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ABSTRACT

Satellite cells are adult muscle stem cells that activate, proliferate, and
differentiate into myofibers upon muscle damage. Satellite cells can be cultured and
manipulated in vitro, and thus represent an accessible model for studying skeletal
muscle biology, and a potential source of autologous stem cells for regenerative
medicine. This work summarizes efforts to further understanding of satellite cell biology,
using novel model organisms, bioengineering, and molecular and cellular approaches.
Lizards are evolutionarily the closest vertebrates to humans that regenerate entire
appendages. An analysis of lizard myoprogenitor cell transcriptome determined they
were most transcriptionally similar to mammalian satellite cells. Further examination
showed that among genes with the highest level of expression in lizard satellite cells were
an increased number of regulators of chondrogenesis. In micromass culture, lizard
satellite cells formed nodules that expressed chondrogenic regulatory genes, thus
demonstrating increased musculoskeletal plasticity. However, to exploit satellite cells for
therapeutics, development of an ex vivo culture is necessary. This work investigates
whether substrates composed of extracellular matrix (ECM) proteins, as either coatings
or hydrogels, can support expansion of this population whilst maintaining their
myogenic potency. Stiffer substrates are necessary for in vitro proliferation and
differentiation of satellite cells, while the ECM composition was not significantly
important. Additionally, satellite cells on hydrogels entered a quiescent state that could
be reversed when the cells were subsequently cultured on Matrigel. Proliferation and
gene expression data further indicated that C2C12 cells are not a good proxy for satellite
cells. To further understand how different signaling pathways control satellite cell

behavior, an investigation of the Notch inhibitor protein Numb was carried out. Numb



deficient satellite cells fail to activate, proliferate and participate in muscle repair.
Examination of Numb isoform expression in satellite cells and embryonic tissues
revealed that while developing limb bud, neural tube, and heart express the long and
short isoforms of NUMB, satellite cells predominantly express the short isoforms. A
preliminary immunoprecipitation- proteomics experiment suggested that the roles of
NUMB in satellite cells are related to cell cycle modulation, cytoskeleton dynamics, and

regulation of transcription factors necessary for satellite cell function.
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CHAPTER 1

INTRODUCTION

Satellite cells in skeletal muscle regeneration

While adult skeletal muscle regeneration involves a dynamic and well-
orchestrated interplay between a myriad of cell types, signaling factors, extracellular
matrix (ECM) proteins, and the myofibers themselves, satellite cells play a central role in
this process, as they are indispensable for repair. Satellite cells, or muscle stem cells,
which make up a minority of the total myonuclei in muscle (2-4%), are the predominant

source of new myofibers following damage (Hawke and Garry, 2001).

Satellite cells lie in between the myofibers in a reversible Go state called
quiescence, typically characterized by a high nucleus to cytoplasm ratio, presence of cell
cycle inhibitors, and general metabolic and translational inactivity. They can be further
identified by paired-box 7 (Pax7) transcription factor expression, which exclusively
marks satellite cells in adult muscle (Dumont et al., 2015a). Upon muscle injury,
signaling factors released by the damaged myofibers, fibroblasts, and immune cells
induce satellite cell activation. Disintegration of the surrounding basement membrane
and ECM serves the same purpose, as growth factors and matrix metalloproteinases
(MMPs) previously sequestered are free to interact with satellite cells. For example,
fibroblast growth factor 2 (FGF2) and hepatocyte growth factor (HGF) are both released
from the matrix following injury and promote activation and proliferation via binding of
FGF receptors and c-MET, respectively (Dumont et al., 2015a). Activated satellite cells
migrate to the site of damage and proliferate, to generate the large number of cells

required for muscle repair. Proliferating satellite cells, or myoblasts, continue to express
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Figure 1. Satellite cell progression through the myogenic program

Satellite cells activated by muscle damage proliferate to expand their numbers. During
this stage, a subset of cells will self-renew and return to quiescence, to maintain the stem
cell pool. The rest of the satellite cells will commit to the myogenic program, becoming
myoblasts. They exit the cell cycle, elongate, align, and fuse to make multinucleated
myofibers. Myoblasts may fuse with existing myofibers as well.



Paxz, which induces expression of additional muscle specific transcription factors, like
myogenic regulatory factor 5 (Myf5) and myoblast determination factor 1 (Myod1)

(Rudnicki and Chang, 2014).

Satellite cells participate in regeneration by fusing with damaged myofibers or
generating new myofibers de novo. To achieve this, myoblasts must downregulate Pax7,
cease proliferation, and commit to myogenic differentiation. Myod1 induces expression
of transcription factor myogenin (Myog), which in turn suppresses cell cycle
progression, and allows for terminal differentiation. The post-mitotic myoblasts
elongate, align and fuse to generate myofibers that express structural proteins, like
myosin heavy chains (MHCs). Over time, the new myofibers will mature and integrate
into the newly regenerated muscle, thus restoring structure and function (Rudnicki and

Chang, 2014).
Satellite cell plasticity

Unlike intestinal stem cells, or hematopoietic stem cells, which give rise to several
different cell types, satellite cells are classified as monopotent, and only give rise to
skeletal muscle. However, that may not entirely be the case, and given the right cues and
conditions, satellite cells can adopt other lineages. For example, work from several
groups demonstrates that satellite cells undergo adipogenesis, both in vitro and in vivo,
particularly in obesity and aging models (Scarda et al., 2010; Sciorati et al., 2015; Shefer
et al., 2004; Shefer and Yablonka-Reuveni, 2007; Vettor et al., 2009). Overexpression of
the transcriptional regulator PRDM16 induces brown fat differentiation in primary
satellite cell culture, via activation of Peroxisome proliferator-activated receptor y
(PPAR-y) (Seale et al., 2008). Additionally, satellite cells treated with BMP7 in culture

adopt an osteogenic lineage, as evidenced by positive alkaline phosphatase staining and
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expression of osteogenic markers (Asakura et al., 2001). In non-mammalian species,
satellite cells may adopt alternative lineages in vivo. In newts, Pax7+ satellite cells
expanded in culture contribute to epidermis and cartilage in the regenerated limb after

intramuscular injection (Morrison et al., 2006).

During development, satellite cells arise from somites, which also give rise to
skeletal muscle, cartilage, bone, tendon, dermis, and fat (Relaix and Zammit, 2012).
Thus, the ability of satellite cells to undergo adipogenesis, chondrogenesis and
osteogenesis is consistent with their embryonic origin. However, it is unclear to what
extent these events happen in vivo in mammals, if at all, as these experiments entailed in
vitro manipulation, exposure to morphogens in culture, or alteration of gene expression.
Taken together, these data hint at potential for expanded plasticity, which may change
the way we think about satellite cell biology and perhaps mark satellite cells as an
attractive source of autologous stem cells to be exploited for regenerative medicine

therapeutics beyond skeletal muscle.
Bioengineering approaches for therapeutic exploitation

Attempts to harness satellite cells for medical treatments of muscle loss due to
trauma or disease span the last few decades (Briggs and Morgan, 2013; Partridge et al.,
1978). Donor myoblasts can be injected intramuscularly, where they contribute to
muscle repair in both murine models and humans (Cornelison, 2018). Currently, this
practice has limited reproducibility and functionality in a clinical setting, due to several

hurdles.

Firstly, standard in vitro culture protocols do not recapitulate the complex
mechanical, biological, and chemical cues that maintain satellite cell identity, stemness,

and myogenic potential indefinitely. Cultured myoblasts are thus less likely to engratft,
4



contribute to muscle repair, and re-populate the stem cell niche. Satellite cells injected
intramuscularly directly following isolation contribute to muscle regeneration
significantly more than myoblasts maintained in culture first (Collins et al., 2005;
Montarras et al., 2005). However, injection of satellite cells without ex vivo expansion
has limited therapeutic applications. To repair a human tibialis anterior muscle, an
estimated 2-4 kg of muscle tissue would be needed, demonstrating the impracticality of
this method in a clinical setting (Borselli et al., 2011). Secondly, delivery of satellite cells
to the damaged muscle has presented a challenge, contributing to the variability and lack
of success encountered thus far. The majority of injected cells die within 3 days of
transplantation, likely due to the stress of bolus delivery, and the immune reaction
mounted subsequently (Péault et al., 2007). Finally, surviving satellite cells only migrate
about 200 pm from the site of injection, posing a problem for human skeletal muscle,

which may span over half a meter (Péault et al., 2007).

To address both the issues of delivery and cell culture, the use of biomaterials and
bioengineering approaches has been explored at length. Synthetic materials often have
tunable properties that allow for manipulation of parameters like patterning, rigidity,
shape and functionalization much more readily than biological materials. The culture
material stiffness is known to influence cell behavior, and several groups have explored
how it affects satellite cell quiescence, proliferation and differentiation (Gilbert et al.
2010; Lacraz et al. 2015; Urciuolo et al. 2013). Other variables, like biomaterial
topography, cyclic stretch and electric stimulation, or various ECM substrates have also
been investigated (Dunn et al., 2019; Qazi et al., 2015). Sophisticated delivery methods
that bypass injection have shown promise in mouse models. In an mdx (dystrophin null)
model, delivery of wild type satellite cells on a nanopatterned PLGA (poly lactic-co-

glycolic acid) patch surgically placed on the quadriceps muscles contributed significantly
5



to dystrophin production (Yang et al., 2014). Encapsulation of satellite cells along with
insulin-like growth factor (IGF) and vascular endothelial growth factor (VEGF) in a
shape-memory alginate scaffold improved functional recovery in mouse tibialis anterior
(TA) injury model (Wang et al. 2014). However, it is unclear to what extent the success in
mouse models will translate to human work, especially considering that several of these
synthetic materials may not be well tolerated by the immune system, limiting their
clinical use. Furthermore, many of these biomaterials and bioengineering studies use
myoblast-like cell lines as satellite cell proxies, raising questions about whether the

conclusions drawn can apply to primary satellite cells.
The stem cell niche and signaling pathways

Satellite cells were initially identified via electron microscopy based on their
unique positioning within skeletal muscle. They occupy the space between the basal
lamina and the myofiber sarcolemma (Mauro, 1961), and are often found in close
proximity to blood vessels and neuromuscular junctions (NMJs) (Chargé and Rudnicki,
2004). Beyond providing mechanical and structural support, the muscle stem cell niche
serves as a signaling center directing satellite cell survival, differentiation, proliferation
and self-renewal. On the basal side, integrin a7 and the dystrophin-glycoprotein complex
(DGC) anchor the satellite cell to the basement membrane. Frizzled-7 (FZD7), c-MET,
and Syndecan-4 (Sdc-4) are likewise enriched basally. On the apical side, adhesion
proteins like CD34, M-cadherin and NCAM form cell-cell interactions between the
myofiber and the satellite cell. Transmembrane receptor Notch is also concentrated
apically (Feige et al., 2018). Targeted disruption of some of these membrane receptors in
satellite cells results in loss of quiescence, aberrant cell cycling, and spontaneous

activation, highlighting the importance of the stem cell niche (Mashinchian et al., 2018).
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Dystrophin null satellite cells, for example, display reduced asymmetric cell divisions,
loss of polarity, and impaired mitotic spindle orientation, which likely exacerbates the
muscle wasting phenotype in Duchenne’s muscular dystrophy (DMD) (Dumont et al.,
2015b). Double knock-out of M-cadherin and N-cadherin in satellite cells leads to

spontaneous activation in the absence of injury (Goel et al., 2017).

Many of the highly conserved signaling pathways fundamental for metazoan
embryonic development, like Notch, Wnt, Bone morphogenic protein/Transforming
growth factor  (BMP/TGF), or Hedgehog dictate satellite cell behavior. Upon binding
to its ligand, the Notch receptor undergoes a conformation change that exposes cleavage
and results in release of the Notch intracellular domain (NICD). The NICD can
translocate to the nucleus, and together with its binding partners (CSL transcription
factors, p300/CBP, Mamli, etc.) act as a transcriptional activator for Notch target genes,
like Hairy Enhancer of Split (Hes) and Hes-related with YRPW motif (Hey) (Carrieri and
Dale, 2017). In the context of myogenesis, Notch activation is associated with stemness
and inhibition of differentiation. Overexpression of Notch1 in satellite cells results in
maintenance of Pax7 expression and downregulation of myogenic regulatory factors
(MRFs), while deletion of Notch pathway genes leads to loss of quiescence and
premature differentiation (Bjornson et al., 2012; Conboy and Rando, 2002; Wen et al.,
2012). Mechanistically, Hes genes can suppress MyoD and the cell cycle inhibitor p21

(Luo, Renault, and Rando 2005).

Once sufficient progenitor cells have been generated, Notch signaling activity is
reduced, and canonical Wnt signaling promotes differentiation (Brack et al., 2008). Wnt
ligands bind membrane receptor Frizzled (Fzd), which in turn leads to inhibition of

Glycogen synthase kinase 3 B (GSK3[) activity. As a result, B-catenin, which is otherwise



targeted for degradation by GSK3[ phosphorylation, accumulates in the cytoplasm and
translocates to the nucleus, where it activates transcription of target genes along with
DNA binding proteins of the LEF/TCF family (Rudnicki and Williams, 2015). In satellite
cells, this results in upregulation of proteins that support myogenic differentiation
(Girardi and Le Grand, 2018). However, non-canonical Wnt signaling promotes self-
renewal instead, independent of Bcatenin. Wnt7a binds to Fzd7 and Sdc-4 to promote
symmetric expansion of satellite cells and enhance cell migration (Girardi and Le Grand,

2018).

Myostatin (Mstn) is the most notable member of the TGFf family with a role in
myogenesis. Activated TGFf receptors form tetramers and exert their effects by
phosphorylating the SMAD proteins, which act as transcriptional regulators in the
nucleus. Myostatin inhibits satellite cell proliferation and differentiation, as it leads to
p21 upregulation, and myogenin downregulation, respectively. Follistatin inhibits
myostatin signaling, by directly binding to it (Dominique and Gérard, 2006; Huang et

al., 2011; McCroskery et al., 2003).

A detailed understanding of how the signals from various pathways are
integrated, and how each chemical and physical component of the niche influences
satellite cell behavior will inform future efforts to enhance or manipulate satellite cell

function for skeletal muscle repair and regenerative medicine.



CHAPTER 2
IDENTIFICATION OF SATELLITE CELLS FROM ANOLE LIZARD SKELETAL

MUSCLE AND DEMONSTRATION OF EXPANDED MUSCULOSKELETAL

POTENTIAL
Abstract

Lizards are evolutionarily the closest vertebrates to humans that demonstrate the
ability to regenerate entire appendages containing cartilage, muscle, skin, and nervous
tissue. We previously isolated PAX7-positive cells from muscle of the green anole lizard,
Anolis carolinensis, that can differentiate into multinucleated myotubes and express the
muscle structural protein, myosin heavy chain. Studying gene expression in these
satellite/progenitor cell populations from A. carolinensis can provide insight into the
mechanisms regulating tissue regeneration. We generated a transcriptome from
proliferating lizard myoprogenitor cells and compared them to transcriptomes from the
mouse and human tissues from the ENCODE project using XGSA, a statistical method
for cross-species gene set analysis. These analyses determined that the lizard progenitor
cell transcriptome was most similar to mammalian satellite cells. Further examination of
specific GO categories of genes demonstrated that among genes with the highest level of
expression in lizard satellite cells were an increased number of genetic regulators of
chondrogenesis, as compared to mouse satellite cells. In micromass culture, lizard PAX7-
positive cells formed Alcian blue and collagen 2a1 positive nodules, without the addition
of exogenous morphogens to the culture medium. Mouse satellite cell micromasses did
not consistently form chondrogenic nodules, and instead differentiated into
multinucleated myofibers. Subsequent quantitative RT-PCR confirmed up-regulation of

expression of chondrogenic regulatory genes and cartilage specific structural genes in



lizard cells. Taken together, these data suggest that tail regeneration in lizards involves

significant alterations in gene regulation with expanded musculoskeletal potency.

Introduction

Lizards are evolutionarily the closest vertebrate group to humans with the ability
to regenerate a complex appendage i.e., an entire tail (Eckalbar et al. 2012; Gilbert,
Payne, and Vickaryous 2013; Koshiba-Takeuchi et al. 2009). The regenerated lizard tail
is functional and structurally complex, containing de novo generated musculoskeletal
tissues like skeletal muscle groups, tendons, a hyaline cartilage endoskeleton, as well
as vasculature, peripheral and sensory nerves, and skin (Fisher et al., 2012; Hutchins et
al., 2014). After an initial phase of wound healing in the lizard tail, the appendage
regrows with an unique architecture distinct from the original tail (Fisher et al., 2012).
Key differences include the development of a cartilage tube endoskeleton instead of
segmented vertebrae, and axial muscle groups that run the length of the tail instead of
segmental vertebral muscles (Fisher et al., 2012; Hutchins et al., 2014). Mammals have
some regenerative capacity of appendages, limited to digit tip formation in neonatal mice
and humans under age two (Yu et al., 2010). Neonatal mice can also regenerate limited
damage to heart ventricular muscle during the first week of life (Darehzereshki et al.,
2015; Porrello et al., 2011).

Regeneration of a multi-tissue structure such as the tail requires pools of
proliferative stem cells capable of differentiating into different lineages. Regeneration
capable species employ distinct strategies to generate these stem cell populations. In
urodele amphibians, dedifferentiation of injured tissue results in proliferative, lineage
restricted progenitors (Kragl et al., 2009). Resident tissue-specific stem cells that

migrate to the site of injury can contribute to regeneration as well. For example,
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amputation in the axolotl limb activates PAX7 positive satellite cells from adjacent
muscle (Sandoval-Guzman et al., 2014). Finally, dedifferentiated cells and stem cells can
also transdifferentiate and change their fate to contribute to more than one tissue
(Jopling et al., 2011). A. carolinensis skeletal muscle contains cells localized to the
muscle stem cell niche (Kahn and Simpson, 1974). These cells have been previously
shown to express pax7, and to fuse into multinucleated MHC positive myotubes upon
serum withdrawal (Hutchins et al., 2014).

Several previous studies have profiled the transcriptomes of satellite cells in
mammalian species such as mouse (Ryall et al., 2015) or human (Charville et al., 2015),
among others. However, comparison of gene expression across vertebrate species
remains a bioinformatic challenge, due to difficulties in identifying orthologous genes
and differences in baseline gene expression. A useful framework for comparing
transcriptome-wide expression profiles across species is based on testing whether a gene
set that is specifically expressed in a species is shared with similar tissues or cell types in
other species (Djordjevic et al., 2016).

In this study, we characterized the lizard muscle progenitor cells using XGSA
cross species comparison, followed by a comparative analysis of expression of
musculoskeletal and TGFB/BMP pathway genes between mouse and lizard satellite cells.
We further investigated the plasticity of mouse and lizard satellite cells and tested their
ability to undergo chondrogenesis.

Results

XGSA analysis of satellite cell transcriptomes

Satellite cells were isolated from mouse and lizard limb skeletal muscle, and RNA

was purified from PAX7 positive cells, an established marker of satellite cells in
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mammals (Lepper et al., 2011; Sambasivan et al., 2011; Zammit et al., 2006). Analysis of
genes expressed in lizard satellite cells was carried out using RNA-Seq transcriptomic
analysis (Hutchins et al., 2014). Based on our previous data, we wanted to determine the
similarity of the lizard PAX7 positive cells to the satellite cell population in mouse and
human. We carried out this comparison using XGSA, a statistical method for cross-
species gene set analysis (Djordjevic et al., 2016). We compared highly expressed genes
in the lizard satellite cell transcriptome to a compendium of cell-type-specific gene sets,
including 94 tissues from the mouse ENCODE project (Yue et al., 2014). Within the
tissues examined, the lizard PAX?7 positive cell had a significant similarity with the
mouse satellite cell based on expression of cell-type-specific marker genes (p-value < 1.9
x 10726), It has more overlap with mouse satellite cell markers than markers of any other
mouse cell types examined here (Figure 2A), and this result is robust against analysis
parameters. Similarly, we compared lizard satellite cells with 139 tissues from the human
ENCODE project and identified the greatest similarity with activated and quiescent

human satellite cells (Figure 2B).
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Gene rank comparison of mouse and lizard satellite cell transcriptomes

Bone morphogenic protein (BMP) and transforming growth factorp (TGFf)
signaling pathways have important regulatory roles both in embryonic myogenesis and
postnatal muscle regeneration (Friedrichs et al., 2011; George et al., 2013; McFarlane et
al., 2011; Ono et al., 2010; Park et al., 2010; Sartori et al., 2014; Wang et al., 2010;
Winbanks et al., 2013). We examined the differences in the expression of the TGF3/BMP
pathway genes by comparing the relative rankings of 105 TGF/BMP pathway genes
(KEGG category mmu04350 and GO term GO:0030509) from lizard and mouse satellite
cells (Figure 3A). Genes with higher rankings in lizard (closer to 1.0), as compared to a
lower ranking in mouse (closer to 20,000), included Bmp2, Bmps, Bmp?7, Dcn, Fst, Id4,
Inhba, Pitx2, Smad9, Tgif2, Zfyve16, Msx1, Msx2, Rnf165, Grem2, and Sostdci.
Follistatin (Fst) and Pitx2 induce proliferation of satellite cells in regenerating muscle
(Amthor et al., 2004; Gilson et al., 2009; L’'Honor¢ et al., 2007; Lozano-Velasco et al.,
2011). Msx1 regulates the cellularization of myofibers, i.e., the conversion of
multinucleated skeletal muscle fibers into mononuclear cells, during amphibian limb
regeneration, as well as the cell cycle re-entry of resulting myoblasts. Ectopic expression
of either Msx1 or Msx2 in mouse myofibers induced cellularization and inhibited
myoblast differentiation (Echeverri and Zayas, 2018; Kumar et al., 2004; Odelberg et al.,

2000; Yilmaz et al., 2015).

The expression of Bmp2, Bmps, and Bmpy, which are important regulators of
chondrogenesis and osteogenesis, ranked considerably higher in lizard satellite cells in
comparison to mouse (Figure 3A) (King, Marker, and Seung 1994; Knippenberg et al.
2006; Shen et al. 2010; Shu et al. 2011; Tsuji et al. 2006). While mouse and human

satellite cells and myoblasts typically only differentiate into skeletal muscle, high levels
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of BMP ligands can induce these cells to undergo osteogenesis and chondrogenesis in
vitro (Asakura et al., 2001; Katagiri et al., 1994; Shea et al., 2003; Wada et al., 2002).
Other genes with lower expression levels in lizard satellite cells, as compared to mouse,
included Bmp6, Bmprib,Bmper, Fzdi, Lef1, and Sox11. Bmprib, also known as Alk6,
encodes a receptor specific for BMP7 and GDF5 (Yi et al. 2000; Yoon et al. 2005; Zhao et
al. 2002). Sox11 is expressed in condensing chondrocytes embryonically in mice
(Cameron et al., 2009). Bmper (BMP binding endothelial regulator) can enhance or
inhibit BMP signaling (Zhang et al., 2010). BMP6 regulates iron metabolism and is
coexpressed in developing cartilage with BMP2 (Corradini et al., 2011; Luo et al., 2016).
Therefore, the transcriptomic profile of lizard satellite cells was marked by the co-
expression of genes involved not only in myogenesis, but also chondrogenesis and

osteogenesis (Figure 3A).

Focusing on genes in the gene ontology terms ‘skeletal muscle’ and ‘cartilage
development and differentiation’, we found that expression of key genes involved in
satellite cell activation and proliferation, and muscle differentiation ranked higher in
lizard as compared to mouse, e.g. Mef2c, Pitx2, Srpk3, Hdac4, Axin2, Bclg, Nr2f2, and
Sulf1 (Figure 3B) (Black and Molkentin, 1996; Brack et al., 2012, 2008; Gill et al., 2010;
Raines et al., 2015). Nr2f2, an orphan nuclear receptor, is upregulated in activated
satellite cells and inhibits differentiation of stem cells in the skeletal muscle, cartilage,
and bone marrow lineages (Gao et al., 2017; Zhu et al., 2016). The myogenic regulatory
factors Myodi, myogenin (Myog), Yap1, and Six4 were expressed at comparable levels in
both species, but Myf5 was expressed at a much lower level in lizard cells (Figure 3B).
Other genes with known regulatory roles in muscle development and satellite cell
function that demonstrated a lower level of expression in lizard satellite cells when

compared to mouse included Dll1, Six1, Ankrd2, Cited2, Gpc1, Fzd1, Megfi1o, and Smo
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(Figure 3B). Among these, Megfi10, Ankrd2, Fzdi, and Smo induce differentiation of

satellite cells (Brack et al., 2008; Holterman et al., 2007; Zhao and Hoffman, 2004).

These data suggest that these myoprogenitors express the myogenic
transcriptional program, but are not differentiating, consistent with their status as
proliferating single cells. This analysis further demonstrated that many genes involved in
chondrogenesis, such as Chsy1, Axin2, Tgfbr2, Famioia, Fgfi18, Colsa1, and Msx2, had
high levels of expression in lizard, but not in mouse satellite cells. Fgf18 and Chsy1
induce proliferation of early chondrocytes (Liu et al., 2007; Wilson et al., 2012), while
Msx2 is important for regeneration in amphibians and osteogenesis in mice. However,
Col27a1, Bmp4, and Bmprib, which are also involved in cartilage differentiation (Lim et
al., 2015; Plumb et al., 2011; Shu et al., 2011), have lower expression levels in lizard, as

compared to mouse satellite cells (Figure 3B).

Based on the observed higher ranking of cartilage specific genes in the lizard
transcriptome, we identified genes from the ranked lists whose expression level ranked
between 1 and 5000 (highest levels of expression) with roles in 1) muscle development,
differentiation, and regeneration, 2) cartilage development and differentiation or 3)
tendon development (Figure 3C). We found 61 lizard genes and 70 mouse genes ranked
in the respective transcriptomes with these functions. Of these genes, 49.2% had a role in
muscle development, differentiation, and regeneration in lizard cells, whereas in
proliferating mouse satellite cells 65.6% of the genes fell into this category. Further,
30.5% of lizard genes and 20.3% of mouse genes were involved in cartilage
differentiation and development. Lastly, 20.3% of lizard genes and 14.1% of mouse genes
had roles in both processes (Figure 3C). Overall, the XGSA analyses showed that

although these cells were most transcriptionally similar to mammalian satellite cells,
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there are notable differences, and taken together these data suggest that lizard satellite

cells may have expanded differentiation potential.
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Figure 3. Gene rank comparison of mouse and lizard satellite cell transcriptomes.

Heatmaps of genes involved in the TGF/BMP signaling pathway (A) and
musculoskeletal development (B) show differential rankings between mouse and lizard
satellite cells. A functional comparison of the top ranked genes (1-5000) showed almost
30% of genes were cartilage-specific in lizard satellite cells, as opposed to 18.3% for
mouse satellite cells (C).
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Analysis of chondrogenic potential by micromass culture

One of the most striking observations from our analyses were the high expression
ranks of cartilage-promoting genes in the lizard satellite cells, such as bmp2, bmps, and
bmp7 (Figure 3), which indicated that these cells might have expanded potential and
could adopt the chondrogenic lineage. To examine this, lizard and mouse satellite cells
were cultured at high density in micromasses in either growth medium or morphogen
free chondrogenic differentiation medium. After 7 days in micromass culture, mouse
satellite cells formed myotubes under either culture condition (Figure 4A, D), although
differentiation was less extensive in chondrogenic differentiation medium (Figure 4,
compare B to E). Lizard satellite cells formed large nodular structures comprised of
condensed cells when cultured in chondrogenic medium (Figure 4J, K) and smaller
nodules when cultured in growth medium (Figure 4G, H), which is indicative of
chondrogenesis. The lizard cells formed sparse myotubes in both conditions, although
they mostly remained as single cells (Figure 4H, K). To further investigate the
chondrogenic nature of the nodular structures, micromasses were stained with Alcian
blue, a cationic dye that binds specifically to sulfated glycosaminoglycans and
proteoglycans. Lizard satellite cell micromasses formed Alcian blue positive nodules in
both growth and chondrogenic media (Figure 41, L). In growth medium, the
micromasses averaged 30.8 small nodules (Table 1). In chondrogenic medium, there
were fewer nodules, an average of 18 per micromass, but the average surface area was
twice that of nodules formed in growth conditions (Table 1). Mouse micromasses
demonstrated no Alcian blue positive nodules in growth medium, and less than one

nodule per micromass in chondrogenic medium (Figure 4C, F, Table 1).
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Figure 4. Micromass culture of lizard satellite cells results in condensation of cells into
Alcian blue positive chondrogenic nodules

Mouse and lizard satellite cell micromasses were cultured in either growth (A-C, G-I) or
chondrogenic differentiation medium (D-F, J-L) without added BMPs. Mouse satellite
cells formed myotubes with many nuclei, as detected by DAPI nuclear stain, in growth
medium (A, B, white arrows) and smaller myotubes in chondrogenic differentiation
medium (D, E, white arrows), but no defined nodules were noted. Lizard satellite
cells in growth medium differentiated into a few small myotubes, and smaller nodules
with undefined edges that stained positive with Alcian blue (G-I, black arrows). Large
Alcian blue positive nodules were found in micromasses cultured in differentiation
medium, consistent with the onset of chondrogenesis in vitro (J-L, black arrows).
Photomicrographs are representative, magnification is 10x except for photomicrographs
of DAPI stained micromasses, which are 20x; bars = 100 um, n = 6 micromasses for
each condition.
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GM DM

Average nodule number (average nodule surface area)

Mouse N/A 0.67 (0.029 mm?)

Lizard 30.8 (0.027 mm?) 18 (0.048 mm?)

Table 1. Average number, and surface area of nodules in micromass.

The average number and surface area of nodules in day 7 micromasses was quantified
using ImageJ (n = 6 micromasses for each experimental condition).
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The expression of chondrogenic and myogenic marker genes in lizard and mouse
satellite cells cultured in growth or chondrogenic medium was examined by RT-QPCR.
CDNA was generated from total RNA isolated from high density micromass cultures
after 7 days. Mouse cells significantly down-regulated Paxy expression, consistent with
myotube differentiation, while this gene was up-regulated in lizard satellite cells,
significantly so, in differentiation medium. This might reflect an increase in the number
of satellite cells, as there were many single cells present at day 77 that did not participate
in formation of myotubes or nodules in lizard micromasses (Figure 5). Analysis of MyoD
(Myodi1), a myogenic basic helix-loop-helix transcription factor (b HLH) up-regulated in
actively proliferating satellite cells and myoblasts (Yin et al., 2013), revealed a small but
significant decrease in expression in mouse satellite cells in growth medium (Figure 5).
Conversely, Myodi expression demonstrated a small but significant down-regulation in
lizard satellite cells cultured in chondrogenic medium, consistent with the onset of
chondrogenesis. Additionally, we found that Runx2, a transcription factor important for
proliferation and differentiation of chondrocytes and skeletal morphogenesis (Fujita et
al., 2004; Takarada et al., 2013), was up-regulated in cells from both species. This
occurred in both growth and chondrogenic differentiation conditions, suggesting that
high cell density may be sufficient to trigger its expression. Interestingly, Sox9, a
transcription factor necessary for chondrogenesis (Akiyama et al., 2002; Asou et al.,
2002; Leung et al., 2011; Wright et al., 1995) was only significantly up-regulated in lizard
cells cultured in micromass, and its expression level increased in chondrogenesis

medium (Figure 5).

Given the differences in baseline expression of BMP pathway genes between
lizard and mouse satellite cells, including elevated Bmp2 and decreased Bmp6, we

investigated whether further differences arose during chondrogenic differentiation in
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micromass culture. For lizard satellite cells, bmp2 transcription was significantly up-
regulated undergrowth conditions, and culture in chondrogenic differentiation medium,
further significantly increased the level of its expression (Figure 5). Bmpé6 is expressed in
differentiating hypertrophic chondrocytes, but unlike Bmpz2, its primary role is
regulating iron metabolism, rather than orchestrating chondrogenesis (Camaschella,
2009). Bmp6 expression was not up-regulated in lizard satellite cells in growth medium,
but was increased in differentiation medium. Bmp6 was up-regulated in mouse satellite

cells when cultured at high density and in chondrogenic medium (Figure 5).
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Figure 5. Expression of lineage-specific regulatory genes in lizard and mouse satellite
cells cultured in micromass

Mouse satellite cells demonstrated decreased Pax7 expression in micromass culture,
while lizard cells up-regulated this gene (A). Both species of satellite cells expressed
Myodi1 and Runx2 (B, C), but only lizard cells significantly up-regulated the
chondrogenesis regulator sox9 (D). Lizard satellite cells up-regulated bmp2 expression
significantly in growth medium (GM), and further increased expression significantly in
chondrogenic differentiation medium (DM) (E). Murine satellite cells demonstrated no
significant change in the expression of Bmp2 when compared to Day 0. Lizard satellite
cells significantly up-regulated bmp6 only when cultured in chondrogenic differentiation
medium, while mouse cells demonstrated significant up-regulation of Bmp6 expression
in growth medium as well (F). Graphs are as labeled. Data are expressed as relative gene
expression and are the result of 3 biological replicates, each done in triplicate. Statistical
analysis was done by one way ANOVA; * indicates p < 0.05 when compared to Day 0 and
** denotes that DM and GM for that species are significantly different from each other (p

< 0.05).
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Cartilage is a hypocellular and avascular tissue, with few cells embedded in the
extensive ECM. We further examined the expression of ECM proteins in micromass
culture. Collagen I (Col1az) is expressed in muscle, tendon, and bone (Reddi et al., 1977),
whereas collagen 2A1 (Col2az1) is specific to cartilage. Both mouse and lizard cells
significantly up-regulated Colza1 in micromasses, but only the lizard cells expressed and
significantly up-regulated cartilage specific Col2az (Figure 6). Aggrecan (Acan) is a
cartilage specific ECM protein expressed during chondrogenic differentiation (Lauing et
al., 2014), and expression of this gene was significantly up-regulated in the lizard
micromasses. Acan was not detected in mouse micromasses regardless of culture
conditions (Figure 6). Osteopontin, or secreted phosphoprotein 1 (Spp1), is expressed by
a variety of cell types and has many roles, among which are muscle regeneration,
inflammatory responses, and bone calcification (Pagel et al., 2014; Singh et al., 2014).
Interestingly, while murine satellite cells up-regulated expression of this gene, the lizard
satellite cells significantly down-regulated its expression in chondrogenic medium
(Figure 6). We examined collagen 2a1 expression using ICC in micromasses at day 7.
Cells were fixed in 4% formaldehyde and stained with an anti-collagen 2a1 antibody.
Consistent with the RT-QPCR observations, mouse micromasses did not express
collagen 2A1 (Figure 6, compare G to E, F), whereas lizard nodules demonstrated strong
expression of this protein (Figure 6H, I). Taken together, our data demonstrates that the
lizard cells express genes involved in chondrogenesis and can differentiate in culture by
up-regulating the expression of BMP genes, cartilage specific transcription factors, and

ECM genes.
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Figure 6. Lizard satellite cell micromass express cartilage-specific genes and proteins.

Colia1 was up-regulated in both species in DM (A), while col2ai, a cartilage specific
collagen, was detected in lizard satellite cells only (B). Opn was significantly down-
regulated in lizard cells (C). Acan expression was detected only in lizard micromasses,
where it was significantly up-regulated in GM and further increased in DM (D). Protein
expression was determined by ICC. Mouse satellite cells exhibit background staining that
is indistinguishable from the no primary antibody control (NPC) sample. Chondrogenic
nodules express COL2A1 protein in lizard micromasses in both culture conditions,
although the staining is more robust in DM. To show the specificity of the anti-COL2A1
antibody in lizard, IF was done with an anti-mouse-FITC secondary antibody on
transverse sections of regenerating lizard tails at 120 days post autotomy (dpa). The
matrix of the cartilage is evident compared to the NPC control. RT-QPCR data and
tatistical analysis were carried out as previously stated (see figure 5); ND = not detected.
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Discussion

Transcriptomic and histological analyses of regeneration in the A. carolinensis
tail point to a stem cell-mediated process (Fisher et al., 2012; Hutchins et al., 2014). Our
previous work demonstrated that lizard skeletal muscle contains PAX7 positive
progenitor cells, and RNA-Seq analysis showed that the regenerating tail expressed
marker genes of activated satellite cells and myoblasts (Hutchins et al., 2014). Using the
cross-species analytical tool XGSA, we carried out comparative transcriptomic analysis
of proliferating lizard satellite cells with mouse and human tissues from the ENCODE
project. As expected, we found the closest match with satellite cells (Figure 2). However,
the expression level of genes associated with chondrogenesis and osteogenesis were

higher in lizard satellite cells when compared with their mouse counterparts (Figure 3).

BMP signaling induces different responses depending on ligand concentrations
and exposure times. BMPs and their inhibitors define the spacial and temporal
constrains of muscle formation (Hirsinger et al., 1997; Re’em-Kalma et al., 1995; Reshef
et al., 1998). During skeletal muscle regeneration, low concentrations of BMP2, 4, and 77
maintain proliferation of satellite cells and myoblasts (Amthor et al., 1998; Friedrichs et
al., 2011; Ono et al., 2010; Ozeki et al., 2007; Sartori et al., 2014; Wang et al., 2010),
whereas high levels of BMP2, 4, 5, or 7 inhibit myogenesis, induce chondrogenesis, and
ultimately, osteogenesis of satellite cells, C2C12 myoblasts, C3H10T1/2 mesenchymal
stem cells (MSCs), and other MSCs, with continued exposure in culture (Bandyopadhyay
et al., 2006; Friedrichs et al., 2011; Katagiri et al., 1994; Knippenberg et al., 2006; Liao et
al., 2014; Ozeki et al., 2007; Schmitt et al., 2003; Shea et al., 2003; Takacs et al., 2013;
Zhou et al., 2016). Proliferating lizard satellite cells expressed bmpz2, 5, and 7 at high

levels, unlike their murine counterparts (Figure 3). A significant observation was the
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endogenous up-regulation of bmp2 by these cells in micromass culture and a further
increase in its expression under conditions that favored cartilage differentiation,
indicating the lizard satellite cells can adopt a chondrogenic fate. In mammals, BMP2
induces the expression of the transcriptional activators Runx2 and Sox9, which mediate
chondrogenesis (Denker et al., 1999; Haas and Tuan, 1999; Hashimoto et al., 2008;
Katagiri et al., 1994; Kwon et al., 2013; Liao et al., 2014; Schmitt et al., 2003; Shea et al.,
2003; Zhou et al., 2016). The transcription factor RUNX2 regulates the differentiation of
mesenchymal cells to chondrocytes, and chondrogenesis is disrupted in Runx2/- mice
(Inada et al. 1999; Komori et al. 1997; Takarada et al. 2013). SOXg9 is a transcription
factor that regulates differentiation of embryonic cartilage and induces chondrogenic
differentiation of myogenic cells (Akiyama et al., 2002; Cairns et al., 2012; Liao et al.,
2014; Wright et al., 1995; Zhou et al., 2016). In micromass culture, the lizard satellite
cells concomitantly up-regulated expression of bmp2, runx2, and sox9 significantly, and
formed dense nodules (Figures 4—6). Expression of the SOX9 targets and cartilage
specific matrix proteins col2a1r and acan by lizard satellite cells was consistent with the
onset of chondrogenesis (Figure 6). The presence of cartilage specific ECM in lizard
satellite cell micromasses was also confirmed by Alcian blue staining (Figure 4), and
detection of collagen 2A1 by ICC (Figure 6). By contrast, we found that mouse satellite
cells in micromass culture did not initiate chondrogenesis (Figures 4-6). These data
indicate that lizard satellite cells can enter a different musculoskeletal lineage by
endogenously up-regulating expression of cartilage specific transcription factors and
morphogens, and point to important differences in the regulation of these genes in the
lizard. The up-regulation of cartilage specific regulators by lizard satellite cells suggests
that these cells have greater potency as stem cells and are able to differentiate along

multiple musculoskeletal lineages to form cartilage, skeletal muscle, and potentially even
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tendon. Further research is required to confirm and elucidate the mechanisms

underlying this process.

The expression of Msx1 and Msx2 was ranked higher in lizard compared to
mouse satellite cells. These transcriptional repressors play important roles in embryonic
chondrogenesis in mammals (Ishii et al., 2005; Odelberg et al., 2000; Satokata et al.,
2000). In amphibians, these proteins are important for dedifferentiation of muscle
during limb regeneration and are expressed in the blastema (Echeverri and Tanaka
2002). When C2C12 myotubes in culture expressed Msx1 or Msx2 from inducible viral
promoters, these proteins caused delamination of single cells from the myotubes. The
expression of myogenic marker genes was decreased in these cells, but less than 10% re-
entered the cell cycle (Odelberg et al., 2000; Yilmaz et al., 2015). The expression of these
two genes in proliferating lizard satellite cells may indicate they are necessary for either
maintenance of proliferation, or another role in the increased plasticity of these cells.
Not surprisingly, our data also showed that lizard satellite cells demonstrated changes in
gene expression that are consistent with decreased fibrosis, which is important for
successful regeneration. For example, Decorin (Dcn) encodes an ECM protein that
decreases the fibrotic response during muscle regeneration (Li, Mcfarland, and Velleman
2008; Li et al. 2007; McCroskery et al. 2005) and is expressed at a higher level in lizard
as compared to mouse satellite cells. Similarly, Tgfb2 and Fzd1 are both implicated in
fibrosis in dystrophic and aged skeletal muscle (Biressi et al., 2015; Brack et al., 2007),
and were expressed at much lower levels in lizard than in mouse myoprogenitors. Taken
together, these data suggest that some lizard satellite cells have increased
musculoskeletal potential governed by changes in the regulation of gene expression, as
only the tail is regenerated. Further inquiry into these changes will not only shed light on

the mechanisms of lizard tail regeneration, but also provide a means for approaching
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improved tissue engineering of mammalian muscle and cartilage from satellite cells.
Understanding the regeneration strategy employed by reptiles could provide important
genetic information regarding specific pathways or genes whose regulation could be

altered to improve the potential therapeutic uses of satellite cells in mammals.
Materials and Methods

Animals

CD-1 mice (Mus musculus) were bred and housed in a vivarium at Arizona State
University (ASU) on a 10 h light:14 h dark schedule with ad libitum access to food and
water. Adult A. carolinensis lizards were purchased from Charles D. Sullivan, Inc.
(Nashville, TN) or Marcus Cantos Reptiles (Fort Myers, FL) and housed as described
previously (Fisher et al., 2012). ASU is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care (AALAC). All procedures were carried out in
compliance with the ASU Institutional Animal Care and Use Committee and AALAC

under approved research protocols.

Cell culture and Isolation

Muscle progenitor cells were isolated from 12 week old CD-1 mice and adult A.
carolinensis lizards, as previously described (George et al., 2013; Hutchins et al., 2014).
Hind limb quadriceps femoris muscles were excised, trimmed of fat and connective
tissue, and finely minced to a pulp. For lizard cells, skeletal muscle was stripped from all
limbs and proximal tail, trimmed of connective tissue, and treated as above. The muscle
tissue was digested with 1.25 mg of protease XIV (Sigma-Aldrich, St. Louis, MO) for one
hour at 37 °C, triturated to extract single cells and passed through a 100 um nylon mesh.

The cell suspension was spun down at 1500g for 10 mins and pre-plated in DMEM
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(Corning, Corning, NY), 2% HS (Atlanta Biologicals, Flowery Branch, GA) and
100pg/mL Primocin (Invivogen, San Diego, CA) for 2 h, to remove fibroblasts and other
debris. Satellite cells were grown on Matrigel (BD Biosciences, Bedford, MA) in Hams F-
10 (Corning,),20% FBS (Atlanta Biologicals), 10 ng/mL bFGF (BD Biosciences) and
1o0ug/mL Primocin (Invivogen). Cells were cultured at 37 °C for mouse or 30 °C for
lizard muscle progenitor cells in 5% CO2 humidified chamber. Cells from each isolation
were plated onto Matrigel coated coverslips and PAX7 expression was determined by
immunofluorescence (IF). The average percentage of PAX7 positive cells isolated was
08.8 + 1.2% for mouse and 98.6 + 2.2% s.d. for lizard cells, consistent with our previous

data (George et al. 2013; Hutchins et al. 2014, data not shown)

Micromass culture

Satellite cells were seeded at 1 x10° cells/micromass in Matrigel coated 24 well
plates. After a 1 h incubation ( 37 °C for mouse and 30 °C for lizard cells), the wells were
flooded with growth medium (Ham's F-10supplemented with 20% FBS, 10 ng/mL bFGF
and Primocin) or chondrogenic differentiation medium (Ham's F-10 supplemented
with10% FBS, 1% ITS, 50 nM ascorbate-2-phosphate, 1 nM TGFf1 (Preprotech, Rocky

Hill, NJ), and Primocin, for 7 days. Medium was changed every 3 days.

RNA Isolation and quantitative RT-PCR (RT-QPCR)

Cells were lysed in Trizol (Invitrogen, Carlsbad, CA) for RNA isolation, per the
manufacturer's protocols, and three biological replicate experiments were performed.
RNA was quantified by Nanodrop prior to cDNA synthesis using SuperScriptIII reverse
transcriptase (Invitrogen) with 2 pug of RNA. The cDNA was quantified using transcript

specific, intron spanning primers and real time PCR with Sybergreen (Eurogentec,

31



Fremont, USA) on an ABI 7900 HTthermocycler using a 384 well format in 1opl
reactions. Products from each primer set were sequenced and analyzed by BLAST
(NCBI) to verify their identity. Primer efficiency was determined using a standard curve.
For each transcript, three biological replicates were assayed in triplicate. All samples
were normalized to the Gapdh transcript and relative gene expression was calculated
using AACq analysis (Haimes and Kelley 2010). Primer sequences for mouse and lizard

genes are in Table 2.

RNA-Sequencing and transcriptomic analysis

RNA-Seq analysis of A. carolinensis satellite cells (3 biological replicates) has
been described previously by our group (Hutchins et al., 2014) and the data are
deposited in the NIH Sequence Read Archive (SRR1502189, SRR1502190, and
SRR1502191; BioProjectPRINA253971). RNA-Seq data of mouse C57Bl/6J satellite cells
(Ryall et al., 2015) (SRA accessions SRR1726676, SRR1726677) were supplemented by
our RNA-Seq analysis of mouse CD1 satellite cells isolated as described above, using
protocols outlined in Hutchins et al.,2014. Transcript reads were mapped to A.
carolinensis (AnoCar2.0) or mouse (GRCm38) Ensembl annotated genomes with
HISAT2 v2.0.1 using default parameters (Kim et al., 2015). Gene level read counts were
generated using HTSeq v0.6.0 in intersection-nonempty mode (Anders et al., 2015). For
lizard and mouse satellite cell transcriptomes, Reads Per Kilobase of transcript per
Million mapped reads (RPKM) were generated using edgeR (Robinson et al., 2009). For
human satellite cells, Fragments Per Kilobase of transcript per Million mapped reads
(FPKMs) were generated from two biological replicates analyzed by RNA-Seq (Charville
et al., 2015) using TopHat and Cuffnorm (Trapnell et al., 2010, 2009). For comparison

with reported gene expression profiles for a library of different tissues, ENCODE
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transcriptome profiles summarized as FPKMs were obtained for human (hg19; 139
tissues) and mouse (mmg; 94 tissues) (ENCODE ProjectConsortium, 2012 doi:
10.1038/nature11247; Mouse ENCODEConsortium et 1., 2012 DOI: 10.1186/gb-2012-
13-8-418). Gene symbols follow the recommendations of the International Committee on
Standardized Genetic Nomenclature for Mice and the Anolis Gene Nomenclature
Committee. In instances where the homologous genes in both mouse and lizard species

are being referenced, the mouse nomenclature was used

Cross-species gene set analysis

For each RNA-Seq experiment containing RPKM or FPKM values, rank products
were calculated for each gene using all available replicates (Breitling et al., 2004). We
identified the 1500 most highly expressed genes in each cell type or tissue type. We then
remove genes that are deemed highly expressed in more than 10% of the cell types, as
these genes are likely ubiquitously expressed genes. The remaining genes are considered
specifically expressed in each cell type or tissue type. We call this collection of gene sets
the cell-type specific gene sets. Using the human and mouse ENCODE data collections,
we generated a compendium of cell-type specific gene sets in humans and mice. Using a
similar procedure, we used our lizard RNA-Seq data to generate a highly expressed gene
set. We compared the lizard gene set against the human and mouse cell-type compendia
using XGSA. A p-value is generated to represent whether the lizard gene set has
significant overlap with a mouse or human cell-type-specific gene set. To confirm that
our gene set analysis is robust against our choice of parameters, we repeated the same
analysis with a range of parameters (number of top highly expressed genes: 500, 1000,

1500, 2000; % of cells containing marker gene: 1%, 2%, 3%, 5%, 10%, 15%, and 20%).
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Alcian blue staining
Micromasses were fixed with 0.1% glutaraldehyde after 7 days in culture, and
stained with 1% wt/vol Alcian Blue (VWR, Radnor, PA) in 0.1 M HCl overnight, at 4 °C.

Excess stain was removed with 0.1 M HCI, followed by PBS.

Immunocytochemistry and Immunofluorescence

Monoclonal anti-Col2A1 antibody, II-II6B3, which was deposited to the
Developmental Hybridoma Studies Bank by T.F. Linsenmayer (DSHB, Iowa City, IA)
and biotinylated goat anti-mouse IgG/anti-rabbit IgG (BA-1400, Vector Laboratories,
Burlingame, CA) were used for immunocytochemistry (ICC). Micromasses were fixed in
4% formaldehyde and permeabilized with 0.5% Triton X-100 PBS solution. After
blocking non-specific binding with 10% goat serum (Invitrogen), micromasses were
incubated overnight at 4 °C with primary antibody diluted in 1% serum, washed with
PBS, and subsequently incubated for 1 h at 37 °C with secondary antibody in PBS and 1%
serum. HRP-Streptavidin solution was added for 30 min, followed by PBS washes and
DAB substrate incubation (Broad Spectrum HRP Histostain, Invitrogen). To visualize
nuclei, fixed micromasses were stained with DAPI (Biotium, Fremont, CA), per
manufacturer's instructions. Transverse vibratome sections of 120 DPA regenerated
lizard tails were obtained and incubated with the anti-Col2A1 antibody. Briefly, sections
were washed in 0.2% Triton X-100 PBS, blocked in 5% goat serum, and incubated
overnight at 4 °C with anti-Col2A1 antibody diluted in 5% serum. Following Triton-PBS
washes, sections were incubated with FITC conjugated anti-mouse IgG secondary
antibody) (F-0257, Sigma-Aldrich) diluted in 5% serum overnight at 4 °C. Fluoro-Gel
(Electron Microscopy Sciences, Hatfield, PA) was used to mount the sections. All images

were obtained on a Nikon Eclipse TE2000-U microscope, using the 488 nm filter for
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immunofluorescence (IF). Images were adjusted for contrast and color balance. The
surface area of nodules was quantified using the "freehand tool" and "set scale" features

of ImageJ that allow a known length to be assigned a specific number of pixels.
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Primer name (mouse) Primer sequence (5-3")

Pax7 FWD AACTACCCGCGCACCGGCTT

Pax7 REV GGGTCGACCGTTGATGAAGACC
Myod1 FWD TGATGGCATGATGGATTACAGCGG
Myod1 REV AGATGCGCTCCACTATGCTGGACA
Runx2 FWD AAACASGCCTCTTCAGCGCA
Runx2 REV TCGCTCATCTTGCCGGGCT

Soxg FWD AGACCAGTACCCGCATCTGCACAA
Soxg REV AAGGGTCTCTTCTCGCTCTCGTT
BMP2 FWD TACCGCAGGCACTCAGGCCA
BMP2 REV AAGTTCCTCCACGGCTTCTTCGT
BMP6 FWD AAGTCTTGCAGGAGCATCAGCACA
BMP6 REV GCTGTGATGTCAAATTCCAGCCAACC
Colia1 FWD TTCAGCTTTGTGGACCTCC

Colia1 REV CAGATCAAGCATACCTCGGG
Col2a1 FWD TGCTGCTGACGCTGCTCAT

Col2a1 REV GATATCTCCAGGTTCTCCTTTCTGCC
Osteopontin FWD GCTTGGCTTATGGACTGAGG
Osteopontin REV CAACAGGGATGACATCGAGG
Aggrecan FWD AACAACCATGTCCCTGACAGATGC
Aggrecan REV ATTCAGACAAGGGCTTGAGAGGCA
Gapdh FWD GGGAAGCCCATCACCATCTT
Gapdh REV GCCTTCTCCATGGTGGTGAA
Primer name (lizard) Primer sequence (5-3")

Pax7 FWD GAGAAGAAGGCCAAGCACAG

Pax7 REV GGGTGTAGATGTCCGGGTAG
Myod1 FWD GCTCAGCAAGGTCAACGAG
Myod1 REV CCTGGAGGCTCTGCATGTAG
Runx2 FWD CCTCCAGCCTGGGAAGAT

Runx2 REV GAACGGAGCAGAGGAAGTTG
Soxg FWD TCCGACGAGGAAGCCTCTT

Soxg REV CTTCAGCACCTGCGAGAC

BMP2 FWD TCGGGAGCAGGTCCAAGATA
BMP2 REV CCATCTCCTTAGCGCTGGTG
BMP6 FWD GCACAACTTGGGACTCCAGA
BMP6 REV AGCCGTTCGAACATGAACCT
Colia1 FWD AAGATGGTCTGAATGGTCTCC
Colia1 REV ACCATCATGAGCTTTCTCCT
Col2a1 FWD AGGCGAGAAGGGAGACTCTG
Col2a1 REV AGGGAAGCCTCTCTCACCAC
Osteopontin FWD GGGAATCGTGTTTGGCTCTC
Osteopontin REV GACCGTCTGGACATTGAGTAC
Aggrecan FWD CCCTGACATCAGTCCGCTGT
Aggrecan REV TCCCAAAAGGTGCTCCACTG
Gapdh FWD TGGTGAAAATCGGAGTCAACG
Gapdh REV TGATTGCTGTAACTCGGACTT

Table 2. Comprehensive list of primers used for RT-QPCR for both mouse and lizard
satellite cell samples.
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CHAPTER 3
MOLECULAR ANALYSIS OF MUSCLE PROGENITOR CELLS ON EXTRACELLULAR

MATRIX COATINGS AND HYDROGELS
Abstract

Development of an ex vivo culture system to expand satellite cells, the resident
muscle stem cell population, will be necessary for their use as therapeutics. The loss of
the niche environment is often cited as the reason that culture results in both the
decreased myogenic potential and low re-engraftment rates of these cells. Studies have
shown that culture of satellite cells on more elastic substrates maintained their
quiescence and potential and increased re-engraftment, with limited proliferation. We
examined whether substrates composed of extracellular matrix proteins, as either
coatings or hydrogels, could support expansion of this population whilst maintaining the
potency of these cells. The collagen-based hydrogels were very pliant and our studies
demonstrate that stiffer substrates are necessary for in vitro proliferation and
differentiation of satellite cells, and the ECM composition was not significantly
important. Our data further indicates that culture on highly elastic substrates allowed
satellite cells to down-regulate myogenic specific transcription factors, resulting in an
expression profile similar to a Galert state. These satellite cells could be subsequently
cultured on Matrigel and induced to differentiate. Proliferation and gene expression data
further indicated that C2C12 cells are not a good proxy for studies of satellite cell
proliferation and differentiation on alternative substrates. Examining the expression of
lineage and cell cycle specific genes provided important insight into the behavior of both
cell types, and pointed to fundamental differences that affect the interpretation of

studies aimed at understanding the in vitro requirements of muscle progenitor cells.
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Introduction

Satellite cells can be exploited therapeutically as an autologous source of stem
cells for repair of volumetric muscle loss due to trauma or surgery, or as a source of
genetically corrected stem cells to treat dystrophic muscle. However, satellite cells must
be recovered from biopsies or surgical samples, thus in order to generate enough cells for
therapeutic use, they require ex vivo expansion. Unfortunately, ex vivo culture is
correlated with limited proliferation, loss of myogenic potential, and poor re-
engraftment of these cells into the skeletal muscle niche. It has been hypothesized that
this is a result of the loss of the niche environment, as the complex biochemical and
biomechanical properties of the niche are difficult to replicate in traditional tissue
culture (Boonen et al., 2009). To fully explore the therapeutic use of satellite cells, it is
necessary to develop a culture system that promotes expansion without the loss of

myogenic potential.

Recent studies of satellite cells in culture have focused on substrate stiffness
(Gilbert et al. 2010), various ECM proteins as coatings (Grefte et al., 2016, 2012), and
inhibition or stimulation of various signaling pathways (Charville et al., 2015; Quarta et
al., 2016). C2C12 cells are reportedly able to form myotubes on substrate with a range of
stiffness (Engler et al., 2004). Satellite cells require the support of an ECM coating, such
as Matrigel, to attach, proliferate, and differentiate post-isolation (Chaturvedi et al.,
2015; Osses and Brandan, 2002). However, Matrigel does not maintain satellite cell
proliferation, nor myogenic potential, indefinitely (Montarras et al., 2005; Qu-Petersen
et al., 2002; Sacco et al., 2008). A proteomic analysis of Matrigel composition found the
most abundant ECM proteins were laminins, collagens I and IV, and fibronectin (Hughes

et al., 2010). These same proteins are present in the ECM of the myofiber niche. Collagen
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and laminin bind to a7p1 integrins on the satellite cell membrane (Sanes, 2003).
Laminin has been shown to induce satellite cell proliferation and migration (Ocalan et
al., 1988). Fibronectin is secreted by satellite cells as they remodel their niche in
response to muscle damage and is necessary for satellite cell expansion (Collinsworth et
al., 2002; Mathur et al., 2001; Ocalan et al., 1988; Qu-Petersen et al., 2002; Sanes,
2003). Collagen I is a structural component of the myofiber basal lamina and self-
polymerizes under the right conditions, enabling us to design scaffolds that contain

laminin and fibronectin without the support of synthetic materials.

The reported mechanical properties of native muscle fibers vary immensely. The
Young’s modulus of muscle fibers, as determined by atomic force microscopy (AFM), has
been reported as 45.3 kPa (Collinsworth et al., 2002) and 24.7 kPa (Mathur et al., 2001).
Others have noted that damaged myofibers are stiffer and reported a Young’s modulus of
0.5 kPa for intact myofibers and 2.0 kPa for damaged myofibers (Mathur et al., 2001) or
12 kPa for intact and 16 kPa for damaged fibers (Urciuolo et al., 2013). The stiffness of
the culture substrate has been shown to modulate proliferation and differentiation of
satellite cells (Boonen et al. 2009; Gilbert et al. 2010; Quarta et al. 2016). For example,
polymerized collagen I scaffolds with Young’s or elastic moduli of 2 kPa or 12 kPa, as
measured by atomic force microscopy (AFM), either maintained quiescence, or induced
proliferation, respectively (Quarta et al., 2016). When cultured on laminin cross-linked
PEG hydrogels that mimicked the stiffness of the muscle, fewer satellite cells underwent
apoptosis or up-regulated myogenin (Myog), a marker of muscle differentiation.
However, while differentiation was inhibited, the rate of satellite cell proliferation was
unchanged on the PEG hydrogels (Gilbert et al. 2010). The stiffness and the protein
composition of the substrate may have complementary or opposing effects on the

potential and proliferation of satellite cells.
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The reported Young’s modulus of muscle ranges from 0.5 kPa to 45 kPa (Mathur
et al., 2001; Urciuolo et al., 2013). These differences in measurement may be a result of
experimental design, or the preparation and handling of the myofibers. Regardless, there
was no consensus stiffness to mimic. In this study, we compared the effects of substrate
elasticity and composition of hydrogels and coatings composed of ECM proteins on the
proliferation, differentiation, and lineage status of C2C12 myoblasts, an immortalized
myoblast cell line, and primary satellite cells. To examine the contributions of niche
ECM components and stiffness of the culture matrix on the proliferation and lineage
status of C2C12 myoblasts and primary satellite cells, we chose to culture these cells on
collagen I based hydrogels with laminin, or laminin and fibronectin, or tissue culture

plates coated with the same ECM proteins.

Results

Rheometry demonstrates that viscoelasticity varies with collagen concentration

We determined the relative stiffness of the collagen/laminin/ fibronectin
hydrogels using rheology to calculate the storage moduli. Hydrogels polymerized on a
humidified rheometer stage heated to 37°C as the storage and loss moduli were recorded
continuously over 30 minutes. Storage moduli increased linearly as collagen I
concentration increased from 0.96 Pa (1 mg/mL collagen I/100mg/mL laminin; 1-100)
to 19 Pa (3 mg/mL collagen I/100mg/mL laminin; 3-100) (Figure 7), which is consistent
with other rheometric measurements of collagen hydrogels (Miron-Mendoza et al.,
2010). The addition of fibronectin modestly lowered the storage modulus several Pascals
(Figure 7, G). Coated plates are a very stiff substrate with an elastic modulus “10° kPa,

orders of magnitude stiffer than skeletal muscle (Gilbert et al., 2010; Soofi et al., 2009).
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Figure 7. Collagen-based hydrogels have tunable properties

Rheometric analysis of collagen-based hydrogels shows the storage and loss moduli of
the gels as they polymerized and then reached stable gel formation (A-E). A direct linear
correlation between the collagen concentration and storage modulus was observed for
the collagen concentrations evaluated in this study (R2=0.9557; F); dotted lines
represent 95% confidence interval. Average storage modulus for each hydrogel
formulation; mean + SEM (n = 2-3; G).
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Satellite cells do not proliferate on hydrogels

We determined if hydrogels or tissue culture plates coated with the same
concentrations of the ECM proteins induced proliferation of satellite cells and C2C12
myoblasts. Cells were seeded at densities that ensured they would not reach confluency
before 6 days (determined prior by seeding with various cell densities on Matrigel; data
not shown) and proliferation was assayed at 1, 3, and 6 days using an MTT assay (Figure
8). Overall, C2C12 cells proliferated at a significantly higher rate than satellite cells on
ECM coated plates, regardless of the composition of the coating (p<0.05; Figure 8A).
Both C2C12 and satellite cells demonstrated decreased proliferation when cultured on 3-
100FN (p<0.05 as compared to all other conditions). On this coating, satellite cells did
not grow, and C2C12 cells demonstrated a lag in proliferation that was overcome at 6
days (Figure 8A). Overall, when cultured on hydrogels, both cell types demonstrated less
robust proliferation (Figure 8B). C2C12 cells proliferated significantly better on the
softest, 1-100, and the stiffest, 3-100FN, hydrogels (Figure 8B). Satellite cells
demonstrated a marked lack of proliferation on hydrogels. We did not assay the 1
mg/mL collagen, 100 mg/mL laminin, 20 mg/mL fibronectin formulation, as this
hydrogel would not polymerize consistently. On Matrigel coated plates, C2C12 cells
proliferated significantly better than satellite cells. This ECM rich substrate induced
better proliferation than any other coating or hydrogel assayed overall for both cell types

(p<0.05; Figure 8C).
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Figure 8. Satellite cells and C2C12 cells demonstrate differences in proliferation.

Cells were seeded on ECM coated plates (A), hydrogels (B), or Matrigel (C), and MTT
assays were carried out at days 1, 3, and 6. C2C12 cells proliferated significantly more
robustly than satellite cells, regardless of substrate. Substrate composition did not
significantly affect proliferation of either cell type. Day 6 data were analyzed by one way
ANOVA with post-hoc Tukey test.; * p<0.05, significantly different from all other groups
analyzed, and ** p<0.05, C2C12 cells are significantly different from satellite cells in all
conditions. Data are mean+/- SEM of triplicate experiments.
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Lack of proliferation can reflect a high level of cell death, rather than a true
proliferation deficit. Therefore, we determined the viability of satellite cells on hydrogels
using an ethidium homodimer/calcein AM assay. Cells were seeded on hydrogels in
triplicates and viability was assayed at 24 and 72 hours post-seeding (Figure 9). A variety
of hydrogel compositions were tested, ranging from 1-6 mg/mL collagen, and 10-100
ug/mL laminin. At 24 hours, greater than 90% of satellite cells were viable on hydrogels
composed of 1 or 3 mg/mL collagen I. Hydrogels containing 6 mg/mL collagen I
demonstrated a significant decrease in live cells, which may be due to technical issues, as
these hydrogels are difficult to manufacture; they polymerize quickly, and do not adhere
to tissue culture plastic as well (Figure 9A). Satellite cells grown on the 1-100, 2-100, or
3-100 hydrogels demonstrated 95.40%, 94.70%, and 99.09% live cells respectively at 72
hours (Figure 9C). Taken together, these data indicated that proliferation was not being

masked by a high rate of cell death.
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A Collagenl | Laminin | % Live Cells
(mg/mL) | (pg/mL)
1 10 93.33%
1 100 97.15%
3 10 95.79%
3 100 96.46%
6 10 85.38%
6 100 83.02%

Calcein~. - ..
C| Collagen! | Laminin | % Live Cells
(mg/mL) (ug/mL)
1 100 95.40%
2 100 94.70%
3 100 99.09%

Figure 9. Satellite cells maintain viability on hydrogels.

Viability of satellite cells seeded on hydrogels was tested using a calcein AM- ethidium
homodimer assay either at 24 hrs (A) or 72 hours (C). Live (green) and dead (red) cells
were counted using ImageJ and the percentage of live cells was calculated for each
condition (B). Data are the result of triplicate experiments.
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Satellite cells do not form myotubes on hydrogels

Previous studies indicated that softer substrates improved maintenance of
myogenic potential of satellite cells in vitro (Ding et al., 2015; Padilla et al., 2017; Soofi et
al., 2009). When cultured on plates coated with Matrigel, both satellite cells and C2C12
cells will form multinucleated myosin heavy chain positive (MHC+) myotubes within 3-5
days of serum withdrawal. We examined the differentiation of cells plated on hydrogels
in growth medium for 24 hours, then differentiation medium for a further 3-5 days.
Satellite cells did not migrate, align, or fuse into myotubes on any hydrogel, remaining
instead as single cells (Figure 10). Conversely, C2C12 cells differentiated into
multinucleated myotubes on all hydrogels, although differentiation was less robust on

the 1-100 hydrogel (Figure 10).
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Satellite cells C2C12 cells

Figure 10. Culture on hydrogels inhibits satellite cell differentiation

Cells were grown on hydrogels 24 hrs, then in differentiation medium for 72 hrs. Cells
were fixed and stained with DAPI (blue). Unlike C2C12 cells, satellite cells did not
elongate and fuse to form myotubes. Images were obtained at 100x and 200X
magnification, and the scale bar is 200 pm.
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We next probed the differentiation potential of the satellite cells on the ECM
coated plates. On Matrigel, satellite cells formed an average of 58.33+ 9.71 MHC+
myotubes per field, with 10.42+5.05 nuclei per myotube. Satellite cells cultured on ECM
coated plates also fused into MHC+ myotubes within 3 days, although the number of
myotubes per field was significantly decreased when compared to Matrigel coating
(p<0.001, Figure 11), ranging from 27.67+4.16 (1-100) to 18+5.2 (3-100FN). The average
number of nuclei per myotube was likewise significantly reduced (3.9+0.68 for 1-100
and 4.42+0.17 for 3-100FN). While the various ECM formulations did not significantly
alter differentiation, increasing the collagen concentration resulted in fewer numbers of
myotubes per field. Robust myogenic differentiation in vitro requires nearly confluent
cells. The proliferation assay data demonstrated lower levels of satellite cell proliferation
on ECM coated plates, as compared to Matrigel (Figure 8). Thus, it was possible that the
decreased number of myotubes and nuclei observed reflected reduced cell numbers,
rather than a differentiation deficit caused by the ECM proteins or the stiffness of the
plate. To examine this possibility, satellite cells were seeded on ECM coated plates at
high density (4.5x104 cells/well) in growth medium for 24 hours, then in differentiation
medium for a further 3 days. The number of MHC+ myotubes per field was statistically
indistinguishable from Matrigel, and significantly higher when compared to cells plated
at low density (Figure 11), demonstrating that ECM coatings supported differentiation.
However, differentiation on ECM coated plates was not as robust, since the average
number of nuclei per myofiber remained low when compared to Matrigel, regardless of

plating density (Figure 11).
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Figure 11. Satellite cells differentiate on coated plates

Satellite cells were seeded on ECM coated plates at low density, (2x104 cells/well) or high
density (4.5x104 cells/well). After 3 days in differentiation medium, cells were fixed and
stained using anti-MHC antibody (green) and DAPI (blue). At low density, there were
fewer myotubes/field on ECM coated plates when compared to Matrigel, although that
difference disappears when cells were seeded at high density. There were significantly
fewer nuclei/myotube on ECM coated plates, regardless of cell density. Representative
images for both low density and high density are shown, as labeled. Four fields at 100x
magnification were analyzed for each condition, using ImageJ. Data are mean +/- s.d. of
triplicate experiments. Statistical analysis was done with a one way ANOVA, and a
Tukey post-hoc test; asterisks indicate significance when compared to Matrigel as
follows: * for p<0.05, ** for p<0.01, and *** for p<0.001. Error bars are SD. Images were
obtained at 100x and 200x magnification and the scale is 200 um.
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Elastic hydrogels maintain the myogenic potential of satellite cells

Our data showed that hydrogels maintain satellite cell viability but did not
support proliferation or differentiation (Figures 8-10). Previous studies indicated that
regardless of culture conditions, satellite cells lose myogenic potential in vitro(Charville
et al., 2015). To examine if satellite cells cultured on hydrogels could differentiate,
satellite cells were cultured on 2-100 hydrogels for 6 or 10 days in growth medium. The
satellite cells were then retrieved from the hydrogels using collagenase, re-seeded onto
Matrigel coated plates and incubated in differentiation medium. These retrieved satellite
cells formed MHC+ multinucleated myotubes after 3 days of culture in differentiation
medium (Figure 12). Quantitative analysis showed that the number of myotubes/field
was not statistically different when compared to cells differentiated on Matrigel without
previous culture on a hydrogel, although the mean number of nuclei/myotube was
slightly reduced for the 6 day incubation (Figure 12). These data indicated that elasticity

of the collagen hydrogel did not result in a loss of the myogenic potential of satellite cells.
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Figure 12. Satellite cells maintain their myogenic potential after prolonged incubation on
hydrogels

Satellite cells were incubated on 2-100 hydrogels for 6 or 10 days prior to retrieval and
reseeding on Matrigel coated plates. Satellite cells were then cultured for 3 days in
differentiation medium, fixed, and stained with an anti-MHC antibody (green) and DAPI
(blue). Cells incubated on hydrogels maintained their ability to differentiate into
multinucleated MHC+ myotubes when switched to Matrigel coated plates. Analyses
showed no significant difference in the mean number of myotubes/field from cells
seeded directly onto Matrigel. The mean number of nuclei/myotube had a small but
significant reduction for cells incubated for 6 days. Random fields at 100x magnification
were analyzed for each condition, using ImageJ. Statistical analysis was done using a one
way ANOVA, and a Tukey post-hoc test; asterisks indicate significance as follows: * for
P<0.05, ** for p<0.01, and *** for p<0.001. Error bars represent the s.d. Images were
obtained at 200x magnification and the scale is 100 pm.
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There is a well understood pattern of gene expression for muscle differentiation
during development and regeneration. The lineage status of myogenic progenitors can be
identified based on the expression of specific genes: Pax7, a paired box domain
transcription factor (Seale et al., 2000; Zammit et al., 2006), and three myogenic basic
helix-loop-helix (bHLH) transcriptional regulators, MyoD (Myod1), Myf5, and myogenin
(Myog). Quiescent satellite cells express Paxy and may express Myf5, thus they are Paxy
positive (+), Myf5+/negative (-). Activated and proliferating satellite cells are Pax7+,
Myfs+/-, Myodi+/-, but Myog-. These myogenic progenitors can either exit the cell
cycle, commit to differentiation, and up-regulate Myog expression (Pax7-, Myf5-,
Myodi+/-, Myog+) or self-renew, return to the niche, and re-express Pax7 and Myf5,

similar to the Gaer: stage (Rodgers et al., 2014; Yin et al., 2013).

To examine how the ECM composition affected lineage status, C2C12 and
satellite cells were cultured on coated plates in growth medium. After 3 days, total RNA
was isolated and gene specific RT-QPCR was done. All samples were normalized to
Gapdh and expressed as relative expression as compared to cells grown on Matrigel
coating, using the ddC; method (Figure 13). C2C12 cells were Pax7+, Myf5+, Myodi+,
and Myog+. When compared to cells grown on Matrigel, there was a trend of decreased
Myfs and Myog expression, significantly so on the 3-100FN coating. Additionally, C2C12
cells grown on 3-100 and 3-100FN coatings significantly up-regulated Paxy (Figure 13).
This profile is consistent with proliferating myoblasts. Satellite cells expressed were
similarly Pax7+, Myodi+, Myf5+ and Myog+. Satellite cells grown on the 3-100FN
coating demonstrated significant up-regulation of Pax7, Myf5, and Myod1. In contrast,
cells grown on the 3-100 coating down-regulated Pax7, indicating a potential role for

fibronectin in inducing or maintaining Paxy expression (Figure 13). Myog expression
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was significantly up-regulated on all coatings except 2-100 and 3-100FN (Figure 13).

This profile is consistent with activated satellite cells that are poised to differentiate.

We repeated these experiments on the ECM hydrogels to examine the combined
effect of an elastic substrate and ECM protein composition on myogenic gene expression.
C2C12 cells maintained or up-regulated Pax7 transcription on all hydrogels, significantly
so on 3-100FN. Myf5 expression was maintained but trended lower on all hydrogels, as
compared to cells grown on Matrigel. Myodi and Myog expression in C2C12 cells
increased significantly on all hydrogels, except those with the lowest storage moduli, 1-
100 and 2-100 (Figure 13). Overall, these data indicate that C2C12 cells, which are
myoblasts and thus Myog+, are poised differentiate, but have not withdrawn from the
cell cycle. There were significant changes in expression on hydrogels with higher storage

moduli, and fibronectin may act to maintain Paxy expression (Figure 13).

Satellite cells seeded on hydrogels in growth medium for 3 days significantly
decreased Paxy expression, except for cells cultured on the 3-100FN hydrogel, which
demonstrated the opposite trend. Myf5 and Myod1 expression was not significantly
different than cells grown on Matrigel, while Myog expression was significantly up-
regulated on all hydrogels tested (Figure 13). Since satellite cells demonstrated limited
proliferation by day 6 and differentiated when re-plated onto Matrigel after 6 days of
culture on hydrogels, we assessed expression at this timepoint as well. Interestingly,
Myfs expression was significantly up-regulated and Myod: and Myog expression were
significantly down-regulated. Paxy transcription was maintained but significantly
decreased on all but the 3-100 hydrogel (Figure 13). These data are consistent with
satellite cells returning to quiescence or a Gt -like state (Rodgers et al., 2017; Yin et al.,

2013).
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Figure 13. Myogenic gene expression analysis shows notable differences

Cells were grown on hydrogels or coated plates, and gene expression was determined by
RT-QPCR 3 days after seeding for C2C12 cells, and 3 and 6 days after seeding for satellite
cells. Data are expressed as relative gene expression as compared to cells grown on
Matrigel and are the result of 2 biological replicates, each experiment done in triplicate.
Statistical analysis was done by one-way ANOVA, with a Bonferroni post-hoc test;
asterisks indicate significance when compared to Matrigel as follows: * for p<0.05, ** for
P<0.01, and *** for p<0.001. Error bars represent the SD.

54



Myostatin expression limits satellite cell proliferation

We also examined the expression of p21 (Cdknia) an inhibitor of both the cell
cycle and MyoD (Parker et al., 1995), and myostatin (Mstn), which inhibits proliferation
of satellite cells and myoblasts (George et al., 2013; McCroskery et al., 2003). When
cultured on coated plates, p21 transcription was decreased in C2C12 cells, significantly in
those on the 2-100 and 3-100 coatings (Figure 14A). Mstn was not detectable in C2C12
cells regardless of culture substrate (Figure 14A, B), which is consistent with previous
data (Artaza et al., 2002). Overall, this indicated C2C12 cells were actively proliferating
myoblasts, and the exact composition of the substrate did not significantly affect these
cells. Conversely, satellite cells expressed Mstn and significantly up-regulated p21 when
grown on all coatings except for 2-100 (Figure 14A). Again, the differences in coating
composition did not have a significant effect on gene expression. Satellite cells also
significantly up-regulated transcription of p21 and increased Mstn expression in growth
medium on all hydrogels after 3 days of culture (Figure 14B). However, by 6 days of
culture, p21 transcription was down-regulated as compared to satellite cells grown on
Matrigel. Interestingly, Mstn was also decreased, but detectable, at 6 days, indicating a

shift towards a Gaer like state (Conboy and Rando, 2002; McCroskery et al., 2003).

Interestingly, C2Ci12 cells, which proliferated better than satellite cells on all
conditions tested (Figure 8), did not express Mstn (Figure 14A, B). Satellite cells
deficient for the fate determinant Numb overexpressed Mstn and had a proliferation
defect. This phenotype was rescued by Mstn specific siRNA (George et al., 2013). We
next determined whether siRNA knockdown of Mstn would induce proliferation of
satellite cells on ECM hydrogels and coated plates. Initially, 3 commercially available

siRNAs that target exons 1, 2, or 3 of Mstn were used to knock down Mstn expression in
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satellite cells either separately, or together. Total RNA was isolated 48 hours post
transfection and RT-QPCR was used to determine the level of Mstn knockdown.
Knockdown efficiency ranged from 71-93% when compared to cells transfected with a
negative control siRNA (Figure 14C). Satellite cells were seeded onto the 1-100 or 3-100
coated plates or the 3-100 hydrogels in growth medium and transfected with validated
Mstn specific sSiRNA #1 or control siRNA 24 hrs post-plating. Proliferation was measured
by MTT assays at 1, 3, and 6 days after seeding. Mstn knockdown increased proliferation,
although not equivalent to Matrigel levels (Figure 14D-F; compare to Figure 8). Satellite
cells on the 3-100 hydrogel demonstrated increased proliferation initially, but this
decreased by day 6 (Figure 14D). These data demonstrated that myostatin knockdown

increased the proliferation of satellite cells but did not rescue it completely.
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Figure 14. Analysis of p21 (Cdknia) and Mstn expression reveals major differences
between C2C12 and satellite cells

RT-QPCR was done to determine gene expression in C2C12 cells and satellite cells on
either coated plates, or hydrogels (A, B). To assess whether Mstn knock-down affects
satellite cell proliferation, the efficiency of three siRNA constructs targeting Mstn was
tested in satellite cells using RT-QPCR (C); siRNA construct #1 was used for all
subsequent experiments. Satellite cells were seeded in triplicates on hydrogels (D) and
coated plates (E, F), and transfected with either a universal negative control construct,
or the Mstn targeting construct. MTT assays were carried out at days 1, 3 and 6.
Proliferation is significantly improved by day 6 when Mstn is knocked down in all
conditions tested. RT-QPCR data and statistical analysis were carried out as previously
stated (see figure 13); ND = not detected. For the MTT assay, statistical analysis was
done using a two sample t test (D-F); asterisks indicate significance as follows: * for
P<0.05, ** for p<0.01, and *** for p<0.001 (A-F). Duplicate experiments were carried
out in triplicates. Error bars represent the s.d. on all graphs (A-F).
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Discussion

The collagen/laminin/fibronectin hydrogels are pliant substrates with storage
moduli that range from 0.96 to 19 Pa, as measured by rheology (Figure 7). We found that
these very elastic substrates did not induce proliferation of satellite cells, and C2C12
proliferation was less robust when compared to Matrigel coated plates (Figure 8). The
exception was C2C12 cells grown on the 1-100 hydrogel, which proliferated significantly
better. However, we observed that after several days in culture, C2C12 cells remodeled
this hydrogel, degrading it and migrating on the tissue culture plate below (data not
shown). This behavior, which was not observed in C2C12 cells cultured on the stiffer
hydrogels, is likely the cause for the higher proliferation rate. Further, on plates coated
with ECM proteins, C2C12 cells proliferated significantly better than satellite cells on all
substrates. Satellite cells had a lag of 3 days before there was demonstrable proliferation
on coated plates, and the specific composition of the substrates did not alter this (Figure
8). C2Ci12 cells grown on the 3-100FN coated plates also demonstrated a lag in
proliferation, although these cells caught up by 6 days (Figure 8). Laminin and
fibronectin have been shown to induce proliferation of satellite cells (Bentzinger et al.,
2013; Ocalan et al., 1988) but our observations indicate a need for a stiffer substrate than
these ECM based hydrogels provide to induce proliferation. However, satellite cells
cultured on fibronectin containing hydrogels and coatings up-regulated Paxy expression,

which may indicate that they are activated and poised to proliferate.

Differentiation of myogenic progenitor cells into multinucleated MHC positive
myotubes is used as a metric of myogenic potential. Our experiments demonstrated that
the hydrogels did not support satellite cell differentiation, whereas C2C12 cells formed

myotubes on these substrates (Figure 10). It has been reported that satellite cells lose
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myogenic potential in culture within 3 days (Montarras et al., 2005). However, satellite
cells cultured on hydrogels did not lose their myogenic character; in fact, after 10 days of
hydrogel culture, these cells formed MHC positive multinucleated myotubes when re-
plated onto Matrigel coated plates (Figure 12). When satellite cells were cultured on
plates with ECM coatings, differentiation was cell density dependent, indicating that the
lack of proliferation was a limiting factor (Figure 11). Interestingly, satellite cells
differentiated on ECM coated plates indicated an inhibitory role for collagen I at its
highest concentration, and this was more pronounced when fibronectin was also present.
This is consistent with previous reports that collagen I and fibronectin inhibited
differentiation (Grefte et al., 2016, 2012). The hydrogels we used were comprised only of
niche specific ECM proteins, and when polymerized, had low storage moduli. Our data
indicates that a stiffer substrate is necessary for differentiation and assessing how new
culture substrates affect myogenic potential requires consideration of cell density before

withdrawal of growth factors.

When examining myogenic regulatory gene expression in C2C12 cells grown on
coated plates, we found that Pax7 and Myod1 transcription was increased, while that of
Myf5 and Myog was decreased, as compared to cells grown on Matrigel (Figure 13). This
pattern is consistent with a population of proliferating transit amplifying cells (Biressi
and Rando 2010; Yin, Price, and Rudnicki 2013). On hydrogels, C2C12 cells up-regulated
Myog and Myod1 transcription, indicative of preparation to differentiate (Figure 13).
C2Ci12 cells proliferated on all substrates, and did not express Mstn in any growth
condition, consistent with observations that this gene was only expressed in C2C12
myotubes (Artaza et al., 2002; Diel et al., 2008). Satellite cells displayed a dynamic
pattern of expression when cultured on hydrogels, initially significantly up-regulating

Mstn and p21 by day 3, but eventually down-regulating Mstn and p21, while increasing
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expression of Myf5 by day 6 (Figures 13, 14). Knockdown of Mstn by siRNA in satellite
cells grown on hydrogels and coated plates improved proliferation in all conditions
tested, indicating the differences in the regulation of expression of this gene between
C2C12 cells and satellite cells has functional implications on cell behavior. Much
research has been done towards understanding the dynamics of satellite cells in response
to muscle damage, and often C2C12 cells are used as a proxy for primary cells
(Khodabukus and Baar, 2009; Perniconi et al., 2014; Pumberger et al., 2016). The
disparate responses of the two cell types in our experiments indicates a limitation to
using this immortalized cell line. While these cells recapitulate some of the primary cell
behavior, their responses were fundamentally different in proliferation assays and
regulation of Mstn expression. Other groups have likewise found behavioral
discrepancies between C2C12 cells and primary myoblasts (Boontheekul et al., 2007;
Sengupta et al., 2012). Thus, when trying to extrapolate data to predict primary cell

responses, the use of C2C12 cells may bias the data.

Our data indicated that during the initial 3 days of culture on viscoelastic
hydrogels, satellite cells up-regulated cell cycle inhibitors and myogenin, and decreased
Pax7 expression, a pattern consistent with myoblast differentiation. This is within the
timeframe other studies have indicated as the point at which satellite cells lose myogenic
potential add1o However, this might represent an early response, as we observed an
increase in Myf5 expression, and a decrease in transcription of Myog, Myodi, and Mstn
by day 6. The hydrogels we tested are very soft substrates, and consistent with other
findings, gene expression analysis indicated that the satellite cells were in a state similar
to Gaert (Rodgers et al., 2017) which could signal that they are returning to quiescence. A
number of studies have found that more elastic substrates maintained the myogenic

character and increased re-engraftment of satellite cells in short term culture, but these
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were much stiffer than the hydrogels used (Gilbert et al., 2010; Quarta et al., 2016). For
effective therapeutic use of satellite cells in regeneration after volumetric muscle loss, or
as a source of edited stem cells for neuromuscular diseases, it will be necessary to induce
proliferation while maintaining the ability of these cells to both re-engraft the niche and
actively regenerate myofibers. The potential return to quiescence on the hydrogels after
initially up-regulating myogenin and myostatin indicates that there is a possibility to
develop a multistep in vitro culture protocol. This protocol would have phases that
supported expansion, followed by a phase involving transfer to a substrate that would

induce a return of satellite cells to an activated state.
Materials and Methods
Mouse husbandry and satellite cell isolation

Swiss-Webster mice were purchased from Charles River, and maintained as
previously described; satellite cells were isolated and cultured as previously described
(see previous chapter Materials and Methods). C2C12 cells were maintained in growth
medium containing DMEM, 10%FBS, 10U/mL penicillin and 10mg/mL streptomycin

(Cellgro, Manassas, VA).

Hydrogel and coated plates assembly

Collagen scaffolds were fabricated according to standardized protocols (ibidi
USA, Fitchburg, WI). Briefly, sterile PBS, 7.5% w/v sodium bicarbonate, 10x Ham’s F10
pH 5.0 (Sigma-Aldrich), laminin 111 from EHS murine sarcoma basement membrane
(Sigma-Aldrich), and bovine plasma fibronectin (Sigma-Aldrich) were mixed to the

desired concentrations. Following a 10 min incubation on ice, collagen I (Corning) was
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added, and contents were immediately mixed and plated into disc shapes in 24 well
plates. The plates were incubated 30 minutes at 37°C to allow for collagen
polymerization. ECM coated plates were made by adding laminin, collagen and
fibronectin in coating buffer (0.15 M sodium carbonate, 0.35 M sodium bicarbonate in
sterile dH.0) to desired concentrations. The mixture was added to 24 well plates and
incubated for 2 hours at room temperature, on a shaker. Excess substrate was aspirated,

and the plates were rinsed thoroughly with PBS prior to cell seeding.

Rheology

Parallel plate rheological measurements were completed using a Physica MCR101
rheometer (Anton Paar, Graz, Austria) to determine the storage and loss moduli of
collagen-based gels of predetermined formulation. Briefly, 500 uL gels were pipetted
onto the fixed plate immediately following mixing and the moving plate was lowered to a
height of 0.5 mm. The gels were tested at 0.5% strain with an oscillatory frequency of 1
Hz. The stage was heated to 37°C and maintained within a humid environmental
chamber to enable polymerization. Storage and loss moduli measurements were
collected every 0.2 min for 30 min. Average moduli values were calculated from the last

10 min of each rheometer run with n = 2-3 per group.

Proliferation assays

C2C12 cells were seeded at 1x104 cells/well (hydrogels) or 8x103 cells/well (coated
plates). Satellite cells were seeded at 2.5x104 cells/well (hydrogels) and 2x104 cells/well
(coated plates). On days 1, 3, and 6, post-plating, cells were incubated with 12 mM MTT
(Molecular Probes, Eugene, OR) in phenol red free Ham’s F10/F12 with 10% FBS

(Cellgro) for 4 hours, at 37°C. Sodium dodecyl sulfate- hydrochloric acid (SDS-HCI) was
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added, cells were incubated an additional 4 hours at 37°C, and absorbance was read at

570 nm. MTT assays were carried out in triplicate.

Viability/Cytotoxicity

Satellite cells were seeded at 2x104 cells/well and viability/toxicity assays
(Biotium, Hayward, CA) were conducted at 24 and 72 hrs post-seeding. Medium was
removed, the cells were washed in PBS, and incubated with 2 uM Calcein and 4 uM
EthD-III for 30 min, at room temperature. The cells were imaged using a Leica

DMI6000B.

Differentiation assays

C2C12 cells and satellite cells were switched to differentiation medium (DMEM,
2% HS, 100 pg/mL Primocin) 24 hours post-plating. Medium was changed every 24
hours. Cells were cultured for 72 hrs for satellite cells, or 96 hrs for C2C12 cells before
fixation and imaging. Quantitative analysis was done using the manual cell counter
feature in ImageJ. For cells initially cultured on hydrogels, satellite cells were seeded at
3x104 cells/well in growth medium. After 6 or 10 days, 3.09 mg/mL collagenase type II
(Worthington, Lakewood, NJ) was used to dissolve the hydrogels and retrieve the
satellite cells, which were subsequently seeded on Matrigel coated plates (3x104
cells/well) for differentiation assays. These assays were completed in duplicate with

triplicate replicates.



Immunofluorescence

Cells were fixed in 4% formaldehyde and permeabilized with 0.5% Triton X-100
PBS. Samples were blocked with 10% goat serum (Invitrogen) for 1 hr and incubated
overnight at 4°C with anti-myosin antibody, MY-32 (Sigma-Aldrich). Cells were washed
in PBS, incubated with FITC conjugated anti-mouse IgG antibody (Sigma-Aldrich) for 1
hr at 37°C, then incubated with DAPI (Biotium), according to manufacturer’s
instructions. Cells were mounted in glycerol PBS containing phenylenediamine, and

images were obtained on a Nikon Eclipse TE2000-U epifluorescence microscope.

RNA isolation and Quantitative RT-PCR (RT-QPCR)

Cells were seeded in 24 well plates at a density of 1.5x104 cells/well (C2C12 cells)
or 4x104 cells/well (satellite cells) onto polymerized hydrogels and incubated at 37°C in
growth medium. After 72 hours in culture, cells were lysed in TR1zol (Thermo Fisher
Scientific, Waltham, MA) for RNA isolation. All data are the result of triplicate replicates
from two biological samples. RNA isolation, cDNA generation, and RT-QPCR was
carried out as described previously (see previous chapter Materials and Methods).

Sequence for primers are in Table 3.

Myostatin siRNA knock-down experiments

Three validated Stealth siRNA constructs against mouse Myostatin (Mstn)
(Invitrogen) were tested, using Lipofectamine RNAiMAX and OptiMEM I (Thermo
Fisher Scientific), according to the manufacturer’s protocol. Satellite cells were
transfected 24 hrs post-seeding with either Stealth Universal Negative Control construct

(Invitrogen), or Stealth anti-Mstn constructs, and 48 hrs later, RNA was harvested for
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RT-QPCR. The construct with the greatest knock-down efficiency (siRNA #1,
MSS237302) was used for all subsequent experiments. For MTT assays, satellite cells
were seeded on 3-100 hydrogels (2.5x104 cells/well) and 1-100, and 3-100 coated
substrates (2x104 cells/well) in antibiotic free medium and transfected with either anti-
Mstn or negative control siRNA 24 hrs post plating. MTT assays were done in triplicate

for each condition, as described previously, at days 1, 3, and 6.
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Primer name

Primer sequence (5’ to 3°)

GapDH Fwd GGGAAGCCCATCACCATCTT
GapDH Rev GCCTTCTCCATGGTGGTGAA

Pax7 Fwd TCTTACTGCCCACCCACCTA

Pax 7 Rev CACGTTTTTGGCCAGGTAAT

MyoD Fwd TGATGGCATGATGGATTACAGCGG
MyoD Rev AGATGCGCTCCACTATGCTGGACA
Myfs Fwd CCCGAAAGAACAGCAGCTTTGACA
Myfs5 Rev CCACAATGCTGGACAAGCAATCCA

Myogenin Fwd

ATGGTGCCCAGTGAATGCAACTC

Myogenin Rev

TGGACGTAAGGGAGTGCAGATTGT

Myostatin Fwd TGACAGCAGTGATGGCTCTTTGGA
Myostatin Rev GCTTGCCATCCGCTTGCATTAGAA
p21 Fwd TCCACAGCGATATCCAGACA

p21 Rev AGACAACGGCACACTTTGCT
Integrin alpha 7 Fwd | TCTGTCAGAGCAACCTCCAGCT
Integrin alpha 7 Rev CTATGAACGGCTGCCCACTCAA

Table 3. Comprehensive list of primers used for RT-QPCR.
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CHAPTER 4
NUMB PLAYS A ROLE IN MUSCLE REPAIR AND SATELLITE CELL FUNCTION
Introduction

The adaptor protein Numb was first described in Drosophila, where it acts as a
Notch signaling inhibitor and cell fate determinant during neurogenesis. In sensory
organ precursor cell division, Numb asymmetrically segregates, allowing the two
daughter cells to adopt different fates and generate the various cell types necessary for
sensory organs (Rhyu et al., 1994). Mechanistically, Numb inhibits Notch signaling by 1)
recruiting the E3 ligase Itch to the NICD, thus targeting it for degradation, and by 2)
hindering recycling of the Notch receptor back to the plasma membrane (Dho et al.,

1999; McGill and McGlade, 2003).

Numb can asymmetrically segregate during satellite cell division as well, where it
may direct cell fate decision making (Conboy and Rando, 2002). Since Notch signaling
supports activation, proliferation, and inhibition of differentiation in satellite cells, it is
plausible that an asymmetric cell division event may result in a Numb-positive daughter
cell that downregulates Notch and differentiates, and a Numb-negative daughter cell that
maintains both Notch activity and its myogenic progenitor status. However, studies

investigating Numb function in satellite cells point to a more complex mechanism.

Conditional deletion of Numb from satellite cells using murine models resulted in
poor skeletal muscle repair following injury. Surprisingly, loss of Numb did not
significantly affect expression of Notch target genes, nor did it result in uncontrolled
expansion of satellite cells, as might be expected (George et al., 2013; Le Roux et al.,

2015). Instead, Numb deficient satellite cells had a marked proliferation defect, and
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upregulated expression of myostatin and p21. Knock-down of myostatin rescued the

proliferation defect in vitro (George et al., 2013).

The function of NUMB in mammalian satellite cells may be complicated due to
the existence of Numblike (Numbl), a less well-studied Numb homolog, which has both
distinct and redundant roles as Numb, depending on context (Liu et al. 2011; Shenje et
al. 2014; Wilson et al. 2007; Zhong et al. 1997). Indeed, the conditional Numb knock out
mouse models were created in mice with a Numbl null mutation in order to generate a
phenotype (George et al., 2013; Le Roux et al., 2015). Moreover, there are four Numb
isoforms, generated by alternative splicing of exons 3 and 9 of the Numb transcript. The
resulting proteins, with molecular masses of 65, 66, 71 and 72 kDa, may have different
functions, especially since exons 3 and 9 are located within a phosphotyrosine binding
(PTB) domain and proline rich region (PRR), respectively (Dho et al., 1999). In cell
culture overexpression studies, the Numb isoforms with the PTB insert (PTBi, p66 and
p72) associated with the plasma membrane, while those without the insert (PTBo, p65
and p71) were cytoplasmic. Additionally, a switch from the Numb isoforms lacking the
PRR (PRRo, p65 and p66) to those containing the PRR (PRRIi. p71 and p72) takes place
during neuronal differentiation of embryonal carcinoma P19 cells (Dho et al., 1999).
Similar findings that hint at different roles for the different isoforms have been reported
by other groups, with the emerging paradigm that Numb p65 and p66 (the “short”
isoforms) support differentiation and maturation, whereas Numb p71 and p72 (the
“long” isoforms) are associated with proliferation and stemness (Abballe et al. 2018;
Bani-Yaghoub et al. 2007; Dooley et al. 2002; Toriya et al. 2006; Verdi et al. 1999;

Yoshida et al. 2003).
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Expression of Notch target genes was not significantly affected in Numb null
satellite cells, indicating that, at least in part, its role in satellite cells is independent of
Notch inhibition. This is not necessarily surprising, as NUMB facilitates the
ubiquitination and subsequent proteasomal degradation of several proteins and
functions as a cargo selective endocytic adaptor for recycling endosomes. NUMB has
protein binding domains beyond the PTB and PRR, such as the Eps15 homology (EH)
binding motif, and tripeptide motifs DPF and NPF, which all impart NUMB its extensive
scaffolding role and allow it to complex proteins together (Gulino et al., 2010; Pece et al.,
2011). For example, Numb mediates the ubiquitination of Gli1, a transcription factor
downstream of Hedgehog signaling (Marcotullio et al. 2011; Marcotullio et al. 2006).
Another E3 ligase, mouse double minute 2 (Mdm2) binds Numb at the PTB domain
(Colaluca et al., 2013). This interaction sequesters Mdm2 and prevents it from degrading
p53, which has crucial implications for various cancers, and makes Numb a bona fide
tumor suppressor (Pece et al., 2011). However, the opposite relationship has been found
in satellite cells, where Numb deficiency resulted in p53 upregulation instead (Le Roux et
al., 2015), highlighting the complex and context-dependent set of protein-protein

interactions Numb might have in the cell.

There are two main avenues for endocytosed membrane-associated proteins:
lysosomal degradation, via transport to late endosomes, or recycling back to the plasma
membrane (Grant and Donaldson, 2009). Numb colocalizes with EH-domain (EHD)
proteins to recycling endosomes and clathrin coated structures, where it acts as a
negative modulator of endocytic recycling for various proteins (Smith et al. 2004;
Santolini et al. 2000). Notably, Numb prevents the recycling of adhesion junction

cadherins and integrins back to the plasma membrane, thus modulating cell adhesion
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and migration, which has implications for epithelial to mesenchymal transition (EMT), a

hallmark of cancer metastasis (Nishimura and Kaibuchi 2007; Wang et al. 2009).

Given the repertoire of proteins Numb binds, and its pleiotropic involvement in
signaling pathways crucial for stem cells and cancer biology, it’s likely that it plays
several yet undiscovered functions in satellite cells independent of Notch inhibition, and
possibly in an isoform-specific manner. The aim of this study is to explore which
isoforms are present in satellite cells, and to investigate the mechanisms by which Numb

deficient satellite cells fail to activate, proliferate, and contribute to muscle repair.
Results
Numb isoform expression varies across different cells and tissue types

To investigate Numb mRNA isoform expression, we generated primer pairs that
span exons 2-6 and give products at 307 or 340 base pairs (bp), depending on whether
exon 3 is included (PTBi) or omitted (PTBo). The second set spans exons 7-10 and gives
products of 404 bp when exon 9 is included (PRRi) or 260 bp when exon 9 is omitted
(PRRo) (Figure 15 diagram). The “long” isoforms of Nb are PRRi (p71, p72), while the
“short” isoforms are PRRo (p65, p66). For a quantitative approach, primers that allow
for the calculation of a splicing index of the long isoforms were employed instead, as
previously described (Figure 15 diagram) (Rajendran et al., 2016). Lastly, to investigate
protein isoform expression, a pan-NUMB antibody that recognizes all isoforms was used.
Notably, the PRRi and PRRo isoforms of NUMB migrate as a doublet on a 12% SDS-
polyacrylamide gel (SDS-PAGE) due to the considerable difference in mass, but the PTBi
versus the PTBo isoforms cannot be resolved via conventional Western blot. RT-PCR
analysis showed the predominant mRNA isoform present in satellite cells is PRRo, with

no apparent change in expression levels as differentiation proceeds from proliferating
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myoblasts (day 0) to differentiated myotubes (day 3). The PRRi transcript is present as a
faint band that disappears over time (Figure 15 A). RT-QPCR data follows the same trend
and shows a significant decrease in the splicing index for PRRi Numb (i.e. as
differentiation proceeds, less of the total Numb transcript is made up of Numb PRRj,
Figure 15 E). Both PTBi and PTBo are present at the mRNA level (Figure 15 B).
Additionally, myotubes and reserve cells collected after differentiation (day 3) did not
express significantly different levels of Numb, when compared to proliferating cells
(Figure 15 C-E). Taken together, these data show that Numb p65 and p66 are likely the
most abundant transcripts in proliferating satellite cells, with p71 and/or p72 making

only a minor contribution.

Immunofluorescence and confocal imaging were used to investigate NUMB
expression and subcellular localization in satellite cells. NUMB is present in the
cytoplasm and is often enriched at one pole of the cell, both in single myoblasts (Figure
16, top panel) and in multinucleated myofibers (Figure 16, bottom panel). However,
since the antibody recognizes all isoforms, it is impossible to distinguish endogenous
isoforms with this method. A Western blot revealed that only the PRRo isoform(s) is/are
present in satellite cells, regardless of differentiation status, which contrasts the RT-PCR
data (Figure 16, compare to Figure 15 A). However, it is unknown whether this is due to
post transcriptional regulation that prevents the PRRi mRNA from being translated, or a
lack of detection due to the sensitivity of the Western blotting technique, especially
considering the low abundance of the PRRi transcript. Notably, all NUMB isoforms
appear to have higher molecular weights than expected on the Western blot, as p65 and
p66 migrated with the 70 kDa protein marker, and p71, p72 migrated with the 100 kDa
marker. This is likely due to phosphorylation of NUMB, and/or other post-translational

modifications.
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Figure 15. Satellite cells predominantly express Numb mRNA p65 and p66

Satellite cells were cultured in differentiation medium, and RNA was harvested every 24
hours. RT-PCR was done with primers flanking the PRR region and the PTB region, as
diagramed. Numb PRRo is the predominant transcript, with only a faint band for Nb
PRRI, which disappears as satellite cells undergo differentiation (A). Both PTBi and
PTBo are present in all samples (B). RT-QPCR was done with intron spanning primers
as diagramed above, to detect either total Numb (C) or Numb PRRi only (D), and a
splicing index was calculated (E). The quantitative data corroborates A and B, as Nb
PRRIi decreases as differentiation proceeds. Samples enriched for myotubes or reserve
cells by differential trypsinization after 3 days in differentiation medium do not have
significantly different levels of Numb isoforms (C-E). RT-QPCR data are expressed as
relative gene expression as compared to cells grown on Matrigel and are the result of 2
biological replicates, each done in triplicate. Statistical analysis was done by one-way
ANOVA, with a Tukey post-hoc test; asterisks indicate significance when compared to
Matrigel as follows: * for p<0.05, ** for p<0.01, and *** for p<0.001; # is significantly
different from all groups. Error bars represent the SD.
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Figure 16. Satellite cells express the short isoforms of NUMB only

For immunofluorescence, satellite cells were cultured on coverslips, fixed and stained for
F-actin (conjugated phalloidin, red), NUMB (anti-NUMB antibody, green), and DNA
(DAPI, blue). Numb is present in the cytoplasm, predominantly localized to one side of
the cell. The images were obtained at 63x and are displayed as orthogonal projections. A
Western blot of total protein lysates from satellite cells during differentiation was used to
resolve which protein isoforms are present (lanes 3-6). Only the Nb PRRo isoforms were
detected at the protein level. As positive controls, lysates from HEK 293T cells
transfected with either Nb 65 and 66, or Nb 71 and 72 were included as well (lanes 1, 2).
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Given the importance of Numb in development, we sought to understand the
pattern of Numb isoform expression in muscle cells in that context. During mouse
embryonic development, Pax3+ myogenic progenitors populate the forelimb bud, and
MREFs are expressed in those cells as early as embryonic day 11.5 (e11.5) (Cheng et al.,
1993; Lee et al., 2013). We isolated whole forelimb RNA and protein to examine Numb
expression in embryonic muscle. Numb is important for heart compaction and
cardiomyocyte cell cycle withdrawal (Hirai et al., 2017; Yang et al., 2012), as well as
neurogenesis (Bani-Yaghoub et al. 2007; Dooley et al. 2002; Q. Shen et al. 2002; Zhong
et al. 1997). Thus, we also investigated Numb isoform expression in the neural tube and
embryonic heart. Notably, we attempted to harvest RNA and protein from e10.5- e12.5
embryos, but only reliably obtained enough protein for Western blot analysis from e11.5
and e12.5 (Figure 17). All embryonic tissues investigated expressed both PTB isoforms,
with a strong band for PTBi (Figure 17 B). PRRi was likewise strongly expressed, unlike
in satellite cells where PRRi was barely detected (Figure 17 A, compare to Figure 15 A).
RT-QPCR analysis showed a significant decreasing trend in splicing index for PRRi as
embryonic development proceeds, which was mirrored at the protein level (Figure 17 C-
F). These data show that p71/72 are abundant during development in all tissues assayed,
and there is no discrepancy between isoform expression at the RNA level and protein

level, as found in satellite cells.
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Figure 17. Numb p71/72 expression declines over embryonic time at the RNA and
protein level.

Embryos were harvested at days e10.5-1 e2.5 for total RNA and total protein. Numb
transcript isoforms containing the PRRo and PRRi, as well as PTBo and PTBi are present
in embryonic heart, limb, and neural tube (A, B). RT-QPCR data shows a trend of PRRi
decline over time (C-E), and the protein expression analysis corroborates those findings
(F). For RT-QPCR, data are expressed as relative gene expression as compared to the
earliest time point a single biological replicate experiment done in triplicate and
statistical analysis was done as described previously (Figure 15).
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Numb interacts with a vast network of proteins during satellite cell activation and

proliferation

Since a deficiency of Numb in myogenic progenitors cells did not result in
significant changes in Notch signaling (George et al., 2013; Jory et al., 2009; Le Roux et
al., 2015), we sought to investigate other potential interactors of Numb in satellite cells,
to better understand its role during activation and proliferation. To this end, we

performed an immunoprecipitation (IP) proteomics experiment.

First, satellite cells were isolated from hindlimb skeletal muscles, and cultured in
vitro until sufficient numbers of cells were generated. Treatment with the proteasome
inhibitor MG132 was used to preserve interactions with binding partners that might
otherwise be rapidly degraded, and total protein was harvested with a mild NP-40 based
lysis buffer. NUMB and its binding partners were immunoprecipitated overnight with
agarose beads and anti-NUMB antibody and eluted by boiling in SDS buffer (Figure 18
A). Coomassie staining showed strong staining bands in the total lysate and the
supernatant from the IP, demonstrating that our protein lysis and IP techniques do not
result in protein degradation. The NUMB IP has several bands along the length of the
lane, indicating that numerous proteins co-immunoprecipitated. The distinct bands at
50 kDa and 25 kDa in the NUMB IP lane mark the heavy and light chains of the anti-
NUMB antibody (Figure 18 B). A Western blot done with the anti-NUMB antibody shows
the presence of NUMB PRRo isoforms at the protein level in total lysate, and to a lesser
extent, in the supernatant. NUMB is only detected in the NUMB IP lane, and not in the

isotype control antibody lane (Figure 18 C).
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Figure 18. Immunoprecipitation of NUMB from MG132 treated satellite cell lysates

Satellite cells were treated with MG132 to inhibit the proteasome, followed by lysis and
IP with either anti-NUMB antibody or isotype control antibody and Protein A/G agarose
beads (A). Coomassie stained gel of the IP shows protein bands spanning 250 kDa- 25
kDa, indicating multiple proteins co-precipitated with Numb. The bands at 50 kDa and
25 kDa represent the heavy chain (HC) and light chain (LC) of the antibody used for the
IP (B). Western blot with anti-NUMB antibody shows that only the PRRo isoform of the
protein is detected in the IP (C). Lysate from HEK 293T cells transfected with p71 and
p72 was loaded as a positive control (C, lane 1).
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To identify Numb binding partners and better understand its role in satellite cell
activation and proliferation, a top-down proteomics approach was taken. The IP samples
were subjected to in-gel digestion and LC-MS/MS, and a total of 821 and 462 proteins
were identified for the Numb IP and isotype control antibody IP, respectively (Figure 19
B); 227 of those proteins were shared among the two data sets. As expected, NUMB was
identified in the anti-NUMB IP exclusively (Figure 19 D). Surprisingly, mapping of the
identified peptides revealed overlap with PRRi (exon 9), suggesting the presence of
Numb 71 and/or 72 in proliferating satellite cells, which is not supported by the Western
blot analysis (Figure 19 C, compare to Figure 16 G). Numb was identified with a sequence
coverage under 50%, despite its enrichment in the sample (Table 4), which is expected,
given its trypsin cleavage pattern (Krieger et al., 2013). Various subtypes of keratin are
common contaminants resulting from sample preparation during the gel staining, slicing

and handling, and were prevalent in both data sets (Table 4).

Among the top unique hits in the Numb IP are actin-binding, FERM domain
containing proteins Moesin (Msn), Radixin (Rdx) and Ezrin (Ezr), the intermediate
filament binding Plectin (Plec), and other cytoskeleton-associated proteins. Calmodulin
binding protein Caldesmon1 (Cald1) was likewise uniquely identified in the Numb IP.
The control IP top unique hits included structural proteins like Vimentin (Vim) and

Myosin heavy chains (Myh1) (Table 4).
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Numb IP | Control IP
Total proteins 821 462
Unique proteins 594 235

MNKLRQSFRRKKDVYVPEASRPHOWQTDEEGVRTGKCSFPVKYLGHVEVDESRGM
HICEDAVKRLKAERKFFKGFFGKTGKKAVKAVLWVSADGLRVVDEKTKDLIVDQT
IEKVSFCAPDRNFDRAFSYICRDGTTRRWICHCFMAVKDTGERLSHAVGCAFAAC
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Figure 19. Mass spectrometry experiment overview

IP samples separated via SDS-PAGE and stained with Coomassie were subjected to in-
gel digestion and LC-MS/MS. For better resolution, each lane was divided into 6 pieces
which were individually processed for mass spectrometry, as depicted (A). A total of 594
unique proteins were identified in the Numb IP sample, with 227 proteins found in both
the Numb IP and isotype control IP (B). A breakdown of peptides identified show an
enrichment in the 100-60 and 50-35 kDa fractions in the Numb IP. Peptides
corresponding to Numb were identified in the Numb IP exclusively (D, E; the fractions
containing Numb are marked with a * symbol; graphs were generated with Peptide-
Shaker 1.16.43). Mapping the identified Numb peptides on the amino acid sequence for
Numb 72 shows sequence coverage in both PTBi and PRRj, indicating the presence of
Numb 71 or 72 in satellite cells (C; PTBi and PRRi are bolded; mapped peptide sequences
are highlighted yellow for high confidence hits, and gray for low confidence hits).
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Numb IP

Gene # # Unique #
Entry Protein name name Score | Coverage | Proteins | Peptides | Peptides | PSM
P26041 Moesin Msn 126.64 74.52 1 18 71 111
Uncharacterized 120.53 72.14 6 20 54 99
Q3TQ13 protein Hspa8
Glyco-gag 97.70 44.80 4 1 32 64
AOA068F 126 polyprotein
Keratin, type Il 89.22 39.52 7 1 25 67
QB6NXH9 cytoskeletal 73 Krt73
Q3T1ZU7 Sorting nexin Snx9 87.88 68.24 2 16 50 7
Acyl-coenzyme A 80.65 70.16 1 13 37 68
Q9ROX4 thioesterase 9 Acot9
BOEKE9 Ddx3x protein Ddx3x 80.22 65.51 6 3 51 85
Replication 78.43 56.52 3 17 45 68
Q3U8B3 protein A subunit Rpa1
Rpl7a protein 71.08 58.15 4 11 25 47
Q80UT7 (Fragment) Rpl7a
ATP-dependent 68.78 67.63 & 1 48 78
Q62095 RNA helicase Ddx3y
B2RTP7 Krt2 protein Krt2 68.01 46.96 31 64
FERM domain- 65.91 64.85 3 6 50 63
Q3UL48 containing protein Ezr Vil2
Uncharacterized 64.97 77.26 6 13 91 220
AOA1S6GWJ8 protein Hnrnpm
FERM domain- 64.12 63.47 3 6 49 65
Q3TH46 containing protein Rdx
Keratin, type | 62.63 33.33 16 5 21 51
P02535 cytoskeletal 10 Krt10
Heterogeneous 58.78 61.76 2 7 22 50
nuclear
088569 ribonucleoproteins | Hnrnpa2b1
Uncharacterized 57.10 76.21 1 5 26 52
Q8C7C3 protein Tpm3
Uncharacterized 56.35 56.58 6 8 34 58
Q3T9U9 protein Rpl3
Q04586 Env polyprotein Mela H52 55.70 3049 1 8 15 27
Fructose- 55.68 84.34 4 13 29 45
bisphosphate
P05064 aldolase A Aldoa
Polyadenylate- 54.93 63.84 8 9 44 61
Q8BN32 binding protein Pabpc1
Laminin B1 53.98 34.08 4 9 46 71
BOEKBO subunit 1 Lamb1
Tropomyosin 53.63 78.52 & 2 35 64
P58771 alpha-1 chain Tpm1
Q9QXS1 Plectin Plec 53.31 39.65 15 10 175 231
Probable ATP- 53.28 48.21 5 10 39 89
dependent RNA
Q61656 helicase Ddx5
Heterogeneous 52.47 65.24 9 11 34 49
nuclear
ribonucleoprotein
AOAOR4J259 Q Syncrip
60S acidic 51.49 64.67 1 11 21 46
ribosomal protein
Q5FWB6 PO Rplp0
ATP-dependent 50.34 60.09 1 12 37 51
Q9JHS4 Clp protease Clpx
Uncharacterized 50.21 85.21 2 1 33 47
Q9D1R6 protein Tpm2
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Tropomyosin beta 49.23 76.76 1 1 29 43
A2AIM4 chain Tpm2
Eukaryotic 46.45 67.98 ® 8 29 42
initiation factor
P60843 4A-1 Eif4a1
ATPase family 44.20 69.54 1 11 42 76
AAA domain-
containing protein
Q92511 Atad3
60S ribosomal 41.77 51.61 & 7 17 49
P53026 protein L10a Rpl10a
Protein numb 40.86 47.78 & 8 28 39
Q9QZS3 homolog Numb
Tyrosine--tRNA 39.67 74.11 1 11 39 54
A2A7S7 ligase Yars
Eukaryotic 39.35 49.65 1 8 28 37
translation
initiation factor 3
Q8QZY1 subunit L Eif3l
Kelch-like protein 39.11 86.59 2 9 50 85
Q8R2P1 25 KlIhI25
Uncharacterized 38.51 57.77 3 6 41 109
protein
Q3TF40 (Fragment) Nono
Asparagine--tRNA 37.68 57.60 1 9 35 49
ligase,
Q8BP47 cytoplasmic NARS1
Polyadenylate- 34.47 53.64 8 5 34 44
binding protein
Q99LF8 (PABP) Pabpc4
B5 domain- 34.04 69.22 3 10 36 55
containing protein
Q3TG12 (Fragment) Farsb
MKIAA0002 33.94 55.86 4 12 29 49
protein
Q6A0F1 (Fragment) Cct8
Keratin, type | 32.97 60.74 18 4 28 49
Q9QWL7 cytoskeletal 17 Krt17
Tubulin alpha-1B 32.49 46.12 4 7 15 20
P05213 chain Tubailb
Q80UG5 Septin-9 Septin9 ez Hsh 2 e e
E9QA15 Caldesmon 1 Cald1 3142 51.95 8 46 3
Inducible heat 31.41 49.14 4 5 22 38
A1E2B8 shock protein 70
Control IP
Gene # # Unique #
Entry Protein name name Score | Coverage | Proteins | Peptides | Peptides | PSMs
IF rod domain- 275.86 83.05 4 3 60 176
Q3TWVO0 containing protein Vim
Keratin, type | 66.37 26.56 14 4 16 50
A2A513 cytoskeletal 10 Krt10
60S acidic 66.16 73.19 1 11 20 42
ribosomal protein
P14869 PO Rplp0
Uncharacterized 48.65 52.85 4 8 27 42
Q3UB67 protein Rpl3
Myosin, heavy 32.96 44.70 5 6 86 129
B2RWX0 polypeptide 1 Myh1
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Table 4. List of unique identified proteins

The top uniquely identified proteins from each experiment with a protein score above 30
are listed. Proteins identified in both experiments are excluded. The UniProt entry
identifier, gene and protein name, protein score, % coverage, numbers of proteins,
unique peptides, and total peptides, as well as peptide to spectrum matches (PSMs) are
provided. Reviewed proteins are highlighted in gray, and unreviewed proteins are not
highlighted (according to UniProt, “reviewed” refers to manually annotated proteins,
while “unreviewed” proteins are automatically generated and annotated from -omics
data). In the Numb IP, 47 proteins have a score above 30, as opposed to only 5 identified
proteins in the control IP.
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Gene ontology (GO) analysis of the unique data set revealed significantly
enriched categories that are in line with Numb’s previously described roles, such as
Membrane Trafficking (R-MMU-199991) and Clathrin-mediated endocytosis (R-MMU-
8856828) (Table 5). These categories included members of the Ywhae (14-3-3) family,
which act as a scaffolding hub for hundreds of proteins (Fan et al. 2019), and the AP-2
complex found in clathrin coated pits (Song and Lu, 2012). Other notable endocytosis
related proteins present exclusively in the Numb IP include sorting nexins (Snx9, 18),
EHD proteins and Epidermal growth factor receptor substrate proteins (EPS15, 8), and
DP-ribosylation factor GTPase-activating proteins (Arfgap 2, 3). Numb’s involvement in
proteasomal degradation is highlighted by categories like GLI3 is processed to GLI3R by
the proteasome (R-MMU-5610785) and Regulation of PTEN stability and activity (R-
MMU-8948751), which identify many proteasome complex proteins (Psma4, Psmb3,
Psmc1,2,4 and 5, Psmd3,11 and 13) or ubiquitin ligases and associated proteins (Rnf34,
Rnf181, Spop, Prkaca, Trim25). Protein serine/threonine kinase activity (GO:0004674)
and Cyclin-dependent protein serine/threonine kinase activity (GO:0004693) included

an extensive list of kinases as putative Numb-interacting proteins (Table 5).

Interestingly, Focal adhesion (GO:0005925) and Actin polymerization or
depolymerization (GO:0008154) were significantly enriched in the Numb IP data set,
and contained proteins involved in cell adhesion, migration, and polarity establishment.
Notable transcription factors Myog, Runt related transcription factor 1 (Runx1), and
Sox15 were included in the DNA-binding transcription factor activity (GO:0003700)

category.
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GO category- Molecular P-value Identified proteins
Function

ribonucleoprotein complex 3.11E-06 C1qbp, Eif2a, Srp68, Srpra, Eif2a, Eef2, Srp72, Abce1, Hnrnpu
binding (G0:0043021)

signaling receptor binding 2.88E-04 Grb10, Gdf15, Gnas, Lamb1, Ifna6
(G0:0005102)

cyclin-dependent protein 6.65E-03 Ccn1, Ccnd3, Cdk1, Cdk9, Cdk18, Cdk4
serine/threonine kinase
activity (GO:0004693)

DNA-binding transcription 8.79E-03 Sox15, Pura, Ubp1, Zfp558, Myog, Runx1
factor activity (GO:0003700)

protein serine/threonine 1.34E-02 Ccn1, Ccnd3, Csnk1a1, Camk2d, Dapk3, Cdk1, Mark2, Vrk1, Csnk2a,
kinase activity (GO:0004674) Eif2ak2, Camk2g, Cdk9, Csnk1d, Dapk2, Cdk18, Cdk4, Gsk3b

repressing transcription 1.70E-02 Rbpj, Mta1, Mta2
factor binding (GO:0070491)

GO category- Pathways

Membrane Trafficking (R- 1.60E-05 | Ywhae, Tubb6, Cyth1, Fnbp1l, Eps15, Ap2a1, Klc2, Tmed9, Kifc1, Kic1,
MMU-199991) Snx18, Cope, Rae1, Clint1, Dnm2, Kif27, Ap2m1, Necap2, Nsf, Cttn,
Arpc2, Arcn1, Ubc, Ank1, Capzb, Tuba1lb, Arfgap3, Preb, Csnk1d,
Dennd1b, Epn1, F5, Mvb12a, Snx9, Pacsin2, Racgap1, Hspa8, Picalm,
Actr3, Dync1i2, Arfgap2

GLI3 is processed to GLI3R | 2.35E-05 Tubb6, Psmc1, Prkar2b, Psmd11, Prkaca, Csnk1a1, Psmc2, P4hb,

by the proteasome (R-MMU- Psma4, Psmd13, Ubc, Tuba1b, Psmc4, Psmb3, Numb, Psmd3, Ift140,
5610785) Prkar2a, Psmc5, Spop, Gsk3b
Clathrin-mediated 3.97E-03 | Fnbp1l, Eps15, Ap2a1, Snx18, Dnm2, Ap2m1, Necap2, Cttn, Arpc2, Ubc,
endocytosis (R-MMU- Epn1, Snx9, Pacsin2, Hspa8, Picalm, Actr3
8856828)
Interferon Signaling (R-MMU- | 1.95E-03 | Eif4a3, Trim25, Camk2d, Eif4a1, Ptpn2, Eif2ak2, Camk2g, Eif4g1, Abce1,
913531) Ifna6, Eif4e
Regulation of PTEN stability 7.02E-03 Psmc1, Psmd11, Mta2, Psmc2, Gatad2b, Csnk2a1, Psma4, Psmd13,
and activity (R-MMU- Ubc, Gatad2a, Psmc4, Psmb3, Mta1, Psmd3, Hdac2, Psmc5
8948751)
Regulation of TP53 Activity 4.60E-02 Ywhae, Polr2e, Npm1, Ppp2ria, Mta2, Rfc4, Rae1, Rnf34, Cdk1,
(R-MMU-5633007) Gatad2b, Ywhag, Gtf2f2, Csnk2a1, Rpa2, Ubc, Gatad2a, Cdk9, Rfc3,

Gtf2f1, Hdac2, Prmt5, Rfc2, Rpa1

GO category- Molecular

Component
extracellular region 1.31E-07 Gdf15, Serpinb6b, Hba, Timp1, Lamb1, Serpinh1, Ifna6
(G0O:0005576)
focal adhesion 7.63E-04 Zyx, Ctnnd1, Parva, Cttn, Amotl2, Lims1, Plec, Parvb
(G0:0005925)
plasma membrane part 3.15E-03 Grm5, Cacnb1, Camk2d, Dnm2, Pcdha11, Dnah8, Gnas, Fmr1, Ssna1,
(G0:0044459) Cttn, Camk2d, Ephb4, Cd163, Camk2g, Bsg, Ank1, Map1b, Abi1, Ift140,

Nedd1, Eps8, Hspa8, Picalm, Gsk3b

GO category- Biological
Process

intracellular signal 1.59E-02 Rala, Ccdc125, Prkaca, Nos1, Gnas, Mark2, Amotl2, Kctd10, Depdc5,
transduction (G0O:0035556) Eps8

negative regulation of Wnt 1.61E-02 Emd, Grb10, Csnk1a1, Gsk3b
signaling pathway
(G0:0030178)

actin polymerization or 2.00E-02 Baiap2lI1, Cttn, Arpc2, Vasp, Capzb, Actr3
depolymerization
(G0:0008154)

response to endoplasmic 3.12E-02 Pdia4, P4hb, Ufd1, Canx, Pdia2
reticulum stress
(G0:0034976)

Table 5. GO lists of Numb unique identified proteins

Several GO categories, with P-values and lists of proteins from that category for the
Numb IP unique data set are shown. These categories were not significantly identified in
the Control IP unique data set.
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Discussion

Previous work has uncovered that during neurogenesis, a switch in Numb
isoforms from PRRi to PRRo takes place as differentiation proceeds (Bani-Yaghoub et al.
2007; Rajendran et al. 2016), and our analysis showed a similar trend in embryonic
skeletal muscle (limb bud), embryonic heart, and satellite cells (Figures 15-17). However,
NUMB PRRi was only detected by Western blot at the protein level in embryonic tissues,
suggesting that in the context of muscle, long isoforms are necessary for development,
but not for adult stem cells. The regulators of Numb isoform expression are not well
understood, although splicing factors like Polypyrimidine tract binding protein (Ptbp1),
Splicing factor 1 (Sf1) and Quaking (QKI) have been implicated in Numb alternative
splicing (Rajendran et al., 2016; Zong et al., 2014). Interestingly, all three of those

proteins were present in the Numb IP unique proteins data set.

The immunoprecipitation-proteomics experiment aimed to uncover potential
binding partners for Numb in satellite cells during activation and proliferation. However,
the data were obtained from a single biological replicate, and are thus very limited and
preliminary. Additionally, since our anti-Numb antibody detects all isoforms, our data
does not provide any specificity regarding which identified protein interacts with which
isoform(s). Indeed, previously published work using tagged Numb isoforms for IP-
proteomics experiments found that Numb 72 has a significantly higher affinity for
certain endocytic proteins than Numb 66 (Krieger et al., 2013), raising the possibility

that some of our identified proteins might have similar isoform preferences.

Limitations aside, this experiment identified a series of potential Numb binding
partners that may shed light on its function in satellite cell proliferation and activation.

Many of these proteins have been previously identified by other groups (Krieger et al.,
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2013; Nishimura et al., 2003), thus validating our approach. However, several well
established Numb interacting proteins that are expressed in satellite cells, (e.g Notch,
Gli2/3, Itch) were not identified in our experiment, either because Numb does not bind

those proteins in proliferating satellite cells, or very likely due to technical limitations.

Interestingly, the MRF myogenin was identified in the Numb IP. Since myogenin
promotes myoblast cell cycle exit and differentiation, a possible model where Numb
targets it for degradation could, in part, explain the Numb deficient satellite cell
phenotype, and might warrant further exploration. Other transcription factors found in
the dataset include Sox15 and Runxi. In satellite cells, Sox15 activates Forkhead box
protein K1 (Foxki1), to promote proliferation and inhibit differentiation. Sox157/- mice
have myoblasts with perturbed cell cycle kinetics, and impaired skeletal muscle
regeneration following injury (Béranger et al. 2000; Lee et al. 2004; Meeson et al. 2007).
Runx1 may drive proliferation and inhibit premature differentiation in satellite cells as
well (Bao et al., 2018; Umansky et al., 2015). To our knowledge, interactions between

Numb and these transcription factors have not been previously described.

Numb has over two dozen serine/threonine phosphorylation sites, some of which
have been validated in vitro and in vivo (Krieger et al., 2015; Tokumitsu et al., 2005).
Calcium/calmodulin protein kinase types I, IT and IV (Camki, 2, 4) phosphorylate
Numb, resulting in recruitment of the 14-3-3 proteins (Tokumitsu et al., 2005). Our IP
experiment identified Camk2 subunits delta and gamma (Camk2d, Camk2g) and 14-3-3
proteins, along numerous cell cycle associated kinases, further highlighting a potential

role for Numb in regulating myoblast cell cycle kinetics.

The E3 ubiquitin ligases Itch and Mdm2, whose ability to bind Numb has been

extensively studied (Colaluca et al. 2013; Marcotullio et al. 2011; McGill and McGlade
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2003), were conspicuously absent from the data set. However, several other ubiquitin
ligases were identified instead (e.g. Rnf181, Trim56, Nosip, Ppil2, Rnf34, Mid1, Znf598,
Ube2s), along with many components of the proteasome complex, suggesting that in
satellite cells, Numb’s involvement in ubiquitination and protein degradation may be

carried out in concert with different ubiquitin ligases.

Enrichment for GO categories pertaining to focal adhesions and actin dynamics
indicates Numb might play a role in directing myoblast fusion, migration, and adhesion.
Although this has not been previously explored in satellite cells, it is in agreement with
Numb’s reported roles in other contexts (Nishimura and Kaibuchi 2007; Wang et al.
2009). Among the top hits were actin binding proteins Msn, Rdx and Ezr, which make
up the ERM trio, and serve as crosslinkers between the plasma membrane and the
cytoskeleton, where they direct cell-cell adhesion, and cell migration (Kawaguchi et al.,
2017; Michie et al., 2019). On the same line, Plectin (Plec), a cytoskeleton linker
necessary for sarcomeric and neuromuscular junction integrity, was uniquely identified
(Mihailovskaa et al., 2014; Rezniczek et al., 2016), along numerous other cadherin,
integrin, and actin binding proteins (Actin polymerization or depolymerization

(GO:0008154)).

Given the multifaceted and pleiotropic roles of Numb, it is likely and possible that
its function in satellite cells could involve several biochemical processes and signaling
pathways. Thus, validation of the IP experiment, and further investigation into Numb’s
binding partners will help uncover those mechanisms and expand our understanding of
the vast repertoire of proteins regulating satellite cell behavior during muscle

regeneration.
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Materials and Methods

Mouse husbandry, satellite cell isolation and cell culture

Swiss-Webster mice were purchased from Charles River, and maintained as
previously described; satellite cells were isolated and cultured as previously described
(see chapter 2 Materials and Methods). For myogenic differentiation, satellite cells were
cultured in serum withdrawal conditions as previously described (see chapter 3

Materials and Methods).

Differential trypsinization was performed after 3 days in differentiation medium, to
separate myotubes from reserve cells. Briefly, the plates were washed with PBS and
trypsin was added. The cells were monitored under a microscope every 20-30 seconds,
and once the majority of the myotubes detached from the plate, the supernatant was
retrieved and considered to be the myotube enriched fraction. The remaining cells were
incubated with trypsin until they detached from the plate. The supernatant was again

retrieved and considered to be the reserve cell enriched fraction.

RT-PCR and RT-QPCR

RNA harvesting, cDNA library generation, and RT-QPCR was carried out as
previously described (see chapter 2 Materials and Methods). Primer sequences are in

Table 6.
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Numb immunofluorescence and confocal imaging

Satellite cells were grown on coverslips and fixed in 4% formaldehyde. The cells
were then were permeabilized with 0.5% Triton X-100 in PBS and non-specific binding
was blocked with 10% goat serum for 1 hour. The primary anti-Numb antibody (C29G11,
Cell Signaling Technology) was used at a 1:800 dilution with an overnight incubation at
4 °C. Excess antibody was washed 3 times for 5 minutes in PBS, and anti-rabbit IgG
Alexa-Fluor 488 secondary antibody (Molecular Probes) was used at a 1:1000 dilution
for 1 hour at 37 °C. Excess antibody was washed again, and phalloidin conjugated to a
568 fluorophore (Biotium) was used to label filamentous actin, according to the
manufacturer’s instructions. Nuclei were stained with DAPI (Sigma-Aldrich) and finally,
coverslips were mounted in anti-fade media (10% PBS, 90% glycerol, phenylenediamine)
and images were captured with a Zeiss LSM800 confocal microscope. Z-stacks were
captured at 63x magnification, and image processing was carried out in Zen 2 (Blue

edition).

Embryonic tissue isolation

Embryos were isolated from Swiss-Webster females at e10.5, 11.5 and 12.5. Using
sterile scalpel and fine forceps, hearts, forelimbs, neural tubes, and tail tips were
dissected in PBS. From each litter (9-12 embryos), half of the tissue was lysed in RIPA
lysis buffer (50 mM Tris pH 8.0, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40, 150
mM NacCl and protease inhibitor cOmplete mini (Roche)) for protein extraction, while
the other half was lysed in TRIzol for RNA extraction, according to manufacturer’s

protocols.
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Protein isolation and quantification

Cells were rinsed in ice-cold PBS and lysed in Darnell extraction buffer (50 mM
Tris pH 8.0, 1 mM DTT, 0.5% NP-40, 10% glycerol and protease inhibitor), manually
scraped into a tube, and centrifuged for 15 minutes at 14000 rpm, at 4°C, to pellet the
debris. The supernatant was transferred to a fresh tube, and total protein content was
assayed using the Bradford method. Briefly, the protein samples were diluted 1:20 in
ultrapure water, and added to Bradford reagent solution (BIORAD Protein Assay).
Protein standards of known concentration were generated using bovine serum albumin
(BSA) in Darnell lysis buffer, as serial dilutions spanning 4 mg/mL to 0.125 mg/mL.
Each sample was prepared in triplicates, in a 96 well plate, and absorbance at 595 nm
was recorded. Total protein concentration was determined using a linear fit generated

with the absorbance values of the protein standards.

SDS-PAGE and immunoblotting

Protein lysates of known concentration were denatured by boiling in laemmli
buffer (Tris HCL pH 6.8, SDS, glycerol, bromo-phenol blue, 2-mercaptoethanol) for 5
minutes, at 97°C, and loaded onto a 12% polyacrylamide gel, along with Page Ruler PLUS
Prestained ladder (Thermo Scientific). The gel was run in a glycine based running buffer
(25 mM Tris, 190 mM glycine, 0.1% SDS), in a minigel set up (Mini-PROTEAN Tetra
Vertical Electrophoresis Cell, BIORAD) at 80-110 volts. For transferring, the Transblot
Semi-dry BIORAD Transfer Cell apparatus was used, according to the manufacturer’s
instructions. The PVDF membrane (MiliporeSigma) was activated in 100% methanol for
10 seconds, followed by ultrapure water for 30-60 seconds, and an incubation in cold

methanol-free BSN-TB buffer (48 mM Tris, 30 mM glycine, 0.04% SDS) for 3-5 minutes.
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The gel was likewise soaked in cold BSN-TB buffer for 5-10 minutes before transferring.
The prepared membrane and gel were then layered onto the apparatus in between pieces
of BSN-TB soaked filter paper, and the transfer was carried out for 25 minutes at 15
volts. The membrane was briefly rinsed in ultrapure water and incubated overnight in
10% milk TBS-T (10 mM Tris pH 7.5, 140 mM NaCl, 0.05% Tween-20) solution, at 4°C,
with constant agitation, to block non-specific binding. After 3 washes in TBS-T for 5
minutes each, the membrane was incubated for 1 hour with anti-Numb monoclonal
rabbit antibody (C29G11, Cell Signaling Technology), used 1:2000 in TBS-T, at room
temperature, with constant agitation. Excess antibody was washed 3 times with TBS-T,
for 5 minutes, and a 1:10,000 dilution of HRP conjugated anti-rabbit IgG secondary
antibody (sc-2004, Santa Cruz) was added to the membrane for 1 hour. Finally, the
membrane was washed in TBS-T, and the signal was detected using chemiluminescent
kit Pierce ECL Western Blot Substrate (Thermo Scientific) and CL-Xposure film (Thermo

Scientific).

Immunoprecipitation

A total of 3 mg of protein lysate was incubated with 1 pg anti-Numb antibody for
1 hour at 4°C with constant agitation. After adding 50 pL Protein A/G PLUS agarose
beads (Santa-Cruz) to the antibody-lysate complex, the samples were incubated
overnight, at 4°C, on a rotating platform. The beads were collected via centrifugation for
5 minutes at 2500 rpm, in 4°C, and the supernatant was removed. After a total of 4
washes in 500 pL of Darnell lysis buffer, the beads were resuspended in 40-50 pL of
laemmli buffer, added to a fresh centrifuge tube, and the proteins were eluted via boiling
at 97°C for 5 minutes. The immunoprecipitation was also carried out with 3 mg of total
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lysate and 1 g isotype control rabbit IgG antibody (Thermo Scientific) using the same

protocol.

Sample preparation for mass spectrometry

Satellite cells were isolated from one litter (4 females, 4 males) of 3-month-old
Swiss-Webster mice, and maintained in culture until 6 10 cm plates of confluent cells
were generated. The cells were treated with 50 uM MG132 (MiliporeSigma) in DMSO, to
inhibit the proteasome, and samples were harvested 4 hours later with Darnell lysis
buffer. Total protein concentration was determined using the Bradford method, and 3
mg of total lysate was used for immunoprecipitation. A fraction of the precipitated
sample (10 pL) was kept for Western blot analysis, while the rest of the sample was used

for mass spectrometry.

In-gel protein digestion

Materials used for the preparation and handling of the gel were cleaned with
100% methanol and autoclaved, when possible. Glass tools and containers were used
instead of plastic. The samples were loaded and run using SDS-PAGE as described
above. After the 15 kDa protein marker in the ladder reached the bottom of the gel,
electrophoresis was stopped, and the gel was washed 3 times for 5 minutes in ultrapure
water, with gentle agitation. The gel was then stained in BioSafe Coomassie G-250 stain
(BIORAD) until distinct bands became apparent (~1 hour), followed by de-staining in
ultrapure water until the background was almost clear (~1 hour). Using the ladder as a
guide, each lane was cut out of the gel with a sterile scalpel in 6 pieces: 250-100 kDa,
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100-60 kDa, 60-50 kDa, 50-35 kDa, 35-25 kDa, and 25-10 kDa. Each piece was cut
further in 1 mm x 1 mm cubes, added to a Protein LoBind 1.5 mL centrifuge tube
(Eppendorf), and covered with ultrapure water. To remove the Coomassie stain, the
water was discarded, and the pieces were covered with 1:1 solution of acetonitrile (ACN):
100 mM ammonium bicarbonate buffer (ABC) and incubated 10 minutes, twice. Next,
the gel pieces were covered with 100% ACN, until opaque. The disulfide bonds were
reduced with 10 mM DTT, for 30 minutes at 60°C. After the samples cooled to room
temperature, DTT was discarded and ACN was added until the gel pieces were opaque
again. For alkylation, iodoacetamide (IAA) incubation in the dark, for 30 minutes at
room temperature was used. The IAA was discarded, and the gel pieces were washed
with ACN until opaque. To remove traces of IAA, 3 wash steps of 10 minutes each were
carried out with 100 mM ABC, followed by 1:1 ACN:ABC, then ACN. Next, the gel
samples were incubated in mass spectrometry grade Trypsin Gold, at 20 ng/uL,
overnight at 37°C, to digest the proteins. The supernatant containing the peptides was
transferred to new low-protein binding tubes. Residual peptides were extracted from the
gel with incubations of 15 minutes each in ACN:ABC, 5% formic acid, then ACN, twice.
The peptide supernatant was then dried in a speed vac, resuspended in 15 pL 0.1%
formic acid, placed in the autosampler vial, and injected. The injections and data analysis
were carried out by Dr. Natalie Mitchell, using Mayo Clinic’s mass spectrometry core
facilities. Additional data analysis was carried out using freely available ProteoWizard
software and protocols outlined in CompOmics’ “Bioinformatics for Proteomics”

tutorials.
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Data analysis

To create “unique hits” lists for each experiment, the UniProt accession IDs from
both data sets were filtered for duplicate values, which were subsequently sorted and
removed using Excel. The Retrieve/ ID mapping feature in UniProt was then used to
convert the accession IDs into protein and gene names, and generate the unique proteins
lists for both the Numb and Control IPs. Gene ontology categories were generated for
both unique data sets with AmiGO 2’s Term Enrichment Service, using the standard
parameters (Fisher’s Exact test, with Bonferroni correction for multiple testing, and P-
value <0.05). For the Numb data set, 563 out of 573 proteins were identified and
mapped, while 224 out of 2277 were mapped for the Control data set. The categories
explored include GO-Slim Biological Process, GO-Slim Cellular Component, GO-Slim
Molecular Function, and Reactome Pathways. Table 5 lists several of the significantly
enriched categories, along with the P-value, and the proteins in said category. The table 5

list is not exhaustive and presents only a snapshot of the results.
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Primer name (RT-QPCR)

Primer sequence (5’ to 3°)

GapDH Fwd GGGAAGCCCATCACCATCTT
GapDH Rev GCCTTCTCCATGGTGGTGAA
Total Numb Fwd TTGCAAGATGCCAAGAAAGC
Total Numb Rev GGGAGAGGTGGGAGAGGATG
PRRi Numb Fwd TCCCTGATGCTGCTAACAAG
PRRi Numb Rev CCTGGAAGAGACCTGGAGAG

Primer name (RT-PCR)

Primer sequence (5’ to 3°)

PTB Fwd

AGAGGAATGCACATCTGTGAAGA

PTB Rev AACAGGCTGCAAAAGCACAG
PRR Fwd CGCATCAATGACTTGCCTTCC
PRR Rev GCCTGGAAGAGACCTGGAGA

Table 6. Comprehensive list of primers used for RT-QPCR and RTPCR.
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CONCLUSIONS

Satellite cells are adult stem cells capable of undergoing repeated rounds of
repair in healthy skeletal muscle. However, satellite cell function declines steeply with
age and with the sustained, chronic muscle damage common in myopathies and
dystrophies. This work aims to further understanding of muscle stem cell biology

through different molecular and bioengineering approaches.

Mammals have poor regeneration capabilities when compared to other classes of
animals, like fish, amphibians, and reptiles. Evolutionarily, lizards are the closest
vertebrates to humans with significant regeneration ability. For example, Anolis
carolinensis lizards autotomize their tails when threatened, and regenerate a
replacement with a cartilage endoskeleton, skin, nerves, vasculature, connective tissue,
and functional skeletal muscle groups with tendinous attachments and NMJs. The
anatomy of the regenerated tail has been described at length, as has the transcriptomic
signature, but very little is known about its stem cell populations. We characterized A.
carolinensis satellite cells using an in vitro culture model. Transcriptomic data set
analysis using XGSA showed that lizard satellite cells are more transcriptionally similar
to mouse, and even human satellite cells, than any other cell or tissue type investigated.
However, lizard satellite cells express chondrogenic markers at higher levels, and when
cultured in micromass format, will condense into chondrogenic nodules. These nodules
express cartilage specific proteins, like sulfated glycosaminoglycans and collagen 2a1.
Mouse satellite cells cultured in micromasses do not aggregate into nodules consistently,
nor do they express cartilage specific ECM genes. The lizard satellite cells underwent
differentiation in the absence of exogenously added morphogens, and intrinsically

upregulated chondrogenic specific transcription factors. These data suggest that lizard
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satellite cells have expanded musculoskeletal plasticity, and given the right context, may
adopt non-myogenic fates, unlike their mammalian counterparts. Our findings may help
explain, in part, some of the discrepancy in regeneration ability across different animal

classes.

While our data present a compelling case for satellite cells as a stem cell source
that contribute to the regenerating cartilage endoskeleton and skeletal muscle, it will be
necessary to validate these findings in vivo. Performing immunofluorescence or in situ
hybridization for satellite cell markers in the tail at different time points post autotomy
will give us a better understanding of where these cells are during regeneration, as would
lineage tracing and ablation experiments. Recent advancements in CRISPR-Casg editing
lizard oocytes will hopefully lead to those genetic tools being developed in the near
future. For example, knocking out Pax7 will result in adult animals lacking satellite cells
in their skeletal muscle. Autotomy experiments in Pax7/-lizards will provide tremendous

insight into the role of satellite cells during regeneration.

Furthermore, the full extent of lizard satellite cell expanded musculoskeletal
plasticity has not been characterized. During development, the paraxial mesoderm gives
rise to not only to skeletal muscle and cartilage, but tendon, bone, and dermis, and
whether lizard satellite cells can adopt those lineages or not remains to be determined.
Additionally, mammalian satellite cells likely represent a heterogeneous stem cell, with
subsets of the stem cell population having different characteristics in terms of self-
renewal, myogenic potential, and gene expression. At the moment, it is unknown
whether lizard satellite cells also exhibit heterogeneity, and whether expanded plasticity
is a feature of the entire stem cell pool, or only a select subset of the total population.

Finally, the mechanisms that drive endogenous upregulation of chondrogenic
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transcription factors in lizard satellite cell micromasses have not been explored. A
comparative analysis of the genetic regulatory regions that control expression of Sox9,
and BMP genes will shed light on what leads to expanded plasticity in lizard satellite cells
and provide important genetic information regarding specific pathways whose regulation

could be altered to improve the potential therapeutic uses of satellite cells.

However, before we can apply lessons learned from anole satellite cells to human
regenerative medicine, it will be necessary to establish an in vitro culture system that
maintains satellite cell myogenic potential. Biomaterials and various bioengineering
techniques are currently being explored for improving satellite cell culture and delivery
into damaged muscle. We cultured mouse satellite cells on hydrogels comprised of
proteins that are present in the muscle stem cell niche, and assayed proliferation,
differentiation, and gene expression. We cultured the cells on tissue culture plates coated
with the same ECM proteins, to investigate how stiffness influences behavior, and finally,
we repeated the experiments with C2C12 cells, a myoblast cell line, in a comparative
study aimed at describing how the primary stem cells are similar to, or different from

their immortalized proxy.

Overall, stiffness altered cell behavior more drastically than the ECM protein
composition. We also found notable differences in satellite cell behavior when compared
to C2C12 cells. The hydrogels did not support proliferation or differentiation of satellite
cells, and gene expression analysis done at 3- and 6-days post culture showed that the
cells initially attempt to differentiate, but eventually return to a quiescent-like state.
Interestingly, the phenotype observed after prolonged culture was reversible, as satellite
cells retrieved from hydrogels and reseeded onto Matrigel coated plates maintained their

myogenic potential and differentiated into myotubes. C2C12 cells did proliferate and
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differentiate on hydrogels, albeit to a lesser extent when compared to substrate coated
plates. Gene expression analysis showed that myogenic inhibitor myostatin was not
expressed in these cells under any conditions tested, and may, in part, explain the
discrepancies between satellite cells and C2C12 cells, especially since knock-down of
myostatin in satellite cells slightly improved proliferation on both hydrogels and coated

substrates.

For satellite cells to become a safe, reliable and autologous source of stem cells
for therapeutic purposes, parameters for an in vitro culture system that maintains
stemness and myogenic potential must be outlined. Our study describes how ECM and
stiffness cues affect cell behavior, but many other variables remain to be explored. For
example, satellite cells are polarized in vivo, and express a different set of cell surface
proteins on their apical side, which contacts the myofiber, when compared to the basal
side, which contacts the basal lamina- a feature that is lost when cells are cultured on a
flat surface. Additionally, the niche environment is dynamic, its stiffness and
composition changing constantly with aging, exercise, injury, disease, stress, nutrition,
and is influenced by neighboring NMJs, blood vessels, and resident fibroblasts. Other
features of the stem cell niche and skeletal muscle, like pressure, stretch, oxygen level,
etc. have also been explored in various contexts. Determining how these variables dictate
satellite cell behavior and understanding how to recapitulate them in vitro may help
overcome some of the current challenges. One approach that could integrate several of
the aforementioned variables into one dynamic, complex culture protocol is
microfluidics miniaturized total analysis systems (UTAS) technology. While the initial
microfluidics efforts focused on diagnostics and medical devices, later applications
included lab-on-a-chip and organ-on-a-chip tools that aim to better mimic the in vivo

environment and provide means for improved drug testing and research. These have
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already been used to model vasculature, the blood-brain barrier, lungs, and other organs
or tissues with multiple cell types and complex organization, and could be used to inform

future efforts for satellite cell in vitro culture protocol design.

The endocytic adaptor and cell fate determinant Numb has been extensively
studied in development and cancer, but little is known about its contribution to muscle
stem cell activation and proliferation. Numb deficient satellite cells fail to repair muscle
following injury and upregulate myogenic and cell cycle inhibitors myostatin and p21.
We investigated Numb isoform expression in satellite cells as they differentiate, and in
various embryonic tissues as development proceeds. Limb bud, neural tube, and
embryonic heart express PRRi and PRRo isoforms of Numb, both at the RNA and
protein level, with PRRi declining over time. Satellite cells express predominantly the

PRRo isoform of Numb, and the PRRi is virtually absent.

A small preliminary proteomics experiment identified many putative Numb
binding proteins in freshly isolated, proliferating satellite cells. Our findings confirmed
Numb’s previously known roles in clathrin-dependent endocytosis and protein
ubiquitination and suggested a few novel implications in actin dynamics, focal adhesion,
and cell division, which have not been previously investigated in satellite cells. Possible
interactions with myogenin and other transcription factors important for satellite cell
function were also identified. However, further validation and experiments will be
necessary to determine the biological significance of our data set. First, repeating the IP-
proteomics to generate n=3-5 will confirm which proteins are reliably and consistently
identified. Interactions with proteins of interest, like myogenin, will need to be
confirmed via co-IP Western blot. To test our hypotheses, establishing a Numb (and

Numblike) deficient satellite cell culture system, either with CRISPR-Cas9 or shRNA,
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will be necessary. It will be interesting to determine whether the localization, activity,
and expression levels of myogenin and other transcription factors changes in the absence
of Numb. Likewise, staining for F-actin, integrins or cadherins, and investigating cell
migration and fusion in Numb/- satellite cells will determine how Numb influences focal
adhesion and cytoskeletal dynamics. Finally, the identified 14-3-3 family of proteins and
the EHD proteins implicate Numb in trafficking, sorting, and endocytosis during
activation and proliferation, and exploring those processes further will shed light on the

mechanisms responsible for the Numb- satellite cell phenotype.
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