 and 2 NSCs and 
neural progenitor cells (NPCs) significantly decrease in number with increasing age (Maslov et 
al. 2004; Olariu et al. 2007; Kuhn et al. 1996; Walter et al. 2011), as demonstrated by the 50-
70% decline in Sox2+ and Nestin+ cells. Furthermore, there is a significant decrease in the 
ability of the remaining NPCs to undergo neurogenesis, as demonstrated by the ~90% loss in 
proliferating BrdU+ and doublecortin (DCX)+ cells in neurogenic regions of aged mice and rats. 
Satellite cells similarly decrease in number with increasing age (Shefer et al. 2006), as shown by 
quantifying the number of Pax7+ and PCNA+ cells in freshly isolated young and old myofibers. 
In addition, the remaining old satellite cells fail to become activated upon injury to enter the cell 
cycle, and subsequently fail to proliferate as progenitor cells (myoblasts) in order to populate the 
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Figure 2. Stages of Young and Old Skeletal Muscle 
Regeneration. (A) On Day 1 of muscle injury in a mouse 
model (either via cardiotoxin injection or excessive 
exercise), in both young (2-4 month) and old (18-24 
months) mice there is tissue damage as shown by 
extracellular space between myofibres. Five days post 
injury, young skeletal muscle is fully regenerated as shown 
by new myofibres with centrally located nuclei, while old 
muscle instead displays fibrosis. Old skeletal muscle, 
however, can be rejuvenated by modulated various signal 
transduction pathways known to be deregulated with age. 
(B) Stages of Myogenesis and the various morphogenic 
signaling pathways that regulate differentiation and change 
in intensities with age.  

 

 

injured tissue.  Instead, the myoblasts that do manage to proliferate will prematurely fuse into 
myofibers, leaving the remaining extracellular space in the injury site to be populated by 
fibroblasts and form scar tissue (Conboy & Rando 2005) (Figure 2b).  

Although the phenomena of reduced stem cell numbers and activity with aging has been 
firmly established, the molecular mechanisms that underlie the loss of organ stem cell numbers 
and function with age, particularly in brain, are only beginning to be elucidated. In particular, 
both an elevation in the systemic levels of chemokines and a decrease in hippocampal Wnt 
signaling with age have been correlated with or demonstrated to hinder hippocampal 
neurogenesis (Vukovic et al. 2012; Okamoto et al. 2011; Miranda et al. 2012; Seib et al. 2013; 
Villeda et al. 2011). 

Similarly in muscle, several 
morphogenic signaling pathways are 
known to be deregulated with age in the 
muscle stem cell niche. These include 
Notch and MAPK signaling, which 
decreases with age, and Wnt and TGF-β, 
which increase with age in the muscle 
stem cell niche and contribute to decline 
in skeletal muscle regeneration with aging 
(Conboy et al. 2003; Conboy et al. 2005; 
Brack et al. 2007; Carlson & Conboy 
2007; Carlson et al. 2008; Carlson, 
Conboy, et al. 2009; Carlson, Suetta, et al. 
2009) (Figure 2b). Old skeletal muscle, 
furthermore, can be rejuvenated through 
multiple mechanisms, including 
modulating the signaling intensities of 
these pathways to mimic the young 
microenvironment, administering human 
embryonic stem cell (hESC)-secreted 
proteins, or through heterochronic 
parabiosis, the process of linking the 
blood stream of a young and old animal 
(Conboy & Rando 2012; Conboy et al. 
2011; Yousef et al. 2013).  While multiple 
methods of rejuvenating the aged mouse 
skeletal muscle regeneration have been 
established, none of these methods have 
translated into human therapies, nor has 
conserved aging between muscle and 

other tissues been addressed.  
In Chapter 1 of this dissertation, we assess the role of TGF-β signaling, in particular the 

Bone Morphogenic Protein (BMP) branch of signaling, in the decline of hippocampal 
neurogenesis with aging. In Chapter 2, we determine the conserved role of TGF-β signal 
deregulation in decline of both hippocampal neurogenesis and skeletal muscle regeneration. 
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Finally, in Chapter 3, we determine the potent and rejuvenating effects of human embryonic stem 
cell (hESC)-secreted proteins on enhancement of mouse and human myogenesis, as well as it’s 
proliferative and neuroprotective effects on neuronal precursors and cell types, identifying 
conserved effects on muscle and brain tissue types. Summarily, the goal of this dissertation is to 
elucidate conserved, extrinsic morphogenic signaling mechanisms that are deregulated in brain 
and muscle stem cell niches with aging. In each Chapter, we take additional steps by using our 
knowledge of signal deregulation to provide multiple methods to rejuvenate aged neural and 
muscle microenvironments in order to enhance native stem and progenitor cell function.  

TGF-β1 is a pleiotropic cytokine that becomes elevated with age both in the circulation 
and locally in several tissues, including the muscle and brain (Carlson, Conboy, et al. 2009; 
Doyle et al. 2010). Such changes in the intensity of TGF- β1/pSmad2,3 signaling – with aging, 

pathology, or experimental induction – have been 
shown to perturb maintenance and homeostasis of 
such diverse tissues as muscle, bone and cartilage, 
the subventricular and subgranular zones of the 
brain, vasculature, the hematopoietic / immune 
system, and skin (Allen & Boxhorn 1989; 
Buckwalter et al. 2006; Carlson, Suetta, et al. 
2009; Han et al. 2012; Bohatschek et al. 2004; 
Rico et al. 2010; Sanjabi et al. 2009; Lan et al. 
2013; Pineda et al. 2013). In the Conboy lab in 
particular, TGF-β/pSmad2,3 signaling pathway 
has been implicated in the decline of satellite cell 
function and subsequent skeletal muscle 
regeneration with age (Carlson et al. 2008). Due 
to its inhibitory effect on multiple tissues 
throughout the body, we decided to explore the 
conserved and endogenous role of TGF-β 
signaling in decline of both skeletal muscle 
regeneration and hippocampal neurogenesis with 
age, with an assessment of its context-dependent, 
pleiotropic effects.  

TGF-β ligands bind type II receptors, which then phosphorylate and activate type I 
serine/threonine kinase receptors. The type I receptors in turn phosphorylate and activate R-
Smads(1,2,3,5,8) which then bind with Co-Smad4 and translocate to the nucleus, where they 
bind coactivators or corepressors to activate or inhibit gene expression (Figure 3). TGF-βs, 
Activins, Nodal, and some Growth and Differentiation Factors (GDFs) signal through R-Smads 2 
and 3, while BMPs and most GDFs signal through R-Smads 1,5, and 8 (Massagué 2012; 
Oshimori & Fuchs 2012). Of the 100s of known genes regulated by TGF-β signaling, of 
particular interest in our assessment of regulation of stem cell activity are the transcriptional 
regulation of various CDK inhibitors including p21 by R-Smad2,3 signaling, and transcriptional 
regulation of inhibition of differentiation genes (Id1-4) by the R-Smad1,5,8 signaling branch.  

Recent work has indicated that the capacity for muscle regeneration decreases with age 
due to increased TGF-β1 expression, among several other pathways deregulated in the satellite 
cell microniche (Figure 2B), (Conboy & Rando 2012; Carlson et al. 2008). Normally, TGF-β1 
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inhibits the proliferation of satellite cells by inducing expression of CDK inhibitors (Allen & 
Boxhorn 1989). Aged satellite cells overexpress pSmad3, one of the transcription factors 
activated by TGF-β ligand binding to its receptor, leading to overexpression of CDK inhibitors 
p15, p16, p21 and p27, and arrest of proliferation and differentiation during skeletal muscle 
regeneration (Carlson et al. 2008).  

TGF-β may similarly regulate the cell fate of adult neural stem cells. TGF-β1 inhibits 
proliferation of NSCs in the SGZ (Buckwalter et al. 2006; Wachs et al. 2006). TGF-β1 mRNA is 
highly expressed in the murine hippocampus (Lein et al. 2007) and in the aged brain (Doyle et al. 
2010). Furthermore, adult neural stem and progenitor cells express the receptor types I and II, 
necessary for TGF-β1 signaling (Wachs et al. 2006). In addition, TGF-β1 inhibits proliferation of 
NSCs in culture, arresting them in the G0/1 phase of the cell cycle. Moreover, TGF-β1 
overexpression from a GFAP promoter in transgenic mice results in a dramatic decrease in 
hippocampal neurogenesis via inhibition of neural progenitor cell proliferation (Buckwalter et al. 
2006). Additionally, an increase in TGF-β1 secretion by ECs in the aged SVZ or following 
irradiation inhibits proliferation and induces apoptosis of neural progenitor cells (Pineda et al. 
2013). Lastly, excessive TGF-β1 signaling is associated with multiple neurodegenerative 
diseases, including Alzheimer’s and Huntington’s diseases (Apelt & Schliebs 2001; Zetterberg et 
al. 2004; Kandasamy et al. 2011). 

TGF-β’s role in aging of several tissues and pathologies, including muscle, led us to 
explore its role in more depth in skeletal muscle regeneration and importantly, for the first time 
in hippocampal neurogenesis and to establish a conserved and systemic role for pathological 
TGF-β signaling in decline of both neural and muscle stem cell homeostasis with aging. Based 
on the similar role of TGF-β in skeletal muscle regeneration and hippocampal neurogenesis, we 
hypothesized that this same pathway may be deregulated in the aging hippocampus, thereby 
resulting in a decline in neurogenesis. We predicted that TGF-β1 is upregulated in the dentate 
gyrus of the hippocampus leading to inhibition of neurogenesis. Additionally, just like the 
microenvironment or niche of satellite cells upregulates TGF-β ligand expression with age, 
resulting in an increase of Smad3 phosphorylation and signaling in satellite cells, we 
hypothesized that the neural stem cell niche in the dentate gyrus of the hippocampus contributes 
to decline of both the number of neural stem cells and their ability to differentiate into functional 
granular neurons with age by similar deregulation of TGF-β1/pSmad3 signaling.  

While evidence would suggest that increased TGF-β/pSmad3 may inhibit old 
neurogenesis similarly to myogenesis inhibition via inhibiting stem cell proliferation, based on 
the pleiotropic functions of TGF-β signaling which vary depending on the cellular and 
microenvironmental context (Massagué 2012), we hypothesized that increased TGF-β signaling 
in the aged hippocampus and skeletal muscle could modulate cellular responses other than 
proliferation. In support of this notion, TGF-β signaling is upregulated upon CNS damage and in 
a variety of neurodegenerative diseases (Bohatschek et al. 2004; Apelt & Schliebs 2001; 
Zetterberg et al. 2004; Kandasamy et al. 2011). Pathologies of CNS damage and 
neurodegeneration include excessive neuroinflammation (Glass et al. 2010). Additionally, 
inflammation increases generally in brain and muscle with age (Higuchi et al. 1991; Bohatschek 
et al. 2004). Finally, TGF-β can be pro-inflammatory depending on the cellular and 
microenvironmental context (Han et al. 2012; Sanjabi et al. 2009). Based on this information, we 
decided to assess the effects of TGF-β signaling on inflammation in the aged neural and muscle 
stem cell niches, in addition to its role on progenitor cell proliferation. Chapter 2 of this 



ix 

 

The Embryonic Niche
Embryonic 
Niche

Post-Natal Niche

Old NicheNiche Regenerative 
Capacity 

 

Figure 4. hESCs have an unlimited regenerative capacity and 
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dissertation, we ask the question: Will the embryonic niche be 
supportive of old post natal tissue repair? Will it rejuvenate the 
old niche, in turn, by modulating multiple signaling pathways 
known to be deregulated with age in the adult stem cell niche? 

 

dissertation details the results of our studies on the conserved role of TGF-β signaling in 
inhibiting proliferation and enhancing inflammation in aged brain and muscle stem cell niches.  

Other TGF-β ligands may also play a role in decreased tissue stem cell function with age, 
namely BMPs. BMPs signal through R-Smads 1,5,8, and induce expression of Id1-4, bHLH 
repressors that are necessary for progression of cells through the G1 phase of the cell cycle, for 
inhibiting differentiation inducing factors, and for maintaining motility (Nakashima et al. 2001). 
BMP signaling results in a variety of biological functions in various organ systems and during 
development, including in the central nervous system (CNS).  

 While BMP signaling has been extensively studied in the maintenance and 
differentiation of embryonic pluripotent and neural stem cells (Oshimori & Fuchs 2012; Bond et 
al. 2012), its roles within the adult CNS are only beginning to be elucidated. BMP inhibits 
neurogenesis and promotes NSC glial differentiation in the adult SVZ (Lim et al. 2000), resulting 
in a depletion of the stem cell pool (Porlan et al. 2013). BMP mRNA is highly expressed in the 
murine hippocampus (Lein et al. 2007). Importantly for the SGZ, it was demonstrated that BMP 
signaling through BMPRIA inhibits proliferation and promotes the maintenance of NSCs in an 
undifferentiated and quiescent state (Mira et al. 2010). Additionally, inhibiting BMP signaling 
through transgenic overexpression of the antagonist Noggin induced proliferation of 
hippocampal stem cells and enhanced the self-renewal of these cells, thereby expanded the pool 
(Bonaguidi et al. 2008). Furthermore, BMP4 inhibition has been implicated in exercise-induced 
hippocampal neurogenesis and hippocampal dependent learning (Gobeske et al. 2009; Fan et al. 
2003). Finally, various BMPs increase in human Alzheimer’s disease brains and its mouse 
models, which is also correlated with a decrease in neurogenesis (Crews et al. 2010; Li et al. 
2008). Interestingly, BMP involvement in the decline of adult stem cell function with age has not 
been investigated for any tissue in mammals, including brain. In Chapter 1 of this dissertation, 
we assess the role of BMP signaling in decline of hippocampal neurogenesis with aging. 

While methods of enhancing neurogenesis and myogenesis have been developed in aged 
mouse models by reversing age-
induced changes in key morphogenic 
signaling pathways including TGF-β, 
Notch and MAPK, these niche 
rejuvenation techniques are not 
translational for human therapies. This 
is because achieving precisely “young” 
levels of TGF-β, Wnt, Notch and 
MAPK signaling, among other 
signaling pathways, is critically 
important, since these pathways 
generally regulate cell growth and 
differentiation and control p53, p21 
and other CDK inhibitors, as well as 
cMyc and other pro-oncogenes (Rizzo 
et al. 2008; Lea et al. 2007; Meloche & 
Pouyssegur 2007; Cooper 2006). Thus, 
deviation from the physiologic levels 
of signaling strength in these pathways 
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is very likely to cause undesired changes in multiple tissues, including but not limited to 
oncogenic transformation. In practical terms, not enough is known about the identity and the 
expression profile of natural agonists and antagonists that modulate the signaling strength of 
TGF-β, Wnt, Notch, MAPK and other age-specific regulators of stem cells in embryonic, versus 
adult and old mammals. Hence, approaches for boosting tissue repair are not based on a clear 
understanding of the physiologic regulation, where robust formation of embryonic tissues is 
followed by less efficient, but still good, tissue regeneration in adults, and deteriorates into poor 
tissue repair in the old due to an increasingly limited niche regenerative capacity (Figure 4). A 
better characterization of the transition from inductive to inhibitory modes of stem cell regulation 
during the progression from embryo to young, adult and aged mammal might help to uncover the 
key physiological molecules that modulate the age-specific rate of regeneration. Ultimately, this 
would lead to novel clinical applications for safely enhancing tissue regeneration in the old 
without the side effects associated with non-physiological disruption in signal transduction.  

As an initial step in this direction, in Chapter 3 we assess the ability of hESCs to combat 
the inhibition of aged adult tissue regeneration via production of soluble secreted proteins and 
show that such a youthful barrier to aging is lost when hESCs differentiate. 

hESCs have an infinite capacity to self-renew and to differentiate into every cell type in 
the body (Levi & Morrison 2008; Conboy & Rando 2012; He et al. 2009). The tremendous 
potential of hESCs for organogenesis has created great interest in understanding and deliberately 
controlling their cell fate determination, and significant progress was made in recent years in 
directed differentiation (Wobus & Boheler 2005). At the same time, much less is known about 
the properties of self-renewing, undifferentiated hESCs that do not directly relate to 
developmental lineage progression, but that might indirectly influence the regenerative capacity 
of post-natal tissues through secretion of proregenerative proteins in order to maintain the 
embryonic niche. In this respect, previous research in the Conboy lab uncovered that in co-
cultures with mouse muscle precursor cells, hESCs dramatically enhanced myogenesis in vitro. 
Moreover, hESCs rejuvenated the repair of injured muscle in old mice when injected 
intramuscularly into immunocompromised animals, even though the hESCs themselves did not 
contribute to new muscle tissue (Carlson & Conboy 2007). The same work hinted that the 
positive regulation of mouse myogenesis by hESCs might be due to soluble factors (be they 
protein, lipid, sugar or other macromolecules), and that human mesenchymal stem cells lack this 
pro-regenerative activity (Carlson & Conboy 2007). The data and discussion in Chapter 3 of this 
dissertation introduces evidence that self-renewing hESCs, but not differentiated hESCs (hESCs 
vs. dhESCs), secrete proteins that counteract the oppressive biochemical milieu of aged muscle, 
aged brain and old circulation.   

Furthermore, we show that this embryonic proregenerative activity requires intact 
MAPK, Notch, and BMP signaling, and importantly, that it is conserved in mouse and human 
myogenesis, which would suggest promising translational therapies for enhanced tissue 
regeneration in the aged. Finally, we uncover the shared characteristics of the proregenerative 
secreted proteins, and identify some of the key proteins in the hESC-secreted mixture.   

In conclusion, the role of TGF-β/pSmad2,3 signaling in decline of muscle precursor cell 
function with age has been elucidated, but further insights into the multi-functional role of this 
pleiotropic signaling pathway in the muscle stem cell niche, as well as if it is deregulated 
similarly in hippocampal neural stem cell niche with age was assessed in this dissertation. In 
regards to hippocampal neurogenesis, the other canonical branch of TGF-β family growth factor 
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signaling, BMP/pSmad1,5,8, and its deregulation in the neural stem cell niche during aging was 
also assessed. Thirdly, with the goal of identifying human proteins that may enhance tissue stem 
cell-mediated regeneration, this dissertation details our discovery of specific hESC-secreted 
proteins that enhance tissue regeneration by mimicking the embryonic stem cell niche and 
modulating multiple biochemical signaling pathways known to be deregulated with age.  

The central goal of my thesis is to investigate the conserved molecular mechanisms 
underlying stem cell dysfunction in brain and muscle microenvironments with age. By 
identifying and understanding the conserved, extrinsic molecular mechanisms that lead to 
diminished tissue stem cell function with aging, we can ultimately develop therapies to 
rejuvenate aged microenvironments to enhance native stem cell function, tackling multiple organ 
systems through conserved deregulation and rejuvenation mechanisms. 
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Abstract 

Hippocampal neurogenesis, the product of resident neural stem cell proliferation and 
differentiation, persists into adulthood but decreases with organismal aging, which may 
contribute to the age-related decline in cognitive function. The mechanisms that underlie this 
decrease in neurogenesis are not well understood, though evidence in general indicates that 
extrinsic changes in an aged stem cell niche can contribute to functional decline in old stem cells. 
Bone Morphogenetic Protein (BMP) family members are intercellular signaling proteins that 
regulate quiescence, proliferation, and differentiation in precursor cells throughout the adult 
body and are likewise critical regulators of neurogenesis. Here, we establish that BMP signaling 
increases significantly in old murine hippocampi and inhibits neural progenitor cell proliferation. 
Furthermore, direct in vivo attenuation of BMP signaling via genetic and transgenic perturbations 
in aged mice led to elevated neural stem cell proliferation, and subsequent neurogenesis, in old 
hippocampi. Such advances in our understanding of mechanisms underlying decreased 
hippocampal neurogenesis with age may offer targets for the treatment of age-related cognitive 
decline. 

Introduction 

Neurogenesis occurs throughout our lifetime in the subgranular zone (SGZ) of the dentate gyrus 
(DG) of the hippocampus and the subventricular zone (SVZ) of the lateral ventricles in 
mammals, via differentiation of adult neural stem cells (NSCs) into excitatory granule neurons 
and inhibitory olfactory bulb interneurons, respectively (Ming & Song 2005). Hippocampal 
neurogenesis is believed to aid new memory formation, while SVZ neurogenesis plays a role in 
sensory functions (Deng et al. 2010; Deng et al. 2009; Oboti et al. 2009).  

Neurogenesis, however, significantly declines with age, which is believed to result from both a 
reduction in the overall number of stem cells and in the ability of the remaining cells to function 
properly with age (Walter et al. 2011). In particular within the SGZ, type 1 and 2 NSCs and 
neural progenitor cells (NPCs) significantly decrease in number with increasing age (Maslov et 
al. 2004; Olariu et al. 2007; Walter et al. 2011; Kuhn et al. 1996), as demonstrated by the two-
fold decline in Sox2+ cells and nine-fold decline in proliferating BrdU+ and doublecortin 
(DCX)+ cells in neurogenic regions of aged animals. SGZ neurogenesis is also very active in 
humans and exhibits a steady decline with age (Eriksson et al. 1998; Spalding et al. 2013). In 
addition, the molecular mechanisms that underlie the loss of organ stem cell numbers with age, 
particularly in brain, are beginning to be elucidated. Both an elevation in the systemic levels of 
chemokines and a decrease in hippocampal Wnt signaling with age have been correlated with or 
demonstrated to hinder hippocampal neurogenesis (Vukovic et al. 2012; Okamoto et al. 2011; 
Miranda et al. 2012; Seib et al. 2013; Villeda et al. 2011). In addition, TGF-β signaling has been 
implicated in the decline of neurogenesis with age in the subventricular zone (SVZ) (Pineda et al. 
2013), the other CNS region that can exhibit adult neurogenesis, though the significance of the 
SVZ to human biology and health is unclear as this region does not appear to have active 
neurogenesis in adult humans (Bergmann et al. 2012).  
 
Bone Morphogenic Protein (BMP) family members and most growth and differentiation factor 
(GDF) ligands bind BMP type II receptors, which then phosphorylate and activate type I receptor 
serine-threonine kinases. In the canonical pathway, the type I receptors in turn phosphorylate and 
activate specific R-Smads(1,5,8), which then heterodimerize with Co-Smad4 and translocate to 
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the nucleus, where they bind coactivators or corepressors to activate or inhibit gene expression 
(Oshimori & Fuchs 2012; Massagué 2012). In particular, BMP induces expression of Id1 and 
Id3, bHLH transcriptional repressors that are necessary for progression of cells through the G1 
phase of the cell cycle and inhibiting differentiation-inducing factors. (Nakashima et al. 2001). 
BMP signaling regulates a variety of biological functions in various organ systems and during 
development, including in the central nervous system (CNS).  
 
While BMP signaling has been extensively studied in embryonic pluripotent stem cells and 
NSCs (Oshimori & Fuchs 2012; Bond et al. 2012), its roles within the adult CNS are only 
beginning to be elucidated. BMP inhibits neurogenesis and promotes NSC glial differentiation in 
the adult SVZ (Lim et al. 2000), resulting in a depletion of the stem cell pool (Porlan et al. 2013). 
In addition, BMP signaling through BMPRIA inhibits proliferation and promotes the 
maintenance of SGZ NSCs in an undifferentiated and quiescent state (Mira et al. 2010). 
Additionally, overexpression of the BMP antagonist Noggin induced proliferation and enhanced 
the self-renewal of hippocampal stem cells , thereby expanding the pool (Bonaguidi et al. 2008). 
Furthermore, BMP4 inhibition has been implicated in exercise-induced hippocampal 
neurogenesis and hippocampal dependent learning (Gobeske et al. 2009; Fan et al. 2003). 
However, BMP involvement in the decline of adult stem cell function with age has not been 
investigated for any tissue in mammals. Here, we demonstrate that multiple BMP growth factors 
and downstream signaling effectors increase in expression with aging in the neural stem cell 
niche and as a result inhibit neural precursor cell proliferation. Furthermore, we demonstrate a 
partial rescue of aged hippocampal neurogenesis through in vivo genetic and transgenic 
inhibition of BMP signaling. 
 
Materials and Methods 
Animals  

Young (2-3 month old) and old (18-24 month old) C57BL6/J male mice were purchased from 
the Jackson Laboratory and the NIH. A breeding pair of BMPR1Alox/lox

 BMPR1B+/- Rosa26lacZ 
were obtained as a gift from the laboratory of Professor John Ngai, UC Berkeley. The mice were 
bred and aged in house, in accordance with the Guide for Care and Use of Laboratory Animals of 
the National Institutes of Health.  

For each experiment on aged (18-24 month old) mice, an n of at least 7 per group was used 
initially. If aged mice were lost due to surgery or age-related health issues, a minimum of n=3 
remaining mice were analyzed and assessed for statistical significance (described in statistical 
analysis below). Mice of the same genetic strain and age were assigned to groups at random. The 
animal experimental procedures were performed in accordance with the Guide for Care and Use 
of Laboratory Animals of the National Institutes of Health, and approved by the Office of 
Laboratory Animal Care, UC Berkeley. 

Cell Culture  
Primary rat neural progenitor cells isolated from the hippocampi of 6-week-old female Fisher 
344 rats (Charles River) were cultured in growth medium (DMEM/F12 (Life Technologies) 
containing N2 supplement (Life Technologies) and 10 ng/mL FGF-2 (PeproTech)) on laminin 
(Roche) and polyornithine (Sigma) coated tissue culture plates, with subculturing on reaching 
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80% confluency using Accutase (Phoenix Flow Systems), as previously described (Ashton et al. 
2012). 

Primary mouse neural progenitor cells were isolated form C57BL6/J mice (Charles River) as 
previously described (Babu et al. 2011). Cells were cultures in growth medium (Neurobasal A 
(Gibco) containing B27 supplement (Gibco), Glutamax-1 supplement (Gibco), 20 ng/mL FGF-2 
(Peprotech), and 20 ng/mL EGF (PeproTech)) on Poly-d-Lysine (Sigma) and Laminin (Roche) 
coated tissue culture plate, with subculturing on reaching 80% confluency using Accutase 
(Phoenix Flow Systems). Progenitor cells were tested for mycoplasma contamination at the UC 
Berkeley Stem Cell Core Facility and using Hoechst DNA stain. 

In vitro validation of BMP Signaling and Proliferation Assay  
Rat NPCs were cultured in growth medium (DMF12 + N2 + 10 ng/mL FGF-2) as described 
above. Cells were cultured at a density of 200,000 cells per well of a 6-well culture slide in the 
presence/absence of BMP4 (50 ng/mL) (R&D) for 30 minutes, followed by a PBS wash and cell 
scraping into RIPA buffer for Western blot analysis as described below. Rat hippocampal-
derived NPCs were also cultured at a density of 80,000 cells per well of an 8-well chamber slide 
in growth medium plus the presence/absence of BMP4 (100 ng/mL) for 24 hours. NPCs were 
pulsed for 2 hours with 10 µM BrdU (Sigma Aldrich) before cell fixation with 70% cold ethanol 
for immunocytochemistry analysis as described below.  
 
Dissection and Preparation of Murine Hippocampi for RNA or Protein Analysis  
Young or old mice were anesthetized and perfused with 20 mL saline, followed by dissection 
and isolation of hippocampi. For RNA extraction, tissue was placed in 1 mL Trizol (Life 
Technologies) and homogenized, followed by chloroform extraction as previously described 
(Ashton et al. 2012). For protein extraction, hippocampi tissue was homogenized in RIPA buffer 
(50 mM Tris, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate and 1 mM EDTA, pH 7.4) 
containing 1X protease inhibitor (Roche), 1 mM Phenylmethylsulfonyl fluoride (PMSF), 1 mM 
sodium fluoride, and 1 mM sodium orthovanadate. Lysates were spun at 10K rpm for 5 min at 
4ºC to remove debris, and supernatant containing protein extract was snap frozen with dry ice. 
  
 RNA extraction, RT-PCR and real-time PCR 
Total RNA was extracted from primary neural progenitor cells or young and old murine 
hippocampi using Trizol reagent (Life Technologies) according to manufacturer’s instructions. 1 
ug of total RNA was used for cDNA synthesis with oligo dT primers (Life Technologies). For 
real-time PCR amplification and quantification of genes of interest, an initial amplification using 
specific primers to each gene of interest (realtimeprimers.com) was conducted with a 
denaturation step at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 1 min, 
primer annealing at 55°C for 30 s, and primer extension at 72°C for 30 s. Real-time PCR was 
performed using SYBR and an ABI PRISM 7500 Sequence Detection System (Applied 
Biosystems). Reactions were run in triplicate in three independent experiments. The geometric 
mean of housekeeping gene GAPDH was used as an internal control to normalize the variability 
in expression levels, which were analyzed using the 2 -ΔΔCT method described (Livak & 
Schmittgen 2001). 

ELISA  
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The concentration of active BMP4 in hippocampal tissue protein lysate was determined using 
enzyme-linked immunoabsorbent assay (ELISA)-based cytokine antibody array (R&D), 
according to manufacturer instructions.  

Immunocytochemistry  
Mice were anesthetized and perfused with saline and 4% PFA. Brains were collected and placed 
in 4% PFA overnight for post-fixation, followed by dehydration in 30% sucrose/PBS at 4°C for 
2 days. Brains were then sectioned at 40 µM using a sliding microtome and stored in a glycerol-
based cryoprotectant at -20°C until further analysis by immunostaining.  
 
For BrdU in vivo labeling of mitotic cells, mice were intraperitoneally injected with BrdU (50 
mg/kg of body weight, Sigma Aldrich) dissolved in saline to label mitotic cells, as previously 
described (Lai et al. 2003). Sections were incubated in SSC/formamide at 65°C water for 2 
hours, washed in TBS, followed by 2N HCl for 15 minutes. They were then placed in 2X Saline-
Sodium Citrate (SSC) for 30 minutes, .1 mM Borate Buffer for 15 minutes, followed by 6, 15 
minute washes in TBS, then blocked in a permeabilization/staining buffer, TBS++ (3% Donkey 
Serum and .25% Triton-X-100) for 2 hours. Sections were then incubated with αRat-BrdU 
(Abcam Inc. ab6326) and other antibodies (see Antibodies below) in TBS++ at 4°C for 72 hours. 
Secondary staining was done as described below.    
 
For EdU in vivo labeling of mitotic cells, mice were intraperitoneally injected with EdU (50 
mg/kg of body weight, Life Technologies) dissolved in phosphate-buffered saline. Brain sections 
were post-fixed with 4% PFA for 30 minutes after primary and secondary staining, and treated 
for EdU visualization using the Click-iT EdU kit (Life Technologies), as per the manual’s 
instructions.  
 
For non-BrdU/EdU staining, sections were washed 3 times for 15 minutes in TBS, followed by 
one hour blocking in a permeabilization/staining buffer, TBS++ (3% Donkey Serum and .25% 
Triton-X-100 in TBS), then incubated with primary antibodies of interest (see Antibodies) for 72 
hours. For secondary staining, sections were washed 3 times, 15 minutes each in TBS, followed 
by 2 hour incubation in donkey raised, fluorophore-conjugated, species-specific secondary 
antibodies (Jackson Immunoresearch) at 1:250 dilution in TBS++. Following secondary staining, 
sections underwent 3, 15 minute washes in TBS, with 4 µM Hoechst in the second wash. Finally, 
the sections were mounted on positively charged frosted slides, dried overnight and imaged with 
a prairie confocal microscope. 
 
Antibodies  

αRabbit-pSmad1/5/8 (Cell Signaling #9511), αRabbit-βactin (Cell Signaling #4967), αMouse-
BMP6 (Chemicon International MAB1048), αRabbit-BMP4 (Abcam ab39973), αMouse-β-
galactosidase (MP Biomedicals 08633651), αMouse-mCherry (Novus Biologicals 1C51), EdU 
Click-it kit (Life Technologies  C10337 and C10338), αGuineyPig-DCX (Millipore AB2253), 
αGoat-Sox2 (Santa Cruz SC-17320), αChicken-GFP (Abcam ab13970), αRat-BrdU (Abcam 
ab6326), BMP4 ELISA kit (R&D DY314) 

Western Blot Analysis 
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Neural progenitor cells were lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP40, 
0.25% sodium deoxycholate and 1 mM EDTA, pH 7.4) containing 1X protease inhibitor 
(Roche), 1 mM Phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium fluoride and 1 mM 
sodium orthovanadate. The protein concentration was determined by a Bradford assay (Bio-
Rad). Lysates were resuspended in 1X Laemmli buffer (Bio-Rad), boiled for 5 minutes, and 
separated on precast 7.5% or 4-15% TGX gels (Bio-Rad). Primary antibodies were diluted in 5% 
non-fat milk in TBS + 0.1% Tween-20, and nitrocellulose membranes were incubated with 
antibody mixtures overnight at 4°C. HRP-conjugated secondary antibodies (Santa Cruz Biotech) 
were diluted 1:500 in 5% non-fat milk in TBS + 0.1% Tween-20 and incubated for 1 hour at 
room temperature. Blots were developed using Western Lightning ECL reagent (Perkin Elmer), 
and analyzed with Bio-Rad Gel Doc/Chemi Doc Imaging System and Quantity One software. 
Results of multiple assays were quantified using Applied Biosystems of Image J software. Pixel 
intensity of bands of interest were normalized with the corresponding pixel intensities of 
glyceraldehydes-3-phosphate dehydrogenase or β-actin.  

Lentiviral Vector Construction, Packaging, and Purification  
A DNA cassette encoding human U6 promoter-driven expression of shRNA against mouse 
SMAD3  (Gene ID: 17127) was constructed by PCR with flanking PacI sites and, following 
restriction digestion and phenol/chloroform purification, ligated into the PacI site of the pFUGW 
lentiviral vector (Lois et al. 2002).  Five candidate sequences were tested for knockdown 
efficiency, and the most effective sequence (shSMAD 1.3 in Table 1) was selected for 
experimental studies.  Sequences for all shRNAs tested are provided in Table 1. The control 
shRNA vector against LacZ was constructed previously (Ashton et al. 2012). PCR was 
performed with Phusion DNA Polymerase (New England Biolabs) under the following 
conditions: 98○C for 2 min, 30 cycles of 12 s at 95○C, 30 s at 65○C, and 25 s at 72○C, with a final 
extension step of 2 min at 72○C. Lentiviral and retroviral vectors were packaged and purified 
using standard methods as described (Yu & Schaffer 2006; Peltier & Schaffer 2010). 
 
Cre  lentiviral plasmids were obtained (Addgene http://www.addgene.org/20781/ and 
http://www.addgene.org/27546/), packaged, and purified as previously described (Yu & Schaffer 
2006; Peltier & Schaffer 2010). The control GFP vector was constructed previously (Lois et al. 
2002). 
 
In vitro validation of Smad1 shRNA Vector 
Mouse neural progenitor cells (NPCs) were plated at 200,000 cells per well of a 6 well tissue 
culture plate in growth medium, transduced with lentivirus encoding shRNA to Smad1 or lacZ at 
a multiplicity of infection (MOI) of 5, and cultured for two weeks. RNA was extracted with 
Trizol (Life Technologies), followed by qPCR to assess levels of Smad1 (see Table 1 for 
sequences).   
 
To assess shRNA functionality, rNPCs were plated at 200,000 cells per well of a 6 well tissue 
culture plate in growth medium, transduced with lentivirus encoding shRNA to Smad1 or lacZ at 
a multiplicity of infection (MOI) of 10, and cultured for 72 hours. Cells were then plated at 105 
cells per well of 8 well chamber slides and cultured for 16 hours in growth medium in the 
presence or absence of 200 ng/mL BMP4. A 4 hour EdU (30 µM) pulse was performed before 
cell fixation in 4% PFA to label proliferating cells. Quantification described below. 
 

http://www.addgene.org/20781/
http://www.addgene.org/27546/
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In vivo loss of function via lentiviral vector stereotaxic injections to hippocampus  
Aged (18 month) C57BL6/J male mice received lateral intrahippocampal injections of equal 
volume and similar titer of lentiviral solutions (1 µl of LV-shRNA-Smad1-GFP or LV-shRNA-
lacZ-GFP, 1-3 x 10^8 IU/mL) in PBS on day -14, on the right hemisphere hippocampus, at 0.25 
uL per minute. The injection coordinates with respect to bregma were -2.12 mm 
anteriorposterior, -1.55 mm dorsoventral (from dura), and 1.5 mm mediolateral (refer to Figure 
4a). Mice were allowed to recover 14 days, followed by BrdU intraperitoneal (IP) injections (50 
mg/kg bodyweight) 1 times daily for 5 days. One day after receiving the fifth BrdU IP injection, 
mice were saline and 4% PFA perfused. Immunostaining and quantification described in 
immunocytochemistry section and quantification and statistical analysis section. 
 
Aged (18 month) C57BL6/J male mice received lateral intrahippocampal injections of equal 
volume and similar titer of lentiviral solutions (1 µl of LV-shRNA-Smad1-GFP or LV-shRNA-
lacZ-GFP, 1-3 x 10^8 IU/mL) in PBS on day -14, on the right hemisphere hippocampus, at 0.25 
uL per minute. The injection coordinates with respect to bregma were -2.12 mm 
anteriorposterior, -1.55 mm dorsoventral (from dura), and 1.5 mm mediolateral (refer to Figure 
5a). Mice were allowed to recover 14 days, followed by EdU IP injections (50 mg/kg 
bodyweight) 1 times daily for 5 days. Five days after receiving the fifth IP injection, mice were 
saline and 4% PFA perfused. Immunostaining and quantification described in quantification and 
statistical analysis section. 
 
Aged (18 month) BMPR1Alox/lox

 BMPR1B+/- Rosa26lacZ male mice received lateral 
intrahippocampal injections of equal volume and similar titer of lentiviral solutions (1 µl of LV-
Cre-mCherry or LV-FUGW (LV-GFP), 1-3 x 10^7 IU/mL) in PBS on day -14, on the right 
hemisphere hippocampus, at 0.25 uL per minute. The injection coordinates with respect to 
bregma were -2.12 mm anteriorposterior, -1.55 mm dorsoventral (from dura), and 1.5 mm 
mediolateral (refer to Figure 6a). Mice were allowed to recover 14 days, followed by BrdU IP 
injections (50 mg/kg bodyweight) 1 times daily for 5 days. One day after receiving the fifth 
BrdU IP injection, mice were saline and 4% PFA perfused. Immunostaining and Quantification 
described elsewhere. 
 
Aged (18 month) C57BL6/J male mice received lateral intrahippocampal injections of equal 
volume and similar titer of lentiviral solutions (1 µl of LV-Cre-GFP or LV-FUGW (LV-GFP), 1-
3 x 10^7 IU/mL) in PBS on day -14, on the right hemisphere hippocampus, at 0.25 uL per 
minute. The injection coordinates with respect to bregma were -2.12 mm anteriorposterior, -1.55 
mm dorsoventral (from dura), and 1.5 mm mediolateral (refer to Figure 7a). Mice were allowed 
to recover 14 days, followed by EdU IP injections (50 mg/kg bodyweight) 1 times daily for 5 
days. Five days after receiving the fifth EdU IP injection, mice were saline and 4% PFA 
perfused. Immunostaining and quantification described in Quantification and Statistical Analysis 
section.  
 
Quantification and Statistical Analysis 
For quantification of immunofluorescent images for BrdU or EdU incorporation, 25 20x images 
per replicate were taken on the Molecular Devices ImageXpress Micro automated 
epifluorescence imager, followed by automated cell quantification using the multiwavelength 
cell scoring module within the MetaXpress analysis software. Data was analyzed using ANOVA, 
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and P values equal or lower than 0.05 were considered statistically significant. Sample sizes of 
n=3 or greater were used for each experiment based on previously published experimental group 
numbers (Miranda et al. 2012; Ashton et al. 2012) and assessed for significance based on P 
values and heteroscedastic variance between groups that are statistically compared. For pixel 
intensity quantifications of immunofluorescent images, ImageJ was used to determine integrated 
pixel intensity of thresholded images, with n=3 young or old brain tissue sections, and 2 images 
(right and left hippocampi) per section assessed.   
 
For quantification of the number of BrdU+Sox2+ or EdU+DCX+ cells in shRNA or Cre injected 
mice, confocal stacks of 8 coronal GFP+ or mCherry+ brain sections spanning the hippocampus 
(40 microns thick, 200 microns apart) were acquired on a Prairie confocal microscope, and cells 
were counted. Cell numbers were normalized to the volume of the DG granule cell layer using 
ImageJ as previously described (Seib et al. 2013). Briefly, volume was calculated based on a 
threshold of the granule layer of each image as determined with Hoechst staining, then 
calculating the volumetric fraction based on  the thickness of the brain slice (40 µM) and the 
interval at which hippocampi sections were analyzed (every 6th section).  

Only aged mice that were lost during the study due to health reasons were excluded from 
analysis. For automated cell counting using MetaXpress analysis software, only sites that were 
blurry with indistinguishable colors (such as occasional areas on the slide with bubbles or rare 
images acquired with incorrect focus by the Molecular Devices ImageXpress Micro automated 
epifluorescence imager), or in the case of cell culture occasional areas with large cell clumps, 
were excluded from the cell quantification analysis. These criteria were pre-established. 

When performing in vivo experiments, there was no blinding as to experimental groups. For 
quantification and analysis, researchers were blinded to the group allocation when performing 
cell counts. 

Results  
 
BMP signaling increases in the aged murine hippocampus  
 
Consistent with prior reports (Maslov et al. 2004; Olariu et al. 2007; Walter et al. 2011; Kuhn et 
al. 1996), we found that Sox2+BrdU+ proliferating hippocampal cells, which include type 1 and 
2a neural stem and progenitor cells, significantly decline with age (Figure 1A). To correlate this 
decrease in proliferating neural stem and progenitor cells with levels of BMPs, known negative 
regulators of cell proliferation and differentiation in the young dentate gyrus (Mira et al. 2010), 
we isolated hippocampi from young (2-4 mo) and old (22-24 mo) male C57BL6/J mice and 
analyzed mRNA and protein levels of various BMP family members. We observed an increase in 
BMP2 and BMP6 mRNA expression levels with age as assessed by qRT-PCR (Figure 1B,C), as 
well as an increase in BMP6 protein expression as assessed by immunofluorescence (Figure 
1D,E). BMP4 protein levels were analyzed both by immunofluorescence in whole tissue sections 
and via ELISA in tissue lysates and found to increase with age (Figure 1F,G). Consistent with 
the vascular-like staining observed in young and old hippocampi, BMPs are known to be 
expressed in endothelial cells and regulate angiogenesis (Beets et al. 2013). Accordingly, BMP4 
was shown to colocalize with CD31+ endothelium in young and old dentate gyri (Supplementary 
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1A,B). BMP6, interestingly, is primarily expressed by microglia and is not expressed by the 
endothelium (Supplementary 2A-C). 

To confirm and build upon these results, we analyzed downstream SMAD signaling in young 
versus aged neural stem cells in vivo. qRT-PCR revealed that in vivo hippocampal expression of 
total Smad1, a transcription factor activated by BMP signaling (Massagué 2012), was elevated 
with age (Figure 2A). In addition, though active, phosphorylated SMAD1/5/8 protein levels did 
not appear to change across the hippocampus as a whole with age (Figure 2B), the percentage of 
Sox2+ cells that were also pSmad1/5/8+ in the SGZ increased substantially (Figure 2C, 
quantified in D). Furthermore, Id1, a known down-stream target of the BMP/pSmad pathway 
(Nakashima et al. 2001; Ross et al. 2003) that inhibits the function of proneural transcription 
factors and thereby inhibits neurogenic differentiation (Ross et al. 2003), was elevated with age 
(Figure 2E). These data are the first to demonstrate that in the hippocampus BMP transcript and 
protein levels and Id1 transcript levels increase with age, and that in hippocampal Sox2+ neural 
stem and progenitor cells SMAD1/5/8 phosphorylation is correspondingly elevated with age. 

Partial rescue of neurogenesis in aged hippocampi by in vivo genetic inhibition of 
BMP/pSmad1 signaling 

To probe whether an increase in BMP may be functionally relevant for neurogenesis, BMP4 was 
added to hippocampal-derived Sox2+ NPC cultures.  After 30 minutes, it was found to 
upregulate pSmad1/5/8 (Figure 3A), and after 24 hours it decreased cell proliferation, as assayed 
by reduced BrdU uptake (Figure 3 B, quantified in C).  To further assess the importance of 
downstream BMP signaling in regulating NPC proliferation, we genetically perturbed BMP 
signaling using a lentivirally-encoded shRNA we developed against Smad1 plus a GFP reporter, 
and RNAi efficacy was confirmed in mouse neural progenitor cells in vitro via qRT-PCR (Figure 
3D). As shown and quantified in Figures 3E and F, Smad1 shRNA but not control shRNA 
prevented the BMP4-induced decrease in proliferation. Collectively, these results indicate that 
BMP/pSmad1 signaling inhibits NPC proliferation. 

To further build upon these findings, the function of elevated BMP/pSmad1 signaling in the aged 
hippocampus was assessed in vivo via genetic perturbation of this pathway. After a single 
stereotaxic hippocampal injection of equal titers of either a lentiviral vector encoding GFP plus 
the shRNA against Smad1 – or a control shRNA against LacZ  – into 18 month old mice, animals 
were allowed to recover for 2 weeks, followed by five consecutive days of IP BrdU 
administration (Figure 4A). As shown in Figure 4B-C, the numbers of Sox2+ proliferating cells 
(quantified in the GFP+ region of tissue sections throughout the entire hippocampus) were 
significantly increased after a single injection of shRNA to Smad1, compared to the control 
shRNA. Furthermore, there was a significantly higher proportion of GFP+Sox2+ cells that were 
also BrdU+ in Smad1 shRNA injected mice (Figure 4D). Neurogenesis was thus significantly 
enhanced by the inhibition of pSmad1 in the local niche of neural stem cells in 18 month old 
mice (analogous to 80 year old humans). 

To analyze subsequent effects on type 2b doublecortin (DCX) + transit amplifying cells, a 
second cohort of animals was injected with the shRNA lentiviral vectors, mitotically labeled 2 
weeks later with EdU, and investigated 5 days after the last EdU injection to enable cells to 
progress towards neuronal commitment (Ming & Song 2005) (Figure 5A). There was a 
substantial increase in the total number of EdU+DCX+GFP+ type 2b transit amplifying cells 
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(Figure 5B-C). Thus, the in vivo delivery of lentiviral shRNA to Smad1 partially rejuvenated 
neural stem cell function and confirmed that canonical BMP/pSmad1 signaling is involved in the 
age-imposed inhibition of neurogenesis. 

Partial rescue of neurogenesis in aged hippocampi by in vivo transgenic inhibition of BMP 
signaling 

To further investigate the finding that attenuation of BMP signaling enhances neurogenesis, we 
directly perturbed BMP signaling through Cre-mediated deletion of BMPR1A in aged (18-22 
month old) BMPR1Alox/lox

 BMPR1B+/- Rosa26lacZ mice. It has been demonstrated that type 1 
and 2a cells specifically express BMPR1A in the SGZ, whereas granule neurons express 
BMPR1B (Mira et al. 2010). After a single stereotaxic hippocampal injection of equal titer of 
either a lentiviral vector encoding mCherry as well as Cre recombinase – or control vector 
encoding GFP only – into 18-22 month aged mice, animals were allowed to recover for 2 weeks, 
followed by five consecutive days of IP BrdU administration (Figure 6A). Cre recombination 
was evident by β-galactosidase immunoreactivity in animals administered with the Cre, but not 
the control, virus (Figure 6B). Furthermore, the number of Sox2+ proliferating cells (quantified 
in the mCherry+ or GFP+ region of tissue sections throughout the entire hippocampus) was 
significantly increased after a single injection of Cre recombinase, as compared with control GFP 
lentivirus (Figure 6C-E). Finally, there was a significantly higher proportion of mCherry+Sox2+ 
cells that were also BrdU+ (Figure 6F). Proliferation was thus significantly enhanced by the 
inhibition of BMP signaling through the BMPR1A receptor in NSCs of 18-22 month old mice. 

To analyze effects on downstream type 2b transit amplifying cells, additional aged, BMPR1A 
floxed animals were injected with equal titer of a lentiviral vector encoding GFP and Cre, or 
control vector encoding GFP. Two weeks after the injection, cells were mitotically labeled with 
EdU, then investigated 5 days after the last EdU injection (Figure 7A). There was a substantial 
increase in the number of EdU+/DCX+ type 2b cells (quantified in the GFP+ region of tissue 
sections throughout the entire hippocampus) (Figure 7B-C). This was confirmed to be a direct 
result of the lentiviral delivery of Cre and subsequent BMPR1A deletion, since there were a 
significantly higher proportion of GFP+DCX+ cells that were also EdU+ (Figure 7D). Thus, 
inhibition of BMP signaling via Cre-induced deletion of BMPR1A in vivo further established 
that canonical BMP/pSmad signaling is involved in the age-imposed inhibition of neurogenesis. 

Discussion 

Collectively, our data indicate that BMP signaling reversibly inhibits the capacity of stem cells in 
the aged brain to contribute to neurogenesis. Specifically, an age-imposed increase of 
BMP/pSmad1,5,8 signaling in the neural stem cell niche was identified and shown to inhibit 
neural progenitor cell proliferation. Importantly, genetic inhibition of BMP signaling partially 
rescued neural stem and progenitor cell proliferation and neuronally committed transit 
amplifying type 2b cells in aged mice. This ability to rapidly enhance neurogenesis via 
modulating the levels of signaling pathways in the stem cell microenvironment suggests 
promising strategies for combatting the loss of cognitive function and memory with aging. 

In humans, there are 20 known BMP family members (Chen et al. 2004). BMPs and many GDFs 
signal through SMAD1/5/8 (Oshimori & Fuchs 2012). Specifically, BMPs bind type 2 receptors 
(BMPR2 or ACVR2) and type 1 receptors (BMPR1A (ALK3),BMPR1B (ALK6), ALK2, or 
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ALK1) to induce downstream SMAD1/5/8 signaling. BMPs thereby induce or repress numerous 
target genes that vary with the microenvironmental, transcriptional, and epigenetic landscapes 
during which they act during development and during tissue homeostasis (Oshimori & Fuchs 
2012; Massagué 2012). Here, we show an increase in expression of BMPs 2, 4, and 6 with age. 
All three are known to bind BMPR2, BMPR1A, and BMPR1B, and to act through SMAD1,5,8 
(Chen et al. 2004). It will be interesting to determine if there are differences in receptor binding 
affinity and downstream target genes amongst these 3 BMPs..  

Within the developing CNS, several downstream BMP targets act to embryonic neurogenesis 
and promotes glial differentiation (Nakashima et al. 2001). For example, Id1 and Id3 prevent the 
activity of transcription factors that promote neuronal differentiation, including  Neurogenin, 
Ascl1, and NeuroD1 (Nakashima et al. 2001; Ross et al. 2003). BMPs also induces expression of 
Hes genes, which are known to prevent neuronal differentiation (Bond et al. 2012). Finally, BMP 
can promote astrocytic differentiation during embryonic development in part by inducing 
expression of glial fibrillary acidic protein (GFAP)  (Bonaguidi et al. 2005). It would be 
interesting to determine whether analogous modulators function during adult neurogenesis, and 
thus may thus change with aging.  
 
Within the SVZ, BMP is secreted by neural stem and progenitor cells (i.e. resident radial glial-
like cells and transient amplifying cells), while the ependymal cells in this neurogenic niche 
secrete Noggin, an inhibitor of BMP (Bond et al. 2012). By comparison, although BMP4 is 
known to be expressed in the young murine hippocampus (Lein et al. 2007), in general the 
sources of BMP ligand secretion in the dentate gyrus remains to be determined. These may 
include several cell types with which hippocampal NSCs are known to interact, including 
astrocytes, microglia, endothelial cells and neurons (Basak & Taylor 2009).  In particular, the 
vascular endothelium may play a role analogous to its secretion of BMPs to regulate 
angiogenesis (Beets et al. 2013), consistent the vascular immunostaining we observe (Figure 1). 
 
While BMPs have been implicated in age-associated CNS pathologies, their role in the aging of 
the hippocampal stem cell niche and decline of neurogenesis has not previously been elucidated. 
Specifically, an increase in BMP6 and BMP4 and associated decreased neurogenesis was shown 
for such age-associated pathologies as human Alzheimer’s Disease and corresponding mouse 
models (Crews et al. 2010; Li et al. 2008). Interestingly, neurogenesis is rescued by inhibiting 
BMP signaling with Noggin in AD models (Tang et al. 2009). It has also been demonstrated that 
increased BMP signaling results in cognitive impairments, whereas its inhibition improves 
cognition in hippocampus-dependent learning (Fan et al. 2003; Gobeske et al. 2009). 

It will be interesting to assess if inhibiting excessive BMP signaling in aged mice improves 
cognitive functions that are dependent on hippocampal neurogenesis. It may in general prove 
beneficial to inhibit BMP signaling in the elderly to enhance neurogenesis and potentially 
reverse age-induced brain pathologies, for example through systemic administration of small 
molecule inhibitors. However, the role of systemic BMP inhibition on various aged tissues will 
need consideration. Furthermore, while inhibiting excessive BMP signaling may promote 
neurogenesis in the aged, it may prove important to tune the level of signaling in old to that seen 
in the young, in order to rejuvenate the stem cell niche while preserving the crucial role of BMP 
signaling in maintaining the stem cell pool. That is, over-inhibition of BMP signaling that was 
already at physiological young levels has proven detrimental to long-term neurogenesis in young 
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mice (Mira et al. 2010). In particular, while inhibiting BMP signaling via BMPR1A led to a 
transient increase in proliferating progenitors in the SGZ of young mice, after a period of time 
this proliferation decreased due to a depletion of the stem cell pool (Mira et al. 2010).  

In addition to BMP signaling, it may be necessary to retune multiple signaling pathways to 
rescue aged neurogenesis. Several studies have demonstrated that not just one signaling pathway, 
but a network of highly interactive morphogenic signaling pathways become affected by the 
aging process in various tissue stem cell compartments, including the brain (Seib et al. 2013; 
Conboy & Rando 2012; Okamoto et al. 2011; Silva & Conboy 2008). Multiple steps of 
hippocampal neurogenesis are regulated by many of these same signaling pathways, including 
Notch, Wnt, Shh, and TGF-β/BMP signaling  (Suh et al. 2009; Schwarz et al. 2012). Of these 
pathways, Wnt signaling, important for neurogenic differentiation (Pozniak & Pleasure 2006), 
has been demonstrated to decrease with aging in the hippocampus (Okamoto et al. 2011; 
Miranda et al. 2012; Seib et al. 2013). When upstream or downstream Wnt pathway regulators 
are modulated, there is a 2 to 3 fold increase in neurogenesis (Seib et al. 2013), similar to the 
level of increase found in this study upon inhibiting BMP signaling. Therefore, it may be 
beneficial to simultaneously modulate multiple signaling pathways that are deregulated with age 
in order to obtain an enhancement of neurogenesis to levels seen in the young. 

In summary, this work improves our understanding of the aging of neural stem cells by revealing 
a key signaling pathway, BMP that becomes deregulated with age. Partial rescue of neurogenesis 
through acute inhibition of this pathway demonstrates that decline in functionality of neuronal 
stem cells with age is reversible and can be rescued by the modulation of regulatory signaling in 
the stem cell microenvironment.  

Figure Legends  

Figure 1. BMPs Increase with Age Locally in Mice Hippocampi  (A) Young (2 month) and 
old (24 month) mice (n=3) were given daily IP injections of BrdU for 5 days, followed by 
perfusion and PFA fixation. Immunofluorescence (IF) was performed for Sox2 (green) and BrdU 
(red), with Dapi (blue) labeling all nuclei. Representative images are shown. Scale bar = 100 µM 
(B) Quantification of Bmp2 mRNA expression by qRT-PCR performed on RNA extracted from 
young and old hippocampi. The relative expression levels were normalized to GAPDH and 
presented relative to that of young hippocampi. Significant differences were identified by 
Student’s t-tests (*p<0.008). Error bars indicate standard error of the mean (n=4). (C) qRT-PCR 
quantification of Bmp6 mRNA was performed on RNA extracted from young and old 
hippocampi. The expression levels were normalized to GAPDH and presented relative to that of 
young hippocampi. Significant differences were identified by Student’s t-tests (*p<0.05). Error 
bars indicate standard error of the mean (n=5 young, 4 old). (D) Integrated pixel intensity of 
BMP6 immunofluorescence in young and old dentate gyri tissue sections was calculated using 
ImageJ. Pixel intensities are presented relative to young dentate gyri. Significant differences 
were identified by Student’s t-tests (*p<0.003). Error bars indicate standard error of the mean 
(n=3 young, 3 old). (E) Immunofluorescence was performed on perfused young and old brain 
tissue sections (n=3) for Sox2 (green) and BMP6 (red), with Hoechst (blue) labeling all nuclei. 
Representative low and high magnification images are shown. Scale bar = 50 µM (F) 
Immunofluorescence was performed on perfused young and old brain tissue sections (n=3), for 
Sox2 (green) and BMP4 (red), with DAPI (blue) labeling all nuclei. Representative images are 
shown. Scale bar = 50 µM (G) An ELISA was performed on young and old hippocampal protein 
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lysate to assess the level of BMP4. Significant differences were identified by Student’s t-tests 
(*p<0.05), and error bars indicate standard error of the mean (n=5 young, 5 old).  

Figure2. Downstream effectors of BMP Signaling increase with Age in Mice Hippocampi. 
(A) qRT-PCR quantification of Smad1 mRNA expression in young and old hippocampi. The 
relative expression levels were normalized to GAPDH and presented relative to that of young 
hippocampi. Significant differences were identified by Student’s t-tests (*p<0.01), and error bars 
indicate the standard error of the mean (n=3). (B) Immunofluorescence was performed on young 
and old brain tissue sections (n=4) for pSmad1/5/8 (green) and Sox2 (red), with DAPI (blue) 
labeling all nuclei. Representative images are shown. Scale bar = 100 µM (C) Representative 
high magnification images of brain sections stained for pSmad1/5/8 (green) and Sox2 (red), with 
DAPI (blue) labeling all nuclei. Scale bar = 50 µM (D) Quantification of the percentage of 
pSmad1/5/8+ Sox2+ neural stem and progenitor cells in the denate gyrus demonstrates an 
increase with age in BMP signaling to NPCs. Significant differences were identified by Student’s 
t-tests (*p<0.01), and error bars indicate the standard deviation (n=4) (E) qRT-PCR 
quantification of Id1 mRNA levels in RNA extracted from young and old hippocampi. The 
relative expression levels were normalized to GAPDH and presented relative to that of young 
hippocampi. Significant differences were identified by Student’s t-tests (*p<0.02), and error bars 
indicate the standard error of the mean (n=4). 

Figure 3. BMP inhibits neural progenitor cell proliferation. (A) Immunoblotting analysis 
shows that BMP4 (50 ng/mL) addition for 30 minutes activated its downstream effectors 
pSmad1/5/8 in NPCs cultured in growth medium (DMF12 + N2 + 10 ng/mL FGF2). Protein 
loading was normalized to β-actin (B) Functional validation of increasing BMP4. Primary NPCs 
were cultured in growth medium in the presence or absence of BMP4 (100 ng/mL) for 24 hrs. A 
2 hour BrdU (10 µM) pulse was performed before cell fixation to label proliferating cells. 
Immunofluorescence was performed for BrdU (green) and Sox2 (red), with Hoechst (blue) 
labeling all nuclei. Representative images are shown. Scale bar = 100 µM (C) Proliferation of 
NPCs were quantified by cell scoring in 25 random fields of each condition using an automated 
imager and MetaXpress cell scoring software. Results are displayed as the mean percent of 
BrdU+ proliferating NPCs +/-SD, respectively. Significant differences were identified by 
Student’s t-tests (*p< 0.001), and error bars indicate the standard deviation (n=4). (D) 
Quantification of Smad1 mRNA expression by qRT-PCR was performed on RNA extracted from 
NPCs transduced with shRNA to Smad1 or control virus and passaged for 2 weeks. The relative 
cDNA expression level was normalized to GAPDH and presented relative to that of mNPCs 
transduced with lacZ shRNA lentivirus. Significant differences were identified by Student’s t-
tests (*p<0.05). Error bars indicate standard deviation (n=3). (E) NPCs were transduced with 
control or Smad1 shRNA lentivirus. 72 hours post transduction, cells were cultured for 16 hours 
in growth medium (containing FGF2) in the presence or absence of BMP4 (200 ng/mL). A 4 
hour EdU (30 µM) pulse was performed before cell fixation to label proliferating cells. 
Immunofluorescence was performed for GFP (green), EdU (red) and Sox2 (gray), with Hoechst 
(blue) labeling all nuclei. Representative images are shown. Scale bar = 100 µM. (F) 
Proliferation of NPCs were quantified by cell scoring in 36 random fields of each condition 
using an automated imager and MetaXpress cell scoring software. Results are displayed as the 
mean percent of EdU+ proliferating NPCs +/-SD, respectively. Significant differences were 
identified by Student’s t-tests (*p< 2 x10-34), and error bars indicate the standard deviation (n=36 
technical replicates, with 4 biological replicates per condition).  
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Figure 4. Rescue of neurogenesis in aged hippocampi by in vivo genetic inhibition of 
pSmad1. (A) Schematic of stereotaxic lentiviral injection experiment. Aged (18 month old) mice 
received stereotaxic injections into hippocampi (coordinates from bregma: AP: -2.12, ML: +/-
1.5, VD: -1.55) of lentiviral vectors delivering either shRNA against Smad1 or shRNA against 
lacZ. The mice were allowed to recover for 10 days, followed by daily BrdU (50 mg/kg) 
intraperitonial injections for 5 days. Mice were perfused the morning after the last BrdU 
injection (Day 5). (B) Brain sections of lacZ or Smad1 shRNA injected mice (n=5 lacZ shRNA, 
4 Smad1 shRNA) spanning the entire hippocampus were immunostained with GFP (green), 
BrdU (red), and Sox2 (gray), with Hoechst (blue) labeling cell nuclei. Representative images are 
shown. High magnification of immunostaining of the subgranular zone of the dentate gyrus also 
shown. Scale bars = 50 µM  (C) Smad1 shRNA increases the number of BrdU+Sox2+ cells per 
GFP+ aged murine dentate gyrus. Significant differences were identified by Student’s t-tests 
(*p<0.04). Error bars indicate standard error of the mean (n=5 lacZ shRNA, 4 Smad1 shRNA 
brains) (D) Quantification of the mean percentage of BrdU+GFP+Sox2+ proliferating NPCs as 
compared with total GFP+Sox2+ (BrdU+/-) NPCs in shRNA injected brains demonstrates an 
increase in proliferating neural progenitor cells due to Smad1 shRNA transduction as compared 
with lacZ shRNA transduced control mice. Significant differences were identified by Student’s t-
tests (*p< 2 x 10-5). Error bars indicate standard deviation (n=3 mice, with 5 GFP+ hippocampal 
sections counted per mouse).  

Figure 5. Increase in type 2b cell proliferation in aged hippocampi by in vivo genetic 
inhibition of Smad1. (A) Schematic of injection experiment. Aged (18 month old) mice received 
stereotaxic injections into hippocampi (coordinates from bregma: AP: -2.12, ML: +/-1.5, VD: -
1.55) of lentiviral vectors delivering either shRNA against Smad1 or shRNA against lacZ. The 
mice were allowed to recover for 14 days, followed by daily EdU (50 mg/kg) intraperitonial 
injections for 5 days. Five days after the last EdU injection, mice were saline and 4% PFA 
perfused. (B) Brain sections of lacZ or Smad1 shRNA injected mice (n=3 lacZ shRNA, 5 Smad1 
shRNA) spanning the entire hippocampus were immunostained with GFP (green), EdU (red) and 
DCX (gray), with Hoechst (blue) labeling cell nuclei. Representative images are shown, as well 
as high magnification representative images. Scale bar = 50 µM (C) Smad1 shRNA increases the 
number of EdU+DCX+GFP+ cells in aged murine dentate gyri. Significant differences were 
identified by Student’s t-tests (*p<0.0002). Error bars indicate standard error of the mean (n=3 
lacZ shRNA, 5 Smad1 shRNA).  

Figure 6. Rescue of Neurogenesis in aged hippocampi by in vivo Cre-mediated BMPR1A 
deletion. (A) Schematic of stereotaxic lentiviral injection experiment. Aged (18-22 month old) 
BMPR1Alox/lox

  BMPR1B+/- Rosa26lacZ mice received stereotaxic injections into hippocampi 
(coordinates from bregma: AP: -2.12, ML: +/-1.5, VD: -1.55) of lentiviral vectors delivering 
either Cre-mCherry or GFP. The mice were allowed to recover for 14 days, followed by daily 
BrdU (50 mg/kg) intraperitonial injections for 5 days. Mice were saline and PFA perfused the 
morning after the last BrdU injection (Day 5). (B) Brain sections of Cre or GFP injected mice 
were immunostained with βgal (green), GFP/mCherry (red) and Sox2 (gray), with Hoechst (blue) 
labeling cell nuclei. βgal is positive only in BMPR1Alox/lox BMPR1B+/- Rosa26lacZ brains 
injected with Cre, demonstrating BMPR1A deletion. Representative images are shown. Scale bar 
= 50 µM (C) Brain sections of Cre or GFP injected mice (n=5) spanning the entire hippocampus 
were immunostained with BrdU (green), GFP/mCherry (red) and Sox2 (gray), with Hoechst 
(blue) labeling cell nuclei. Representative images are shown. Scale bar = 50 µM (D) High 
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magnification of immunostaining of the subgranular zone of the dentate gyrus, with 
GFP/mCherry (green), BrdU (red), and Sox2 (gray), with Hoechst (blue) labeling cell nuclei. 
Scale bar = 50 µM (E) Cre-mediated BMPR1A deletion increases the number of BrdU+Sox2+ 
cells in aged murine dentate gyri. Significant differences were identified by Student’s t-tests 
(*p<0.04). Error bars indicate standard error of the mean (n=5 per group). (F) Quantification of 
the mean percentage of BrdU+GFP/mCherry+Sox2+ proliferating NPCs as compared with total 
GFP+/mCherry+Sox2+ NPCs in shRNA injected brains demonstrates an increase in proliferating 
neural progenitor cells due to Cre-induced recombination as compared with GFP transduced 
control mice. Significant differences were identified by Student’s t-tests (*p< 9 x 10-10). Error 
bars indicate standard deviation (n=3 mice, with 5 GFP+ or mCherry+ hippocampal sections 
counted per mouse).  

Figure 7. Increase in type 2b cell proliferation in aged hippocampi by in vivo Cre-mediated 
BMPR1A deletion. (A) Schematic of stereotaxic lentiviral vector injection experiment. Aged 
(18-22 month old) BMPR1Alox/lox

  BMPR1B+/- Rosa26lacZ mice received stereotaxic injections 
into hippocampi (coordinates from bregma: AP: -2.12, ML: +/-1.5, VD: -1.55) of lentiviral 
vectors encoding either Cre-GFP or GFP. The mice were allowed to recover for 14 days, 
followed by daily EdU (50 mg/kg) intraperitonial injections for 5 days. Mice were saline and 
PFA perfused 5 days after the last EdU injection (Day 10). (B) Brain sections of Cre or GFP 
injected mice (n=5) spanning the entire hippocampus were immunostained with GFP (green), 
EdU (red), and DCX (gray), with Hoechst (blue) labeling cell nuclei. Representative images are 
shown alongside high magnification representative images. Scale bars = 50 µM (C) Cre-induced 
deletion of BMPR1A increases the number of EdU+/DCX+ cells in GFP+ aged murine dentate 
gyri. Significant differences were identified by Student’s t-tests (*p<0.03). Error bars indicate 
standard error of the mean (n=5) (D) Quantification of the mean percentage of 
EdU+GFP+DCX+ proliferating cells as compared to total GFP+DCX+ cells in Cre-GFP verse 
GFP injected brains demonstrates an increase in proliferating neuronally committed cells due to 
Cre-induced deletion of BMPR1A as compared with control mice. Significant differences were 
identified by Student’s t-tests (*p<0.006). Error bars indicate standard deviation (n=3 mice per 
group, with 6 GFP+ hippocampal sections counted per mouse).  

Supplementary Figure 1. BMP4 is secreted by endothelial cells. (A) Immunofluorescence 
was performed on perfused old brain tissue sections for BMP4 (green), CD31 (red), and Iba1 
(gray), with Hoechst (blue) labeling all nuclei. Representative low and high magnification 
images are shown. (B) Immunofluorescence was performed on perfused young brain tissue 
sections for BMP4 (green), CD31 (red), and Iba1 (gray), with Hoechst (blue) labeling all nuclei. 
Representative images are shown.  

Supplementary Figure 2. BMP6 is secreted by microglia. (A) Immunofluorescence was 
performed on perfused old brain tissue sections for BMP6 (green), Iba1 (red), and GFAP (gray), 
with Hoechst (blue) labeling all nuclei. Representative low and high magnification images are 
shown. (B) Immunofluorescence was performed on perfused young brain tissue sections for 
BMP6 (green), Iba1 (red), and GFAP (gray), with Hoechst (blue) labeling all nuclei. 
Representative low and high magnification images are shown. (C) Immunofluorescence was 
performed on perfused young brain tissue sections for BMP6 (green), and CD31 (red), with 
Hoechst (blue) labeling all nuclei. Representative low and high magnification images are shown 
and indicate there is no colocalization of BMP6 with endothelium. 
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Table 1 

 shRNA and qPCR Primer Sequences 
shRNA 
Smad 
1.1 

5’-
GCCCATTTGGTTCCAAGCAGAACTCTTCAAGAGAGAGTTCTGCTTGGAACCAAA
TGGGCTTTTT-3’ 

shRNA 
Smad 
1.2 

5’-
GTCCTATTTCATCCGTGTCTTACTCTTCAAGAGAGAGTAAGACACGGATGAAATA
GGACTTTTT-3’ 

shRNA 
Smad 
1.3 

5’- 
GTGGTGCTCTATTGTGTACTATCTCTTCAAGAGAGAGATAGTACACAATAGAGCA
CCACTTTTT-3’ 

shRNA 
Smad 
1.4 

5’-
GCATTTGGTTCCAAGCAGAATTCAAGAGATTCTGCTTGGAACCAAATGCTTTTT-
3’ 

shRNA 
Smad 
1.5 

5’-
GTCCTATTTCATCCGTGTCTTTCAAGAGAAGACACGGATGAAATAGGACTTTTT-
3’ 

shRNA 
lacZ 

Sense: 5’-GGGGTTAATTAAAAGGTCGGGCAGGAAGAGGGC-3’ 
Antisense: 5’-GGGGTTAATTAAAAAAAGTGACCAGCGAATACCTGTTCTC-3’ 

Bmp6 F: 5’-AAC CTG GTG GAG TAC GAC AA-3’; R: 5’-CGG GTG TCC AAC AAA AAT 
AG -3’ 

Bmp2 F: 5’-TTG CAC ACT TGC TGT CTG TT-3’; R: 5’-GTT CTC ACG GAT TGG ACA AC -
3’ 

Id1 F: 5’ GTC CAG TGG GTA GAG GGT TT-3’; R: 5-GAG AAG CAC GAA ATG TGA CC-
3’ 

Smad1 F:5’- GAT GGA CAA GTC AGA CAG GAT GG -3’; R: 5’-TGT CCC TGG CTT GGC 
CAT CTC-3’ 

GapDH F: 5’-CTGGAGAAACCTGCCAAGTA-3’       R: 5’-TGTTGCTGTAGCCGTATTCA-3’ 
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Abstract 
 

An emerging paradigm proposes that aging of multiple tissues is greatly influenced by the 
diminished function of their resident stem cells, and that molecular changes in the stem cell 
microenvironments contribute to or account for diminished stem cell regenerative potential, ultimately 
leading to tissue aging. To address the hypothesis that cross-tissue conservation in the aging of signal 
transduction may exist, we investigated and found common age-specific changes in the transforming 
growth factor β1 (TGF-β1)/pSmad2,3 signaling pathway in the neurogenic niche of the hippocampus 
and the myogenic niche of skeletal muscle. Furthermore, we show that systemically attenuating TGF-
β1 signaling in vivo in old mice with a small molecule inhibitor simultaneously enhances neurogenesis 
and muscle regeneration. These findings are further substantiated via genetic perturbations. 
Importantly, we demonstrate that the age-induced increase in TGF-β1 in the stem cell niches of aged 
hippocampus and skeletal muscle is pro-inflammatory as it results in elevated expression of β2 
microglobulin (B2M), a component of MHC class I molecules, and that inhibition of TGF-β1 signaling 
normalizes the B2M to its young levels in old neurogenic and myogenic niches. Summarily, our work 
uncovers a new phenomenon of broad, age-specific regulation of tissue stem cells by TGF-β1 / B2M 
signaling cross-talk within their niches. 

 
Introduction 
 

Interestingly, evidence suggests that the intrinsic capacity of some tissue stem cells, such as in 
muscle, for tissue maintenance and repair does not drastically decline with age. Rather, molecular 
changes in the stem cell microenvironments or niches contribute to or account for diminished stem cell 
regenerative potential in several tissue types, ultimately leading to tissue aging. Such changes in stem 
cell microenvironments that negatively regulate stem cell function have been observed in aged skeletal 
muscle, brain, skin, blood, and bone 1. Considering that the same morphogenic signal transduction 
pathways – including Notch, Wnt, transforming growth factor β (TGF-β), fibroblast growth factor 
(FGF), Sonic hedgehog (Shh), and others – regulate adult stem cell behavior in different tissues 1-4, it is 
possible that age-related changes in these pathways that lead to diminished stem cell regeneration are 
also conserved among multiple organ systems. Furthermore, complex interplays between systemic and 
local changes in specific signaling factors with age have been shown to inhibit stem cell mediated 
tissue regeneration 5-10, and these interactions may also be conserved across tissues. This work is the 
first to demonstrate that there is cross-tissue conservation in the aging of TGF-β1 signal transduction in 
the skeletal muscle and neural stem cell microenvironments, and that one of the mechanisms by which 
TGF-β1 exerts it pro-aging affects involves the upregulation of β2 microglobulin (B2M), a component 
of MHC class I molecules. Furthermore, youthful calibration of TGF-β1/pSmad2,3 pathway by a 
systemically administered small molecule normalizes the levels of B2M and robustly rejuvenates 
hippocampal neurogenesis and skeletal myogenesis in the same old animal. 
 

TGF-β1 is a multi-functional cytokine that becomes elevated with age both in circulation and 
locally in several tissues, including the muscle and brain 8,11. Such changes in the intensity of TGF- 
β1/pSmad2,3 signaling – with aging, pathology, or experimental induction – have been shown to 
perturb homeostasis of such diverse tissues as muscle, bone and cartilage, the subventricular zone of 
the brain, vasculature, the hematopoietic / immune system, and skin 12-19,24.  

 
TGF-β1 can inhibit cell proliferation by upregulating the expression of several CDK inhibitors, 

including p21 13,20-22, and it may thereby directly inhibit the proliferation of tissue stem and progenitor 
cells. However, it may also modulate tissue inflammation, as TGF-β1 can be either anti- or pro-
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inflammatory depending on the levels of this morphogen and the gene expression landscape of the 
responding tissue 15,18. For example, young and healthy levels of TGF-β1 are known to down-modulate 
the immune response, and accordingly the complete absence of TGF-β1 or its downstream signaling 
causes multifocal inflammation in young mammals (reviewed in 18). In contrast, when present at high 
or pathological levels, TGF-β1 has been shown to promote massive inflammation in a variety of 
systems 15,18. While inflammatory responses, which in general include induction of MHC class I and 
class II genes and the production of multiple inflammatory cytokines including TGF-β1, are needed for 
productive regeneration of tissues including skeletal muscle and brain, prolonged and excessive 
inflammation is known to interfere with tissue maintenance and repair 9,15,18. 

 
Circulating TGF-β1 is unlikely to reach the neurogenic niche (due to the blood-brain barrier), 

but local overproduction of TGF-β1 by aged microglia and by endothelial cells has been reported in the 
subventricular zone of the forebrain 23,24. However, despite the importance of hippocampal 
neurogenesis for learning and memory 25, and the contribution that age-imposed deterioration of this 
brain region may make to declines in cognition 26, it is unknown whether levels of local TGF-β1 and 
the strength of TGF-β1/pSmad2,3 signaling rise with age in the hippocampal niche of neural stem cells 
and contribute to this age-specific decline in neurogenesis. 

 
TGF-β1/pSmad signaling increases in aged neural and muscle stem cell niches 
 

Consistent with previously published results 26-28, we found that Sox2+BrdU+ proliferating 
Type 1 and 2a hippocampal neural stem and progenitor cells significantly decline with age (Figure 1a). 
To correlate this decrease in proliferating neural stem and progenitor cells with levels of TGF-β1, we 
isolated hippocampi from young (2-4 mo) and old (22-24 mo) male C57BL6/J mice. TGF-β1 mRNA 
expression was examined by qRT-PCR, and protein levels were analyzed both by ELISA in tissue 
lysates and via immunofluorescence in whole tissue sections. As shown in Figure 1b-e, TGF-β1 
became elevated with age in the murine hippocampus. Confirming a broad age-related increase of 
TGF-β1, this cytokine also became elevated in old blood serum (Extended Data Figure 1a and 8) and 
skeletal muscle (Extended Data Figure 1b, c and 20). Additional immunostaining was performed in 
order to assess the course of TGF-β secretion. As shown in Extended Data Figure 6a-d, microglia and 
endothelial cells, but not astrocytes, secrete TGF-β.  
 
 To confirm and build upon these results, we analyzed downstream pSmad signaling in young 
versus aged neural stem cells in vivo. As shown in Figure 2a (quantified in b), the levels of pSmad3 
were up-regulated in aged compared to young Sox2+ neural stem and progenitor cells in the 
subgranular zone (SGZ) of the dentate gyrus of the hippocampus. Furthermore, TGF-�1 is a known 
inhibitor of cell proliferation 13,20,22,29, and accordingly qRT-PCR revealed that in vivo hippocampal 
expression of p21, a known down-stream target of TGF-β1/pSmad pathway that inhibits cell cycle 
progression 22,30, was elevated with age (Figure 2c). To initially investigate whether this age-associated 
increase in TGF-β1 may be functionally important for neurogenesis, TGF-β1 ligand was added to 
hippocampal-derived Sox2+ neural progenitor cell (NPCs) cultures and observed to both upregulate 
pSmad3 (Figure 3a) and decrease cell proliferation, as assayed by reduced BrdU uptake (Figure 3b-c). 
These data are the first to demonstrate that the levels of TGF-β1 transcript and protein and p21 
transcript increase with age in the hippocampus, and that Smad3 phosphorylation increases in resident 
Sox2+ neural stem and progenitor cells of the old hippocampus. 
 
Simultaneous systemic enhancement of hippocampal neurogenesis and myogenesis in old mice  
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The conserved increase in TGF-β1/pSmad signaling within muscle and brain stem cell niches 
with age suggested that stem cell responses could be enhanced in both tissues by attenuating the 
intensity of this pathway, which would both validate our conclusions and offer translational potential 
for rejuvenating multiple tissues in the same organism with a single therapeutic intervention. 
Accordingly, a small molecule pharmacological inhibitor of the TGF-β1 receptor I kinase (Alk5) was 
added to cultured NPCs, where it was found to down-modulate pSmad2 and pSmad3 levels (Extended 
Data Figure 2a, quantified in b). In vivo, this molecule was administered systemically via 
intraperitoneal (IP) injection into aged mice (24-26 mo) once daily for 11 days. In mice perfused on 
day 12, a robust decrease in pSmad2/3 levels was observed in the hippocampus, validating both activity 
and blood brain barrier transport of the inhibitor (Extended Data Figure 2c-f).  To assess the ability of 
the Alk5 inhibitor to enhance regeneration of multiple tissues in the same animal, muscle was injured 
by cardiotoxin one week after the start of Alk5 inhibitor administration (day 0 of schematic Figure 4a), 
and tissue regeneration was analyzed at 5 days post-injury (Figure 4a). In parallel, we quantified 
hippocampal neurogenesis – i.e. the numbers of BrdU+Sox2+ cells in tissue sections across the 
hippocampus – in the same animal cohorts (Figure 4b-c). Very interestingly, both neurogenesis and 
myogenesis were significantly enhanced in the aged mice treated with Alk5 inhibitor, compared to the 
animals receiving control buffer (Figure 4b-e). In brain this was evident from a two-fold increase in the 
numbers of Sox2+ proliferating neural stem and progenitor cells within the hippocampal dentate gyrus 
(Figure 4b-c). In muscle we observed enhanced de novo myofiber formation 5 days post-injury as 
assayed by quantifying the numbers of eMyHC+ fibers with centrally located nuclei (Figure 4d, e). 
These results confirm the pro-myogenic effects of Alk5 inhibitor 8,31 and reveal that systemic 
administration of an attenuator of the TGF-β1/pSmad pathway simultaneously rejuvenates skeletal 
myogenesis and hippocampal neurogenesis in the same old animal. 
 
Rejuvenation of myogenesis and neurogenesis by genetic attenuation of TGF-β1 signaling  
 

To confirm these findings in independent experimental approaches, we genetically inhibited 
TGF-β1 signaling using a lentivirally-encoded shRNA we developed against Smad3. The efficacy of 
this shRNA was confirmed in transduced mouse muscle progenitor cells in vitro via western blotting 
and in mouse neural progenitor cells in vitro via qRT-PCR (Extended Data Figure 3a-b). After a single 
stereotaxic hippocampal injection of a lentiviral vector encoding GFP plus the shRNA against Smad3 – 
or control shRNA against LacZ – into 24 month old mice, animals were allowed to recover for 2 weeks, 
followed by five consecutive days of BrdU administration (Figure 5a). As shown in Figure 5b-d, the 
numbers of Sox2+ proliferating cells (quantified in the GFP+ region of tissue sections throughout the 
entire hippocampus) were significantly increased after a single injection of shRNA to Smad3, as 
compared with control shRNA lentiviral transduction. This was confirmed to be a direct result of the 
lentiviral delivery of shRNA against Smad3, since there was a significantly higher proportion of GFP+ 
and of GFP+Sox2+ cells that were also BrdU+ (Figure 5e, f). Neurogenesis was thus significantly 
enhanced by the inhibition of Smad3 signaling in the local niche of neural stem cells in 2 year old mice 
(analogous to 80 year old humans), demonstrating progress in rejuvenating neurogenesis in very old 
mice and complementing reports on the enhancement of neurogenesis through increase of Wnt-
mediated survivin signaling in 13 month old mice 2. To analyze analogous effects on type 2b 
Doublecortin expressing (DCX+) transit amplifying cells, another cohort of animals were mitotically 
labeled (with EdU) for 5 consecutive days and studied 5 days after the last injection to detect the cells 
that had progressed towards neuronal commitment 25. There was a substantial increase in the total 
number of EdU+DCX+GFP+ type 2b cells (Extended Data Figure 4a-c), demonstrating that not only 
the proliferation of neural stem cells but the formation of new neurons is rejuvenated in old mice 
administered with Alk5 inhibitor. 
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To further compare molecular conservation of tissue aging between brain and muscle, we also 

administered the lentiviral vector encoding shRNA against Smad3 into injured hind leg muscle of 24 
month old mice, simultaneously with cardiotoxin to induce muscle injury 32,33. Significant enhancement 
of old muscle repair, based on the numbers of de-novo formed muscle fibers that were quantified 
throughout the entire injury site 32,34, was observed in the 24 month old mice injected just once with the 
shRNA to Smad3, compared to the control shRNA (Extended Data Figure 4d,e). This is consistent with 
previously published results using shRNA to Smad3 to enhance old muscle regeneration, though 
several injections were administered 20. 
 

We further corroborated our findings by introducing a dominant negative form of the TGF-β1 
receptor (dnTGFBR2, known to inhibit pSmad2/3 levels 35). Expression of the dnTGFBR2 in neural 
progenitor cells and downstream inhibition of pSmad3 were confirmed by western blotting (Extended 
Data Figure 5a, b). Retroviral vectors encoding dnTGFBR2 or GFP as a control were injected into CTX 
injured muscle one day after injury, when resident muscle stem cells are breaking quiescence and 
entering the cell cycle 1,32 (Figure 6a). Three days after injury, muscle was harvested and assayed for 
proliferating (EdU+) myogenic cells. Compared to the aged tissue injected with control vector, in old 
muscle administered with dnTGFBR2 retroviral vector there was a marked increase in the percentage 
of desmin+ muscle precursor cells (Figure 6b,c) and a significant increase in proliferating 
desmin+EdU+ myogenic cells (Figure 6d,e). We also examined tissue 5 days after injury and observed 
that repair of old damaged muscle in vivo was robustly enhanced by dnTGFBR2, as assayed by the 
replacement of the injury with the newly formed myofibers and reduction in scarring (Figure 6f, g). 
These results agree with our prior work in muscle 20. Thus, in vivo retroviral delivery of dnTGFBR2 
rejuvenated the myogenic capacity of muscle stem cells responding to tissue injury, suggesting that old 
muscle repair can be enhanced after the time of breakage of quiescence (e.g. by enhancing the 
proliferation of the few old muscle stem cells that have entered cell cycle) and confirming that 
canonical TGF-β1/pSmad signaling is involved in the age-imposed inhibition of myogenesis.  

 
To further validate the cross-tissue conservation of TGF-β1 signaling with aging, hippocampal 

neural progenitor cells were transduced with dnTGFBR2 encoding retrovirus and assessed for 
proliferation. As shown in Figure 6h-i, dnTGFBR2 increased neural progenitor proliferation in their 
(FGF-2-rich) growth medium as compared to GFP control, based on EdU incorporation. Western 
blotting analysis showed that there was relatively high pSmad3 signaling in NPCs in growth medium 
even in the absence of exogenous TGF-β1, which was diminished upon dnTGFBR2 retroviral 
transduction (Extended Data Figure 5a). Furthermore, TGF-β1 (10 ng/mL) addition to growth medium 
overnight inhibited proliferation of GFP+ NPCs, but did not affect dnTGBR2+ NPCs (Figure 6h,i). 
Collectively, these results including both pharmacological and genetic intervention suggest that TGF-
�1/pSmad2/3 signaling increases with age in both myogenic and neurogenic niches of tissue stem cells 
and that attenuation of this pathway partially rescues myogenesis and neurogenesis. 
 
TGF- β increases B2M expression in aged neural and muscle stem cell niches 
 
  The developmental origins, as well as properties of muscle and brain (and their respective stem 
cells), are quite different, and we therefore next focused on potential underlying molecular mechanisms 
that may be regulated by the pleiotropic TGF-��/pSmad pathway and thus shared between such adult 
organ systems. The TGF-β1/pSmad pathway exerts complex and sometimes reciprocal effects on 
cellular and tissue responses, including the rate of cell cycle progression and the anti- versus pro-
inflammatory role in regulating immune responses 15. Thus, we next examined the effects of the age-
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specific elevated TGF-β1 on MHC class I gene expression, which when deregulated is known to 
promote tissue inflammation and associate with brain pathologies 23,36,37. B2M is the invariant chain of 
the MHC class I protein complex, and its expression is regulated similarly to the variable / polymorphic 
MHC class I and class II genes 38-40. In general, MHCI molecules are involved in a variety of processes 
that regulate brain development and plasticity, including neurite outgrowth, the establishment and 
function of cortical connections, activity-dependent refinement in the visual system, and long-term and 
homeostatic plasticity 41,42. Many MHCI molecules, including B2M, have been shown to be expressed 
in the brain and limit synaptic plasticity in healthy neurons 42,43. Additionally, transgenic mice mutant 
for MHCI have a striking ability to form new synapses and recover from brain injury such as stroke, 
suggesting that overexpression of MHCI may be inhibitory to healthy brain function and processes 
such as learning and memory 44. In muscle and other tissues, persistently elevated MHC class I 
frequently signifies inflammation and pathology 45,46. To analyze whether B2M may be involved in the 
effects of TGF-β1 signaling in muscle and brain (Figure 4), we compared the B2M expression levels 
between young and old mice treated with vehicle control, and old mice treated with the Alk5 inhibitor. 
B2M levels were extremely low in young brain and muscle, consistent with prior work 16, but increased 
significantly with aging (Figure 7a-d). Importantly, when TGF-β1 signaling was attenuated in vivo by 
the Alk5 inhibitor, B2M levels were significantly diminished both in old brain (Figure 7a,b) and old 
muscle (Figure 7c,d). These results demonstrate that MHC class I becomes upregulated with aging in 
multiple tissues (demonstrating a propensity for inflammation) and that down-modulation of TGF-β1 
signaling, which rejuvenates myogenesis and neurogenesis, normalizes the MHCI protein complex 
levels in myogenic and neurogenic regions to their young levels. As further support of this conclusion, 
the levels of B2M were also significantly reduced in regenerating regions of the old muscle 
administered with the dnTGFBR2, as compared to tissue administered with control GFP virus (Figure 
7e, f). 

 
Conclusion 
 
 Comprehensively, these data suggest that similar molecular mechanisms acutely yet reversibly 
inhibit the capacity of stem cells in old muscle and in the aged brain to contribute to differentiated 
tissue.  This study specifically focused on age-imposed de-regulation of the TGF-β1/pSmad2,3 
signaling pathway, and a clear cross-tissue conservation was identified. Specifically, systemic 
administration of an Alk5 Type I receptor kinase inhibitor simultaneously improved repair of skeletal 
muscle and enhanced hippocampal neurogenesis in 2-year old mice, suggesting promising strategies for 
combating multiple age-related degenerative disorders, which are known to contribute to the loss of a 
person’s agility, mobility, memory, learning, and independence. 

 
Independent genetic and pharmacological approaches to attenuate TGF-β1/pSmad signaling 

drove parallel enhancements of neurogenesis and myogenesis, thus providing important cross- 
validation of these results and conclusions. While local tissue delivery of shRNA against Smad3 most 
likely inhibited TGF-β1/pSmad2,3 signaling directly in muscle or brain, the systemic administration of 
Alk5 inhibitor could function both directly and potentially indirectly through attenuation of TGF-β1  
pathway signaling in multiple tissues. 
  

Various studies have demonstrated that not just one signaling pathway, but a network of highly 
interactive pathways – including Notch, Wnt, BMP, Shh, TNF-α, IGF, and IL-6 – become affected by 
the aging process 1,33,47. For example, in vivo TGF-β1 signal inhibition not only enhanced neurogenesis 
and myogenesis by increasing cell proliferation but may also have worked through inhibiting 
inflammation, as seen by the decrease in expression of MHCI class molecule B2M. With potential 
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significance to aging, TGF-β1 is known to be up regulated upon central nervous system damage, and 
such elevation is concurrent with the dramatic induction of MHC class I gene expression, as well as 
with such known phenotypes of the aged brain as activation of microglia and neuronal apoptosis 16. 
One of the known inflammatory cytokines that becomes prevalent in the old, particularly at the sites of 
tissue damage, is IL-6 48, which is known to promote inflammation in part via support of Th17 cells 
and up-regulation of MHC class I and class II gene expression 18,49. Therefore, it is possible that the 
age-specific increase in TGF-β1 signaling may contribute to the excess of IL-6 or other inflammatory 
cytokines such as IL-17, and consequentially experimental attenuation of TGF-β1 may result in lower 
levels of inflammatory cytokines and normalized levels of MHCI proteins.  In support of the pro-aging 
role of excessive MHC class I, work by Smith et al. demonstrates that (1) B2M levels increase with age 
in the brain, (2) attenuation of B2M results in the enhanced neurogenesis and better memory and 
cognition of the old mice, and (3) antigen presentation by MHC class I is required for the age-imposed 
inhibition of neurogenesis and diminished brain function caused by elevated B2M. In this regard, our 
study provides a mechanism for the age-specific elevation in B2M, by demonstrating a role of TGF-
β1/pSmad2/3 and further suggesting that attenuation of TGF-β1 signaling results in the normalization 
of B2M and thereby promotes effective myogenesis and neurogenesis in the old. 

 
 In summary, this work improves our understanding of the aging of tissue stem cells, reveals a 
molecular conservation of the aging process between muscle and brain, and suggests novel clinical 
strategies for the simultaneous rejuvenation of myogenesis and neurogenesis in old mammals. 
 
Figure Legends  
 
Figure 1. TGF-β1 Increases with Age Locally in Mice Hippocampi (a) Young (2 month) and old (24 
month) mice (n=3) were administered daily with BrdU for 5 days, followed by perfusion and PFA 
fixation. Immunofluorescence (IF) was performed for Sox2 (green) and BrdU (red), with DAPI (blue) 
labeling all nuclei. Representative images are shown. Scale bar = 100 µM. (b) qRT-PCR quantification 
of Tgfb1 mRNA expression from young and old hippocampi. The relative average expression level was 
normalized to GAPDH and presented as the average expression level relative to that of young 
hippocampi. Significant differences were identified by Student’s t-tests (two-tailed) (*p<0.003). Error 
bars indicate standard deviation (n=4 biological replicates). (c) Immunofluorescence was performed on 
perfused and PFA fixed young and old brain tissue sections (n=3), for Sox2 (green) and TGF-β1,2,3 
(red), with Hoechst (blue) labeling all nuclei. Representative low and high magnification images are 
shown. Scale bars = 50 µM. (d) Integrated pixel intensity of TGF-β1,2,3 immunofluorescence in young 
and old dentate gyri tissue sections was calculated using ImageJ. Pixel intensities are presented relative 
to young dentate gyri. Significant differences were identified by Student’s t-tests (*p<0.003). Error 
bars indicate standard error of the mean (n=3 young, 3 old). (e) An ELISA was performed on young 
and old hippocampal protein extract to assess the level of local TGF-β1 and represented as the averages 
of the pg TGF-β1 normalized to pg total hippocampal protein lysate. Significant differences were 
identified by Student’s t-tests (two-tailed) (*p<0.008). Error bars indicate standard deviation (n=3 
biological replicates).  
 
Figure 2. Downstream effectors of TGF-β1 Signaling increase with Age in Mice Hippocampi. (a) 
Immunofluorescence staining for Sox2 (green) and pSmad3 (red) was performed on young and old 
brain tissue sections (n=4 young, 6 old), with DAPI (blue) labeling all nuclei. Representative images 
are shown. Scale bar = 50 µM. (b) MetaXpress image quantification was developed to calculate the 
average pixel intensity specifically in Sox2+ neural stem and progenitor cells in the SGZ of the dentate 
gyrus. Significant differences were identified by Student’s t-tests (two-tailed) (*p<0.001). Error bars 
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indicate standard error (n=4 young, 6 old). (c) qRT-PCR quantification of p21 mRNA expression from 
young and old hippocampi (n=3 biological replicates). The relative average expression level was 
normalized by GAPDH and presented relative to young hippocampi. Significant differences were 
identified by Student’s t-tests (two-tailed) (*p<0.003), and error bars indicate standard deviation (n=3).   
 
Figure 3. TGF-β1 inhibits Neural Progenitor Cell Proliferation. (a) Immunoblotting analysis of a 
downstream effector of TGF-β1, pSmad3, from NPCs cultured in growth medium in the presence or 
absence of TGF-β1 (50 ng/mL) for 30 minutes. pSmad3 signaling is induced through TGF-β1, as 
compared with levels of total Smad2/3. (b) Functional validation of increasing TGF-β1. NPCs were 
cultured in growth medium (DMF12 + N2 + 10 ng/mL FGF-2) in the presence or absence of TGF-β1 
(100 ng/mL) for 24 hrs. A 2 hour BrdU (10 µM) pulse was performed before cell fixation to label 
proliferating cells. Staining was conducted for BrdU (green) and Sox2 (red), with Hoechst (blue) 
labeling all nuclei. Representative images are shown. Scale bar = 100 µM. (c) Proliferation of NPCs 
was quantified by cell scoring in 25 random fields of each condition using an automated imager and 
MetaXpress cell scoring software. Results are displayed as the mean percent of BrdU+ proliferating 
NPCs +/-SD, respectively. Significant differences were identified by Student’s t-tests (two-tailed) (*p< 
0.0003), and error bars indicate standard deviation (n=5 biological replicates). The experiment was 
replicated 4 times.    
 
Figure 4. Simultaneous Partial Rescue of Hippocampal Neurogenesis and Myogenesis in Aged 
Mice through Systemic In vivo inhibition of TGF-β1 (a) Schematic of Alk5 inhibitor administration. 
Aged (2 year old) mice received IP injections of TGF-β1 type I receptor kinase Alk5 inhibitor (Alk5i), 
or vehicle control, once daily for 11 days (Day -6 through Day 4) and were sacrificed on Day 5. Tibialis 
anteriors (TAs) were injured with cardiotoxin on Day 0, and mice began receiving daily IP injections of 
BrdU through Day 4. TAs were collected on Day 5, 5 days post injury (5 dpi). (b) Following perfusion 
and PFA fixation, brain sections of Alk5 inhibitor or vehicle treated mice (n=4 per group) spanning the 
entire hippocampus were immunostained for BrdU (red) and Sox2 (green), with Hoechst (blue) 
labeling cell nuclei. Representative images are shown. Scale bar = 50 µM. (c) Quantification by 
stereology of BrdU+Sox2+ cells per dentate gyrus. As shown, Alk5 type I receptor kinase inhibitor 
increases the average number of BrdU+Sox2+ cells in the dentate gyrus. Significant differences were 
identified by Student’s t-tests (two-tailed) (*p<5x10-7). Error bars indicate standard deviation (n=4 
biological replicates) (d) TA muscle sections collected 5 days post injury were immunostained for 
eMyHC (green), with Hoechst (blue) labeling cell nuclei. Representative images show newly 
regenerating myofibers in injured muscle sections. Hematoxylin and eosin staining of injury sites also 
shown. Scale bars = 100 µM.  (e) Regenerative index quantifies the number of newly formed eMyHC+ 
myofibers per square millimeter in the injured area. Systemic administration of the Alk5 inhibitor 
enhances old muscle regeneration after injury, as displayed by the mean regenerative index per group. 
Significant differences were identified by Student’s t-tests (two-tailed) (*p<0.0002), and error bars 
indicate standard error of the mean (n=4 biological replicates). The experiment was replicated 3 times. 
 
Figure 5. Rescue of Neurogenesis in Aged Hippocampi by in vivo Genetic Inhibition of pSmad3. 
(a) Schematic of stereotaxic lentiviral injection experiment. Aged (18 month old) mice received 
stereotaxic injections into hippocampi (coordinates from bregma: AP: -2.12, ML: +/-1.5, VD: -1.55) of 
lentiviral vectors encoding shRNA against either Smad3 or lacZ. Mice were allowed to recover for 14 
days, followed by daily BrdU (50 mg/kg) intraperitonial injections for 5 days, then analysis. (b) Brain 
sections of lacZ or Smad3 shRNA injected mice (n=5 lacZ shRNA lentivirus, 4 Smad3 shRNA) 
spanning the entire hippocampus were immunostained with GFP (green), BrdU (red), and Sox2 (gray), 
with Hoechst (blue) labeling cell nuclei. Representative images are shown. Scale bar = 50 µM. (c) High 
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magnification of immunostaining of the subgranular zone of the dentate gyrus, as described in (b). 
Scale bar = 50 µM. (d) Quantification of the mean number of BrdU+Sox2+ cells per dentate gyrus 
shows an increase in proliferating NPCs in aged animals expressing anti-Smad3 shRNA. Significant 
differences were identified by Student’s t-tests (two-tailed) (*p<0.05). Error bars indicate standard error 
of the mean (n=5 lacZ shRNA, 4 Smad3 shRNA brains). (e) Quantification of the mean percentage of 
GFP+ cells that are also BrdU+/proliferating in shRNA injected brains demonstrates an increase in 
proliferation due to shRNA-Smad3 transduction as compared with shRNA-lacZ control mice. 
Significant differences were identified by Student’s t-tests (two-tailed) (*p<0.05). Error bars indicate 
standard deviation (n=3 biological replicates). (f) Quantification of the mean percentage of 
BrdU+GFP+Sox2+ proliferating NPCs as compared with BrdU-GFP+Sox2+ NPCs in shRNA injected 
brains demonstrates an increase in proliferating neural progenitor cells due to shRNA-Smad3 
transduction as compared with shRNA-lacZ control mice. Significant differences were identified by 
Student’s t-tests (two-tailed) (*p< 4 x 10-7), and error bars indicate standard deviation (n=3). The 
stereotaxic shRNA brain injection experiment was replicated 3 times. 
 
Figure 6. Rescue of Myogenesis in Aged Muscle by in vivo Genetic Inhibition of TGF-β1 Receptor 
II (a) Schematic. Aged (18 month old) mice TA muscle was injured with cardiotoxin on Day 0, 
followed by injection of dnTGFBR2 retrovirus into injury sites 36 hours later, on Day 1.5. On Day 2 
gastrocnemius muscle were injured, followed by injection of dnTGFBR2 retrovirus at sites of injury 36 
hours later, on Day 3.5. Mice received IP injection of EdU 12 hours before muscle tissue was 
harvested. (b) Myogenic precursor cells isolated 3 days post-injury from gastrocnemius muscle were 
stained for Desmin (red), with Hoechst (blue) labeling all cell nuclei. Representative images are shown. 
Scale bar = 50 µM.  (c) Quantification of the mean percentage of Desmin+ precursor cells. Significant 
differences were identified by Student’s t-tests (two-tailed) (*p<0.03). Error bars indicate standard error 
of the mean (n=3 biological replicates). (d) Myogenic precursor cells isolated 3 days post-injury from 
gastrocnemius muscle were stained for Desmin (red) and EdU (green), with Hoechst (blue) labeling all 
cell nuclei. Representative images are shown. Scale bar = 50 µM. (e) Quantification of the mean 
percentage of proliferating myogenic precursor cells isolated from muscle that received dnTGBR2 or 
GFP. Significant differences were identified by Student’s t-tests (two-tailed) (*p<0.02), and error bars 
indicate standard deviation (n=3 biological replicates) (f) Hematoxylin and eosin of muscle TAs 
isolated 5 days post-injury and sectioned in a cryostat at 10 µM. Representative images shown. Scale 
bar = 100 µM. (g) Five days post-injury regeneration of old mice tibialis anterior muscle, which 
received dnTGFBR2 or GFP retrovirus, was quantified from muscle sections (10 µM sections 
throughout sites of injury) and is presented as the mean number of newly regenerated myofibers per 
square millimeter of injury site. Error bars indicate standard error of the mean, (n=3 mice per group). 
Significant differences were identified by Student’s t-tests (two-tailed) (*p <0.01). (h) NPCs were 
transduced with dnTGFBR2 or GFP and cultured for one week, followed by 16 hour incubation in 
growth medium in the presence/absence of 10 ng/mL TGF-β1. Cells were pulsed with EdU (30 µM) for 
4 hours before fixation to label proliferating cells. Cells were stained for GFP or FLAG (green), EdU 
(red), and Sox2 (gray), with Hoechst (blue) labeling cell nuclei. Representative images are shown. 
Scale bar = 100 µM. (i) Proliferation of NPCs was quantified by cell scoring in 36 random fields of 
each condition using an automated imager and MetaXpress cell scoring software. Results are displayed 
as the mean percent of EdU+Sox2+ proliferating NPCs +/-SD, respectively. Significant differences 
were identified by Student’s t-tests (two-tailed) (*p<9x10-10,**p<3x10-24,***p<4x10-16). Error bars 
indicate standard deviation (n=36 technical replicates). The experiment was replicated 4 times. 
 
Figure 7. B2M Levels Decrease in Muscle and Brain When TGF-β1  is Attenuated Systemically or 
Locally. (a) Brain sections spanning the hippocampus from young mice (2 month), as well as Alk5 
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inhibitor or vehicle treated old (24 month) mice, were immunostained for B2M (red), with Hoechst 
(blue) labeling all cell nuclei. Representative images are shown. Scale bar = 50 µM. (b) Average B2M 
pixel intensity was quantified using MetaXpress software, and significant differences were identified 
by Student’s t-tests (two-tailed) (*p< 3 x 10-6, **p<0.0001). Error bars indicate standard error of the 
mean (n=5 young, 3 old + Alk5i, 3 old + vehicle biological replicates (mice), with n=12 technical 
replicates per mouse) (c) Tibialis anterior muscle collected 5 days post-injury were immunostained for 
B2M (red), with  Hoechst (blue) labeling all cell nuclei. Representative images are shown. Scale bar = 
100 µM. (d) Average B2M pixel intensity of 10 µM tibialis anterior muscle sections throughout sites of 
injury were quantified using MetaXpress software. Significant differences were identified by Student’s 
t-tests (two-tailed) (*p<7x10-7, **p<5x10-5), and error bars indicate standard error of the mean (n=3 
biological replicates per group (mice), with n=12 technical replicates per mouse (e) TA muscles 
collected 5 days post injury were immunostained for B2M (red), with  Hoechst (blue) labeling all cell 
nuclei. Representative images are shown. Scale bar = 100 µM. (f) Average B2M pixel intensity of TA 
muscle sections throughout sites of injury were quantified using MetaXpress software. Significant 
differences were identified by Student’s t-tests (two-tailed) (*p<0.002). Error bars indicate standard 
error of the mean (n=3 biological replicates per group (mice), with n=12 technical replicates per 
mouse).   
 
Extended Data Figure 1. TGF-β1 Levels are Increased Systemically in Serum and Old Muscle. (a) 
An ELISA was performed on young and old serum to assess the average level of systemic TGF-β1, 
represented as pg/mL. Significant differences were identified by Student’s t-tests (two-tailed) 
(*p<0.003). Error bars indicate standard deviation (n=3 biological replicates per group). (b) Whole 
muscle from young and old resting TA and resting TA adjacent to cardiotoxin injured gastrocnemius 
muscle was isolated and western blotting against TGF-β1 antibody was performed on muscle samples. 
GAPDH served as control. No differences were observed between the levels of TGF-β1 in the TA from 
completely non-injured leg and those levels in non-injured TA adjacent to injured gastrocnemius. As 
shown, aged muscle had significantly more TGF-β1 as compared to young. (c) TGF-β1 quantification 
graph. TGF-β1 levels from panel A were quantified and relative fold induction after GAPDH 
normalization was plotted as a histogram (Young=1) (n=4 biological replicates, *p≤0.05). 
 
Extended Data Figure 2. Alk5 Inhibitor Reduces the Levels of pSmad2/3 in Primary Neural 
Progenitor Cells in vitro and in the Murine Dentate Gyrus after Systemic Administration in vivo. 
(a) NPCs were incubated in basal medium (DMF12 + N2 but no FGF-2) for 1 hour, then either 
untreated, or treated with TGF-β1 (1 ng/mL) for 1 hour +/- 5 uM Alk5 inhibitor. Representative western 
blotting for pSmad2 and 3 is shown and quantified in (b), represented as the mean pixel intensity of 
pSmad2 or pSmad3 normalized to total Smad2/3 (n=2 biological replicates). (c) Following systemic 
delivery of Alk5 inhibitor or control vehicle, immunofluorescence was performed on brain sections 
spanning the hippocampus for pSmad3 (red), with hoechst (blue) labeling cell nuclei. Representative 
images are shown. Scale bar = 50 µM. (d) pSmad3 integrated fluorescence intensity was quantified in 
brain sections using MetaXpress software. Significant differences were identified by Student’s t-tests 
(two-tailed) (*p<0.05). Error bars indicate standard deviation (n=4 biological replicates (mice), with 
n=6 technical replicates per mouse). (e) pSmad2 (red) immunofluorescence was performed on brain 
sections spanning the hippocampus following systemic delivery of Alk5 inhibitor or control, with 
hoechst (blue) labeling cell nuclei. Representative images are shown. Scale bar = 50 µM. (f) pSmad2 
integrated fluorescence intensity was quantified in brain sections using MetaXpress software. 
Significant differences were identified by Student’s t-tests (two-tailed) (*p<0.05). Error bars indicate 
standard deviation (n=4 biological replicates (mice), with n=6 technical replicates per mouse). 
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Extended Data Figure 3. In vitro Validation of shRNA- Smad3.  (a) Mouse muscle progenitor cells 
were transduced with 1 µl of concentrated Smad3 shRNA or lacZ shRNA lentiviruses and cultured for 
72 hours, followed by western blot analysis of pSmad3 expression and total Smad2/3. Smad3 shRNA 
inhibited expression of Smad3. β-actin was used as a loading control. (b) Quantification of Smad3 
mRNA expression by qRT-PCR was performed on RNA extracted from mouse NPCs transduced with 
shRNA to Smad3 or control virus and passaged for 2 weeks. The relative expression level was 
normalized to GAPDH and presented as the expression level relative to that of NPCs transduced with 
lacZ shRNA lentivirus. Significant differences were identified by Student’s t-tests (two-tailed) 
(*p<0.04). Error bars indicate standard deviation (n=3 biological replicates).  
 
Extended Data Figure 4. Smad3 Inhibition via Smad3 shRNA Enhances Neurogenesis and 
Myogenesis of Old Tissue. (a) Aged (18 month old) mice received stereotaxic injections into 
hippocampi (coordinates from bregma: AP: -2.12, ML: +/-1.5, VD: -1.55) of lentiviral vectors encoding 
either shRNA against Smad3 or shRNA against lacZ. The mice were allowed to recover for 14 days, 
followed by daily EdU (50 mg/kg) intraperitonial injections for 5 days. Five days after the last EdU 
injection, mice were saline and 4% PFA perfused. Brain sections of lacZ or Smad3 shRNA injected 
mice (n=3 lacZ shRNA, 5 Smad3 shRNA) spanning the entire hippocampus were immunostained with 
GFP (green), EdU (red), and Doublecortin (DCX) (gray), with Hoechst (blue) labeling cell nuclei. 
Representative images are shown. Scale bar = 50 µM. (b) High magnification representative images as 
described in (a). Scale bar = 100 µM.  (c) Quantification of the mean number of EdU+DCX+GFP+ 
cells per dentate gyrus shows an increase in proliferating cells in Smad3 shRNA injected aged murine 
hippocampi. Significant differences were identified by Student’s t-tests (two-tailed) (*p<0.03). Error 
bars indicate standard error of the mean (n=3 lacZ shRNA, 5 smad3 shRNA). (d) Representative 
hematoxylin and eosin stained 10-µm cross-sections of tibialis anterior muscle 5 days after cardiotoxin 
induced injury in the presence of shRNA to Smad3 or control lentiviral particles. (e) Quantitative 
analysis of the number of newly formed fibers normalized to cross-sectional area of regenerating tissue 
in control transduced and Smad3 shRNA-transduced tibialis anterior muscle 5 days after injury. 
Centrally nucleated myofibers were scored from hematoxylin and eosin stained cryosections (10 µM 
sections throughout the site of injury) (n=3 mice per group, with n=3 technical replicates per mouse, 
mean + SEM) (*p < 0.0001). 
 
Extended Data Figure 5. Expression of dnTGFBR2 in Neural Progenitor Cells. (a) Neural 
progenitor cells were transduced with retrovirus delivering dnTGFBR2-FLAG or GFP. After 72 hours 
in growth (FGF-2 rich) medium, cells were lysed. Western blotting was performed with an anti-FLAG 
antibody specific for the C-terminal fusion of the dnTGFBR2, GFP, pSmad3, Smad2/3, and β-actin as a 
loading control. As shown, the 22 kDa FLAG/dnTGFBR2 band was detected in RV-dnTGBR2 
transduced cells, and GFP was detected in RV-GFP transduced neural progenitor cells. dnTGFBR2 
expression resulted in downregulation of pSmad3, as well as total Smad2/3 after 72 hours. (b) Neural 
progenitor cells were cultured for one week post retroviral transduction, then incubated for four hours 
in basal (DMF12+N2, no FGF-2) medium after splitting. Cells were then either treated or not with 1 or 
12.5 ng/mL TGF-β1 for 45 minutes. pSmad3, Smad2/3, and βactin were assessed via western blot. 
pSmad3 pixel intensity relative to β-actin was quantified with Bio-Rad imaging software. 
 
Extended Data Figure 6. TGF-β is secreted by microglia and endothelial cells. (a) 
Immunofluorescence was performed on perfused old brain tissue sections for TGF-β (green), Iba1 
(red), and GFAP (gray), with Hoechst (blue) labeling all nuclei. Representative low and high 
magnification images are shown. (b) Immunofluorescence was performed on perfused old brain tissue 
sections for TGF-β (green), CD31 (red), and Sox2 (gray), with Hoechst (blue) labeling all nuclei. 
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Representative low and high magnification images are shown. (c) Immunofluorescence was performed 
on perfused young brain tissue sections for TGF-β (green), Iba1 (red), and GFAP (gray), with Hoechst 
(blue) labeling all nuclei. Representative low and high magnification images are shown. (d) 
Immunofluorescence was performed on perfused young brain tissue sections for TGF-β (green), CD31 
(red), and Sox2 (gray), with Hoechst (blue) labeling all nuclei. Representative low and high 
magnification images are shown. 
 
Methods 
Animals  
 
Young (2-3 month old) and old (18-24 month old) C57BL6/J male mice were purchased from the 
Jackson Laboratory and the NIH. The animal experimental procedures were performed in accordance 
with the Guide for Care and Use of Laboratory Animals of the National Institutes of Health, and 
approved by the Office of Laboratory Animal Care, UC Berkeley.  
 
For each experiment on aged (18-24 month old) mice, an n of at least 7 per group would be used 
initially. If aged mice died due to surgery or age-related health issues, a minimum of n=3 remaining 
mice were analyzed and assessed for statistical significance (described in statistical analysis below). 
Mice of the same genetic strain and age were assigned to groups at random.  
 
Cell Culture 
 
Primary rat neural progenitor cells isolated from the hippocampi of female Fisher 344 rats (Charles 
River) were cultured in growth medium (DMEM/F12 (Life Technologies) containing N2 supplement 
(Life Technologies) and 10 ng/mL FGF-2 (PeproTech)) on laminin (Roche) and polyornithine (Sigma) 
coated tissue culture plates, with subculturing on reaching 80% confluency using Accutase (Phoenix 
Flow Systems), as previously described 50. 
 
Primary mouse neural progenitor cells were isolated froom C57BL6/J male mice (Charles River) as 
previously described 51. Cells were cultured in growth medium (Neurobasal A (Gibco) containing B27 
supplement (Gibco), Glutamax-1 supplement (Gibco), 20 ng/mL FGF-2 (Peprotech), and 20 ng/mL 
EGF (PeproTech)) on Poly-d-Lysine (Sigma) and Laminin (Roche) coated tissue culture plates, with 
subculturing on reaching 80% confluency using Accutase (Phoenix Flow Systems). 
 
Primary mouse muscle progenitor cells (myoblasts) were isolated as previously described 52 and 
cultured and expanded in growth medium containing: Ham's F-10 (Gibco), 20% Bovine Growth Serum 
(Hyclone), 5 ng/mL FGF-2 (PeproTech) and 1% penicillin-streptomycin on Matrigel (BD Biosciences) 
coated plates (1:300 Matrigel: PBS), with subculturing on reaching 80% confluency using 0.5% 
Trypsin (Sigma Aldrich) diluted in PBS. 
 
Progenitor cells were tested for miscroplasma contamination at the UC Berkeley Stem Cell Core 
Facility and using Hoechst DNA stain. 
 
Primary Muscle stem cells were isolated from male C57BL6/J mice as described below and cultured in 
DMEM (Life Technologies) with 5% serum from the same age mouse on Matrigel (BD Biosciences) 
coated plates (1:100 Matrigel:PBS) overnight before cell fixation with 70% cold ethanol.  
 
In vitro Validation of TGF-β1 Signaling and Proliferation Assay  
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Primary rat NPCs were cultured in growth medium (DMF12 + N2 + 10 ng/mL FGF-2) as described 
above. Cells were cultured at a density of 200,000 cells per well of a 6-well culture slide in the 
presence/absence of TGF-β1 (50 ng/mL) (HumanZyme, Inc.) for 30 minutes, followed by a PBS wash 
and cell scraping into RIPA buffer for western blot analysis as described below. rNPCs were also 
cultured at a density of 80,000 cells per well of an 8-well chamber slide in growth medium plus the 
presence/absence of TGF-β1 (100 ng/mL) for 24 hours. NPCs were pulsed for 2 hours with 10 µM 
BrdU (Sigma Aldrich) before cell fixation with 70% cold ethanol for immunocytochemistry analysis as 
described below. 
 
Dissection and Preparation of Murine Hippocampi for RNA or Protein Analysis  
 
Young or old mice were anesthetized and perfused with 20 mL saline, followed by dissection of 
hippocampi. For RNA extraction, tissue was placed in 1 mL Trizol (Invitrogen) and homogenized, 
followed by chloroform extraction as previously described 50. For protein extraction, hippocampi tissue 
was homogenized in RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate 
and 1 mM EDTA, pH 7.4) containing 1X protease inhibitor (Roche), 1 mM Phenylmethylsulfonyl 
fluoride (PMSF), 1 mM sodium fluoride and 1 mM sodium orthovanadate. The tissue debris was spun 
at 10K rpm for 5 min at 4C, and supernatant containing protein extract snap frozen with dry ice. 
 
 RNA Extraction, RT-PCR and real-time PCR 
 
Total RNA was extracted from primary neural progenitor cells or young and old murine hippocampi 
using Trizol reagent (Invitrogen) according to manufacturer’s instructions. 1 ug of total RNA was used 
for cDNA synthesis with Olig Dt primers (Invitrogen). For real-time PCR amplification and 
quantification of genes of interest, an initial amplification using specific primers to each gene of 
interest (realtimeprimers.com) was done with a denaturation step at 95°C for 5 min, followed by 40 
cycles of denaturation at 95°C for 1 min, primer annealing at 55°C for 30 s, and primer extension at 
72°C for 30 s. Real-time PCR was performed using SYBR and an ABI PRISM 7500 Sequence 
Detection System (Applied Biosystems). Reactions were run in triplicate in three independent 
experiments. The geometric mean of housekeeping gene GAPDH was used as an internal control to 
normalize the variability in expression levels and were analyzed using the 2 -ΔΔCT method described 53. 
 
ELISA  
 
The concentration of active TGF-β1 in blood serum or tissue protein lysate was determined using 
enzyme-linked immunoabsorbent assay (ELISA)-based cytokine antibody array (R&D), according to 
manual instructions.  
 
Immunocytochemistry  
 
Mice were anesthetized and perfused with saline and 4% PFA. Brains were collected and placed in 4% 
PFA overnight for a post fixation, followed by dehydration in 30% sucrose/PBS at 40C for 2 days. 
Brains were then sectioned at 40 µM using a vibratome and stored in a glycerol-based cryoprotectant at 
-200C until further analysis by immunostaining. For non-BrdU/EdU staining, sections were washed 3 
times for 15 minutes in TBS, followed by one hour blocking in a permeabilization/staining buffer, 
TBS++ (3% Donkey Serum and 0.25% Tween X-100 in TBS), then incubated with primary antibodies 
of interest (see Antibodies) for 72 hours. For secondary staining, sections were washed 3 times, 15 



44 
 

minutes each in TBS, followed by 2 hour incubation in donkey raised, fluorophore-conjugated, species-
specific secondary antibodies (Jackson Immunoresearch) at 1:250 dilution in TBS++. Following 
secondary staining, sections underwent 3, 15 minute washes in TBS, with 4 µM Hoechst in the second 
wash. Finally, the sections were mounted on positively charged frosted slides, dried overnight and 
imaged with a prairie confocal microscope.  
 
BrdU In vivo Labeling and Immunostaining  
Mice were intraperitoneally injected with BrdU (50 mg/kg of body weight, Sigma Aldrich) dissolved in 
saline to label mitotic cells. Sections were incubated in SSC/formamide at 650C water for 2 hours, 
washed in TBS, followed by 2N HCl for 15 minutes. They were then placed in 2X Saline-Sodium 
Citrate (SSC) for 30 minutes, .1 mM Borate Buffer for 15 minutes, followed by 6, 15 minute washes in 
TBS, then blocked in a permeabilization/staining buffer, TBS++ for 2 hours. Sections were then 
incubated with αRat-BrdU (Abcam Inc. ab6326) and other antibodies (see Antibodies section) in 
TBS++ at 40C for 72 hours. Secondary staining was done as described above.   
 
EdU In vivo Labeling and Immunostaining  
Mice were intraperitoneally injected with EdU (50 mg/kg of body weight, Invitrogen) dissolved in 
phosphate-buffered saline to label mitotic cells. Brain sections were post-fixed with 4% PFA for 30 
minutes after primary and secondary staining, and treated for EdU visualization using the Click-iT EdU 
kit (Invitrogen), as per the manual’s instructions.  
 
Muscle progenitor cells were fixed with cold, 70% ethanol and stained for αRabbit-Desmin and 
secondary staining as described below under muscle methods. Following secondary staining, cells were 
treated for EdU visualization using the Click-iT EdU kit (Invitrogen), as per the manual’s instructions.  
 
Western Blot Analysis 
 
Primary neural or muscle progenitor cells, or whole muscle tissue were lysed in RIPA buffer (50 mM 
Tris, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate and 1 mM EDTA, pH 7.4) containing 1X 
protease inhibitor (Roche), 1 mM Phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium fluoride and 
1 mM sodium orthovanadate. The protein concentration was determined by Bradford assay (Bio-Rad). 
Lysates were resuspended in 1X Laemmli buffer (Bio-Rad), boiled for 5 minutes and separated on 
precast 7.5% or 4-15% TGX gels (Biorad). Primary antibodies were diluted in 5% non-fat milk in TBS 
+ 0.1% Tween-20, and nitrocellulose membranes were incubated with antibody mixtures overnight at 
4 °C. HRP-conjugated secondary antibodies (Santa Cruz Biotech) were diluted 1:500 in 5% non-fat 
milk in TBS + 0.1% Tween-20 and incubated for 1 hour at room temperature. Blots were developed 
using Western Lightning ECL reagent (Perkin Elmer), and analyzed with Bio-Rad Gel Doc/Chemi Doc 
Imaging System and Quantity One software. Results of multiple assays were quantified using Applied 
Biosystems of Image J software. Pixel Intensity of bands of interest were normalized with pixel 
intensity of glyceraldehydes-3-phosphate dehydrogenase or β-actin.  
 
In vitro validation of Alk5 inhibitor in rNPCs  
 
Following overnight rNPC culturing in growth medium at a density of 300,000 cells per well of a 6 
well tissue culture plate, rNPCs were starved in a basal medium (lacking FGF-2) for 1 hour, then 
untreated, or treated with 1 ng/mL TGF-β1 for 1 hour in the presence/absence of 5 uM of Alk5 
inhibitor, followed by a PBS wash and cell scraping to collect cells into RIPA buffer for western blot 
analysis.  
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In vivo Validation of Alk5 inhibitor  
 
Aged (24 month old) C57BL6/J male mice were injected intraperitonially (IP) with TGF-β1  Type I 
Receptor Kinase Alk5 inhibitor 2-(3-(6-Methylpyridin-2-yl)-1H-pyrazol-4-yl)-1,5-naphthyridine (Enzo 
Life Sciences) diluted in sunflower seed oil to a concentration of 57.4 µM. Mice (n=4) received 100 uL 
IP injections of the Alk5 inhibitor or vehicle control once daily for 11 days, and were perfused on the 
12th day. Tibialis Anterior muscle was injured with cardiotoxin after one week of IP injections, on day 
7 (as described below in muscle methods). Additionally, on day 7 we began daily IP BrdU injections 
(50 mg/kg body weight). Four hours after receiving the fifth BrdU IP injection, the mice were perfused 
(on Day 12), and brains and TAs were collected for analysis. 
 
Lentiviral and Retroviral Vector Construction, Packaging, and Purification  
 
A DNA cassette encoding human U6 promoter-driven expression of shRNA against mouse SMAD3  
(Gene ID: 17127) was constructed by PCR with flanking Pac I sites and, following restriction digestion 
and phenol/chloroform purification, ligated into the Pac I site of the pFUGW lentiviral vector.  Five 
candidate sequences were tested for knockdown efficiency, and the most effective sequence (shSMAD 
3.4 in Extended Table 1) was selected for experimental studies.  Sequences for all shRNAs tested are 
provided in Extended Table 1. The control shRNA vector against LacZ was constructed previously 50. 
PCR was performed with Phusion DNA Polymerase (New England Biolabs) under the following 
conditions: 98 ○C for 2 min, 30 cycles of 12 s at 95 ○C, 30 s at 65 ○C, and 25 s at 72 ○C, with a final 
extension step of 2 min at 72 ○C. Lentiviral and retroviral vectors were packaged and purified using 
standard methods as described 54. 
 
A dominant negative TGFBR2 retroviral plasmid was obtained (Addgene, Cambridge, MA, 
http://www.addgene.org/12640/) and packaged and purified as previously described 55.  
 
In vitro Validation of Smad3 shRNA Vector  
 
Mouse myoblasts were cultured for 24 hours at a density of 100,000 cells per well of a 6 well tissue 
culture plate in 50% growth medium and 50% lentiviral supernatant (in DMEM + 10%FBS), packaged 
as previously described 55, followed by culturing in growth medium for a total of 72 hours. Cells were 
then washed once with PBS, scraped and collected into RIPA for western blot analysis.  
 
mNPCs were plated at 200,000 cells per well of a 6 well tissue culture plate in growth medium, and 
transduced with lentivirus encoding shRNA to Smad3 or lacZ at a multiplicity of infection (MOI) of 5 
and cultured for two weeks. RNA was extracted with Trizol (Invitrogen) followed by qPCR to assess 
levels of Smad3 (see Extended Table 1 for sequences).   
 
In vivo Loss of Function with shRNA 
 
Aged (18 month) C57BL6/J male mice received lateral intrahippocampal injections of 1 µl of lentiviral 
solutions (LV-shRNA-Smad3-GFP or LV-shRNA-lacZ-GFP, 1-3 x 10^8 IU/mL) in PBS on day -14, 
on the right hemisphere hippocampus, at 0.25 uL per minute. The injection coordinates with respect to 
bregma were -2.12 anteriorposterior, -1.55 dorsoventral (from the dura), and 1.5 mediolateral (refer to 
Figure 5a). Mice were allowed to recover 14 days, followed by BrdU IP injections (50 mg/kg 

http://www.addgene.org/12640/
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bodyweight) 1X daily for 5 days. One day after receiving the fifth BrdU IP injection, mice were saline 
and 4% PFA perfused. Immunostaining and Quantification described elsewhere.  
 
Aged (18 month) C57BL6/J male mice received lateral intrahippocampal injections of 1 µl of lentiviral 
solutions (LV-shRNA-Smad3-GFP or LV-shRNA-lacZ-GFP, 1-3 x 10^8 IU/mL) in PBS on day -14, 
on the right hemisphere hippocampus, at 0.25 uL per minute. The injection coordinates with respect to 
bregma were -2.12 anteriorposterior, -1.55 dorsoventral (from the dura), and 1.5 mediolateral (refer to 
Extended Data Figure 4). Mice were allowed to recover 14 days, followed by EdU IP injections (50 
mg/kg bodyweight) 1X daily for 5 days. Five days after receiving the fifth EdU IP injection, mice were 
saline and 4% PFA perfused. Immunostaining and Quantification described elsewhere.  
 
shRNA Muscle Injection   
Aged (24 month) C57BL6/J male mice were injured with CTX in the tibialis anterior (TA) muscle in 
two sites as described below, and on the following day 5 µl of concentrated lentiviruses carrying 
Smad3 shRNA or LacZ shRNA were injected to the injury sites using a 30 gauge needle. Mice TAs 
were harvested 5 days post injury, as described below.   
 
In vitro Validation of dnTGFBR2 Vector 
 
Neural progenitor cells (NPCs) were transduced with retroviruses carrying dominant negative TGFBR2 
(Addgene, Cambridge, MA, http://www.addgene.org/12640/) which has a cytoplasmic truncation and a 
FLAG tag, or GFP control and cultured for 72 hours. GFP and dnTGFBR2-transduced cell lysates were 
prepared as described in western blotting methods, and probed on western blots for the FLAG-tagged 
dnTGFBR2 using anti-FLAG antibody (Santa Cruz), GFP (Abcam), pSmad3 (Epitomics), Smad2/3 
(Santa Cruz), and βactin (Cell Signaling). Transduced NPCs were also plated at 300,000 cells per well 
of a 6-well tissue culture plate and cultured in basal medium (DMF12 + N2) after cell splitting for 4 
hours, followed by 45 minute treatment with 0,1, or 12.5 ng/mL TGF-β1 . Cell pellets were lysed in 
100 uL RIPA buffer, and probed on western blots for pSmad3, Smad2/3, and βactin. 
 
For proliferation assay, NPCs were transduced with 3µL concentrated retroviruses per 3x105 cells, 
delivering dnTGFBR2 or GFP and cultured for one week. Transduced NPCs were then split at 80,000 
cells per well into 8-well chamber slides and cultured overnight in growth medium (DMF12 + N2 + 10 
ng/mL FGF-2) in the presence/absence of 10 ng/mL TGF-β1. 16 hours post addition of TGF-β1, cells 
were pulsed for 4 hours with EdU (30µM). Cells were fixed with 4%PFA for 20 minutes, and 
immunostained for FLAG (Abcam), GFP (Abcam), EdU (Invitrogen), and Sox2 (Santa Cruz), as 
described in immunocytochemistry methods.   
 
In vivo Muscle Injection of dnTGFBR2 Retrovirus 
 
Aged (18 month) C57BL6/J male mice were injured with CTX in the tibialis anterior muscle in two 
sites and in the gastrocnemius muscle in four sites as described below, and 5 µl of concentrated 
retroviruses carrying dnTGFBR2 or GFP control were injected to the injury sites using a 30 gauge 
needle at different time points (see figure 6 for details). Mice received EdU IP injection (50 mg/kg) 12 
hours before muscle harvest at 5 days post injury.      
 
Muscle Injury 
 
Isoflurane was used to anesthetize the animal during the muscle injury procedure. For bulk myofiber 

http://www.addgene.org/12640/
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satellite cell activation, gastrocnemius muscles were injected with cardiotoxin 1 (Sigma) dissolved at 
100 micrograms per milliliter in PBS, at 4 sites of 5 microliters each for each muscle. Muscles were 
harvested 3 days later. For focal injury to assay regeneration by immunoanalysis and histology, 5 
microliters of 0.5 milligram per milliliter CTX was injected to two sites at the middle of the tibialis 
anterior muscle, and muscle harvested 5 days later.  

 
Muscle Fibers and Muscle Progenitor Cell Isolation  
 
Injured gastrocnemius muscle was dissected from old mice and incubated at 37°C in digestion medium 
(150 U/mL Collagenase type II in DMEM medium, buffered with 30 mM HEPES) for 2 hours. 
Digested muscle was gently triturated and myofibers were collected. Myofibers were further digested 
with 1 U/mL Dispase and 40 U/mL Collagenase type II to liberate muscle stem cells 52. Muscle stem 
cells were cultured in DMEM (Life Sciences) with 5% serum from the same age mouse.  
 
Muscle Tissue Immunofluorescence and Histological Analysis 
 
Muscle tissue was dissected, flash frozen in OCT compound (Tissue Tek; Sakura) and cryo-sectioned at 
10 micrometers. Cryo-sectioning was performed through the entire volume of muscle (50–70 sections 
total, done at 200 μm intervals), thereby serially sampling the entire tissue.  Muscle sections were 
stained with aqueous hematoxylin and eosin (H&E), as per the manufacturer’s instructions (Sigma-
Aldrich).  Regeneration and myogenic potential was quantified by examining injury sites from 
representative sections along the muscle spanning the injury, then by measuring the injured area 
using Adobe Photoshop Elements.  Myofiber regeneration was quantified by counting total newly 
regenerated fibers and dividing by the regeneration area. Immunostaining was performed as described 
56. Briefly, after permeabilization in PBS + 1% FBS + 0.25% Triton-X-100, tissues and cells were 
incubated with primary antibodies in staining buffer (PBS + 1% FBS) for 1 h at room temperature, 
followed by 1 h incubation fluorochrome-labeled secondary antibodies (ALEXA at 1:1000). BrdU-
specific immunostaining required an extra step of 2 M HCl treatment before permeablization. 
 
Whole Muscle Tissue Analysis  
 
Whole muscle from young and old resting TA and TA adjacent to cardiotoxin injured gastrocnemius 
muscle was isolated and lysed as described earlier 9. In brief, muscles were lysed using Miltenyi Biotec 
Tissue Dissociator in tissue lysate buffer and lysates were run on 7.5% Criterion gel (BioRad) and 
western blotted against TGF-β1 (R&D, mouse monoclonal antibody) and GAPDH (Abcam, goat 
polyclonal) antibody. The images were quantified using Image J software and P values calculated using 
student’s t-test. 
 
Quantification and Statistical Analysis 
 
For quantification of immunofluorescent images for BrdU incorporation, 25 20x images per replicate 
were taken on the Molecular Devices ImageXpress Micro automated epifluorescence imager, followed 
by automated cell quantification using the multiwavelength cell scoring module within the MetaXpress 
analysis software. Data was analyzed using Anova and P values equal or lower than 0.05 were 
considered statistically significant. Sample sizes of n=3 or greater were determined for each experiment 
based on previously published experimental group numbers 2,32,50 and assessed for significance based 
on p values and heteroscedastic variance between groups that were statistically compared. 
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For quantification of the number of BrdU+ or BrdU+Sox2+ cells in Alk5 inhibitor treated mice, 
unbiased stereology (Zeiss Axio Imager, software by MicroBrightfield) using the optical fractionator 
method was performed on 8 vibratome coronal brain slices spanning the hippocampus (40 microns 
thick, 200 microns apart), and the number of selected cells was normalized by the volume of 
hippocampal tissue analyzed. For quantification in shRNA viral vector injected brains, confocal stacks 
of 8 vibratome coronal GFP+ brain slices spanning the hippocampus (40 microns thick, 200 microns 
apart) were acquired on a Prairie confocal microscope and cells were counted. Cell numbers were 
normalized to the volume of the DG granule cell layer measured by ImageJ and as previously described 
4.  
 
Inclusion/Exclusion Criteria  
Only aged mice that died during the study due to health reasons were excluded from analysis. In terms 
of automated counting of cells using MetaXpress analysis software, only sites that were blurry with 
indistinguishable colors (such as areas on the slide with bubbles or sites imaged with incorrect focus by 
the Molecular Devices ImageXpress Micro automated epifluorescence imager), or areas with large cell 
clumps were excluded from the cell quantification analysis. These criteria were pre-established. 
 
When performing in vivo experiments, such as Alk5 inhibitor injections or shRNA steretaxic brain 
injections, there was no blinding. For quantification and analysis, researchers were blinded to the group 
allocation, specifically when doing regenerative index calculations, stereology and cell counts. 
 
Antibodies  

αRabbit-pSmad2 (Millipore AB3849), αRabbit-βactin (Cell Signaling #4967), αMouse-TGFβ1 (R&D 
MAB240), αMouse-TGFβ1,2,3 (R&D MAB1835), EdU Click-it kit (Invitrogen C10337 and C10338), 
αGuineyPig-DCX (Millipore AB2253), αGoat-Sox2 (Santa Cruz SC-17320), αRabbit-Desmin (Abcam 
ab32362), αMouse-embryonic myosin heavey chain (eMyHC) (Hybridoma Bank, clone F1.652), 
αChicken-GFP (Abcam ab13970), αRabbit-FLAG (Santa Cruz sc-807), αMouse-FLAG (Abcam 
ab18230),αRabbit-pSmad3 (Epitomics #1880-1), αRat-BrdU (Abcam ab6326), TGF-β1 ELISA kit 
(R&D DY1679), αMouse-Smad2/3 (Santa Cruz sc-133098), αRabbit-B2M (Abcam ab75853), αGoat-
GapDH (Abcam ab9483)   
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Extended Table 1 
 shRNA and qPCR Primer Sequences 
shRNA 
Smad 
3.1 

5’-
GCCCATGTTTCTGCATGGATTTCTCTTCAAGAGAGAGAAATCCATGCAGAAACAT
GGGCTTTTT-3’ 

shRNA 
Smad 
3.2 

5’-
GCTGTCCAATGTCAACCGGAATCTCTTCAAGAGAGAGATTCCGGTTGACATTGG
ACAGCTTTTT-3’ 

shRNA 
Smad 
3.3 

5’- 
GCATCCGTATGAGCTTCGTCAACTCTTCAAGAGAGAGTTGACGAAGCTCATACG
GATGCTTTTT-3’ 

shRNA 
Smad 
3.4 

5’-
GGACCTGAGTGAAGATGGAGATTCAAGAGATCTCCATCTTCACTCAGGTCTTTTT
-3’ 

shRNA 
Smad 
3.5 

5’-
GGGTCCAATGTCAACCGGAATTTCAAGAGAATTCCGGTTGACATTGGACCTTTTT
-3’ 

shRNA 
lacZ 

Sense: 5’-GGGGTTAATTAAAAGGTCGGGCAGGAAGAGGGC-3’ 
Antisense: 5’-GGGGTTAATTAAAAAAAGTGACCAGCGAATACCTGTTCTC-3’ 

Tgfb1 F: 5’-GCT ACC ATG CCA ACT TCT GT -3’; R: 5’-CGT AGT AGA CGA TGG GCA GT-
3’ 

p21 F: 5’-CCG CGG TGT CAG AGT CTA-3’; R: 5’-CAT GAG CGC ATC GCA ATC-3’ 
Smad3 F: 5’-ACC AAG TGC ATT ACC ATCC-3’; R: 5’-CAG TAG ATA ACG TGA GGG AGC 

CC-3’ 
GapDH F: 5’-CTGGAGAAACCTGCCAAGTA-3’       R: 5’-TGTTGCTGTAGCCGTATTCA-3’ 
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Abstract  
 
Although functional organ stem cells persist in the old, tissue damage invariably overwhelms 
tissue repair, ultimately causing the demise of an organism. The poor performance of stem cells 
in an aged organ, such as skeletal muscle, is caused by the changes in regulatory pathways such 
as Notch, MAPK and TGF‐β, where old differentiated tissue actually inhibits its own 
regeneration. This perspective analyzes the current literature on regulation of organ stem cells by 
their young versus old niches and suggests that determinants of healthy and prolonged life might 
be under a combinatorial control of cell cycle check point proteins and mitogens, which need to 
be tightly balanced in order to promote tissue regeneration without tumor formation. While 
responses of adult stem cells are regulated extrinsically and age‐specifically, we put forward 
experimental evidence suggesting that embryonic cells have an intrinsic youthful barrier to aging 
and produce soluble pro‐regenerative proteins that signal the MAPK pathway for rejuvenating 
myogenesis. Future identification of this activity will improve our understanding of embryonic 
versus adult regulation of tissue regeneration suggesting novel strategies for organ rejuvenation. 
Comprehensively, the current intersection of aging and stem cell science indicates that if the age‐
imposed decline in the regenerative capacity of stem cells was understood, the debilitating lack 
of organ maintenance in the old could be ameliorated and perhaps, even reversed. 
 

Summary and Key Figures 

Embryonic stem cells (ESCs) have a virtually infinite capacity to self-renew (e.g. to give rise to 
another embryonic stem cell), and to be pluripotent (e.g. to differentiate into virtually every cell 
type in the mammalian organism) (Levi and Morrison, 2008; He et al., 2009). The tremendous 
potential of ESCs for organogenesis, including those of human origin (hESCs), has created great 
interest in understanding and deliberately controlling their cell fate determination, and 
tremendous progress was made in recent years in this field (Wobus and Boheler, 2005; Boyer et 
al., 2006). At the same time, much less is known about the properties of selfrenewing, 
undifferentiated hESCs that do not directly relate to developmental lineage progression, but that 
might indirectly influence the regenerative capacity of post-natal tissues. In this respect, our 
work uncovered that in co-cultures with mouse muscle precursor cells, hESCs dramatically 
enhanced myogenesis in vitro, and moreover, rejuvenated the repair of injured muscle in old 
mice when injected intramuscularly into immunocompromised animals, even though the hES 
cells themselves did not contribute to new muscle tissue (Carlson and Conboy, 2007). The same 
work hinted that the positive regulation of mouse myogenesis by hESCs might be due to the 
soluble factors (be they protein, lipid, sugar or other macromolecules), and that human 
mesenchymal stem cells lack this pro-regenerative activity (Carlson and Conboy, 2007). The 
data and discussion below introduce evidence that selfrenewing human embryonic stem cells, but 
not differentiated hESCs (hESCs vs. dhESCs), secrete proteins that counteract the oppressive 
biochemical milieu of aged muscle and old circulation, and restore efficient myogenesis to old 
satellite cells that associate with old myofibers and are exposed to old blood serum. Furthermore, 
we show that this embryonic activity requires an intact MAPK pathway, because the 
proregenerative effects of hESC- secreted factors become abolished in the presence of a MEK 
inhibitor. Interestingly, hESC-secreted factors also promote proliferation and delay 
differentiation of primary myoblasts, which is a typical effect of other molecules known to 
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enhance adult myogenesis, such as Notch (Conboy and Rando, 2002; Conboy et al., 2003; Brack 
et al., 2008). 
 
An experimental system that successfully mimics the in vivo myogenesis and is particularly 
suitable for comparing young and aged mammals (Conboy and Rando, 2002, 2005; Conboy et 
al., 2005), has been tailored here for characterizing the influence of embryonic and neonatal 
factors on regenerative capacity of satellite cells and for determining whether the activity is 
associated with proteins. Specifically, young and old satellite cells activated by muscle injury 
were cultured in association with their own myofibers in medium with 10% blood serum of their 
own age. These satellite cell cultures were maintained for 24 hours in HAM’s F10 supplemented 
with 50% OPTI MEM (control medium), or 50% OPTI MEM-conditioned medium from hESCs 
or dhESCs. Exogenous MEK inhibitor was added to some samples to test the reliance of the 
system on MAPK pathway. BrdU was added to the cell cultures for the last 2 hours to label cells 
in S phase of the cell cycle. The myogenic proliferative response of satellite cells was determined 
based on the percentage of proliferating myoblasts generated by the satellite cells 
(desmin+ve/BrdU+ve cells) (Conboy et al., 2005; Carlson et al., 2008). The enhancement of 
myogenic capacity was also determined by measuring continuous proliferation and delayed 
differentiation of myoblasts in standard differentiation promoting medium, by quantifying the 
percent of multinucleated terminally differentiated eMyHC+ myotubes vs. BrdU+ mono-
nucleated cells. Typically, more than 50% of primary myoblasts fuse into post-mitotic 
multinucleated myotubes in the low mitogen differentiation medium (DMEM+2%horse serum), 
however, factors known to boost the regenerative capacity of muscle, such as active Notch, can 
delay this terminal differentiation in favour of continuous progenitor cell proliferation (Conboy 
and Rando, 2002; Brack et al., 2008). 
 
These experiments demonstrated that secreted protein(s) in conditioned culture supernatants 
from hESCs manifested a pro-regenerative activity that enhanced and importantly, rejuvenated 
the regenerative capacity of satellite cells (Figure 1 A) and promoted the proliferation of 
myoblasts (Figure 1 B). Interestingly, differentiated progeny of hESCs do not possess this 
proregenerative anti-aging activity, as myogenic responses in supernatants from differentiated 
hESCs were no higher than that in control medium. The proregenerative activity was also tested 
and not found in embryoid bodies, suggesting that it is general differentiation and not 
commitment to a particular lineage that abrogates the production of the anti-aging factor(s). The 
pro-myogenic effects of hESC supernatants were significantly reduced upon protease treatment 
(Proteinase K conjugated to agarose beads following by the removal of the beads), indicating a 
protein source of this activity. The rapid loss of the proregenerative activity of hESC supernatant 
upon repeated freezing-thawing also indicates that the factors are labile proteins.  
 
Quite interestingly, the pro-regenerative activity was found to be dependent on intact MAPK 
signaling as there was no enhancement of myogenesis in the presence of a MEK inhibitor 
(Figure 1 A and B). For satellite cells, inhibition of the MAPK pathway reduced the pro-
regenerative effects of hESC supernatants on old satellite cells and slightly diminished the 
proliferation of young satellite cells (Figure 1A). The attenuation of satellite cell proliferation by 
MEK inhibitor was partial suggesting that additional positive regulators of cell proliferation (for 
example, active Notch) might play a role in the studied experimental system. For myoblasts, the 
inhibition of MAPK signaling prevented both proliferation and differentiation of the majority 
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(~88%) of cells cultured with hESC supernatants (Figure 1 B), while a few cells (~12%) 
differentiated into multinucleated myotubes with BrdU-low nuclei. It has been shown that 
MAPK signalling is important for the G1 to S transition, but once cells enter S phase, they 
complete cell cycle independently of this pathway (Jones and Kazlauskas, 2001). Hence, it is 
possible that some myoblasts in the G1 phase of the cell cycle failed to enter the S phase in the 
presence of MEK inhibitor, even though the hESC supernatant was present, while myoblasts that 
were already in S or G2/M phases completed the cell cycle and differentiated into myotubes 
instead of entering into another G1 phase. While two different phenotypes were observed, in 
both cases the hESC-derived proregenerative factors were not capable to promote proliferation or 
delay differentiation of primary myoblasts when the MAPK pathway was experimentally 
inactivated. 
 
Summarily, these results suggest that self-renewing human embryonic stem cells, but not their 
immediately differentiated progeny, produce soluble proregenerative protein(s) with anti-aging 
activity, which  require an intact MAPK pathway for their positive effects on adult myogenesis. 
The identification of the pro-regenerative protein(s) is to follow, and the reliance of adult 
myogenesis on MAPK signalling suggest some interesting candidate gene approaches for 
uncovering natural molecules that counter the effects of aged niches on organ stem cells. 
Molecular identification of this activity will broaden our knowledge of embryonic, adult and 
aged regulation of tissue regeneration and will point toward novel clinical strategies for organ 
rejuvenation and for improving outcomes of degenerative disorders where endogenous 
progenitor cells are overwhelmed by continuous tissue death. Since the activity is produced by 
human cells and manifests in mouse cells, it is likely that the secreted proteins are evolutionarily 
conserved. 
 

Figures 

Figure 1A. Young and old myofibers were isolated from hind leg mouse muscle at 3 days post 
injury by cardiotoxin and were cultured for 24 hours in Ham’s F10 supplemented with 10% 
young or old mouse serum and 50% of the supernatant specified. 10 μM of MEK inhibitor was 
added to some wells, as indicated. Proliferating muscle progenitor cells that were generated by 
the activated satellite cells were immunodetected with anti‐desmin(green) and anti‐BrdU (red) 
antibodies; Hoechst (blue) was used to label all nuclei. Percent of proliferating myogenic cells 
was determined by CellProfiler. Typically poor myogenicity of old satellite cells cultured with 
old serum was rescued by hESC supernatant in a MAPK‐dependent manner. 
 
Figure 1B. Primary myoblasts were cultured for 24 hours in DMEM + 2% Horse Serum and 
50% of the supernatant specified. 10 μM of MEK inhibitor was added to some wells, as 
indicated. At 24 hours, cells were pulsed with 10 μM BrdU for 2 hours and fixed with 70% 
ethanol. Cells were immuno‐stained for eMyHC (green) and BrdU (red); Hoechst (blue) was 
used to label all nuclei Automated imaging of these cells was done using ImageXpress and 
automated counting of percent of eMyHC+ and BrdU+ cells was performed by quantifying at 
least 100 sites per experimental sample by MetaExpress. hESC supernatant enhanced myoblast 
proliferation in a MAPK‐dependent manner and diminished differentiation into myotubes. 
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Abstract  

This work builds upon our findings that proteins secreted by hESCs exhibit pro-regenerative 
activity, and determines that hESC-conditioned medium robustly enhances the proliferation of 
both muscle and neural progenitor cells.  Importantly, this work establishes that it is the proteins 
that bind heparin which are responsible for the pro-myogenic effects of hESC-conditioned 
medium, and indicates that this strategy is suitable for enriching the potentially therapeutic 
factors.  Additionally, this work shows that hESC-secreted proteins act independently of the 
mitogen FGF-2, and suggests that FGF-2 is unlikely to be a pro-aging molecule in the 
physiological decline of old muscle repair. Moreover, hESC-secreted factors improve the 
viability of human cortical neurons in an Alzheimer's disease (AD) model, suggesting that these 
factors can enhance the maintenance and regeneration of multiple tissues in the aging body. 

Introduction  

 Tissue regeneration and maintenance dramatically and invariably decline with age, 
eventually causing failure of multiple organ systems in all mammals. In muscle, the loss of tissue 
regeneration with age is thought to be imposed by signaling changes in the satellite stem cell 
niche, and interestingly, the aging of stem cell niches is to some extent similar between muscle, 
brain, blood, and other tissues [1-3]. Our previous work found that human embryonic stem cells 
(hESCs) produce soluble secreted molecules that can counteract the age-imposed inhibition of 
muscle regeneration, an “anti-aging” activity that is lost when the hESCs differentiate [4, 5].  

Numerous mitogenic proteins are expressed by hESCs [6] and are known to act through 
TGF-beta/BMP, Jak-Stat, MAPK, and other key regulatory signaling pathways, all of which 
have been implicated in the control of adult tissue regeneration. The precise identity of the pro-
myogenic factors that are secreted by hESCs and the molecular mechanism of their action in 
muscle stem and progenitor cells is still work in progress; however, the effects of one of these 
molecules, FGF-2, was studied here in detail.  FGF-2 is known to be secreted by hESCs and is 
also contained in the growth/expansion medium of embryonic stem cells [7-9].  FGF-2 does not 
have a signal peptide and is not secreted through the ER-Golgi pathway [10, 11], and the 
mechanisms of FGF-2 transport or export from cells in skeletal muscle are not well defined. 
FGF-2 ligand acts by binding to promiscuous receptor complexes to activate the MAPK/PERK 
pathway, which is well known to exert strong mitogenic effects and to be necessary for the 
establishment and maintenance of primary cultures of muscle progenitor cells [12, 13].  With 
age, the activation and proliferation response of aged muscle stem cells after injury declines as 
compared to young [14]. Consequentially, the generation of fusion-competent muscle progenitor 
cells, or myoblasts, that co-express desmin, Myf5, MyoD and Pax-7, incorporate BrdU, and 
terminally differentiate into myotubes or myofibers that express eMyHC, becomes deficient in 
poorly regenerating old tissue [1]. Controversially, a recent report [15] suggested that FGF-2 is 
overproduced by aged myofibers and subsequently induces proliferation and exhaustion of the 
old satellite cells that are typically quiescent. The age-specific role of FGF-2 was examined here 
with respect to its localization and signaling in muscle stem cells. 

The age-imposed decline in stem cell responses is caused by the aging of the niche, not 
only in muscle, but also in brain. Thus, we tested whether the enhancement of stem and 
progenitor proliferation and tissue maintenance by hESC-secreted proteins is conserved between 
muscle and brain. The brain undergoes many changes with aging, including neuronal cell death, 
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thinning of the cortex and loss of brain plasticity, and the accumulation of plaques and 
neurofibrillary tangles [16-19]. Additionally, two regions of the adult brain – the dentate gyrus of 
the hippocampus and the subventricular zone of the forebrain – harbor neural stem cells (NSCs) 
that express the marker Sox-2 and are able to give rise to neurons and glia in vivo and in culture. 
During the natural aging process, similarly to muscle function, cognitive function declines, 
which may be in part due to the diminished ability of the neural stem cells in the subgranular 
zone of the dentate gyrus to proliferate and give rise to new neurons [2, 3].   

In addition to decrease in neurogenesis observed with aging, the central nervous system 
can suffer from a number of age-associated neurodegenerative disorders. We have developed an 
in vitro Alzheimer's disease model in which hESC-derived cortical neurons are exposed to a very 
toxic form of Amyloid beta (Aβ) (Vazin et al., submitted), soluble oligomeric forms of Aβ 
known as “globulomers”, which have shown a stronger clinical correlation with the cognitive 
deficit than the overall plaque load [20, 21].  Exposure of hESC-derived glutamatergic neurons 
to such Aβ oligomers induces signs of the disease, including age-dependent binding of Aβ and 
cell death. 

In investigating the pro-myogenic properties of hESC-secreted proteins, we explored a 
hypothesis that key factors may contain heparin-binding domains, as many proteins known to be 
key mitogenic regulators of cell-fate specification and secreted by embryonic cells bind heparin 
or act in complex with heparin-bound proteins [22, 23]. Consistent with this hypothesis, we 
establish that that depletion of the heparin-binding proteins abrogates, while the enrichment for 
these proteins robustly manifests, the pro-regenerative activity of the hESC-conditioned medium. 
In addition to providing a novel method for enrichment of the therapeutic factors that are 
secreted by the hESCs, this study demonstrates the positive effect of these molecules on tissue 
regeneration and maintenance not only in muscle, but also in brain. Namely, hESC-secreted 
proteins robustly enhanced the proliferation of adult NSCs, suggesting a promising application 
for both the enhancement of cognitive function and improved outcome of NPCs transplantation; 
and notably, proteins secreted by hESCs had significant neuroprotective, anti-apoptotic effect on 
human cortical neurons exposed to  , demonstrating a potential novel therapy for combating 
AD.  Importantly, f this work establishes that hESC-secreted proteins act independently of 
recombinant FGF-2 that is contained in their growth medium. Interestingly, we also show that 
mTeSR-1 hESC-conditioned medium exhibits potent pro-myogenic properties due to the high 
levels of FGF-2.  In FGF-2 is not a pro-aging molecule, our work demonstrates that FGF-2 does 
not signal in the aged muscle stem cells and uncovers an interesting, age-specific mis-
localization of the FGF-2 ligand, which may reflect a fundamental difference not only in the 
permissiveness of FGF-2 signaling in young vs. old muscle, but also in the ability of old 
differentiated muscle cells to secrete this mitogen.  

Results and Discussion   

mTeSR-1 growth medium has pro-myogenic activity, which is due to the high levels of 
FGF-2, and hESC-secreted factors act independently of recombinant FGF-2 

Our previous work established that injection of hESCs – which were cultured on mouse 
embryonic fibroblasts (MEF) and in standard, highly mitogenic, embryonic cell growth medium 
– enhanced old muscle regeneration [4].  In our more recent work, the hESCs have been cultured 
in mTeSR-1 (Stem Cell Technologies), a defined feeder-free medium which is also highly 
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mitogenic [9], and we investigated whether and to what degree the pro-myogenic effects of 
hESC-conditioned medium was due to the residual activity of the hESC growth/expansion 
medium.  Primary muscle progenitor cells (myoblasts) were cultured overnight in a mitogen-low 
fusion medium that typically induces differentiation of myoblasts into multinucleated eMyHC+ 
myotubes. The enhancement of myogenic cell proliferation and inhibition of differentiation was 
assayed by BrdU uptake for the last 2 hours of culture, after which cells were fixed and used for 
immunofluorescence with anti-BrdU and anti-MyHC specific antibodies. When primary 
myoblasts were cultured in 50% fusion medium plus 50% hESC-conditioned mTeSR-1 or 50% 
unconditioned mTeSR-1, both media compositions induced proliferation and inhibited 
differentiation of these myogenic cells, though medium containing hESC-conditioned mTeSR-1 
inhibited differentiation more significantly (Figure 1A, quantified in B and C). To confirm these 
data with muscle stem cells, injury-activated satellite cells associated with myofibers were 
isolated from old muscle and cultured overnight in a 50/50 mix of Opti-MEM containing 5% old 
mouse serum and hESC-conditioned mTeSR-1 or mTeSR-1. Both conditioned and not-
conditioned mTeSR-1 media enhanced the regenerative capacity of satellite cells that were 
isolated from injured old muscle, based on the numbers of de-novo generated BrdU+/Desmin+ 
muscle progenitor cells (Figure 1D, quantified in E). These results demonstrate that embryonic 
stem cell culture medium itself has pro-myogenic effects.  To investigate whether hESC-
conditioned Opti-MEM exhibits pro-regenerative effects due to the hESC-secreted proteins, and 
not because of residual mTeSR-1, we washed the hESC culture wells multiple times with Opti-
MEM prior to incubation for conditioning the Opti-MEM, and found that even after 3 washes, 
hESC conditioned the Opti-MEM to yield the same potent pro-regenerative effect on myoblasts 
(Figure 1F).  These results demonstrate that while mTeSR-1 supplementation promotes myoblast 
proliferation, other factor(s) produced by hESCs independently enhance the regenerative 
capacity of muscle stem and progenitor cells.  

 To understand the pro-myogenic effects of mTeSR-1 in greater detail, we addressed the 
role of FGF-2, which is present at high concentration in mTeSR-1 (over 50 nanograms per 
milliliter, ~10 times higher than the doses used in conventional culture of muscle progenitor 
cells). Our hypothesis was that the FGF-2 in mTeSR-1 enhances myoblast and satellite cell 
proliferation, partially masking the effects of the hESC-produced factors in hESC-conditioned 
mTeSR-1. To test this hypothesis, we incubated hESCs in a basal medium that had the other 
growth and signaling factors present in mTeSR-1 (TGF-beta, GABA, pipecolic acid and Lithium 
Chloride, [9]), but lacked FGF2, and compared the pro-myogenic effects of this FGF-free hESC-
conditioned mTeSR-1 analog with the effects of the same mTeSR-1 analog that was not 
conditioned by the hESCs. Without FGF-2, the mTeSR-1 analog lacked pro-regenerative effects 
on myoblasts (Figure 2A, quantified in 2B). On the other hand the very same mTeSR-1 analog 
lacking FGF-2, but conditioned by hESCs, significantly enhanced myoblast proliferation and 
inhibited differentiation, while conditioning of this mTeSR-1 analog lacking FGF-2 by 
differentiated hESC derived cells resulted in the absence of pro-myogenic properties (Figure 2A, 
quantified in 2B). These data demonstrate that the pro-myogenic effects of mTeSR-1 are due to 
the high concentration of FGF-2, and that it is not simply residual FGF-2 from mTeSR-1 that is 
responsible for the enhancement of myogenesis by the hESC-conditioned medium. 

FGF-2 signaling and satellite cell proliferation are not increased with age. 
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FGF-2, which often functions as a mitogen, was recently reported to contribute to the 
aging and depletion of mouse satellite cells.  However, the canonical model of muscle stem cell 
aging postulates that a decline in such mitogens over time leads to reduced activation of satellite 
cells that are resident to old tissue [1, 24, 25], so we explored these phenomena in more detail.  
The levels of FGF-2 were determined by Western Blotting in muscle fibers that were derived 
from Tibialis Anterior (TA) and Gastrocnemius (Gastroc) muscle of young and old mice.  As 
shown in Figure 3A (quantified in 3B), a significant increase in FGF-2 protein was observed 
with age in myofibers, consistent with Chakkalakal et al. FGF-2 signals through the 
MAPK/pERK pathway, so we analyzed the levels of pERK in myofibers derived from young 
and old uninjured muscle. Interestingly, as shown in Figure 3 A (quantified in 3B), no age-
specific increase in pERK was found, and the levels of this key effector were very low in cells 
from both ages, despite the high levels of FGF-2 in protein lysates derived from old muscle 
fibers.  Also, a myoblast control indicates that pERK detection was sensitive (Figure 3A).  To 
understand these data, we examined the presence and localization of FGF-2 in the intact young 
and old muscle, using 10 micron cryosections.  FGF-2 and laminin were detected with specific 
antibodies and resolved by immunofluorescence.  As shown in Figure 3 C (quantified in 3D), 
FGF-2 was localized in the basement membrane of young muscle, while in the old muscle, FGF-
2 was present less in the basement membrane and more in the cytoplasm of the myofibers (e.g. 
away from its receptors in muscle stem cells).  These data suggest that the relatively higher 
levels of FGF-2 in old muscle do not necessarily represent ligand that is available for signaling in 
satellite cells. Additionally, these results indicate that detection of elevated FGF-2 in the old 
muscle might be due to its over-expression within the old muscle fiber itself, or alternatively, due 
to “washing” of extracellular FGF-2 from young muscle during tissue dissociation when the 
basement membrane is digested with collagenase and dispase, and tissue integrity is perturbed 
[26]. 

To confirm and extend upon these findings, we isolated muscle stem cells from uninjured 
young and old TA and Gastroc muscle and treated them with FGF-2 for 30 minutes, after which 
the levels of FGF-2, pERK, and total ERK were determined in these freshly isolated stem cells. 
As shown in Figure 4 A, B, endogenous FGF-2 was undetectable in either young or old muscle 
stem cells upon isolation, but the added FGF-2 was clearly present in these satellite cells after 30 
minutes.  Young and old satellite cells were harvested after just 30 minutes of culture, thus, the 
FGF-2 protein detected in cultures, which were treated with recombinant FGF-2 is unlikely to 
represent de-novo expression. Satellite cells were lifted from the plates with PBS and washed 
prior to their lysing for Western Blotting, and it was thus unlikely that any residual, non-cell 
associated recombinant FGF-2 from media or plates would contaminate cell lysates.  To test this 
directly and definitively, we performed a control with a matrix-coated but cell-free plate that was 
identically treated with FGF-2, and found no detectable recombinant FGF-2 in the solution 
(Figure 4A). Hence, the FGF-2 detected in protein lysates of young and old satellite cells 
incubated with this growth factor likely reflects ligand that is bound to its specific receptors.  In 
support of this conclusion, recombinant FGF-2 induced pERK in both young and old satellite 
cells (Figure 4 A and C). In agreement with non-detectable endogenous FGF-2 in both young 
and old satellite cells, very low levels of pERK that did not differ with age were observed in 
these muscle stem cells resident to tissue that was neither injured nor treated with recombinant 
FGF-2 (Figure 4 A and C).  To determine whether low levels (as opposed to none) of FGF-2 can 
be detected in the muscle stem cells, another independent experiment was performed with a 
prolonged enhanced chemiluminescence exposure of the Western Blots. As shown in 



79 
 

Supplementary Figure 1, low levels of FGF-2 could be indeed detected in muscle stem cells after 
a 30 minute exposure, but once again, there was no age-specific difference in either FGF-2 or in 
pERK. These results suggest that FGF-2 does not signal in either young or old satellite cells that 
reside in non-injured skeletal muscle. 

To directly examine cell proliferation, satellite cells were isolated from non-injured 
young and old tissue and were cultured with or without FGF-2 overnight, after which the levels 
of the proliferation marker Ki67 were determined in Pax7+ satellite cells. Muscle stem cells for 
this and other experiments were isolated with high and equal purity from young and old mice, as 
shown in Supplementary Figure 2. Neither young nor old cells were lost during overnight 
culturing, as the numbers were similar to initial plating, and no age-specific loss was observed, 
based on the cell counts. As shown in Figure 4 D and E, no increase in proliferation of aged 
muscle stem cells was detected, as compared to young, and as expected from previous literature, 
the majority of both young and old satellite cells were quiescent [14, 26, 27]. When added, FGF-
2 significantly enhanced the proliferation of quiescent muscle stem cells that were isolated from 
uninjured muscle (both young and old), as shown in Figure 4 D and E, which is consistent with 
the induction of pERK that is shown in Figure 4 A, C. However, very interestingly, 90-95% of 
muscle stem cells derived from uninjured young and old tissue were not proliferating even in the 
presence of added FGF-2, suggesting that other mitogens and / or cell-fate changes are needed to 
induce the robust entry of quiescent satellite cells into the cell cycle, also as published [13]. 
These data demonstrate that the localization of FGF-2 within the skeletal muscle compartment 
changes with age and question whether endogenous FGF-2 is likely to exhaust the pool of aged 
quiescent satellite cells, since it does not induce significant signaling in these cells. 

The pro-regenerative activity of hESC-secreted factors is contained in proteins with 
heparin binding domains. 

 Based on the fact that many growth factors that are known to enhance cell proliferation 
contain heparin binding domains, or act by association with heparin binding proteins as co-
activators of signal transduction [22, 23], we hypothesized that hESC-secreted factors that have 
pro-regenerative activity may be proteins that might bind heparin, and furthermore postulated 
that hESC-conditioned medium depleted of heparin-binding proteins would lose the ability to 
enhance myoblast proliferation.  To confirm that the factors in hESC conditioned medium were 
proteins, hESC conditioned Opti-MEM was treated with proteinase-K agarose beads, and the 
beads were removed before mixing 50/50 with Opti-MEM and 5% mouse serum, for culture with 
injury-activated satellite cells with associated fibers from old muscle, as above.  All proliferative 
activity of the conditioned medium was lost after proteinase treatment, indicating that protein(s) 
conferred the pro-regenerative activity (Supplemental Figure 3). 

 To deplete heparin-binding proteins, hESC-conditioned medium was incubated with 
heparin binding domain - coated acrylic beads. Muscle progenitor cells were then cultured in this 
heparin-depleted hESC-conditioned medium, hESC-conditioned medium, or controls (medium 
alone and medium conditioned by differentiated cells that lack the pro-regenerative activity). 
Proliferation of primary muscle progenitor cells was assayed by BrdU uptake for 2 hours, and 
cell differentiation was assayed by the expression of eMyHC. Interestingly, hESC-conditioned 
medium depleted of heparin binding proteins completely lost its pro-regenerative activity on 
muscle progenitor cells (Figure 5 A, quantified in B).  Even more importantly, the pro-
regenerative activity of in the hESC-secreted proteins could be eluted from the heparin-coated 
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beads (Figure 5 A, quantified in B), hence confirming that these factors have heparin-binding 
domains and suggesting novel strategies for purification of these clinically relevant molecules. 
Excitingly, when these heparin-binding eluted embryonic proteins were injected at Day 0 and 
Day 2 into injured muscle (e.g., at the time of the injury and when muscle stem cells become 
activated for regeneration) old muscle repair became rejuvenated, based on increased formation 
of de-novo myofibers with centrally located BrdU+ nuclei (Figure 5C, quantified in D). These 
data reveal the pro-myogenic proteins that are secreted by the hESCs contain heparin-binding 
domains. 

hESC-conditioned Opti-MEM has Pro-Survival and Pro-Mitogenic effects on Neuronal 
Cell Types 

 To assess the potential positive effect of hESC-secreted proteins on other cell types, 
specifically neural cells, we cultured rat neural progenitor cells in the presence of hESC-
conditioned medium, or in a control medium conditioned by differentiated hESC-derived cells. 
Specifically, cells were cultured in the 50/50 mix of neural differentiation medium (see Methods) 
and Opti-MEM, which was conditioned either by the self-renewing hESCs or by the negative 
control, differentiated hESC-derived cells. The goal was to determine if hESC-secreted factors 
can enhance proliferation and inhibit differentiation of NPCs, in parallel to our studies 
demonstrating these embryonic factors enhance muscle precursor proliferation and inhibit their 
differentiation in a 50/50 mix of fusion medium [5]. Very interestingly, a significant increase in 
proliferation of Sox-2+ neural progenitors was observed in cultures exposed to the hESC-
produced proteins, an effect that was lost when NPCs were cultured in control medium from 
differentiated cells (Figure 6 A, quantified in B). As this effect was similar to what we previously 
reported for muscle stem/progenitor cells, in that we observe an enhancement of proliferation 
and inhibition of differentiation of precursor cells by hESC-secreted factors [5], it suggests that 
hESC-secreted proteins enhance the proliferative capacity of progenitor cells in multiple tissue 
types, and similarly to the situation in muscle, the pro-mitogenic activity is lost when hESCs 
differentiate.  

We next sought to examine whether not only cell proliferation, but cell viability might be 
enhanced by the hESC-secreted proteins, particularly under pathological conditions.  Likewise, 
we wished to investigate whether the effects of the pro-mitogenic factors would manifest not 
only on progenitors, but also on terminally differentiated neurons. To answer these questions, we 
generated human cortical glutamatergic neurons by directed differentiation of embryonic stem 
cells (see Methods). Specifically, dorsal telencephalic progenitors expressing glutamate and 
VgluT1 were generated by using Shh and FGF-2. This protocol induced the differentiation of 
human embryonic stem cells (hESCs) into cultures with up to 74% of neurons expressing 
glutamate and VgluT1.  As an in vitro model of AD, soluble oligomeric forms of Aβ known as 
“globulomers,” which have been implicated in the pathology of Alzheimer's disease [20, 21], 
were added to these cultures of human glutamatergic neurons. They bound Aβ, which led to cell 
death as measured by the presence of cleaved caspase 3 (Figure 6C, quantified in D).  

 To examine whether hESC-secreted factors have neuroprotective effects in this in vitro 
human AD model, Aβ globulomers were added to cortical cultures primarily comprised of 
glutamatergic neurons in the presence or absence of hESC-conditioned medium.  The neurons 
were pre-incubated with hESC-conditioned Opti-MEM for 1 hr prior to treatment with Aβ 
globulomers, or alternatively, hESC-conditioned medium was added at 50% to neuron medium, 
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simultaneously with the Aβ globulomers.  Analysis with cleaved caspase-3 as an apoptotic 
marker and MAP2 as neuron marker showed a significant decrease in cell death when neurons 
were pre-incubated with hESC-secreted factors, as compared to cultures treated with Aβ 
globulomers alone (Figure 6 C, quantified in D).  A noticeable but not statistically significant 
decrease of apoptosis was observed in neuron cultures that were administered with Aβ and 
hESC-secreted proteins simultaneously (Figure 6 C, D).  These data suggest that hESC-secreted 
factors exert a protective (anti-apoptotic) effect on human cortical neurons in this AD model. 

Conclusions 

 Since the comprehensive molecular identity of the specific proteins that are responsible 
for the pro-regenerative effects of the hESC-conditioned medium is a work in progress, we 
report here the ability to enrich these proteins using the heparin binding domains, and thus to 
provide a novel approach to study these clinically relevant molecules. Our ability to enrich the 
pro-regenerative activity of the hESC-secreted proteins is particularly important, because these 
embryonic factors improved the regenerative capacity of not only muscle, but also enhanced 
proliferation of neural progenitor cells, suggesting their possible ability to combat tissue 
degenerative disorders in multiple organ systems. Furthermore, hESC-secreted proteins exhibited 
not only proliferative effects on different progenitor cell types, but also neuroprotective effects 
on human cortical neurons in an in vitro model of Alzheimer's disease. These results suggests 
that hESC-produced molecules either prevent the death of human cortical neurons in an Aβ 
induced neurotoxic environment or are able to reduce the effect of Aβ toxicity by preventing the 
interaction of such toxic species with neuronal phenotypes that highly susceptible to Aβ, both 
possibilities that are clinically relevant outcomes and would be very interesting to study further. 

 With respect to the enhancement of myogenesis, this work revealed a pro-myogenic 
effect of mTeSR-1, which was linked to the high levels of FGF-2, a known inducer of   
proliferation in multiple cell types. Importantly, we show that the pro-myogenic activity of the 
hESC-secreted proteins manifests without added FGF-2 and that the hESC-conditioned Opti-
MEM, which we typically use, does not contain any residual activity that is derived from 
mTeSR1. 

While we found that the levels of FGF-2 protein are indeed elevated in old myofibers (in 
agreement with Chakkalakal et al.), signaling downstream of FGF signaling, namely pERK, was 
low and not different between the young and aged muscle stem cells or muscle fibers. In 
resolution of this interesting conundrum, we found that while in the old muscle this protein is 
localized intracellularly within the myofibers (away from its receptors and from satellite cells), in 
the young muscle, FGF-2 is located mostly extracellularly in the basement membrane, which is 
the niche of muscle stem cells. As such, this work suggests that much more FGF-2 ligand is 
available for signaling to young muscle stem cells than in old muscle, but it is still unclear why 
FGF-2 does not induce proliferation of quiescent satellite cells in uninjured young muscle. 
Potentially, the disruption of the basement membrane due to the injury or attrition of the 
myofibers, differentiation of satellite cells along myogenic lineage, and/or extracellular matrix – 
based activation of FGF-2 for binding to its receptors might be required for the induction of 
FGF-2 signaling in the muscle stem cells responding to tissue damage.  In support of this 
conclusion, FGF-2 had a weak effect on the proliferation of quiescent muscle stem cells derived 
from non-injured mice (both, young and old); and thus, not FGF-2 alone but other factors and 
signaling pathways are likely required for the breakage of satellite cell quiescence [5]. Low 
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numbers (~3-4%) of proliferating Ki67+ young satellite cells are explained by the fact that these 
cells (expected to be 99.1% quiescent) were cultured overnight in their own young serum that is 
known to be pro-proliferative [28]; proliferation of the aged quiescent satellite cells derived from 
uninjured muscle and cultured with old serum was very low, which is consistent with the fact 
that old satellite cells divide very poorly in the presence of aged serum [14, 29-31].  

  FGF-2 does not have a signal peptide, and the mechanisms of FGF-2 activation are not 
well described in general or in skeletal muscle [26, 28]; therefore, further work is required to 
understand the age-dependent defect in the localization and activation of FGF-2 signal 
transduction in muscle stem and progenitor cells. Notably, differential localization of FGF-2 
might introduce experimental artifacts into its detection, since the basement membranes of 
myofibers typically become digested during muscle dissociation, and the plasma membrane may 
be damaged [26, 28]; thus, the identification of the precise levels of FGF-2 in sub-cellular 
compartments of skeletal muscle is not an easy task. 

 Importantly, our data directly demonstrate that the numbers of proliferating 
(Ki67+Pax7+) muscle stem cells do not increase with age, which is further corroborated by the 
lack of age-specific increase of BrdU+ muscle stem cells after 4-6 weeks of in vivo delivery of 
BrdU to young and old mice (Amy Wagers, personal communications). Summarily, it is 
inconsistent with our data that FGF-2 promotes proliferation of quiescent muscle stem cells in 
old mice, though it still may be possible that old satellite cells are lost through an indirect and 
MAPK-independent activity of FGF-2. 

 As well established, in response to injury or attrition of myofibers, quiescent muscle stem 
cells activate to divide, form myogenic lineage, and regenerate the tissue; and this process 
becomes inefficient with age. The work presented here introduces novel strategies for the 
purification and clinical use of the proteins that are able to rejuvenate the aged niches of organ 
stem cells and uncovers that the viability of differentiated cells in pathological tissues might be 
also enhanced by these clinically-relevant molecules. 
 
Figure Legends 

Figure 1. Both mTeSR-1 and hESC-Conditioned mTeSR-1 increase primary myoblast and 
satellite cell Proliferation and inhibit Differentiation. (A) Primary Mouse Myoblasts were 
cultured for 24 hours in 50% fusion/differentiation medium (DMEM, 2% horse serum) plus 50% 
of the specified medium.  A 2 hour BrdU pulse was performed before cell fixation to label 
proliferating cells. Immunofluorescence was performed for eMyHC (green) and BrdU (red), with 
Hoechst (blue) labeling all nuclei. Representative images are shown. Proliferation and 
differentiation of fusion-competent myoblasts were quantified by cell scoring in 25 random 
fields of each condition using a Molecular Devices automated imager and MetaXpress cell 
scoring software. Results are displayed as the mean percent of BrdU+ (B) or eMyHC+ (C) 
proliferating or differentiating cells +/-SD, respectively. N=4 *P< 4X10-10  for BrdU+ myoblasts 
incubated in 50% mTeSR-1 as compared to myoblasts incubated in just fusion medium, or 50%  
hESC-conditioned mTeSR-1 as compared to myoblasts incubated in just fusion medium. *P< 
0.005 for eMyHC+ fusing myoblasts in 50% mTeSR-1 as compared to myoblasts incubated in 
fusion medium alone, and  *P< 9X10-5  for eMyHC+ fusing myoblasts in 50% hESC-
conditioned mTeSR-1 as compared to myoblasts incubated in just fusion medium. (D) Old injury 
activated myofiber-associated satellite cells were isolated at 3 days post cardiotoxin-induced 
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muscle injury, and cultured  overnight in 50% DMEM/F12 with 10% old serum, and 50% of the 
medium specified, followed by a 2 hour BrdU pulse to label proliferating cells before cell 
fixation. Immunofluorescence was performed with Desmin (green) and BrdU (red), with Hoechst 
(blue) labeling all cell nuclei. Representative images are shown and demonstrate that both hESC-
conditioned mTeSR-1 and mTeSR-1 have a pro-myogenic effect on activated satellite cells. (E) 
Proliferating Desmin+/BrdU+ satellite cells were quantified by cell scoring in multiple random 
fields of each condition. Results are displayed as the mean percent of BrdU+/Desmin+ 
proliferating satellite cell cells +/-SD. N=3, *P< 0.05 for satellite cells in 50% mTeSR-1 as 
compared to satellite cells incubated in just basal medium with old serum, and *P< 0.001  for 
satellite cells in 50% hESC-conditioned mTeSR-1 as compared to satellite cells incubated in just 
basal medium with old serum. (F) Undifferentiated hESCs that were grown in mTeSR-1 medium 
were washed 0-3 times with Opti-MEM, followed by overnight incubation in Opti-MEM and 
collection of the resulting conditioned Opti-MEM. The hESC-conditioned Opti-MEM was spun 
down to remove cell debris, before addition to myoblasts as a 50/50 mix with  myogenic fusion 
medium for culture overnight.  A 2 hour BrdU pulse was performed to label proliferating cells 
prior to cell fixation and immunofluorescence was performed with eMyHC and BrdU, with 
Hoechst labeling all cell nuclei (images not shown). Proliferating and differentiating cells were 
quantified by cell scoring 25 random fields of each condition using an automated imager and 
MetaXpress cell scoring software. Results are displayed as the mean percent of BrdU+ or 
eMyHC+ proliferating or differentiating cells +/-SD, respectively and  n=2.  

Figure 2. hESC-conditioned medium enhances myogenic proliferation in the absence of 
FGF2 in mTeSR-1 growth medium. (A) Primary myoblasts were cultured for 16 hours in 50% 
fusion/differentiation Medium + 50% of the specified medium. A 2 hour BrdU pulse was 
performed before cell fixation to label proliferating cells. Immunofluorescence was performed 
for eMyHC (green) and BrdU (red), with Hoechst (blue) labeling all nuclei. Representative 
images demonstrate that hESC-conditioned medium lacking FGF2 increases myoblast 
proliferation and inhibits differentiation. (B) Proliferation and differentiation of fusion-
competent myoblasts were quantified by cell scoring in 50 random fields of each condition using 
an automated imager and MetaXpress cell scoring software. Results are displayed as the mean 
percent of BrdU+ or eMyHC+ proliferating or differentiating cells +/-SD, respectively. N=4, 
*P< 2X10-12  for hESC-conditioned basal medium with 4 mTeSR-1 ingredient components 
(lacking FGF2) as compared to differentiation hESC-conditioned basal medium with 4 mTeSR-1 
ingredient components (also lacking FGF2), and for hESC-conditioned basal medium with 4 
mTeSR-1 ingredient components (lacking FGF2) as compared to myoblasts incubated in basal 
medium with 4 mTeSR-1 ingredient components (lacking FGF2).  

Figure 3. Age-dependent comparison of FGF2 and pERK levels and localization in muscle 
fibers. (A) Protein was isolated from freshly-derived uninjured myofibers of young and old mice 
and the levels of FGF2 and phospho-ERK1/2; total ERK1/2 and cytoplasmic beta-actin were 
analyzed by Western blotting, using specific antibodies. Representative data are shown. (B) 
Relative protein expression was quantified in 3 young and 3 old mice by normalization of FGF-2 
to beta-actin and normalization of pERK to total ERK; significantly higher levels of FGF-2, but 
not of pERK were detected in the old myofibers, as compared to young (n=3, * P<0.05). (C) 
Tibialis anterior (TA) muscle from 2 young and 2 old mice were sectioned and immunostained 
for laminin (green) and FGF2 (red). Hoechst (blue) labels all nuclei. Representative images 
demonstrate the presence of FGF-2 and laminin in muscle compartments, as compared to the 
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negative IgG control and higher FGF-2 levels seem to be present in the laminin+ basement 
membranes of the young myofibers, as compared to old. (D). The pixel density of FGF-2 that co-
localizes with laminin+ basement membrane vs. the internal regions of the myofibers was 
determined in 30-40 areas of each cryosection of 3 muscle tissue slides from young and old 
muscle, using Image J software. Preferential localization of FGF-2 in the basement membrane 
was identified in young muscle, while in the old tissue, FGF-2 was mis-localized to the center of 
the myofibers and away from the basement membrane, n=3, * P<0.05.  

Figure 4. Age-related comparison of FGF2 and pERK levels in muscle stem cells derived 
from uninjured tissue and of proliferation of these cells.  (A) Quiescent muscle stem cells 
were isolated from uninjured young and old muscle as described in Methods. The cells were 
treated (or not) with FGF2 (10ng/ml) for 30 minutes before being lysed and analyzed for the 
levels of FGF2, phospho-ERK1/2, total ERK1/2 and beta actin by Western Blotting. 
Representative images are shown. (B) Relative protein expression of FGF-2, pERK and total 
ERK were quantified from 3 young and 3 old mice, using beta-actin for normalization. The 
levels of FGF-2 were equally undetectable in young and old satellite cells, however, added FGF-
2 was clearly detected in the cells of both ages after ~2min exposure (but was not detected in 
accelular samples even after 10min exposure); the levels of pERK and total were equally low in 
young and old satellite cells and pERK, but not total ERK was, as expected, induced by added 
FGF-2. n=3, * P<0.05. (C) Muscle stem cells from resting muscle were treated (or not) with 
FGF2 (10ng/ml) for 24 hours before immunostaining for Ki67 and Pax7. Percent of 
Ki67+/Pax7+ proliferating myogenic cells were quantified. No age-specific increase in cell 
proliferation was detected in satellite cells isolated from old uninjured muscle, and in contrast, 
more proliferating satellite cells were observed in the cultures derived from young muscle. 
Added FGF-2 enhanced the proliferation of both young and old muscle stem cells in these 
overnight cultures. n=3, * P<0.05.  

Figure 5. Pro-regenerative Embryonic Factors Contain Heparin Binding Domains. (A) 
Primary Mouse Myoblasts were cultured for 24 hours in 50% fusion/differentiation medium + 
50% of the specified medium.  A 2 hour BrdU pulse was performed before cell fixation to label 
proliferating cells. Immunofluorescence was performed for eMyHC (green) and BrdU (red), with 
Hoechst (blue) labeling all nuclei. Representative images are shown. (B) Proliferation and 
differentiation of fusion-competent myoblasts were quantified by cell scoring in 25-100 random 
fields of each condition using an automated imager and MetaXpress cell scoring software. 
Results are displayed as the mean percent of BrdU+ or eMyHC+ proliferating or differentiating 
cells +/-SD, respectively. N=6 *P< 3X10^-45 for hESC-conditioned Opti-MEM compared to 
differentiated hESC-conditioned Opti-MEM, and hESC-conditioned Opti-MEM compared to 
Opti-MEM. *P<0.005 for hESC-conditioned Opti-MEM compared to heparin depleted hESC-
conditioned Opti-MEM, and hESC-conditioned Opti-MEM compared to differentiated hESC-
conditioned OptiMEM. *P< 5X10^-7 for hESC-conditioned Opti-MEM compared to Opti-MEM, 
and Eluted Proteins compared to Opti-MEM.  (C) Old Tibialis Anterior muscles were injured 
with cardiotoxin (see Methods). Heparin bound and eluted protein or vehicle control (Opti-
MEM) were injected into sites of injury on Day 0 and Day 2. BrdU was injected (intraperitoneal) 
at 3 days post injury to label proliferating, fusion-competent myoblasts.  Animals were sacrificed 
and muscle was collected 5 days post injury. Cryosections (10 µm) were analyzed by 
hematoxylin/eosin (H&E) staining and immunostaining for embryonic myosin heavy chain 
(eMyHC, shown in green) and BrdU incorporation (shown in red).  Hoechst stains nuclei (blue). 
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As shown by representative images, the regenerative outcome of old muscle given eluted factors 
was significantly improved as compared to old muscle given Opti-MEM vehicle control, based 
on significantly diminished scar tissue formation, larger and more dense de novo myofibers and 
an increase in the numbers of eMyHC+ myofibers with centrally-located BrdU+ nuclei that 
replaced the damaged tissue. (D) Regeneration of old mouse Tibialis Anterior 5 days post injury, 
that received eluted factors or vehicle, was quantified from muscle sections, and is presented as 
the number of newly regenerated myofibers per square millimeter of injury site. Error bars 
indicate SD, n=3 mice per group. *P <0.02 between old given eluted factors and old given 
vehicle control.  

Figure 6. hESC-secreted Factors Enhance NPC Proliferation and are Neuroprotective. (A) 
Rat Neural Progenitor Cells (rNPCs) were cultured overnight in 50% differentiation medium 
(DMF12 + N2) and 50% specified medium followed by a 4 hour BrdU pulse to label 
proliferating cells prior to fixation. Immunofluorescence was performed for Sox2 (red) and BrdU 
(green), with Hoechst (blue) labeling cell nuclei.  Representative images are shown. (B) 
Quantification of BrdU+/Sox2+ proliferating cells was performed by cell scoring in 100 random 
fields of each condition using an automated imager and MetaXpress cell scoring software. 
Results are displayed as the mean percent of BrdU+/Sox2+ proliferating cells +/-SD; N=4, *P< 
2X10-15 for rNPCs incubated in hESC-conditioned Opti-MEM as compared to rNPCs incubated 
in differentiated hESC-conditioned Opti-MEM, and *P< 0.0002 for rNPCs incubated in hESC-
conditioned Opti-MEM as compared to rNPCs incubated in Opti-MEM. (C) Pre-incubation of 
Aβ globulomers with hESC –conditioned Opti-MEM before incubation with mature cortical 
neurons prevents neuron cell death and exhibits a neurotrophic effect, as shown via decreased  
immunofluorescence staining of cleaved caspase3 (red)  and increased Map2 + (green) neurons. 
Hoechst (blue) labels all nuclei. Representative images are shown. (D) Total number of Map2+ 
neurons and the amount of apoptosis was quantified by cell scoring of random fields taken by an 
automated imager of each condition in the above assay performed in replicates. Results are 
displayed as the mean percent of caspase + or Map2+ (C) proliferating or differentiating cells +/-
SD, respectively. N=4, *P< 0.02 for Map2+ cortical neurons treated with Aβ globulomers 
preincubated in hESC-conditioned Opti-MEM, as compared to treatment with Aβ globulomers in 
OptiMEM, and *P< 0.05 for the level of caspase3 in cortical neurons treated with Aβ 
globulomers preincubated in hESC-conditioned Opti-MEM, as compared to treatment with Aβ 
globulomers in Opti-MEM.  

Supplementary Figure 1. Expression of FGF2 in quiescent muscle stem cells from young 
and old mice.  Muscle stem cells were isolated from young and old uninjured muscle, as 
described in Methods.  The cells were immediately lysed for Western blotting without culturing 
and the expression of FGF2, phosphor-ERK1/2, ERK1/2 and β-actin were analyzed. 30 minutes 
of enhanced chemiluminescence exposure was used for detection of FGF-2, while pERK, total 
ERK and actin were detected after 2min, 30 sec and 30 sec exposure, respectively. Low and age-
independent levels of FGF-2 and pERK were detected in satellite cells that were derived from 
uninjured young and old TA muscle. 

Supplementary Figure 2. Myogenic marker expression in young and old muscle stem cells. 
Muscle stem cell isolated from young and old mice were cultured for 24 hours and then 
immunostained for myogenic markers Pax7 and Myf-5. ~95% of isolated young and old satellite 
cells expressed these myogenic markers, demonstrating high and age-independent purity.    
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Supplementary Figure 3. Proteinase K treatement abolishes proliferative hESC factors. 

Old injury-activated satellite cells with associated myofibers were cultured overnight in 50% 
Opti-MEM with 10% old serum and 50% hESC conditioned Opti-MEM that was treated with 
pre-washed Proteinase K agarose beads (Sigma-Aldrich), for 1 hour at 37C followed by bead 
removal, or mock-treated hESC conditioned Opti-MEM.  Cells received a 2 hour BrdU pulse to 
label proliferating cells before cell fixation. Immunofluorescence was performed for Desmin 
(green) and BrdU (red), with Hoechst (blue) labeling all cell nuclei. Proliferating, desmin+ve 
cells were quantified by imaging and scoring multiple random microscopic fields of each 
condition. Results are displayed as the mean percent of BrdU+,Desmin+ proliferating satellite 
cell cells +/-SEM, p<0.005, n=3 replicate experiments. 
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Methods 

Animals  

Young (2-3 month old) and old (22-24 month old) C57BL6/J mice were purchased from the 
Jackson Laboratory and the NIH. The animal experimental procedures were performed in 
accordance with the Guide for Care and Use of Laboratory Animals of the National Institutes of 
Health, and approved by the Office of Laboratory Animal Care, UC Berkeley.  

Antibodies  

Antibodies for phospho-ERK1/2, ERK1/2, and cleaved caspase 3 were purchased from Cell 
Signaling. Laminin and Actin antibodies were from Sigma. FGF2 antibody was from Santa Cruz, 
Pax7 and eMyHC antibodies were from Hybridoma Bank, BrdU was from Abcam, and Map2 
antibody was from BD Biosciences.  

Muscle fibers and muscle stem cell isolation  

Uninjured TA muscle was dissected from healthy young and old mice and incubated at 37C in 
digestion medium (250 U/mL Collagenase type II in DMEM medium, buffered with 30 mM 
HEPES) for 1 hour [26]. Digested muscle was gently triturated and myofibers were collected. 
Myofibers were further digested with 1 U/mL Dispase and 40 U/mL Collagenase type II to 
liberate muscle stem cells [28]. Muscle stem cells were cultured in DMEM with serum from the 
same age mouse.  

Immunofluorescence analysis  

Cells were fixed with 4% PFA for 10 minutes before permeablization with 0.1% Triton-X 100 
for 30 minutes. Then cells were then immunostained for Pax7 (Hybridoma Bank) and ki67 
(Abcam). Primary antibodies used for staining cortical human neurons were: mouse anti-MAP2 
(1:500, BD Biosciences), rabbit anti-cleaved caspase 3 (1:100, Cell Signaling). For muscle 
section immunostaining, an uninjured TA muscle was sectioned at 10 um and stained for FGF2 
(Santa Cruz) and laminin (Sigma). 

Western blotting  

Muscle stem cells or myofibers were lysed in RIPA buffer containing 1X protease inhibitor 
(Roche). The protein concentration was determined by Bradford assay (Bio-Rad). Cell or fiber 
lysates were resuspended in 1X Laemmli buffer (Rio-rad), boiled for 5 minutes and separated on 
precast TGX gels from Biorad. The proteins were then transferred to PVDF membrane 
(Millipore) and blotted with the desired antibodies.  

Cell Culture  

Rat NPCs were cultured in DMF12 (Gibco) with 5% N2 and 10 ng/mL FGF2, on laminin and 
polyornithine coated plates. For experimental conditions, cells were plated at 40,000 cells/well in 
coated 8-well chamber slides and cultured for 12-16 hours at 37C in 10% CO2 incubator prior to 
fixation with 70% ethanol at 4C.  Adult human myoblasts were cultured and expanded in human 
growth medium (Ham’s F-10 (Gibco), 10% Bovine Growth Serum (Hyclone), 30 ng/mL FGF2, 
and 1% penicillin–streptomycin on Matrigel (BD Biosciences) coated plates (1:100 
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matrigel:PBS), at 37C and 5% CO2. For experimental conditions, cells were plated at 10,000 
cells/well in Matrigel coated 8-well chamber slides (1:100 Matrigel: PBS), and cultured for 72 
hours with daily re-feedings at 37C in 10% CO2 incubator prior to fixation with 70% ethanol at 
4C.  Mouse myoblasts were cultured and expanded in mouse growth medium: Ham’s F-10 
(Gibco), 20% Bovine Growth Serum (Hyclone), 5 ng/mL FGF2 and 1% penicillin–streptomycin 
on Matrigel coated plates (1:300 matrigel: PBS), at 37C and 5% CO2. For experimental 
conditions, cells were plated at 40,000 cells/well on Matrigel coated 8-well chamber slides  
(1:100 matrigel: PBS) and cultured for 24 hours at 37C in 10% CO2 incubator prior to fixation 
with 70% ethanol at 4C.  

Human embryonic stem cells (H9 and H7 lines), were cultured on diluted Matrigel 
(1:30), in mTeSR-1 (Stem Cell Technologies), according to manufacturer’s 
recommendations.  hESCs were differentiated after plating in mTeSR-1 by changing the medium 
to DMEM/F12 with 10% Bovine Growth Serum (Hyclone), and culturing for an additional 6-8 
days. Cells were washed with Opti-MEM (Gibco) and then cultured in Opti-MEM for 18 hours 
prior to collection as hESC-Conditioned Opti-MEM (hESC-Conditioned Medium) and stored at -
80C. 

All experiments using a MEK inhibitor were treated with 10 micromolar MEK1/2 
Inhibitor (U0126, Cell Signaling Technologies). 
 
Cell culture and cortical differentiation of human pluripotent stem cells 
 
The H1 (WiCell) and hESC line was cultured on Matrigel-coated cell culture plates (BD) in 
mTeSR-1 maintenance medium (Stem Cell Technologies).  In adherent conditions, hPSCs were 
seeded at a density of 5×104 cells/cm2 in growth medium. At 50% confluence, the medium was 
gradually changed to neural basal medium (Invitrogen) containing N2 and B27 (Invitrogen). 
SMAD signaling inhibitors LDN193189 (Stemgent, 1 µM) and SB432542 (Tocris Biosciences, 
10 µM) were added from day 1 to day 7 of neural induction. Cyclopamine (Calbiochem, 400 
ng/ml) and FGF-2 (Peprotech, 10 ng/ml) were added from days 3-14 of differentiation. After 12-
14 days, cells were mechanically passaged into poly-L-ornithine (Sigma Aldrich) and laminin 
(Invitrogen, 20µg/ml) coated plates and allowed to undergo maturation for 3-6 weeks. BDNF (10 
ng/ml, Peprotech) was added to cultures one week after initiation of neuronal maturation. For EB 
mediated neural differentiation, PSCs were aggregated for 4 days in ultra low-attachment plates 
(Corning) and then seeded on Matrigel-coated plates. Cyclopamine (5 µM) and FGF-2 (10 
ng/ml) were added to the cultures the following day until day 12 of neural induction. At day 14, 
structures with a rosette-like morphology were mechanically isolated and plated on poly-L-
ornithine and laminin coated plates and allowed to undergo neuronal maturation for 4 weeks. 
BDNF (10 ng/ml) was added to the cultures one week after rosette isolation. 
 
Globulomer Preparation 
The A-beta42 globulomer was prepared as described [32, 33]. Alkaline pretreatment of A-beta42 
and preparation of low molecular weight A-beta by filtration protocols were used before 
beginning the globulomer preparation. After the 18-20 h incubation, the globulomer sample were 
concentrated to ~500 M via centrifugation and dialyzed into PBS before centrifuging the sample 
at 10,000 g for 10 min to remove aggregates in the pellet. The supernatant was saved, and the 
absorbance was measured at 276 nm wavelength to measure the concentration (extinction 
coefficient = 1390 M-1 cm-1). 



89 
 

 
Immunocytochemistry 
 
For immunoflourescence assays, mouse myoblasts were given a 2 hour 300μM BrdU pulse, 
respectively. Cells were then permeabilized in PBS + 0.25% Triton X-100 and incubated with 
primary antibodies overnight at 4C in PBS +2%FBS. Antigen retrieval was performed via a 10 
minute 4 N HCl treatment followed by PBS washes. Primary staining was performed overnight 
with species-specific monoclonal antibodies for mouse anti-embryonic Myosin Heavy Chain 
(eMyHC, hybridoma clone 1.652, Developmental Studies Hybridoma Bank) and Rat-BrdU 
(Abcam Inc. ab6326), and desmin (Sigma-Aldrich DE-U-10 used at 1:300 for best discrimination 
of myogenic cells), for myoblasts and satellite progenitor cells, and Goat-Sox2 (Santa Cruz) for 
rNPCs. Secondary staining with fluorophore-conjugated, species-specific antibodies (Donkey 
anti-Rat-488, #712-485-150; Donkey anti-Mouse-488, #715-485-150; Donkey anti-Rat-Cy3 
#712-165-150; or donkey anti-Mouse-Cy3 #715-165-150; all secondary antibodies from Jackson 
ImmunoResearch) was performed for 1 hour at room temperature at a 1:500 dilution in PBS 
+2%FBS. Nuclei were visualized by Hoechst staining, and samples were analyzed at room 
temperature with a Zeiss Axio Imager A1, and imaged with an Axiocam MRC camera and 
AxioVision software. Mouse myoblasts were imaged at 10X and 20X magnification, 
respectively. For cell quantification, 25-50 20x images per replicate were taken on the Molecular 
Devices ImageXpress Micro automated epifluorescence imager, followed by automated cell 
quantification using the multiwavelength cell scoring module within the MetaXpress analysis 
software.   
 
Heparin Binding of hESC-Secreted Proteins from hESC-Conditioned Medium 
Heparin-Agarose Type I Beads (H 6508, Sigma Aldrich) were washed with molecular grade 
water and preconditioned in 1mL Opti-MEM as recommended by manufacturer. hESC-
conditioned medium was incubated with Heparin-Agarose Beads for 2 hours shaking at 4C. 
Beads and all medium were separated by centrifugation. Myoblasts were treated with depleted 
medium after two rounds of centrifugation and separation of beads and medium so as to remove 
all residual beads from depleted hESC-conditioned medium.   

 
After depleting hESC-Conditioned Opti-MEM, the protein bound heparin beads were 

washed two times for 10 minutes at 4C in 1ml PBS + .05% Tween-20. Proteins were eluted 
twice for 15 minutes at 4C in 400μl of elution buffer (.01M Tris-HCl pH 7.5 +1.5M NaCl + 
0.1%BSA) to collect proteins in a total of 800μl of elution buffer. The proteins were purified by 
dialysis for 2 hours shaking at 4C in 500ml McCoy’s 5A Medium (Gibco) followed by overnight 
dialysis shaking at 4C in 200ml Opti-MEM (Gibco). The eluted heparin beads were re-suspended 
in 800μl Opti-MEM and stored overnight at 4C. One hour after plating, mouse myoblasts were 
treated with respective mediums for 24 hours prior to 2 hour BrdU pulse and fixation in 70% 
ethanol.  
 
Muscle Injury 
 
Isoflurane was used to anesthetize the animal during the muscle injury procedure. For bulk 
myofiber satellite cell activation, gastrocnemius muscles were injected with cardiotoxin 1 
(Sigma) dissolved at 100 micrograms per milliliter in PBS, at 4 sites of 10 microliters each for 
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each muscle. Muscles were harvested 3 days later. For focal injury, to assay regeneration in vivo, 
5 microliters of 0.5 milligram per milliliter CTX was injected at two sites to the middle of the 
tibialis anterior, and muscle harvested 5 days later.  
 
Tissue Immunofluorescence and Histological Analysis 
 
Muscle tissue was dissected, flash frozen in OCT compound (Tissue Tek; Sakura ) and cryo-
sectioned at 10 micrometers, as previously described (Conboy et al., 2003).  Cryo-sectioning was 
performed through the entire volume of muscle (typically 50–70 sections total, done at 200 μm 
intervals), thereby serially reconstituting the entire tissue, ex vivo.  Muscle sections were stained 
with aqueous hematoxylin and eosin (H&E), as per the manufacturer’s instructions (Sigma-
Aldrich).  Regeneration and myogenic potential was quantified by examining injury sites from 
representative sections along the muscle (spanning the volume of injury), then by measuring the 
injured/regenerating area using Adobe Photoshop Elements.  Myofiber regeneration was 
quantified by counting total newly regenerated fibers and dividing by the regeneration area. 
Immunostaining was performed as described [34]. Briefly, after permeabilization in PBS + 1% 
FBS + 0.25% Triton-X-100, tissues and cells were incubated with primary antibodies in staining 
buffer (PBS + 1% FBS) for 1 h at room temperature, followed by 1 h incubation fluorochrome-
labeled secondary antibodies (ALEXA at 1:1000). BrdU-specific immunostaining required an 
extra step of 2 M HCl treatment before permeablization. 
 
Quantification and Statistical Analysis 
 
For quantification of immuno-fluorescent images, 25-100 20x images per replicate were taken on 
the Molecular Devices ImageXpress Micro automated epifluorescence imager, followed by 
automated cell quantification using the multiwavelength cell scoring module within the 
MetaXpress analysis software. Data was analyzed, using Anova and P values equal or lower than 
0.05 were considered statistically significant. 
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Summary 

Adult stem cells typically grow relatively poorly in vitro compared to embryonic stem cells, and 
stem cell maintenance and proliferation by tissue niches in vivo progressively deteriorates with 
age. We have previously reported that factors produced by human embryonic stem cells (hESCs) 
support a robust regenerative capacity for adult and old mouse muscle stem/progenitor cells. 
Here we extend these findings to human muscle progenitors and investigate underlying 
molecular mechanisms. Our results demonstrate that hESC-conditioned medium (but not 
medium conditioned by their differentiated progeny), enhanced the proliferation of not only 
mouse but also human muscle progenitors, even under low mitogen conditions. Furthermore, 
hESC-produced factors activated MAPK and Notch signaling in human myogenic progenitors, 
and Delta/Notch-1 activation was dependent on MAPK/pERK. Additionally, BMP/pSmad1,5,8 
signaling was also high in myogenic cells exposed to culture medium conditioned by both hESCs 
and differentiated progeny of hESCs, and in primary human muscle progenitor cells this pathway 
was again dependent on intact MAPK/pERK signaling. Moreover, analysis of downstream cell 
cycle regulatory proteins demonstrated that c-Myc, p57, and p18 are amongst the key effectors of 
the enhanced myogenesis promoted by the hECS factors. To identify key hESC-produced 
proteins responsible for these effects, which may have therapeutic potential, a comparative 
proteomics array and subsequent functional study identified FGF2, 6 and 19 as key pro-
regenerative factors that act via the MAPK pathway to enhance and rejuvenate myogenic 
capacity. These studies emphasize that the “youthful” signaling intensity of not one but multiple 
signaling pathways is responsible for the pro-regenerative activity of the hESC factors. 
Consequentially, the reverse engineering of combinatorial “young” signal transduction in the 
stem cell niche may avoid side-effects associated with skewing any one key signaling pathway 
and may thereby promote the long-term enhancement of tissue regeneration. 

Introduction 

Adult stem cells persist in the body as we age, but their regenerative capacity declines 
over time, leading to an inability of tissues and organs to maintain homeostasis and repair 
damage with advancing age. Old skeletal muscle for example loses its regenerative ability due to 
the failure of satellite cells (muscle stem cells) to divide and generate fusion competent 
myoblasts and terminally differentiated myofibers in response to muscle injury or attrition [1,2]. 
Consequentially, the replacement of the damaged tissue with new muscle fibers becomes 
inefficient with age and instead scarring and inflammation persist [3,4]. This decline in satellite 
cell proliferation with age results from changes in key cellular signaling that, in turn, are affected 
by molecular changes in the stem cell niches. Among many other molecular changes, decreased 
Notch and mitogen-activated protein kinase (MAPK) pathway signaling, as well as mis-
regulation of the transforming growth factor-β (TGF-β), tumor necrosis factor- (TNF-α), and 
Wnt molecular pathways, have each been shown to underlie the age-specific decline in muscle 
regeneration [1, 2].   

Notch activation is a key age-specific determinant of satellite cell and myoblast 
proliferation, and the expression of constitutively active Notch-1 enhances the proliferation of 
primary myoblasts and delays their differentiation into myofibers [3]. In addition, the level of 
Notch-1 activation in response to injury decreases with age in satellite cells from C57.B6 mice 
due to the failure of old damaged muscle fibers to up-regulate the Notch-1 ligand Delta. Forced 
activation of Notch-1 in old satellite cells restores their proliferation, thereby rescuing the 
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regeneration of old muscle, while forced inhibition of Notch-1 in young muscle perturbs the 
activation of young satellite cells and interferes with productive repair of young tissue [4]. 
During normal adult myogenesis, active Notch served to maintain the pool of proliferating 
myogenic progenitor cells and prevents their premature differentiation into postmitotic myofibers 
by antagonism with Wnt/β-catenin [5]. In agreement with this role of Notch, conditional knock-
out of RBP-Jκ (one of the main transcriptional effectors that is activating or repressing, 
depending on the target locus of Notch-1-3 signaling [6], diminishes the ability of satellite cells 
to self-renew and promotes their precocious differentiation leading to the loss of the satellite cell 
pool [7, 8].   

Interestingly, it has also been shown that MAPK and Notch pathway cross-talk is 
essential and evolutionarily conserved in the invertebrate embryonic development of C. elegans 
and D. melanogaster, where the MAPK pathway positively regulates Delta expression and thus 
subsequent activation of Notch, in a variety of cell-fate specification processes [10-12]. 
Furthermore, some evidence also exists for cross-talk between Notch and MAPK in developing 
and postnatal mammalian tissues [2, 9-11]. 

Finally, the bone morphogenetic protein (BMP) signaling pathway has been shown to be 
a critical regulator of various embryonic and adult stem cell niches [14,15]. BMP is a ligand 
from TGF-β protein superfamily and its signal transduction operates through Smad1, 5 and 8 
transcription factors, which become phosphorylated and activated by BMP receptors and form 
heterodimers with constitutively present Smad4. Such events promote nuclear translocation of 
these transcriptional regulators causing changes in expression of hundreds of down-stream target 
genes. In addition to the canonical Smad signaling, the MAPK pathway can also be induced by 
BMP [12]. In adult myogenesis, BMP signaling is upregulated after satellite cell activation both 
in vivo and in vitro, and inhibition of BMP signaling promotes myogenic differentiation [16,17]. 
BMPs may promote satellite cell proliferation by activating their downstream targets, the 
differentiation-inhibiting Id genes, which inhibit transcription factors that promote cell 
differentiation [17].  

 Previous studies have demonstrated that aging of the stem cell niche is responsible for the 
decline of tissue regeneration and productive homeostasis not only in skeletal muscle but also in 
a variety of postnatal tissues, and that that old muscle can be rejuvenated to repair almost as well 
as young through several means [4]. These findings may prove to be important for the 
development of therapies for age-related tissue degeneration and trauma. However, not all of the 
factors that influence the niche are known, and the various physiological molecules and balance 
of signaling crosstalk that modulate healthy regeneration are not well established. In addition, 
while numerous approaches have been utilized to reverse age-related tissue deterioration in 
murine models, none are suitable for clinical translation. As one example, skewing the signaling 
strength of one pathway (either up or down) over a long timespan is likely to be deleterious for 
cells and tissues, potentially leading to more cellular dysregulation or oncogenic progression 
[18]. In contrast, a physiological modulation of multiple interactive signaling pathways to their 
“youthful” levels may have beneficial effects on tissue repair and maintenance. 

We previously established that hESC-produced proteins enhance the regenerative 
capacity of postnatal and old mouse muscle stem/progenitor cells, and that MAPK is 
indispensable for these pro-regenerative effects [13]. Furthermore, we demonstrated that the 
heparin-binding fraction of the hESC-produced factors exert the proliferative effects on mouse 
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muscle progenitor cells and provide regenerative stimulus for old murine muscle rejuvenation 
[14]. Here, we show that hESC-produced proteins enhance the regenerative capacity of not only 
mouse but also human muscle progenitor cells, determine the molecular mechanisms by which 
hESC-produced proteins enhance human myogenic proliferation, and establish the molecular 
identity of several of these clinically relevant factors. 

Results  

hESC-produced proteins enhance not only mouse but also human myoblast proliferation  

 To test the hypothesis that hESC-conditioned medium promotes the proliferation and 
inhibits the differentiation of both mouse and human muscle progenitor cells, we collected 
hESC-conditioned medium by incubating hESCs overnight in a serum and growth factor free 
medium (Opti-MEM). Primary human and mouse myoblasts (muscle progenitor cells) were 
cultured in a 50/50 mixture of low-mitogen “differentiation medium” (DMEM with 2% horse 
serum) and hESC-conditioned Opti-MEM, either for 72 hours with daily medium changes 
(human myoblasts) or overnight (mouse myoblasts). We used two assays of myogenic 
regenerative activity: the proliferation of human and mouse myoblasts by incorporation of the 
thymidine analog BrdU, and their resistance to differentiation in this otherwise low-mitogen 
differentiation medium, as measured by expression of embryonic myosin heavy chain (eMyHC). 
Proliferation was significantly enhanced and differentiation inhibited in both human and mouse 
muscle progenitor cells by the hESC-conditioned medium (Figure 1A, B).  Analogously, hESC 
growth medium (mTeSR1) conditioned by hESC culture enhanced myoblast proliferation more 
effectively than mTeSR1 alone, though mouse myoblasts exhibited significantly enhanced 
proliferation in both media (Supplementary Figure 1A, B and [14]). 

 We recently published that in the mouse system, the pro-myogenic activity of hESC-
conditioned Opti-MEM is contained in proteins with heparin-binding activity [14]. To explore 
the evolutionary conservation of this phenomenon in a human system, we cultured primary 
human muscle progenitor cells in a 50/50 mixture of the low-mitogen differentiation medium 
plus hESC-conditioned Opti-MEM that was either (1) complete or (2) depleted of heparin-
binding proteins. As shown in Figure 1 (C, D), the proliferation of human myogenic cells is 
greatly enhanced and their differentiation is inhibited by the hESC-conditioned Opti-MEM, but 
this pro-myogenic effect is lost when heparin-bound proteins are depleted. 

 To further assess the pro-regenerative activity of hESC supernatants, we assayed the 
myogenic properties of muscle stem cells derived from old (2 year) mice, using our published 
methods [18,20]. Gastrocnemius muscles were injured using cardiotoxin (CTX), and muscle 
tissue collected three days post injury. Activated satellite cells associated with muscle fibers 
were plated overnight in a 50/50 mixture of Opti-MEM and hESC-conditioned Opti-MEM, with 
5% old serum. In agreement with previously published work [13], exposure to hESC-conditioned 
Opti-MEM more than doubled the percentage of BrdU+/Desmin+, old activated satellite cells, 
bringing them close to the percentage of young activated satellite cells (Supplementary Figure 
2A, B). These data demonstrate that the hESC-conditioned Opti-MEM exerts a strong pro-
myogenic activity on not only mouse but also human muscle progenitor cells, as well as 
positively affects the myogenicity of freshly-isolated muscle stem cells that respond to tissue 
injury, even in an old environment or when cultured in old serum where their myogenicity is 
typically suppressed.  
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Identifying the molecular mechanisms by which hESC-produced factors enhance the 
regenerative responses of human and mouse muscle progenitor cells  

 hESC-conditioned medium loses its rejuvenating effect on mouse stem and progenitor 
cells when the MAPK pathway is inhibited [13]. Considering the evolutionary conservation of 
the pro-myogenic activity of hESC-produced proteins between mouse and human, we examined 
the dependence of hESC-produced proteins on MAPK in human muscle progenitor cells. 
Differentiation medium is extremely low in mitogens such as fibroblast growth factor and 
quickly (in 48-72 hours) promotes the differentiation of myoblasts into multinucleated myotubes. 
Based on BrdU incorporation, MAPK inhibition – via incubation of human muscle progenitor 
cells for 72 hours in a 50/50 mixture of differentiation medium and hESC-conditioned Opti-
MEM along with a mitogen-activated protein kinase-kinase inhibitor (MEKi) – drastically 
inhibited proliferation of primary human muscle progenitor cells (Figure 2A, quantified in B). In 
this hESC-conditioned Opti-MEM plus differentiation medium, the notable increase of 
proliferation caused by hESC-produced factors (9.53%) as compared to controls and hESC-
conditioned medium with MEK inhibitor (.14%), indicates that the hESC-produced, pro-
regenerative proteins signal through the MAPK pathway in human muscle progenitor cells 
(Figure 2A, B). These results from human muscle progenitor cells are conserved with mouse 
myoblasts and with old mouse muscle stem cells, as confirmed by incubation of mouse cells in 
hESC-conditioned Opti-MEM with or without treatment with a MEKi (Figure 2A, B, 
Supplementary Figure 2B, and as previously published [13]). The negative effect on cell 
proliferation by pharmacological inactivation of the MAPK pathway in low mitogen-
differentiation medium supplemented with the hESC-conditioned medium suggest a vital role of 
the MAPK signaling pathway in the regenerative capacity of human muscle progenitor cells.  

 We further pursued the mechanisms by which hESC-produced proteins enhance the 
regenerative capacity of muscle progenitor cells, with a focus on MAPK signaling. Human and 
mouse muscle progenitor cells were serum starved for one hour, followed by a 20 minute culture 
in differentiation medium with 50% of (1) hESC-conditioned Opti-MEM, (2) hESC-conditioned 
Opti-MEM + MEKi, or (3) Opti-MEM conditioned by differentiated hESCs as a negative 
control.  Immuno-detection by Western blotting was performed using lysates of mouse and 
human cells, and data were normalized to the levels of housekeeping proteins (GAPDH and 
cytoplasmic -actin). The levels of detected phosphorylated-activated proteins (for example, 
pERK1/2s) were also normalized by the levels of their respective total protein (for example total 
ERK1/2). As shown in Figure 2C (quantified in D), hESC-produced factors induced higher 
levels of pERK1 and pERK2 in human and mouse muscle progenitor cells, as compared to the 
negative control cells cultured in medium conditioned by differentiated progeny of hESCs.  As 
anticipated, MEKi treatment down-regulated pERK1 and pERK2. These data suggest that 
proteins produced by hESCs, but not by their differentiated progeny, exert a cross-species, 
conserved activation of the MAPK pathway in myogenic cells. 

Several signaling pathways (such as TGF-β/pSmad2,3, BMP/pSmad1,5,8, canonical Wnt 
and Delta/Notch), have been shown to be crucial for muscle regenerative capacity and to be 
deregulated with age [2]. When studied by the above described method, the intensities of TGF-
β/pSmad2,3, BMP/pSmad1,5,8, and canonical Wnt/β-catenin signaling revealed no significant 
up or down-regulation in primary human and mouse muscle progenitor cells upon exposure to 
the hESC-produced factors after 20 minutes or even after 24 hours (Supplementary Figure 3A, 
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B). In contrast, the Notch ligand Delta-1 and truncated/activated Notch-1 (NICD1) were 
significantly up-regulated by exposure to the hESC-produced proteins, as compared to the 
differentiated progeny of these hESCs that lack pro-regenerative activity (Figure 3A, quantified 
in B). Similar to MAPK/pERK, the induction of Delta/Notch was conserved between human and 
mouse primary muscle progenitors, although in mouse progenitors there was a more apparent 
upregulation of NICD1. As compared to mouse cells, basal Notch signaling remained relatively 
high in human muscle progenitors transferred from highly mitogenic growth medium into the 
mitogen-low differentiation medium or Opti-MEM, even after serum starvation (Supplementary 
Figure 3C), suggesting that Notch-1 that has been activated in growth medium persists in human 
muscle progenitors, thus disguising the effects of hESC-factors and of MAPK on the de-novo 
activation/inactivation, respectively, of Notch-1 via the up- and down-modulation of its ligand 
Delta (Figure 3A, B).  

 Considering the prominent evolutionary-conserved cross talk between MAPK and Notch 
pathways, we examined whether MAPK/pERK signaling is required for the activation of the key 
age-dependent pro-myogenic Delta/Notch pathway by the hESC-produced factors [3, 4]. 
Western blotting was performed on human and mouse muscle progenitors that were serum 
starved for one hour and then exposed for 20 minutes to hESC-produced proteins in the absence 
or presence of MEKi. As shown in Figure 3A and B, Delta-1 was up-regulated by the hESC-
conditioned medium in both human and mouse primary muscle progenitor cells, and NICD 
upregulated in mouse cells, but not when MAPK signaling was inhibited. Expression levels of 
Wnt/-catenin and TGF-β/pSmad2,3 pathway components, on the other hand, were not 
regulated by hESC-produced proteins, and not affected by MEKi, as demonstrated with this 20 
minute exposure or even a 24 hour exposure (Supplementary Figure 3A, B) to hESC-produced 
factors in presence/absence of MEKi. These results demonstrate that activation of MAPK by the 
hESC secretome specifically induced the myogenic Delta/Notch-1 signaling in human myogenic 
progenitors. Finally, even though BMP/pSmad1,5,8 signaling was not activated by the hESC-
conditioned medium in human or mouse primary muscle progenitor cells (Figure 3C, D), this 
pathway was dependent on intact MAPK signaling in myogenic progenitors of both species, 
since phosphorylation of pSmad1,5,8 was significantly down-regulated by the MEK inhibitor 
after just 20 minutes of exposure to hESC-produced factors with MEKi (Figure 3C, D), and 
remained inhibited even after 24 hours of treatment (Figure 3E); whereas for mouse cells the 
dependence of BMP/pSmad1,5,8 on intact MAPK was not noticeable at 20 minutes but could be 
observed after 24 hours of culture (Figure 3C, D and E) 

These results suggest that hESC-produced proteins enhance the regenerative capacity of 
postnatal mouse and human muscle progenitors by quickly activating MAPK/pERK and 
Delta/Notch signaling, and are suggestive of crosstalk between MAPK and Notch signaling 
pathways.  Also, a BMP/pSmad1,5,8 signal appears dependent on MAPK signaling, though 
hESC produced proteins do not appreciably change that signal. 

Identity of the downstream effectors of signaling induced by hESC-produced factors in 
human myogenic progenitors 

 To further understand the mechanisms by which hESC-produced factors enhance the 
regenerative responses of muscle progenitor cells, gene expression analysis was performed on 
the downstream targets/effectors of the above signaling pathways, with a specific focus on the 
regulators of cell cycle progression. Human myoblasts were cultured for 72 hours in a 50/50 
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mixture of differentiation medium plus medium conditioned by either hESCs or differentiated 
hESCs, or in 100% of differentiation medium, followed by mRNA expression analysis. As 
shown in Figure 4A-C, hESC-produced factors induced expression of c-Myc and down-regulated 
the levels of p57 and p18 cyclin dependent kinase (CDK) inhibitors. Interestingly, as compared 
to the low-mitogen differentiation medium, the level of another CDK inhibitor p27 was down-
regulated by both pro-myogenic medium conditioned by hESCs and control medium conditioned 
by their differentiated progeny (Figure 4D). However, the expression of an additional regulator 
of cell cycle progression, cdc25a, was not influenced by either hESC or differentiated hESC-
conditioned medium (data not shown).  These results demonstrate that hESC-produced proteins 
do not down-regulate cell cycle inhibitors broadly, but rather induce a specific subset of the 
downstream effectors of cell proliferation in human muscle progenitor cells. Considering that 
these downstream effectors are direct targets of the MAPK/pERK and Delta/Notch pathways, 
such signaling cascades could interact combinatorially to induce c-Myc and repress p18 and p57 
in muscle progenitor cells, promoting their regenerative/proliferative capacity.  

Proteomics analysis of hESC-conditioned Opti-MEM suggests the molecular identity of 
candidate pro-regenerative proteins 

 Considering that medium conditioned by hESCs, but not their differentiated progeny, has 
pro-regenerative activity (Figure 1), which is lost upon Proteinase K treatment [13, Yousef 
Aging 2013, 14], we performed a comparative proteomics antibody array analysis of these two 
media. Conditioned medium was hybridized to Raybiotech 507 antibody array slides and imaged 
on a Molecular Devices 4000b scanner and analyzed using Genepix software (Materials and 
Methods). Replicate experiments indicated specific proteins that were more abundant in the 
hESC-conditioned medium compared with medium conditioned by differentiated hESCs, and the 
top candidates are listed in Table 1. Consistently abundant were factors that signal through the 
MAPK, TGF-β, Interleukin, and apoptosis pathways (Table 1). Given that heparin-binding, 
hESC-produced factors contained the pro-myogenic and regenerative properties, FGFs bind 
heparin [15], and that MAPK signaling was crucial for the regenerative effects of hESC-
conditioned medium, from among the growth factors and cytokines that were highly up-
regulated in the hESC-conditioned medium, we first focused on the FGFs. 

hESC candidate  proteins FGF 2,6, and 19 enhance myogenesis and old muscle 
regeneration  

 We tested the myogenic effects of fibroblast growth factors found to be enriched in 
hESC-conditioned medium, specifically FGFs 2, 6, and 19, first singly on mouse myoblasts in a 
dose-dependent manner, and then in combinations. We did so by assaying the cell proliferation 
(BrdU incorporation) and myogenic differentiation (eMyHC+) of myoblasts conditioned for 24 
hours in differentiation medium supplemented with recombinant FGF 2, 6, or 19. FGF2, as 
expected due to its common use in tissue culture medium for maintaining cell proliferation, 
enhanced mouse myoblast proliferation in a dose-dependent manner, and FGF6 also enhanced 
proliferation but to a lesser degree. FGF19 alone, however, had minimal effects on proliferation 
(Supplementary Figure 4A). Furthermore, both FGF2 and 6 inhibited differentiation, also in a 
dose-dependent manner (Supplementary Figure 4B). FGF19, on the other hand, did not inhibit 
differentiation (Suppl. Figure 4B). It is important to note that human FGF19 does not exist in 
mouse cells, and its closest homologue is FGF15 [16]. Curiously, when added in combination, 
FGF6 and 19 were pro-proliferative and inhibited differentiation to a degree similar to that of 
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FGF2 alone (Supplementary Figure 4C, D). Based on the dosage assays, FGF2-induced 
proliferation was optimal at 30 ng/mL and decreased at higher doses; and FGF6 and 19-induced 
proliferation plateaued at 30 ng/mL  (Suppl. Figure 4). 

 We next tested the effects of these embryonic candidate factors on human myoblasts to 
determine whether their activities were evolutionarily conserved. FGF2, 6, and 19 all induced 
proliferation of human myoblasts in a dose-dependent manner (Supplementary Figure 5A, C). 
However, similar to mouse cells, FGF19 did not inhibit differentiation, while FGFs 2 and 6 did 
(Supplementary Figure 5B, C). When tested on freshly isolated, injury-activated old muscle stem 
cells, each exogenous FGF individually enhanced and rejuvenated myogenesis, based on the 
numbers of newly generated BrdU+/Desmin+ proliferating muscle progenitors that migrate off 
their respectively isolated old muscle fibers in culture (Figure 5A, B). Additionally, while FGF19 
had very mild effects on the primary cultured mouse myoblasts, this growth factor displayed a 
potent pro-regenerative activity on freshly isolated muscle stem cells (Figure 5A, B). These 
results suggest that either FGF19 signaling is different between the muscle stem cells and their 
more differentiated cultured progeny (progenitor cells), or that a mild activation of cell 
proliferation without significant inhibition of differentiation is effective for the rejuvenation of 
the myogenic capacity of old satellite cells. 

When tested in vivo, a FGF2, 6, and 19 mixture significantly improved the activation of 
the aged muscle stem cells following injury and rejuvenated the repair of old injured skeletal 
muscle, based on the numbers of newly-generated proliferating muscle progenitors at 3 days post 
injury and the robust formation of the de-novo eMyHC+ muscle fibers at 5 days after the injury 
(Figure 5C-G).  

 These results demonstrate that FGFs 2, 6, and 19 are not only enriched in serum-free 
medium conditioned by the hESCs, but are sufficient for pro-myogenic effects in mouse and 
human systems and additionally in their combination, enhance the repair of old injured muscle. 

Discussion 

 Our initial study demonstrated that embryonic stem cells produce soluble proteins that 
robustly enhance adult muscle stem cell function even in an aged environment, and that 
production of such proteins is lost when these cells differentiate [13, 14]. Furthermore, the 
MAPK pathway was determined to be critical in modulating the activity of these embryonic 
protein(s) [13]. These findings are supported by microarray analysis conducted on 
cardiomyocytes subjected to hESC-conditioned medium, demonstrating that MAPK pathway 
signaling was among the main induced signaling cascades [17].  Here we uncover the molecular 
identity of active hESC-produced proteins and demonstrate that specific FGFs are sufficient to 
enhance mouse and human myogenesis.  

 The FGFs had significant effects on cell proliferation of human and mouse myogenic 
progenitors. Old muscle stem and progenitor cells fail to break quiescence and proliferate in 
response to muscle injury largely due to a decrease in Notch signaling, and when down-stream 
Notch effectors become lacking, muscle stem cell prematurely differentiate into myofibers, both 
of which interferes with cellular homeostasis resulting in scar tissue formation rather than newly 
formed muscle fibers [4]. Therefore, the pro-proliferative activities of the heparin-binding, 
hESC-secreted factors FGFs 2,6, and 19 have clear therapeutic potential for enhancing old 
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muscle progenitor cell function during muscle injury and repair. While FGF2 and 6 were able to 
promote proliferation and inhibit differentiation of human muscle progenitors, FGF19 mildly 
induced proliferation. FGF2, a well-known mitogen and critical component of adult and 
embryonic stem cell culture medium [18], it is also known to promote angiogenesis, 
osteogenesis, wound healing, and tumorigenesis [19, 20] and to become deregulated in muscle 
with age [21]. FGF6, interestingly, is restricted almost exclusively in expression to the myogenic 
lineage during embryonic development, and at high doses FGF6 activates proliferation of muscle 
progenitor cells, while at low doses FGF-6 directs cell differentiation [22]. FGF19, unlike the 
auto-paracrine FGF2 and 6, has both local and systemic endocrine effects [16]. FGF19 acts as a 
hormone to regulate nutrient metabolism, it is expressed in both neuroectoderm and mesoderm 
during embryonic development, and is known to induce ear formation [23, 24]. However, a role 
for FGF19 in muscle regulation is has not been characterized prior to our work. While FGF2 is 
known primarily to bind FGFR1, FGF6 binds FGFR1 and 4, and FGF19 binds FGFR4, though 
these ligands they can also induce signaling through other somewhat promiscuous FGF receptors 
[20, 24, 25]. Overall, the FGFs thus have complex, multifunctional roles in development and 
tissue regeneration, but we just starting to uncover their influence on rejuvenating the 
regenerative capacity of adult tissue stem cells. It will be interesting to find out how differences 
in downstream effectors allow FGFs2 and 6 but not FGF19 to inhibit differentiation and to 
understand in molecular terms, how FGF19 exerts its robust positive activity on the myogenicity 
of aged muscle stem cells. While FGF2, 6, and 19 were among the most highly upregulated by 
hESCs, it is important to note that hESC-produced factors enhanced proliferation and inhibited 
differentiation to a greater extent than FGFs added alone or in combination at optimal dosage, 
suggesting that there may be other factors in the conditioned medium that contribute to the 
observed rejuvenating effect. Deciphering the molecular identity of these boosters of tissue 
repair is our future interesting goal. 

 Further analysis revealed that gene expression not of the traditional CDK inhibitors, but a 
very specific sub-set of cell cycle regulators – p18, p57 and c-Myc – became altered and is thus 
likely responsible for transducing the pro-regenerative activity of the hESC produced proteins. In 
agreement with our findings, these molecules have been demonstrated to act downstream of the 
MAPK, Notch, and TGF-β/BMP signaling pathways in other cell types [26, 27]. c-Myc is a well-
known target of MAPK signaling and inducer of proliferation [28, 29]. p18, an INK4 family 
member, suppresses CDK4 or CDK6 during the G1 stage of the cell cycle, and inhibits the self-
renewal of adult stem cells [30]. Therefore, hESC factor-induced downregulation of p18 in adult 
human myogenic progenitors may enhance their function by enhancing self-renewal. p57, a KIP2 
family member, also inhibits proliferation by suppressing several G1 cyclin/CDK complexes 
[31]. One characteristic of aged muscle is the up-regulation of various CDK inhibitors by 
increased TGF-β signaling and concurrent lack of Notch-1 activation, leading to the failure of 
satellite cells to activate/proliferate during injury [32]. hESC-secreted, heparin-binding factors 
can counteract this effect to enhance old muscle regeneration [14], and we now show this is 
mediated through downregulation of specific CDK inhibitors via a key evolutionary and 
developmentally conserved MAPK/Notch signaling cross-talk. Specifically, in the presence of 
pro-regenerative hESC proteins, MAPK, Notch-1, and BMP are active in mouse and human 
muscle progenitor cells, and Notch and BMP signaling are dependent on intact MAPK. Two 
other key morphogenic signaling pathways that are known to regulate adult myogenesis, Wnt 
and TGF- [2], do not rely on MAPK signaling and are not up-regulated by the hESC secretome 
in the studied mouse and human myogenic progenitors. Postnatal myogenic progenitors of both 
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species that are exposed to the proteins secreted by differentiated hESCs and show no 
enhancement or rejuvenation of their regenerative capacity, have active BMP/pSmad1,5,8, Wnt 
and TGF-β pathways, but lack MAPK and Notch signaling. Summarily, combinatorial signaling 
of specific morphogenic pathways is (1) induced in postnatal myogenic progenitors by the hESC 
secretome and (2) is critically important for the positive effect of hESC-secreted proteins on 
robustly engaging mouse and human, young and old muscle stem and progenitor cells with 
regeneration of this important tissue. 

 Identifying and reconstructing a “youthful” stem cell niche may thus, have long-term 
beneficial effects on tissue regeneration, in contrast to the drastic modulation of a single cell-fate 
regulatory pathway that could have deleterious side effects by promoting oncogenic 
transformation and/or inducing cellular senescence [13]. In this regard, the composition and 
concentrations of the defined human FGFs that were determined and investigated in this work 
may be translatable to the clinic and yield novel strategies for the enhancement of tissue repair in 
the elderly.  These molecules, produced by human cells, do not need to be “humanized” for 
clinical applications. We thus anticipate that these FGFs in combination (potentially with 
additional pro-regenerative factors identified by the comparative proteomics and investigated in 
future work for their positive effects on tissue regeneration) will ultimately lead to a 
biochemically defined cocktail of physiological molecules that is able to delay and even reverse 
the onset of human aging. 

Figure Legends 

Figure 1. Pro-regenerative embryonic factors that enhance human and mouse myoblast 
proliferation contain heparin binding domains. (A) Primary human or mouse myoblasts were 
cultured for 24 hours or 72 hours, respectively, in 50% differentiation medium (DMEM, 2% 
horse serum) plus 50% of the specified medium, with daily medium changes.  A 4 hour or 2 hour 
BrdU pulse on human or mouse myoblasts, respectively, was performed before cell fixation to 
label proliferating cells. Immunofluorescence was performed for eMyHC (green) and BrdU 
(red), with Hoechst (blue) labeling all nuclei. Representative images are shown. (B) Proliferation 
and differentiation of fusion-competent myoblasts were quantified by cell scoring in 25-50 
random fields of each condition using a Molecular Devices MetaXpress automated imager and 
cell scoring software. Results are displayed as the mean percent of BrdU+ or eMyHC+ 
proliferating or differentiating cells +/-SD, respectively (n=6). Significant differences were 
identified by Student’s t-tests (*p<0.004 for human cells; *p<8x10-19 for mouse cells). (C) 
Primary human myoblasts were cultured for 72 hours in 50% differentiation medium + 50% of 
the specified medium.  A 4 hour BrdU pulse was performed before cell fixation to label 
proliferating cells. Immunofluorescence was performed for eMyHC (green) and BrdU (red), with 
Hoechst (blue) labeling all nuclei. Representative images are shown. (D) Proliferation and 
differentiation of fusion-competent human myoblasts were quantified by cell scoring in 25-100 
random fields of each condition using a Molecular Devices MetaXpress automated imager and 
cell scoring software. Results are displayed as the mean percent of BrdU+ or eMyHC+ 
proliferating or differentiating cells +/-SD, respectively (n=6). Significant differences were 
identified by Student’s t-tests (*p<0.004).  

Figure 2. hESCs secrete pro-myogenic proteins that act primarily through MAPK 
signaling. (A) Primary human or mouse myoblasts were cultured for 24 hours or 72 hours, 
respectively, in 50% differentiation medium (DMEM, 2% horse serum) plus 50% of the 
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specified medium +/- 10 μM of a MAPK pathway inhibitor (MEKi), with daily medium changes.  
A 4 hour or 2 hour BrdU pulse on human or mouse myoblasts, respectively, was performed 
before cell fixation to label proliferating cells. Immunofluorescence was performed for eMyHC 
(green) and BrdU (red), with Hoechst (blue) labeling all nuclei. Representative images are 
shown. Proliferation and differentiation of fusion-competent myoblasts were quantified by cell 
scoring in 25-50 random fields of each condition using a Molecular Devices automated imager 
and MetaXpress cell scoring software. (B) Results are displayed as the mean percent of BrdU+ 
or eMyHC+ proliferating or differentiating cells +/-SD, respectively (n=4). Significant 
differences were identified by Student’s t-tests (*p<0.004 for human cells; *p<2x10-20 for mouse 
cells).  (C) Immunoblotting analysis of the downstream effector pErk1/2 in the MAPK signaling 
pathway in human and mouse myoblasts serum starved for one hour then treated for 20 minutes 
with 50% differentiation medium and 50% of the specified medium +/- a MEKi (10 µM). (D) 
Quantification of pERK1/2 expression in human myoblasts. The relative expression level was 
normalized by GAPDH and presented as the expression level relative to that of human myoblasts 
treated with just differentiation medium. Significant differences were identified by Student’s t 
tests (*p<0.02 and **p<0.05). Error bars indicate standard error of the mean (n=4).  

Figure 3. hESC-produced factors act on multiple biochemical pathways. (A) Western 
immunoblotting analysis of the  Notch pathway, specifically Delta-1 (dll1) and active Notch-1 
(Nicd1), with GAPDH or β actin as loading controls, from human and mouse myoblasts serum 
starved for one hour then treated for 20 minutes with 50% differentiation medium and 50% 
specified medium +/- a MEKi (10 µM) to analyze crosstalk with MAPK pathway. (B) 
Quantification of Dll1 and Nicd1 expression in human myoblasts. The relative expression level 
was normalized by GAPDH and presented as the expression level relative to that of human 
myoblasts treated with just differentiation medium. Significant differences were identified by 
Student’s t tests (*p<0.002 and **p<0.05). Error bars indicate standard error of the mean (n=3). 
(C) Western immunobloting analysis of BMP pathway proteins pSmad 1/5/8 with βactin as a 
loading control, from human and mouse myoblasts serum starved for one hour then treated for 20 
minutes with 50% differentiation medium and 50% specified medium +/- a MEKi (10 µM) to 
analyze crosstalk with MAPK pathway. (D) Quantification of pSmad1/5/8 expression in human 
myoblasts. The relative expression level was normalized by βactin and presented as the 
expression level relative to that of human myoblasts treated with just differentiation medium. 
Significant differences were identified by Student’s t tests (*p<0.05). Error bars indicate 
standard error of the mean (n=3). (E) Western immunobloting analysis of BMP pathway protein 
pSmad 1/5/8 with βactin as a loading control, from human and mouse myoblasts treated for 24 
hours with 50% differentiation medium and 50% specified medium +/- a MEKi (10 µM). 

Figure 4. Expression analysis of MAPK regulated genes. (A-D) Quantification of downstream 
CDK inhibitor expression genes by qRT-PCR in human myoblasts treated for 72 hours with 50% 
differentiation medium and 50% medium specified, with daily medium changes. The relative 
expression level was normalized by GAPDH. Significant differences were identified by 
Student’s t tests (*p<0.05 for c-Myc, *p<7x10-6 and **p<0.005 for p57,*p<0.05 and **p<0.01 
for p18, *p<3x10-6 for p27). Error bars indicate standard error of the mean (n=2-4).  

Figure 5. hESC candidate factors FGF2, 6, and 19 exhibit a pro-myogenic effect in an old 
environment and enhance old muscle regeneration in vivo.  (A) Old injury activated 
myofiber-associated satellite cells were isolated at 3 days post cardiotoxin-induced muscle 
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injury, and cultured  overnight in DMF12 with 10% of old serum and 10 ng/mL FGF 2, 6, 19, or 
FGFs6 and 19 in combination, followed by a 2 hour BrdU pulse to label proliferating cells before 
fixation. Immunofluorescence was performed with Desmin (green) and BrdU (red), with Hoechst 
(blue) labeling all cell nuclei.  Representative images are shown and demonstrate that hESC –
produced candidate factors have a pro-myogenic and rejuvenating effect on old activated satellite 
cells. (B) Proliferating myogenic Desmin+/BrdU+ satellite cells were counted.  Results are 
displayed as the mean percent of BrdU+/Desmin+ proliferating satellite cell cells. Error bars 
indicate standard error of the mean (n=4). Significant differences were identified by Student’s t 
tests (*p<0.0004). (C) Schematic of in vivo FGF2, 6, and 19 injection. EdU was injected 
(intraperitoneal) at Day 4 to label proliferating, fusion-competent myoblasts. (D) Old injury 
activated myofiber-associated satellite cells were isolated at 3 days post cardiotoxin-induced 
muscle injury (Day 5 in schematic), and cultured overnight in Opti-MEM with 10% of their 
respective old serum, followed by cell fixation.  Immunofluorescence was performed with 
Desmin (red) and EdU (green), with Hoechst (blue) labeling all cell nuclei.  Representative 
images are shown and demonstrate that hESC –secreted candidate factors have a pro-myogenic 
and rejuvenating effect. (E) Proliferating myogenic Desmin+/EdU+ satellite cells were 
quantified by cell scoring in 25 random fields of each condition using a Molecular Devices 
automated imager and MetaXpress cell scoring software.  Results are displayed as the mean 
percent of EdU+/Desmin+ proliferating satellite cell cells +/-SD (n=4). Significant differences 
were identified by Student’s t tests (*p<0.03). (F) Cryosections (10 µm) of old Tibialis Anterior 
muscles were analyzed by hematoxylin/eosin (H&E) staining and immunostaining for embryonic 
myosin heavy chain (eMyHC, shown in green). Hoechst stains nuclei (blue). As shown by 
representative images, the regenerative outcome of old muscle given hESC-secreted candidate 
factors FGF 2, 6, and 19 was significantly improved as compared to old muscle given Opti-
MEM vehicle control, based on significantly diminished scar tissue formation, larger and more 
dense de novo myofibers and an increase in the numbers of eMyHC+ myofibers with centrally-
located nuclei that replaced the damaged tissue. (G) Regeneration of old mice Tibialis  Anterior 
muscle 5 days post injury, that received candidate factors FGF 2,6, and 19 or vehicle, were 
quantified from muscle sections, and are presented as the number of newly regenerated 
myofibers per square millimeter of injury site. Error bars indicate standard error of the mean 
(n=4). Significant differences were identified by Student’s t tests (*p<0.0007). 

Supplementary Figure 1. hESC-Conditioned mTeSR-1, but not mTeSR-1, increases 
primary human myoblast Proliferation and inhibits Differentiation. (A) Primary human 
myoblasts were cultured for 72 hours in 50% differentiation medium (DMEM, 2% horse serum) 
plus 50% of the specified medium.  A 4 hour BrdU pulse was performed before cell fixation to 
label proliferating cells. Immunofluorescence was performed for eMyHC (green) and BrdU 
(red), with Hoechst (blue) labeling all nuclei. Representative images are shown. (B) Proliferation 
and differentiation of fusion-competent myoblasts were quantified by using cell profiler cell 
scoring software. Results are displayed as the mean percent of BrdU+ or eMyHC+ proliferating 
or differentiating cells +/-SEM, respectively (n=6), Significant differences were identified by 
Student’s t tests (*p< 0.004).  

Supplementary Figure 2. hESC-conditioned medium enhanced old satellite cell activation 
through inducing MAPK. (A) Young or Old injury activated myofiber-associated satellite cells 
were isolated at 3 days post cardiotoxin-induced muscle injury, and cultured  overnight in 50% 
Ham’s F10  with 5% of their respective young or old serum, and 50% of the medium specified, 
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followed by a 2 hour BrdU pulse to label proliferating cells before cell fixation. 
Immunofluorescence was performed with Desmin (green) and BrdU (red), with Hoechst (blue) 
labeling all cell nuclei. Representative images are shown. (B)  Proliferating  Desmin+/BrdU+ 
satellite cells were quantified by cell scoring in multiple random fields of each condition. Results 
are displayed as the mean percent of BrdU+/Desmin+ proliferating satellite cell cells +/-SD 
(N=4). Significant differences were identified by Student’s t tests (*p< 0.01, **p<0.006, 
***p<0.002.)  

Supplementary Figure 3.  hESC-produced factors Act through MapK and BMP signaling 
pathways, but not through TGF-β or Wnt Signaling. Western immunoblotting analysis of 
downstream effectors of BMP and Wnt signaling pathways in human or mouse myoblasts serum 
starved for one hour followed by treatment for 20 minutes (A) or 24 hours (B) with 50% 
Differentiation Medium and 50% Specified Medium +/- a MEKi (10 µM) to analyze crosstalk 
with MAPK pathway. (C) Western immunoblotting analysis of active Notch-1 in human 
myoblasts treated for 20 minutes with specified medium after 1 hour serum starvation.  

Supplementary Figure 4. hESC candidate factors FGF2,6,&19 exhibit a pro-myogenic 
effect on mouse myoblasts in a dose dependent manner. Primary mouse myoblasts were 
cultured for 24 hours in differentiation medium (DMEM, 2% horse serum) plus 0, 5, 10, 30 or 
100 ng/mL FGF2, 6, or 19.  A 2 hour BrdU pulse on mouse myoblasts was performed before cell 
fixation to label proliferating cells. Immunofluorescence was performed for eMyHC (green) and 
BrdU (red), with Hoechst (blue) labeling all nuclei (30 ng/ml images shown in C). Proliferation 
and differentiation of fusion-competent myoblasts were quantified by cell scoring in 25-50 
random fields of each condition using a Molecular Devices automated imager and MetaXpress 
cell scoring software, and results are displayed as the mean percent of (A) BrdU+ or (B) 
eMyHC+ proliferating or differentiating cells +/-SD, respectively (n=6). (D) Quantification of 
FGFs added individually at the determined optimal dosage for proliferation (30 ng/mL) or in 
combination, using Molecular Devices automated imager and MetaXpress cell scoring software 
as described for (A) and (B). Significant differences were identified by Student’s t tests (*p< 
0.0008 and **p<0.05).    

Supplementary Figure 5. hESC candidate factors FGF2, 6, 19 exhibit a pro-myogenic effect 
on human myoblasts in a conserved and dose dependent manner. Primary human myoblasts 
were cultured for 72 hours in differentiation medium (DMEM, 2% horse serum) plus 0-100 
ng/mL FGF2, 6, or 19 with daily medium changes.  A 4 hour BrdU pulse on human myoblasts 
was performed before cell fixation to label proliferating cells. Immunofluorescence was 
performed for eMyHC (green) and BrdU (red), with Hoechst (blue) labeling all nuclei (Images 
not shown). Proliferation and differentiation of fusion-competent myoblasts were quantified by 
cell scoring in 25-50 random fields of each condition using a Molecular Devices automated 
imager and MetaXpress cell scoring software, and results are displayed as the mean percent of 
(A)  BrdU+ or (B) eMyHC+ proliferating or differentiating cells +/-SD, respectively (n=6). (C) 
Quantification of FGFs added individually at optimal determined dosage for proliferation (30 
ng/mL) or in combination, using Molecular Devices automated imager and MetaXpress cell 
scoring software as described for (A) and (B). Significant differences were identified by 
Student’s t tests (*p< 0.005 and **p<0.05).    
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Experimental Procedures  

Animals  

Young (2-3 month old) and old (22-24 month old) C57BL6/J mice were purchased from 
the Jackson Laboratory and the NIH. The animal experimental procedures were performed in 
accordance with the Guide for Care and Use of Laboratory Animals of the National Institutes of 
Health, and approved by the Office of Laboratory Animal Care, UC Berkeley.  

Muscle fibers and muscle stem cell isolation  

Injured TA muscle was dissected from healthy young and old mice and incubated at 37°C 
in digestion medium (150 U/mL Collagenase type II in DMEM medium with 10% horse serum 
and buffered with 30 mM HEPES) for 2 hours [33, 34]. Digested muscle was gently triturated 
and myofibers were collected. To obtain satellite/myofiber associated regenerative cells, 
myofibers were further digested with 1 U/mL Dispase and 40 U/mL Collagenase type II in 
DMEM, 2% horse serum, to liberate muscle stem cells [34]. Muscle stem cells were cultured in 
DMEM with 5% serum from the same age mouse.  

Cell Culture  

Adult human myoblasts were cultured and expanded in human growth medium: Ham’s F-
10 (Gibco), 10% Bovine Growth Serum (Hyclone), 30 ng/mL FGF2, and 1% penicillin–
streptomycin on Matrigel (BD Biosciences) coated plates (1:100 matrigel:PBS), at 37C and 5% 
CO2. For experimental conditions involving immunostaining, cells were plated at 10,000 
cells/well in Matrigel coated 8-well chamber slides (1:100 Matrigel: PBS), and cultured for 72 
hours with daily re-feedings at 37C in 10% CO2 incubator prior to fixation with 70% ethanol at 
4°C. Mouse myoblasts were cultured and expanded in mouse growth medium: Ham’s F-10 
(Gibco), 20% Bovine Growth Serum (Hyclone), 5 ng/mL FGF2 and 1% penicillin–streptomycin 
on Matrigel coated plates (1:300 matrigel: PBS), at 37°C and 5% CO2. For experimental 
conditions involving immunostaining, cells were plated at 40,000 cells/well on Matrigel coated 
8-well chamber slides  (1:100 matrigel: PBS) and cultured for 24 hours at 37°C in 10% CO2 
incubator prior to fixation with 70% ethanol at 4°C.  

 
Human embryonic stem cells (H9 and H7 lines), were cultured on diluted Matrigel 

(1:30), in mTeSR-1 (Stem Cell Technologies), according to manufacturer’s 
recommendations. hESCs were differentiated after plating in mTeSR-1 by changing the medium 
to DMEM/F12 with 10% Bovine Growth Serum (Hyclone), and culturing for an additional 6-8 
days. Cells were washed with Opti-MEM (Gibco) and then cultured in Opti-MEM for 18 hours 
prior to collection as hESC-conditioned Opti-MEM (hESC-conditioned medium) and stored at -
80°C. All experiments using a MEK inhibitor were treated with 10 µM MEK1/2 Inhibitor 
(U0126, Cell Signaling Technologies). 

 
Heparin Binding of hESC-Produced Proteins from hESC-Conditioned Medium 
 

Heparin-Agarose Type I Beads (H 6508, Sigma Aldrich) were washed with molecular 
grade water and preconditioned in 1mL Opti-MEM as recommended by manufacturer. hESC-
conditioned medium was incubated with Heparin-Agarose Beads for 2 hours shaking at 4°C. 
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Beads and all medium were separated by centrifugation. Myoblasts were treated with depleted 
medium after two rounds of centrifugation and separation of beads and medium so as to remove 
all residual beads from depleted hESC-conditioned medium.   

 
After depleting hESC-conditioned Opti-MEM, the protein bound heparin beads were 

washed two times for 10 minutes at 4°C in 1ml PBS + .05% Tween-20. Proteins were eluted 
twice for 15 minutes at 4°C in 400μl of elution buffer (.01M Tris-HCl pH 7.5 +1.5M NaCl + 
0.1%BSA) to collect proteins in a total of 800μl of elution buffer. The proteins were purified by 
dialysis for 2 hours shaking at 4°C in 500ml McCoy’s 5A Medium (Gibco) followed by 
overnight dialysis shaking at 4°C in 200ml Opti-MEM (Gibco). The eluted heparin beads were 
re-suspended in 800 μl Opti-MEM and stored overnight at 4°C. One hour after plating, human 
myoblasts were treated with respective mediums for 72 hours with daily medium changes prior 
to a 4 hour BrdU pulse and fixation in 70% cold ethanol.  
 
Cell-Starvation –Mechanism Analysis  

Human myoblasts were plated at 200,000 cells/well in a 6-well plate. Mouse myoblasts 
were plated at 300,000 cells/well in a 6-well plate. Plate wells were coated at 1:100 ECM: PBS. 
Cells were allowed to stick in human growth medium and mouse growth medium, respectively, 
for 1 hour at 5% CO2 at 37°C prior to 2 washes in serum-free medium (DMEM (Gibco) + 1% 
sodium pyruvate + 1% penicillin streptomycin). Cells were then treated 10 seconds in serum-free 
medium with 10μg/mL protamine sulfate for 10 seconds in order to remove any remaining bound 
ligands, followed by 2 more washes in serum-free medium and a one hour incubation in serum-
free medium. Cells were then treated for 20 min. in 10% CO2 at 37°C in 50% Differentiation 
Medium (DMEM + 2%HS + 1% penicillin streptomycin) and 50% specified medium. Cells were 
washed with PBS and cell lysates collected and analyzed for western blot using above mentioned 
western blot analysis method. Human and mouse myoblasts treated with a MEK inhibitor 
received 10μM MEK1/2 Inhibitor (U0126, Cell Signaling Technologies). 

Immunocytochemistry and Quantification  
 

For immunoflourescence assays, human or mouse stem and progenitor cells were given a 
4 hour or 2 hour, 3 μM BrdU pulse, respectively. Cells were fixed with 70% ethanol 30 minutes 
to overnight before 3, 5 minute PBS washes, 10 minute 4N HCl treatment, permeablization with 
PBS + 0.25% Triton X-100 for 15 minutes, 3 PBS washes, and blocking one hour in PBS + 2% 
FBS. The cells were then incubated with primary antibodies overnight at 4C in PBS + 2% FBS. 
Cells were immunostained for eMyHC (Hybridoma Bank), Desmin (Sigma-Aldrich), or BrdU 
(Abcam). If stained for EdU (Invitrogen), the HCl antibody retrieval method was not performed. 
Tissue sections were fixed with 70% ethanol 30 minutes to overnight before 3, 5 minute PBS 
washes, 2N HCl treatment for 20 minutes, permeablization with 0.25% Triton-X 100 for 30 
minutes, 3 PBS washes followed by blocking 1 hour with PBS + 2% FBS. The sections were 
then stained for eMyHC (Hybridoma Bank).  

 
Secondary staining with fluorophore-conjugated, species-specific antibodies (Donkey 

anti-Rat-488, #712-485-150; Donkey anti-Mouse-488, #715-485-150; Donkey anti-Rat-Cy3 
#712-165-150; or donkey anti-Mouse-Cy3 #715-165-150; all secondary antibodies from Jackson 
ImmunoResearch) was performed for 1 hour at room temperature at a 1:500 dilution in PBS 
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+2%FBS. Nuclei were visualized by Hoechst stain, and samples were analyzed at room 
temperature with a Zeiss Axio Imager A1, and imaged with Axiocam MRm or MRc cameras and 
AxioVision software. Mouse myoblasts were imaged at 10X and 20X magnification, 
respectively. For cell quantification, 25-50 20x images per replicate were taken on the Molecular 
Devices ImageXpress Micro automated epifluorescence imager, followed by automated cell 
quantification using the multiwavelength cell scoring module within the MetaXpress analysis 
software.   

 
Western blotting  

Human or mouse primary muscle progenitor cells were lysed in RIPA buffer (50 mM 
Tris, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate and 1 mM EDTA, pH 7.4) 
containing 1X protease inhibitor (Roche), 1 mM Phenylmethylsulfonyl fluoride (PMSF), 1 mM 
sodium fluoride and 1 mM sodium orthovanadate. The protein concentration was determined by 
Bradford assay (Bio-Rad). Cell lysates were resuspended in 1X Laemmli buffer (Bio-Rad), 
boiled for 5 minutes and separated on precast 7.5% or 4-15% TGX gels (Biorad). Primary 
antibodies were diluted in 5% non-fat milk in TBS + 0.1% Tween-20, and nitrocellulose 
membranes were incubated with antibody mixtures overnight at 4 °C. HRP-conjugated 
secondary antibodies (Santa Cruz Biotech) were diluted 1:1,000 in 5% non-fat milk in TBS + 
0.1% Tween-20 and incubated for 1 hour at room temperature. Blots were developed using 
Western Lightning ECL reagent (Perkin Elmer), and analyzed with Bio-Rad Gel Doc/Chemi Doc 
Imaging System and Quantity One software. Results of multiple assays were quantified by 
digitizing the data and normalizing pixel density of examined protein bands by glyceraldehydes-
3-phosphate dehydrogenase-specific pixel density. 

Proteomic analysis 

Medium conditioned by hESCs or control differentiated hESCs, in duplicate, was labeled 
and hybridized to Raybiotech 507 antibody array slides according to the manufacturer’s protocol.  
Briefly, conditioned Opti-MEM medium containing extracellular proteins was dialyzed against 
phosphate buffered saline, biotinylated, dialyzed again, hybridized to the array, washed, labeled 
with streptavidin-Cy3, washed, dried and the fluorescent features imaged on a Molecular 
Devices 4000b scanner.  Data were analyzed using Genepix and Microsoft Excel software to 
determine relatively enriched signal in the hESC versus differentiated samples. 

Antibodies  

Antibodies for phospho-ERK1/2, ERK1/2, pSmad1,5,8 and β-Actin, pGSK3β Y216,  and 
Total GSK3β,  were purchased from Cell Signaling. pSmad3 was purchased from Epitomics. 
Desmin was from Sigma-Aldrich. FGF2,6,&19, Smad2/3, and Dll1 antibodies were from Santa 
Cruz. eMyHC antibodies was from Hybridoma Bank. BrdU, GapDH and Nicd1 antibodies were 
from Abcam, EdU Click-It staining kit was from Invitrogen. pSmad2 and β-Catenin were from 
Millipore.  

RNA extraction, RT-PCR and real-time PCR 

Total RNA was extracted from primary human muscle progenitor cells using Trizol 
reagent (Invitrogen) according to manufacturer’s instructions. 1 ug of total RNA was used for 
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cDNA synthesis with oligo dT primers (Invitrogen). For real-time PCR amplification and 
quantification of genes of interest, an initial amplification using specific primers to each gene of 
interest (realtimeprimers.com) was done with a denaturation step at 95°C for 5 min, followed by 
40 cycles of denaturation at 95°C for 1 min, primer annealing at 55°C for 30 s, and primer 
extension at 72°C for 30 s. Real-time PCR was performed using SYBR and an ABI PRISM 7500 
Sequence Detection System (Applied Biosystems). Reactions were run in triplicate in three 
independent experiments. The geometric mean of housekeeping gene GAPDH or β-Actin was 
used as an internal control to normalize the variability in expression levels and were analyzed 
using the 2 -ΔΔCT method described [35]. 
 
Muscle Injury and In vivo FGF2,6,&19 Injection 
 

Isoflurane was used to anesthetize the animal during the muscle injury procedure. For 
bulk myofiber satellite cell activation, gastrocnemius muscles were injected with cardiotoxin 1 
(Sigma) dissolved at 100 micrograms per milliliter in PBS, at 4 sites of 10 microliters each for 
each muscle. Muscles were harvested 3 days later. For focal injury, to assay regeneration in vivo, 
5 microliters of 0.5 milligram per milliliter CTX was injected at two sites to the middle of the 
tibialis anterior, and muscle harvested 5 days later.  FGFs were administered to the site of injury 
at the time of injury and again one day later, 5 microliters per site, of 3 nanograms per microliter 
FGF. 

TA and Gastroc hindleg muscles were injured with cardiotoxin as described (see Muscle 
Injury methods) on Days 0 and 2, and injected with Opti-MEM (vehicle), or FGF 2,6,19 cocktail 
(100 ng/mL in Opti-MEM) at Days 0 and Day 2 for TA, and Days 2 and 4 for gastroc (See 
Figure 5C schematic) . Mice received intraperitonial injections of EdU (50 mg/kg) at Day 4 to 
label proliferating cells, and muscle was harvested at Day 5 

 
Tissue Immunofluorescence and Histological Analysis 
 

Muscle tissue was dissected, flash frozen in OCT compound (Tissue Tek; Sakura ) and 
cryo-sectioned at 10 micrometers. Cryo-sectioning was performed through the entire volume of 
muscle (typically 50–70 sections total, done at 200 μm intervals), thereby serially reconstituting 
the entire tissue, ex vivo.  Muscle sections were stained with aqueous hematoxylin and eosin 
(H&E), as per the manufacturer’s instructions (Sigma-Aldrich).  Regeneration and myogenic 
potential was quantified by examining injury sites from representative sections along the muscle 
(spanning the volume of injury), then by measuring the injured/regenerating area using Adobe 
Photoshop Elements.  Myofiber regeneration was quantified by counting total newly regenerated 
fibers and dividing by the regeneration area. Immunostaining was performed as described [36]. 
Briefly, after permeabilization in PBS + 1% FBS + 0.25% Triton-X-100, tissues and cells were 
incubated with primary antibodies in staining buffer (PBS + 1% FBS) for 1 h at room 
temperature, followed by 1 h incubation fluorochrome-labeled secondary antibodies (ALEXA at 
1:1000). BrdU-specific immunostaining required an extra step of 2 M HCl treatment before 
permeablization. 

 
Quantification and Statistical Analysis 
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For automated quantification of immuno-fluorescent images, 25-100 20x images per replicate 
were taken on the Molecular Devices ImageXpress Micro automated epifluorescence imager, 
followed by automated cell quantification using the multiwavelength cell scoring module within 
the MetaXpress analysis software. Data was analyzed using Anova and P values equal or lower 
than 0.05 were considered statistically significant. 
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Table 1, List of most highly enriched proteins in hESC-conditioned  medium 

Ranking Protein name Function/pathway 

1 FGF Basic Growth factor/ MapK 

2 FGF-19 Growth Factor/ MapK 

3 Angiogenin Ribonuclease, activates ERK 

4 BTC Betacellulin growth factor 

5 IL-13 R alpha 2 Cytokine receptor 

6 Siglec-5/CD170 
Sialic acid IgG like lectin, recruits phosphatases to attenuate 
signaling 

7 IL-15 Cytokine 

8 APJ Apelin receptor, GCPR signals motility 

9 IGFBP-2 Insulin like Growth Factor Binding Protein/ MapK 
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10 Chordin-Like 1 TGF-β pathway antagonist 

11 
GASP-1 / 
WFIKKNRP 

TGF-inhibitor, protease inhibitor, binds myostatin 

12 MFRP Membrane Frizzled related protein, Wnt pathway 

13 IL-10 R alpha Cytokine receptor  

14 Chem R23 Chimerin receptor 23, chemokine 

15 HB-EGF Growth factor/ MapK 

16 FGF-6 Growth factor/ MapK 

17 HGF Hepatocyte Growth Factor-Scatter Factor/ MapK 

18 IL-16 Cytokine 

19 IL-7 R alpha Cytokine receptor 

20 
TRAIL R3 /  
TNFRSF10C 

TNF receptor family, antagonist to apoptosis 

21 BMP-6 TGF-β ligand 

22 IL-1 F9 / IL-1 H1 Cytokine 

23 IL-1 β Cytokine 

24 Kremen-2 Kringle containing membrane protein 2, antagonist to Wnt 

25 
TRAIL R4 / 
TNFRSF10D 

Antagonist to apoptosis 

26 CXCR1 / IL-8 RA Cytokine receptor 

27 Ck β 8-1 / CCL23 Cytokine 

28 β-Catenin Wnt pathway 

29 FGF-13 1B Growth factor/ MapK 

30 TRAIL / TNFSF10 Modulates apoptosis 

31 
CCL14 / HCC-1 / 
HCC-3 

Cytokine 

32 FGF-4 Growth factor/ MapK 
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Figure 1. Aging of Signal Transduction in Brain and Muscle Tissue Stem Cell Niches. 

 In summary, we use young (2-4 month) and aged (18-24 month) mice, the equivalent of humans 
in their 20s and 80s, as a mammalian model to understand human aging. Specifically, we are interested in 
understanding the conserved, extrinsic signaling mechanisms that underlie the decline in adult stem cell 
mediated hippocampal neurogenesis and skeletal muscle regeneration with age. To that end, in this 
dissertation we elucidated molecular mechanisms that underlie the decline of brain and muscle tissue stem 
cell function with aging. We discovered that BMP signaling increases in the old hippocampal stem cell 
niche and inhibits neural precursor cell proliferation and subsequent neurogenesis in the aged brain. 
Importantly, we demonstrated partial rescue of neurogenesis by inhibiting BMP signaling directly in the 
aged hippocampus. In our quest to elucidate conserved signaling deregulation in aged tissue stem cell 
niches, we discovered that TGF-β signaling increases systemically and locally in both brain and muscle 
stem cell niches. Both hippocampal neurogenesis and myogenesis could be simultaneously enhanced by 
systemic inhibition of TGF-β signaling, suggesting therapeutic potential for rejuvenating multiple aged 
organs with a single therapy. Thirdly, we discovered that embryonic stem cells secrete pro-regenerative 
heparin-binding proteins that act through multiple biochemical pathways- specifically Notch, MAPK, and 
BMP signaling pathways- to rejuvenate aged skeletal muscle regeneration and provide neuroprotection. 
Summarily, we have demonstrated that calibration of signal transduction in both brain and muscle stem 
cell niches can reverse the age-induced regenerative decline.   

Conclusion 
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