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Department of Pathology

Skeletal muscle has significant regenerative capacity, which is impaired with muscular
dystrophy and aging. Muscle function and repair requires the involvement of several cellular
compartments and molecular interactions. With disease cellular responses are influenced by the
alteration of signaling pathways that are involved in the normal process of muscle regeneration.
Disruptions in regenerative signaling coincide with the activation of pathways responsible for
tissue pathology. Therefore, the cellular and molecular axis of muscle regeneration follows a
strict program that when interrupted by disease, cannot sustain repair and results in muscle
degeneration.

The cellular compartments of the skeletal muscle respond as a collective to repair
damage. Each cellular population is influenced by distinct pathways and cellular interactions. In

the absence of disease, the process of regeneration is mediated by satellite cells, endothelial cells



and collagen producing cells to respond to injury and regenerate muscle fibers, vessels, and
reconstitute damaged connective tissue respectively. With disease, signaling pathways that
influence cellular responses to injury are altered. As described in this dissertation, we discovered
Sphingosine-1-Phosphate (S1P) and Platelet Derived Growth Factor Receptor-a (PDGFRa) are
two signaling pathways with opposing effects in muscular dystrophy. With muscular dystrophy,
the accumulation of fibrosis perturbs the regenerative response. Therefore, we hypothesis that
alterations in the muscle’s repair processes contribute to pathogenesis; pro-regenerative
pathways (such as S1P) diminish as pro-fibrotic pathways (such as PDGFRa) remain active.
Understanding the cellular crosstalk and both processes of degeneration and regeneration are
crucial for the development of therapies that can reduce muscle pathology and promote repair.
Herein, we explore the axis of molecular signaling and cellular responses that influence muscle
regeneration during injury and wasting. Such a holistic approach is necessary for continuing our
advance in treating muscle wasting diseases. Our main findings support our hypothesis that
regeneration and degeneration are intimately linked. Two cell populations affected by muscular
dystrophy (endothelial cells and satellite cells) are diverse resident cells involved in S1P
signaling of the muscle. In contrast, collagen producing cells are activated by PDGFRa to
promote fibrosis and perturb regeneration. In summary, our findings, support the development of
combinatory therapies that target specific pathways, such as S1P and PDGFRa, to promote
regenerative signaling while negating the effects of degenerative signaling on muscle repair.
Despite the potential of such cellular and molecular strategies, significant barriers exit in
the culture and politics of science that | will discuss in the closing commentary. Here | will
describe the current scientific crisis, which in my own opinion extends not only from a decline in

funding, but abuse and misuse of resources has rampant for years. In addition the structure of



scientific training and funding has compounded this crisis, as more PhD’s continue to be trained
despite the recognizable and ongoing decline in scientific employment. Therefore, in the past
two decades, the field of biological science has adapted a policy analogous to our government’s
stance on global warming; ignore the immanent catastrophe. This will not come in the form of
rising oceans or temperatures, but stagnation of discoveries and treatment for diseases. This
calamity can be averted if we, as a community, divert from politics and personal gain, but instead

focus our efforts on conducting meaningful science with the public’s best interests in mind.
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Introduction

Muscle Wasting and Disease

Skeletal and cardiac muscle are unique organs that sustain mechanical force for
movement and the circulation. In Duchene muscular dystrophy (DMD), the absence of the
dystrophin protein results in muscle wasting that leads to morbidity and heart failure (1, 2).
Although great strides have been made in understanding the etiology and pathology of this
disease, the molecular and cellular interactions that promote pathogenesis require further
examination (3). Non-diseased skeletal muscles have a tremendous capacity for repair, yet this
response is impaired with muscular dystrophy due to unknown mechanisms (4-6). The depletion
and impairment of skeletal muscle stem cells (satellite cells) is a result of ongoing muscle
damage and repair (7, 8). However, environmental factors, such as the accumulation of
connective tissue and oxidative stress, influence satellite cell self-renewal and activation capacity
(9, 10). Interestingly, satellite cells are also depleted and impaired with age-associated muscle
wasting, commonly referred to as sarcopenia (11, 12). Although the etiology of sarcopenia is
unknown, whereas DMD is a congenital disease, both share pathological characteristics such as
fibrosis, loss of fast-twitch muscles, functional (strength) decline, and decrease in capillaries (13-
18). In addition, in aged hearts the decline in dystrophin expression is associated with reduced
cardiac function (19). Therefore, muscle wasting due to aging or dystrophy may follow common
cellular and molecular mechanisms.

Despite similarities in pathology, DMD leads to mortality typically within 30 years of age

(20). In contrast, sarcopenia is classified as a geriatric syndrome, without a known etiology, and



has only been associated with mortality (21, 22). A consequence of the anomalous etiology of
sarcopenia is that appropriate animal models for studying the process of age-related muscle
wasting are arguably ill-developed (23, 24). For DMD, a multitude of animal models exist that
continue to shed insight on the process of muscle wasting that results from muscular dystrophy
(25, 26). To date, the most utilized and characterized model of DMD is the mdx mouse (25).
First developed in 1984, the mdx mouse which recapitulated much of the DMD pathogenesis,
particularly in the diaphragm muscle (27-30). The availability of models is a reflection of the
funding prospects and social advocacy towards DMD vs. sarcopenia. As a result, the research
described herein this dissertation is focused on DMD and not sarcopenia, despite the

aforementioned pathological similarities that warrant further investigation.

Cell Populations of the Skeletal Muscle

The functional unit of skeletal muscle responsible for force generation is the myofiber
(31). For support, muscle contains various cellular populations that function to supply blood
(endothelial cells and pericytes), produce connective tissue (collagen producing cells), and
regenerate damaged myofibers (satellite cells) (32-35). Muscle function is unsustainable without
vascular cells, collagen producing cells, and regenerative cells. Therefore, to gain insight on the
process of muscle wasting, we sought to understand the role and response of these populations
during homeostasis, injury and disease. Traditionally, such characterization has been carried out
via immunohistochemical methods and cell culture of heterogeneous muscle cell preparations (4,
5, 36). Although, such studies have yielded much needed insight, the analysis has occurred at the
macroscopic level; as such, methods often lack the sensitivity to distinguish specific cellular

compartments or molecular interactions between different cell populations. For example, in



Figure 1A, immunostaining for blood vessels (with BS1 (37)) and collagen type I highlight the
muscles architecture, but this analysis cannot distinguish which cells are transcribing collagen. In
contrast, expression of cell-specific reporters can identify cellular populations based on their
molecular profiles. Examples of selective reporters that highlight skeletal muscle populations
(Figure 1B) include the expression of CD31-lacZ by endothelial cells (38), MLC3-nlacZ by
myonuclei (39), Myf5-nlacZ by satellite cells, RGS5-nlacZ but mural cells (40), and PDGFRa-
nGFP by perivascular cells (41) (Figure 1B).

Often, co-localization with specific protein targets in vivo has been deemed sufficient for

classifying or identifying cellular populations. This practice has specifically been used for

Figure 1. A. Immunofluorescence
staining for type 1 collagen and BS1 (a
marker of vessels) in muscle highlights
skeletal muscle architecture. Myofibers
(F) and green labeled capillaries and
larger vessels (V) are the main
components of skeletal muscle. Cross-
sections were derived from a 3 month old
C57BL/6, Tibialis Anterior (TA) muscle.
Scale bar = 50uM. B. Cellular population
of the skeletal muscle can be identified
by their molecular signature using
Skeletal Muscle Cellular Populations transgenic reporters in the mouse model.

B e i S B Endothothallal (cparaczy | 1OP right: vascular endothelial cells are

' . highlighted by CD31-lacZ. Bottom right:
the nuclei of muscle fibers express
MLC3-nlacZ . Bottom left: Satellite cell
nuclei can be visualized by their
expression of Myf5-nlacZ. Top left:
supportive vascular cells such as mural
and perivascular are labeled by RGS5-
nlacZ and PDGFRa-GFP respectively.
Photos are from whole mount of muscles
stained with X-gal, which depicted as
either black or blue.

A
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Satellite cells (AMyfS-nlacZ)




identify collagen producing cells (e.qg., fibroblasts) of the skeletal muscle (42, 43) . However, it is
inherently biased to identify cells that produce and secret extracellular matrix proteins by co-
localization alone. This paradigm has been no more apparent in the field of vascular biology

exemplified by the identification of endothelial precursor cells (EPCs).

Rationale for Molecular Profiling

Bone marrow-derived peripheral blood EPCs are capable of giving rise to endothelial
cells, as first reported in 1997 (44, 45). EPCs are primarily isolated from peripheral blood using
markers CD34, AC133, or VEGFR2; markers that have also been utilized for isolating
hematopoietic stem cells which can differentiate into vascular cells (46, 47). Therefore, the
developmental origin and postnatal distinction between EPCs and hematopoietic stem cells is
ambiguous (48, 49). In spite of such indifference, EPCs have been reported to integrate into the
vasculature of various tissues and malignancies (44, 50). Such studies, utilized single markers,
Tie2 or CD31, to evaluate contribution of putative EPCs to the vascular endothelium. However,
these markers are also expressed by resident endothelial cells and inflammatory cells of
hematopoietic origin (44) (51-55) .Therefore, without specific markers, EPCs are not
distinguishable from other cellular components of the vasculature.

More recently, studies utilizing multiple markers to distinguish cells of hematopoietic
origin have revealed that EPCs represent monocytes that can co-locate with the vasculature but
do not actually integrate into the endothelium (55-58). Therefore, we have taken advantage of
murine transgenic technology in combination with FACS- characterization and transcriptional
profiling to identify specific cellular populations based on their molecular signature (59-61). We

have characterized the role of various muscle populations via transgenic reporters (FigurelB),



fluorescent activated cells sorting (FACS), and transcriptional profiling. With this multifaceted
approach, we explored the molecular mechanisms by which cell populations interact during
homeostasis and disease. To date, the effects of disease and aging on individual populations and
the consequences of cellular impairment are not fully understood. Therefore, utilizing the
aforementioned transgenic models we took a systemic approach to define each population
individually in order to understand their contributions to disease and aging. This holistic view
has allowed us to identify specific signaling pathways that are altered with muscle wasting and

present viable therapeutic targets for translational medicine.

Satellite Cell Potential and CD34

This dissertation begins with the investigation of the molecular hierarchy of satellite
cells, based on their expression of the stem cell-associated marker CD34 (62) (Chapter 1).
Although, satellite cells are unipotent stem cells, their heterogeneity and states of potential
remain to be fully characterized (63). In contrast, the molecular hierarchy for hematopoetic stem
cells has been defined for over 20 years (64). Analogous to hematopoietic stem cells, the
majority of satellite cells express CD34 (65). Despite gaps in our understanding the role of
CD34, this antigen has been pivotal for isolating hematopoietic stem cells for bone marrow
transplantation (66-68). Therefore, we reasoned that CD34 may be ideal for isolating skeletal
muscle satellite cells with similar clinical potential. However, more recent studies have
suggested that the most primitive hematopeitic stem cells lack CD34 expression (67, 69, 70).
Indeed, single CD34" hematopoietic stem cells have been reported to reconstitute the bone
marrow stem cell niche and give rise to CD34" progeny (69, 70). Similarly, single satellite cells

transplanted into irradiated muscle can also reconstitute the muscle niche following injury (71).



However, the potential of single satellite cells to reconstitute this population has only been
evaluated with CD34" satellite cells. In addition, the potential of single CD34" satellite cells to
restore the population within muscle occurs with extremely poor efficiency in comparison to
hematopoetic stem cells. Specifically, only 4% of single satellite cells transplanted were reported
to engraft and reconstitute the muscle niche, while single hematopoetic cell
engraftment/reconstitution in the bone marrow niche is >28% (71-73). The low engraftment
efficiency of satellite cells suggests that a minority of CD34" satellite cells holds significant self-
renewal potency and perhaps, as with hematopoietic stem cells, the CD34" compartment holds
greater potential for engraftment and self-renewal. Therefore, we explored the possibility that
similar to bone marrow stem cells, the minority of CD34" satellite cells may represent the most
primitive members of this population, with the greatest clinical potential.

CD34 is a cell surface glycoprotein, originally thought to be important for cell adhesion
(66, 74, 75). To date, several roles for CD34 have been proposed, including cell adhesion,
migration, and signaling (76). Yet, the exact purpose of CD34 remains elusive, and despite
defects in hematopoiesis and regeneration, CD34 null mice are viable with no obvious
phenotypes (66, 77, 78). In addition to being associated with stem cell populations, CD34 is
expressed by many cells types, including vascular endothelial cells and mesenchymal cells of the
skeletal muscle (34, 53, 79). Therefore, CD34 alone cannot distinguish satellite cell populations,
unless in combination with markers to exclude other populations (80). More importantly,
although CD34 is expressed and used to isolate stem cell populations, the expression of CD34 by
committed cell populations suggests it is not a marker of stem cell plasticity. Stem cells within a
given compartment may express CD34 with greater maturation along a given differentiation

program (67). Therefore, we utilized a combination of markers to isolate and analyze muscle



satellite cells, with a goal of understanding their position along the myogenic program based

upon the expression CD34 (Chapterl).

Regeneration of Muscle Endothelial cells

Vascular endothelial cells are an essential compartment for proper muscle function and
comprise a significant proportion of the mononuclear cells in the skeletal muscle, as highlighted
by Scal-GFP expression in blood vessels (Figure2A) (81). Our own study, utilizing mononuclear
muscle preps, demonstrates the proportion of endothelial cells (CD31+, Scal+, CD45- cells)
relative to other cell populations is >50% in young muscles and near 30% in aged muscles (59).
A decline in endothelial cells is also observed in dystrophic muscles (Figure 2B) (18).
Endothelial cell number reduction and dysfunction occur with aging and disease due to unknown
mechanisms and are linked to muscle function impairment (18, 82). Interestingly, satellite cells
are often in close proximity to, and in part regulated by, endothelial cells (83, 84). Since satellite
and endothelial cell interactions are crucial for proper muscle repair, defining postnatal
angiogenesis is essential for understanding the process of skeletal muscle regeneration. However,
the response and origin of muscle endothelial cells following injury remained unresolved. The
aforementioned EPCs have been reported to contribute to the endothelium following injury and
in cancer (44, 45). Yet endogenous muscle endothelial cells hold angiogenic potential and can
engraft into transplanted muscles (59). Therefore, we sought to investigate the mechanisms of
endothelial renewal and contribution from external sources, specifically the bone marrow
(Chapter 2).

During development, hemangioblasts located in the blood islands give rise to vascular

endothelial cells and bone marrow hematopoietic cells (52, 85-87). Although the common



developmental origin of hematopoietic cells and endothelial cells is well established, the
presence of precursors that give rise to both populations in adult tissue remains controversial (88-
90). As aforementioned, the identification of EPCs presented a candidate for a putative adult
“hemangioblast” (44). Yet it cannot be ignored that endothelial cells have the capacity to
replicate in response to injury and disease (91-93). It is possible that the postnatal vascular
endothelium can be reconstituted within a damaged tissue by a combination of bone marrow-
derived precursors and endogenous endothelial cell division. Contribution by bone marrow-
derived cells to the damaged vascular endothelium may represent a recapitulation of
developmental programs that are reactivated in response to injury or disease (ref?). Therefore,

we examined whether endothelial cell regeneration in the skeletal muscle is a mutually exclusive

Figure 2. A. A cross-section from a Tibialis Anterior muscle from a wt:Scal-GFP mouse
highlights the abundance of endothelial cells by their expression of GFP. Laminin staining
highlights the muscle architecture and abundance of GFP™ capillaries relative to myofibers.
Scale bar = 50puM. B. Quantitative analysis of capillaries from cross-sections of 2 month old
(2MO) mdx4cv vs. wt C57BL/6 quadriceps (n=3 per group), indicated a decline in
endothelial cells in dystrophic muslces. * denotes P<0.05 by student’s t-test.

B
Quadriceps Capillary Density

1.60 *

Avg # capillary endothelial
cellsimyotube
(=]
=]
(=]

2MO wt 2MO mdx

process mediated by endogenous endothelial cells or in part influenced by hematopoietic cells.



Sphingosine-1-Phospate and Muscle Regeneration

Sphingosine-1-Phosphate (S1P) is a bioactive lipid implicated in several cellular
processes and tissue homeostasis (94, 95). S1P is synthesized intracellularly via the
phosphorylation of sphingosine by one of two kinases (aka SPHK 1 and 2), then released to the
extracellular space or stored internally (96, 97). In turn, S1P can be converted back to
sphingosine via the action of two phosphatases (SGPP1 and SGPP2) or permanently degraded by
the S1P lyase (96, 97). Within the last two decades, our knowledge of S1P signaling has
expanded from mediation via extracellular receptors to intracellular, as a second messenger or a
direct inhibitor of histone deacetylases (97-101). S1P receptors were originally identified in
endothelial cells and correspondingly named Endothelial Differentiation Gene (EDG) receptors
(102). To date, five such G protein-coupled receptors (GPCRs), each capable of binding S1P,
have been described to mediate signaling that influences a wide variety of processes, from cell
death to division (94). Since S1P receptor signaling has expanded beyond endothelial biology,
these GPCRs are less commonly referred to as EDG receptors and instead now as S1PR1-5
(103). Although the biology of S1P signaling is in its infancy, S1P has been shown to be
essential for immunity, angiogenesis, vascular maintenance and tumor formation (95, 104-106).
However, little is known of the role S1P signaling plays in the development and homeostasis of
the skeletal muscle.

S1P is important for satellite cell division and postnatal muscle regeneration (107, 108).
Yet the extent and necessity for S1P signaling in satellite cells and muscle regeneration requires

further investigation, particularly since SPHK1 and 2 and S1PR and 3 null mice are viable and



show no overt muscle phenotypes (104, 109-111). Of the five S1P receptors, S1IPR1-3 are
expressed in skeletal muscle and S1IPR1 and S1PR3 are the most abundant (107). S1PR1 null
mice are embryonic lethal, although this is due to impaired maturation of the vasculature (105).
In contrast, S1P lyase-null mice develop to term but die within 4 months of age due an absence
of lymphocytes (112). Nonetheless, alterations in S1P signaling affect muscle regeneration and
therefore we sought to examine the involvement of this novel signaling phosphor-lipid, in the
context of muscle wasting (107, 108, 111).

The capacity for regeneration declines with muscular dystrophy, yet little is known about
the molecular mechanisms that influence satellite cell potential in dystrophic muscles. Utilizing
an unbiased screen in Drosophila, genetic elevation in S1P improved the phenotype of dystrophic
flies (113). In addition, S1P can influence satellite cell renewal and regeneration of acutely
injured, non-diseased muscles (107, 108, 114). Endothelial cells that are closely associated with
satellite cells have been reported to be the source of exogenous S1P (83, 115). Gene expression
analysis indicated that the skeletal muscles vasculature is a source of S1P, as the transcripts for
SPHK1 and 2 are enriched in FACS-sorted endothelial cells in comparison to whole muscle
(Figure 3). Coincidently, S1P content and the expression of S1P receptors is reduced with
muscular dystrophy, coordinately with a decrease in endothelial cell abundance (116) (Figure
2B) (Chapter3). Such alterations, may contribute to the depletion and impairment of myogenic
cells that is observed in dystrophic muscle, as elevations in S1P promoted regeneration.
Therefore, S1P alterations may directly influence the phenotype of muscle disease and can be
targeted pharmacologically with S1P elevating drugs such as THI, to promote regeneration.

Therefore, we extended the studies from Drosophila to the mdx mouse model for DMD to gain

10



insight on the potential of S1P signaling to influence muscle regeneration in mammalian

dystrophic muscles (Chapter 3).

S1P Kinase 1 S1P Kinase 2
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Figure 3. Quantitative-reverse PCR analysis of whole TA muscles vs. endothelial cells
FACS-sorted from limb muscles (n=3 per group), indicates that S1P kinase 1 and 2 mRNA
is enriched in endothelial cells. Both whole muscle and sorted cells were derived from
C57BL/6 wt mice. *** indicated P<0.0005 by student’s t-test.

PDGFRa Signaling and Muscle Fibrosis

Platelet Derived Growth Factors (PDGF) were first discovered in 1974 as a mitogen for
cultured fibroblasts and smooth muscle cells (117, 118). Since this discovery, the mechanisms of
PDGF signaling have been linked to two tyrosine kinase receptors that form homo- and
heterodimers: PDGFRa and PDGFRp (119). These receptors signal following the binding of
dimeric ligands, consisting of either PDGF-AA, AB, BB, CC, or DD proteins (Figure 4) (120).
This signaling pathway is essential for many biological processes, including cancer and
embryonic development (120). The importance of PDGF signaling has been extensively studied
for the development of vascular smooth muscle, and to some extent the formation of skeletal
muscle (121-124). Although PDGF signaling is essential for proper muscle development, the role
of this pathway in adult homeostasis and muscle diseases remains to be elucidated. Our findings
indicate that PDGFRa signaling is elevated with muscular dystrophy in response to muscle fiber

production of the PDGF-AA ligand (Chapter 4). During development, PDGF-AA ligand is also
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produced by embryonic myogenic cells (124, 125). Therefore, PDGF signaling that occurs with
muscular dystrophy may represent a recapitulation of the muscle’s developmental program that
IS reactivated in response to degeneration and regeneration. However, as the muscles capacity to
repair diminishes,, chronic activation of PDGF-mediated signaling results in disease pathology.
With muscular dystrophy, the progression of muscle wasting results in the replacement of
force producing tissue with inert connective tissue. This is due to the accumulation of type | and
I11 collagens in the muscle (126, 127). This process, fibrosis, is recognized as a barrier to the
regeneration of dystrophic muscles (128). In spite of the need for anti-fibrotic intervention, the
cellular interactions that dictate fibrosis in DMD are poorly understood. In comparison, cardiac
fibrosis, which is also characterized by the loss of myocytes and accumulation of collagens I and
I11, has been extensively studied and targeted for therapeutic intervention (129, 130) (131). The
lack of knowledge is evident, as skeletal muscle mesenchymal progenitors capable of giving rise
to pro-collagen expressing cells have been identified only within the last 4 years (79, 132). These
mesenchymal progenitors are reported to express PDGFRa, a known inducer of fibrosis, and
express pro-collagens in response to stimulation with the PDGF-AA ligand in vitro (34, 133,

134). More recently, PDGFRa expressing cells have been implicated in the development of

Figure 4. Overview of
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fibrosis of mdx and DMD skeletal muscle (34, 133). However, whether PDGFRa signaling
potentiates fibrosis in muscular dystrophy and if mesenchymal progenitors actually produce
components of fibrosis (mainly collagens) in vivo remains unknown. Therefore, to gain insight
on the process of fibrosis, we examined mdx mice expressing the Collagen1al-GFP reporter of
collagen producing cells. In combination, we compared PDGFRa-nGFP and Cre alleles in mdx
muscles to identify the role of this signaling pathway in the accumulation of connective tissue

that occurs with muscle wasting (Chapter 4).

Hypothesis

The cellular compartments of skeletal muscle are illustrated in Figure 5 as a collective of
cells supporting the muscle fibers. In the context of muscle regeneration, these populations will
be systematically discussed in each respective chapter. We hypothesize that muscle regeneration
and degeneration are intimately linked processes dictated by specific molecular pathways that
when perturbed, contribute to muscle wasting. In contrast, our null hypothesis states that damage
and repair are independent processes and consequences of muscle wasting. To test our
hypothesis, we will explore how cellular responses are influenced by alterations in molecular
pathways that occur with muscle wasting, specifically with S1P and PDGFRa. Our results
indicate that the process of muscle regeneration is not stochastic. The extent of muscle
regeneration is determined by an axis of cellular and molecular interactions that follow a defined
program. This program includes the S1P (pro-regenerative) and PDGFRa. (prog-fibrotic_
signaling pathways, that are both active during process of muscle repair. However, with
muscular dystrophy this program falters, as pro-regenerative pathways are down-regulated and

pro-pathogenic pathways remain active.
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satellite cells, endothelial cells, collagen producingcells

Figure 5. Diagram of the cellular compartment described in this report; satellite cells,
vascular endothelial cells, and collagen producing cells. Point out the muscle fibers,
nuclei, satellite cells, etc.
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Chapter 1

Satellite cell heterogeneity

Primer

Since their discovery in 1961 (1), satellite cells are recognized as the bona fide stem cells responsible for
postnatal muscle regeneration (2). Satellite cells are essential for muscle repair, as their ablation results in
complete muscle wasting and scar formation (3). The potency of satellite cells for muscle repair has also
been demonstrated as single satellite cells transplanted into irradiated muscle can reconstitute the entire
population (4). Despite our understanding of the central role of satellite cells in regenerating muscle, the
“essence” of this population is underscored by its heterogeneity. Irrespective of the almost homogenous
expression of myogenic regulatory factors Myf5 and Pax7 (5, 6), clonal analysis has indicated that a great
variation of myogenic potential exists between satellite cells (4, 7). Yet, the molecular mechanisms that
dictate states of potential remain poorly defined. Therefore, we sought to understand satellite cell
heterogeneity based on CD34 expression, a marker used to distinguish the most primitive hematopoietic
stem cells (8).Characterization is not only essential for understanding satellite cell biology, but also for

enriching the most potent members of this population for their potential use in stem cell based therapies.

satellite cells
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Abstract

Background: Skeletal muscle satellite cells are myogenic progenitors that reside on myofiber surface
beneath the basal lamina. In recent years satellite cells have been identified and isolated based on their
expression of CD34, a sialomucin surface receptor traditionally used as a marker of hematopoietic stem

cells. Interestingly, a minority of satellite cells lacking CD34 has been described.

Methodology/Principal Findings: In order to elucidate the relationship between CD34+ and CD34-satellite
cells we utilized fluorescence-activated cell sorting (FACS) to isolate each population for molecular
analysis, culture and transplantation studies. Here we show that unless used in combination with a7
integrin, CD34 alone is inadequate for purifying satellite cells. Furthermore, the absence of CD34 marks a

reversible state of activation dependent on muscle injury.

Conclusions/Significance: Following acute injury CD34-cells become the major myogenic population
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whereas the percentage of CD34+ cells remains constant. In turn activated CD34-cells can reverse their
activation to maintain the pool of CD34+ reserve cells. Such activation switching and maintenance of

reserve pool suggests the satellite cell compartment is tightly regulated during muscle regeneration.

Introduction

Since their discovery, satellite cells have been characterized as the resident stem cells of the skeletal
muscle, responsible for postnatal myofiber growth and regeneration [1,2]. Classically, satellite cells have
been defined by their position underneath the basal lamina of muscle fibers. More recently, satellite cells
have been distinguished by nuclear Pax7 immunostaining and/or nlacZ/+ Myf5 reporter expression, and
the presence of various surface receptors including a7 integrin (herein referred as a7), bl integrin, CD34,
NCAM, c-met, and CXCR4 [3,4,5,6,7,8,9,10,11,12]. Although satellite cells are unanimously recognized
by anatomical location, there is no single surface marker specific or exclusive to the entire population.
This issue is compounded by the heterogeneity of satellite cells between muscles, as reported with Pax3
expression, and within muscles, based on non-uniform expression levels of Myf5-driven reporters
[13,14,15]. Such heterogeneity between and within various muscles exemplifies the complexity of the
satellite cell pool that has yet an established canonical differentiation lineage.

Beauchamp et al. (2000) reported that the majority of satellite cells could be identified by Myf5-knock-in
reporter activity and CD34 expression. In this study approximately 20% of satellite cells monitored in
freshly isolated myofibers from extensor digitorum longus (EDL) muscle, could not be detected by CD34
immunostaining. Although the CD34-satellite cell population was not characterized, it was suggested these
cells may represent a more primitive population of muscle stem cells [5]. In separate studies using Pax3
and Pax7 reporter mice, it was observed that the majority of myogenic cells of skeletal muscle reside
within the CD34+ fraction [16,17]. It has been further described that myogenic cells can be isolated by

fluorescence-activated cell sorting (FACS) as CD45-/Scal-/CD34+, and more recently as CD45-/CD31-
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/Scal-/CD11b-/a7+/CD34+ [18,19].

Although CD34 has been used to identify and isolate satellite cells, many cell types, including muscle
endothelial cells, express CD34 [20]. Thus, in order to study satellite cell heterogeneity, we initially set out
to develop a method to isolate pure populations of satellite cells using the CD34 antigen while excluding
other cells that may also express CD34. Utilizing FACS based on previously published reports from this
and other laboratories, we initially isolated satellite cells by removing CD45+ hematopoietic cells, CD31+
endothelial cells, other non-satellite Scal+ cells, and then selecting the remaining CD34+ fraction
[18,20,21]. Although the bulk of CD45-/CD31-/Scal-/CD34+ sorted cells were myogenic, we repeatedly
observed non-myogenic cells in culture. Next, in accordance with the literature, we incorporated a7 for
satellite cell FACS isolation [10,14,19,22]. Indeed, this approach eliminated non-myogenic cells in culture.
Subsequently, we observed by FACS-analysis that the CD45-/CD31-/Scal-/ a7+ population was
comprised of a CD34+ majority and CD34- minority. In the murine hematopoietic system it has been
observed that single CD34-/low stem cells can reconstitute the entire hematopoietic system and give rise to
both CD34+/- cells [23]. Therefore, in analogy with the hematopoietic system, we initially hypothesized
that within the satellite cell compartment the minority of CD34- cells may represent more primitive cells
upstream of the more abundant CD34+ population. However, our results described herein indicate the
absence of CD34 on skeletal muscle satellite cells in vivo marks a state of activation dependent on muscle

injury and not necessarily a hierarchy as initially predicted.

Results

Despite CD45/CD31/Scal Negative Selection, CD34 is Insufficient for Purifying Satellite Cell by Flow
Cytometry. Using our previously developed method to isolate endothelial cells from a collection of
skeletal muscles (pooled hind limb, pectorals and triceps muscles), we initially FACS-sorted satellite cells

as CD45-/CD31-/Scal-/CD34+ [20]. Reverse-transcription PCR (RT-PCR) of these freshly sorted cells
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revealed expression of Pax7 and myogenic factors Myf5 and MyoD (data not shown). In culture, the
majority of CD45-/CD31-/Scal-/CD34+ sorted cells produced colonies comprised of small round cells that
ultimately formed twitching myotubes. However, cultured CD45-/CD31-/Scal-/CD34+ + cells also gave

rise to larger non-myogenic cells that never formed myotubes (data not shown).

A CD34+/u7- vs. CD34+/a7+ (CD45-/CD31-/Sca1-) Single Cell Clones Figure 1. CD34+/a7 integrin-cells
' are not myogenic nor anatomically

defined satellite cells. (A)
Colonies derived from FACS-
mediated single cell deposition of
CD34+/a72 and CD34+/a7+
(CD452/CD312/Sca12) cells (n =
3). Only a7+ sorted cells gave rise
to colonies of small round

== myogenic cells. (B) g-RT-PCR of
freshly sorted cells (n = 2)

CD34+/a7- 1 CD34+/a7+

B q-RT-PCR Freshly Sorted CD34+/a7+ vs. CD34+/a7- indicates only a7+ cells express
(CD45-/CD31-/Sca1-) cells Pax7 and Myf5. *** denotes
80 — P#0.00005 calculated by Student’s
g ;3 I | t-test. Error bars represent +SEM.
g .g 50 L G cpas+/az+ | (©) |mm_un05tamed TA )
8 40 mCD34+/a7- | Cryosections reveal Pax7+ satelll_te
g% 30 cells are CD34+/a7+ (arrow) while
3 20 1 CD34+/a72 cells sighted within
L interstitium were Pax7-(arrow
o head). Negative controls for all
Faxd i 12 stainings are depicted in Figure S4.
C DAPI Pax7 a7 integrin DAPI Pax7 CD34 Scale bars = 50 mm.

31



To improve satellite cell purification we incorporated a7 and investigated the myogenic potential within

the CD45/CD31/Scal population based on the presence or absence of a7 and CD34 antigens. By FACS-

mediated single cell deposition only CD34+/a7+ (CD45-/CD31-/Scal-) sorted cells, which were small and

Figure 2. CD34+ and CD34-cells are Pax7+ satellite cells of the
skeletal muscle. Cryosections of tibialis anterior (TA) muscle
immunostained for Pax7, laminin, and CD34 show the existence
of CD342 satellite cells. Both CD342/Pax7+ (arrow head) and
CD34+/Pax7+ (arrow) cells were sighted in the satellite position
under the basal lamina. Scale bar =50uM.

Pax7 + Alexa 594 DAPI Pax7 merge

14

N

Laminin + Alexa 647 DAPI Pax7 Laminin merge

CD34 + Alexa 488 DAPI Pax7 CD34 merge

4
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round, gave rise to myogenic
colonies (n = 3). In contrast,
CD34+/a7+ (CD45-/CD31-
/Scal-) cells appeared larger
and more spread-out and did
not form myotubes (n =
3)(Figure 1A). Quantitative
reverse-transcription PCR (g-
RT-PCR) of freshly sorted
cells (n = 2) revealed that
between these two
populations, only CD34+/a7+
cells express the definitive
satellite cells genes Pax7 and
Myf5 (Figure 1B).
Cryosections from uninjured
tibialis anterior (TA) muscle,
immunostainied for Pax7, a7
and CD34, revealed the
presence of both populations.

However, only CD34+/a7+



cells were Pax7+ and within the satellite cell position. CD34+/a72 cells were Pax72 and located in the
interstitium (Figure 1C). Altogether, our results indicate CD34+/a7+ cells are present in the satellite cell
compartment while CD34+/a72 cells are not myogenic in culture nor satellite cells by anatomical
definition. By FACS-analysis we determined that a7- cells constitute 11.8% (61.2% SEM) of the CD45-
/CD31-/Scal-/CD34+ population (n = 5); note with the exception of transplant studies and reporter mice,
all experiments characterizing CD34+/- cells were completed with 2 month old C57BL/6 male mice. We
believe sorted CD34+/a72 cells, which correspond with CD34+/ a7+/Pax7+ cells observed by
immunostaining, were the source of non-myogenic CD45-/CD31-/Scal-/CD34+ cells. Collectively, our
results are consistent with previous reports that CD34 is present on the majority of skeletal muscle satellite
cells. However, because CD34 cell surface expression is not exclusive to satellite cells, it is insufficient to
FACS purify satellite cells unless used in conjunction with a second positive antigen such as a7.
CD34-/a7+ (CD45-/CD31-/Scal-) Cells Represent a Minority of Limb Muscle Pax7+ Satellite Cells

When purifying a7+ (CD45-/CD31-/Scal-) cells, we observed CD34+ majority and CD34- minority
populations, both of which produced myogenic colonies in culture. These CD34+/- populations sorted as
CDA45-/CD31-/Scal-/a7+ shall be abbreviated CD34+ and CD34- for the remainder of this manuscript.
FACS-analysis indicates CD34- cells make up ,17.6% (62.2% SEM) of the a7+ (CD45-/CD31-/Scal-)
population in pooled muscle preparations from individual mice (n = 5). Further antibody staining revealed
the presence of CD34-/Pax7+ cells in the satellite cell position underneath the basal lamina; confirming
CD34- cells are an integral part of the satellite cell niche in vivo and not a mere product of cell isolation
procedures (Figure 2). Satellite cells constitute only 2-5% of the nuclei in adult muscles and their
abundance varies between muscle type and age [24,25]. Therefore, direct quantification from cross
sections would have required that many samples and cross sections be analyzed for accurate numbers of
CD34+ and CD34-, Pax7+ satellite cells. Thus in order to quantify the abundance of these two satellite cell

populations, we performed flow cytometry analysis of pooled muscles as well as individual muscles.
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Analysis of myogenic colonies generated by FACS-mediated single cell deposition of CD34+/- satellite

Figure 3. CD34+/- sorted cells represent clonal non-endothelial cells (1 cell per well, 96 wells

myogenic populations. (A) FACS-mediated single cell deposition

indicates both populations had similar proliferation rates, although per cell type from each mouse, n

CD34+ cells gave rise to more colonies. Y-axis denotes the average

number of colonies per 96 well plate or cell doublings. Although = 3) revealed that both

CD34+ single cells gave rise to more colonies, both populations were

equally myogenic in culture (B) RT-PCR of freshly sorted cells for populations contributed

endothelial cell expressed genes von Willenbrand Factor (vWF)and

Tiel confirms no contamination from CD34+/a7+ capillaries. Both myogenic clones with similar

A and B are from 2 month old, n =3 C57BL/6 mice. Student’s t-test,

* P =0.05. Error bars represent £SEM.

A Average # Colonies and
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growth pattern based on the number of nuclei counted
from each colony (Figure 3A, cell doubling). However,
clonability was higher in the CD34+ versus the CD34-
population (Figure 3A, #colonies/per 96 wells). The
difference observed between the number of wells with
colonies, suggests the CD34+ population exhibits greater
cloning efficiency. Alternatively, our culture conditions

may not be optimal for seeding CD34- sorted cells.

As noted above, all Pax7+ cells were a7+ (Figure 1C).
However, not all a7+ cells were Pax7+. The
microvascular bed, especially vascular smooth muscle
cells stained positive for a7 (data not shown)[26,27].
However, in the event that any endothelial cells may be

a7+, such putative endothelial cells are CD31+ and are

excluded from the CD45-/CD31-/Scal-/a7+ population. Indeed, RT-PCR of freshly sorted cells (n = 3) for

von Willebrand Factor and Tiel, genes expressed by skeletal muscle endothelium, confirms the absence of

endothelial cells within both sorted cell populations (Figure 3B) [20]. Additionally vascular smooth
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muscle cells within skeletal muscles immunostained negative for CD34 and thus were presumed to be
excluded from the sorted CD34+ population (not shown)[28]. Although such vascular smooth muscle cells
could potentially be present in the CD34- satellite cell population, our sort approach should eliminate the
presence of such cells from the final population. As previously published, satellite cells have also been
defined as small non-granulated cells based on FACS-analysis [13]. Likewise, in our FACS isolation of
satellite cells, we gate on smaller events by forward scatter (FSC)Area vs. FSC-Height to remove larger
a7+ cells that may originate from vascular smooth muscle (Figure S1).

To assess satellite cell purity within each population, we cytocentrifuged freshly sorted CD34+/- cells
(n = 3 mice) and immunostained with anti-Pax7. From both sorted populations we obtained a high purity
of myogenic cells as indicated by the tions. In this transgenic mouse, muscle fibers and cultured presence
of nuclear Pax7 staining (Figure 4A, left panels). On differentiated myoblasts and myotubes express
nuclear localized average, 89% (61.7% SEM) of CD34+ and 70% (62.6% SEM) of LacZ [5,15,29]. Nuclei
positive for b-galactosidase (b-gal) were CD34- cells stained positive for Pax7. Although the majority of
identified by X-gal staining (data not shown). We observed that cytocentrifuged cells from both
populations stained positive, the CD34- cells were completely negative, while approximately 0.01% of

CD34+ cells stained positive for B-gal activity with X-gal. With the exception of the few CD34+/B—gal+

Figure 4. CD34+/- sorted populations contain a similar number of satellite cells that vary in gene
expression. (A) The majority of freshly sorted cytocentrifuged CD34+/- cells stained positive for Pax7
DAB; 89% (61.7% SEM) of CD34+ and 70% (62.6% SEM) of CD34- cells were positive (n =3, 2
month old C57BL/6). Although this difference was statistically significant (Students t-test, P#0.05), the
majority of CD34+ and CD34- cells were Pax7+ indicating a high purity of satellite cells within both
populations. Arrowheads indicate Pax7+ cells while line arrows point to Pax7-cells. Cultured CD34+/-

nlacz/+ . . . . .
cells from Myf5 and 3F-nlacZ-2F mice gave rise to b-galactosidase+ myogenic colonies as
nlacz/+

indicated by X-gal staining. The presence of Myf5 and 3F-nlacZ-2F reporters in culture suggests
both populations have similar myogenic potential. 606 scale bar for cytocentrifuged photos was
unavailable. Scale bars for cultured cells = 50 mm. (B) g-RT-PCR of freshly sorted cells confirms a7
expression in both populations and low CD34 expression in CD34- cells (n = 3, 2 month old C57BL/6).
Although higher in CD34+ cells, both populations expressed satellite cell markers Pax3/7, and myogenic
regulatory factors Myf5, MyoD, and myogenin. Expression of satellite cell associated genes CXCR4, c-
met, and NCAM was also higher in CD34+ cells. Student’s t-test calculated * P#0.05 and ** P#0.005.
Error bars represent £SEM.
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[29]. In contrast, we did
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2 To assess the in vitro

myogenic potential of these
lacz/
two populations, we cultured CD34+/- sorted cells from 3F-nlacZ2F (n = 2, pooled) and Myf5n e mice
lacz/
(n = 3). Cultured CD34+/- cells sorted from Myf5n e and 3F-nlacZ-2F mice produced progeny that

lacz/
looked identical in culture (Figure 4A, middle and right panels). From My1‘5neIC ' mice, both populations

nlacZ/+
formed myogenic colonies with numerous b-gal+ myonuclei and myoblasts. Myonuclei from Myf5

mice stained positive with X-gal due to the presence of residual b-gal expressed also in differentiating cells
[15]. In contrast, 3F-nlacZ-2F reporter activity was predominantly localized in myonuclei. To further
compare the CD34+/- populations, we surveyed the expression of genes known to be transcribed by

satellite cells (Figure 4B). Due to possible gene regulation changes in culture that may not necessarily
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represent in vivo expression, we chose to analyze only freshly sorted cells by g-RT-PCR. Initially we
checked CD34 and a7 expression to validate our FACS-analysis (Figure 4B). In accordance with antigen
levels, CD34- cells express very low levels of CD34 mRNA, whereas CD34+ cells transcribe much higher
levels (25 times greater than CD34- cells). The expression of a7 was similar in both CD34+/- populations
and not statistically significant (Student’s t-test, P.0.05). Next, we compared the two populations for the
expression of a panel of genes that are associated with different phases of myogenesis (Figure 4B). Pax3,
Pax7, and Myf5 are expressed by quiescent and proliferating satellite cells [4,12,30,31]. MyoD expression
Is initiated upon satellite cell activation and sustained in proliferating and differentiating progeny, while
myogenin expression is associated specifically with myogenic differentiation [11,32]. Interestingly,
expression levels of Pax3/7 genes and muscle regulatory factors

(MRF’s) Myf5, MyoD, and myogenin were significantly higher in CD34+ vs. CD34- cells (Student’s t-
test, P#0.05). The detection of myogenin suggests the presence of some differentiating myogenic cells,
which may account for the presence of a minute number of cytocentrifuged CD34+ cells that stained
positive with X-gal for the differentiation-linked 3F-nlacZ-2F reporter as detailed above. Our detection of
myogenin and MyoD transcripts, in addition to Myf5, in preparation of freshly isolated satellite cells is in
agreement with previous studies describing gene expression in freshly isolated satellite cells [33,34].
Expression of satellite cell associated genes CXCR4, c-met and NCAM was also significantly higher in
CD34+ cells (Student’s t-test, P#0.05). Collectively, this expression comparison suggests that CD34+ cells
transcribe higher levels of satellite cell characteristic genes than CD34- cells. Alternatively, the CD34-
population may contain a residual population of non-myogenic cells that contributes to the apparent

reduced expression of these genes.

The CD34+ and CD34- Populations are Consistently Maintained Across Different Muscles In the
aforementioned experiments, we isolated CD34+/- cells from pooled hindlimb, pectoralis and triceps

muscles. In contrast, the study by Beauchamp et al. (2000) quantified the percentage of CD34+ satellite
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cells only on EDL single fiber isolations. Thus, to address the possibility that CD34- satellite cells

reside only in specific skeletal muscles, we FACS-analyzed individual muscles (n = 5) using same

selection strategy used for pooled muscle isolations (Figure 5A). Because the number of hematopoietic

cells can vary between mice depending on circulatory responses, such as mild inflammation, we

restricted our analysis to the CD45- fraction. For each muscle, Figure 5B represents the average

percentage of CD34+/- cells compared to the total number of non-hematopoietic mononuclear cells.

Figure 5C represents the average percentage within the a7+ (CD45-/CD31-/Scal-) population in order

to determine if CD34+ cells consistently represent the majority.
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Figure 5. The distribution of CD34+/-
cells is maintained among individual
muscles. (A) Gating schematic for
sorting and analyzing CD34+/-
populations. Following size selection,
hematopoietic cells are removed by
selecting only CD45- cells. Endothelial
and other non-satellite cells are then
removed by gating on CD31-/Scal-
cells. Finally within the a7+ (CD45-
/CD31-/Scal-) population, CD34+/-
cells are selected. Red peaks represent
unstained controls, green peaks are
experimental stained sample. (B) The
average percentage of each population
per muscle group relative to all CD45-,
non-hematopoietic cells. By single
factor ANOVA, differences between
muscles was statistically significant for
CD34+ (# P#0.05) but not CD34- (P =
0.076). (C) The average percentage of
CD34+ and CD34- cells within the a7+
(CD45-/CD31-/Scal-) population. The
ratio of CD34+ over CD34- cells was
not statistically significant by single
factor ANOVA. A-C are fromn=5, 2
month old C57BL/6 mice. Error bars
represent +SEM.




average percentage of CD34+ cells compared to the CD45- fraction is consistent between hindlimb
muscles, whereas pectoralis and triceps contain nearly twice the amount of CD34+ cells. Such variation in
the number of CD34+ cells may be attributed to individual muscle demands for myogenic cells and/or
myofiber types. Consequently, the percentage of CD34+ cells was statistically different (single factor
ANOVA, p#0.05) between muscle groups, whereas the percentage of CD34- cells was not (P = 0.075),
indicating this population is consistently present in all muscle groups analyzed. Despite this variation,
CD34+ cells were consistently the majority within the a7+ (CD45-/CD31-/ Scal-) population. The ratio of
CD34+ over CD34- cells was not statistically significant (single factor ANOVA, p.0.05), suggesting the

distribution of these two populations is maintained between muscle groups.

Following Acute Injury, CD34- Cells Represent the Majority of Activated a7+ (CD45-/CD31-
/Scal-) Myogenic Cells

To elucidate the role of CD34- skeletal muscle cells of the skeletal muscle we examined their response to
acute injury using the cardiotoxin (CTX) model. Such injury is characterized by a massive myogenic
response leading to almost full muscle regeneration by week two following initial tissue destruction
[35,36]. We injected CTX in left TA’s and FACS-analyzed each damaged muscle individually at 3, 7, and
14 days post injury (n = 5 per time point)(Figure 6A&B). Just as the previous analysis of individual
muscles, we compared here the percentage of CD34+/- cells within the CD45- fraction (Figure 6A) and
the relative percentage within all a7+ (CD45-/CD31-/Scal-) cells (Figure 6B). For this experiment we
predicted that the more differentiated population will increase early after injury and continuously decrease
from day 7 tol4 as the muscle reaches full regeneration. In addition, if there is a canonical relationship
between CD34+/- cells, we have anticipated an inverse trend where one population decreases while the

other increases during the course of regeneration.

As expected, 3 days post injury there was a massive increase in declined to near uninjured levels by day
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14. In contrast, the the number of a7+ (CD45-/CD31-/Scal-) cells which by average percentage of CD34+
cells remained between 3-5% histology were not vascular smooth muscle cells as indicated by a-within the
CDA45- fraction (Figure 6A) despite becoming the smooth muscle actin (aSMA) staining (Figure S2).
Surprisingly minority within a7+ (CD45-/CD31-/Scal-) population after CTX injury, the CD34-cells
became the majority and (Figure 6B). The fluctuation of CD34- cells between time points within CD45-
fraction and a7+ population was statistically significant (single factor ANOVA, p#0.05). However, the

percentage of CD34+ cells within the CD45- fraction remained relatively constant (p = 0.076).

Since CD34+ cells became the minority within the a7+ (CD45-/CD31-/Scal-) population early in injury
but the overall percentage of these cells did not increase, we postulated this population remained quiescent
while CD34- cells were activated. Thus, we compared Myf5, MyoD, and myogenin expression by gq-RT-
PCR in freshly sorted cells from damaged limb muscles at 3 days post CTX injury (Figure 6C). Cells were
sorted from pooled CTX injected muscles (single TA, quadriceps and gastrocnemius) from individual mice
(n = 3). Without injury both CD34+/- cells expressed relative high levels of Myf5 but low levels of MyoD
and myogenin mRNA, indicating both populations are committed to the myogenic pathway, but remain
quiescent in uninjured muscle (Figure 4B). In contrast, following injury the average relative expression of
all three MRF’s increased in both populations (Figure 6C). Myf5 and MyoD expression was similar
between both populations whereas myogenin was 3.9 times greater and statistically significant (Student’s
t-test, p#0.05) in CD34- cells. In accordance with MRF expression during myogenesis, upregulation of
Myf5 and MyoD following injury indicates both CD34+/- cells are activated while higher myogenin
expression suggests that more differentiated cells reside within the CD34- population [11]. The
significance of myogenin expression was confirmed by immunostaining as the majority of myogenin+
cells observed within damaged areas 3 days post CTX injury, were a7+/CD34- (Figure 7A). Taking into

account myogenin histological and FACS data we concluded CD34- cells were directly responding to
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injury. In contrast, significant upregulation of MyoD but not myogenin by CD34+ cells suggested this

population was activated but not differentiating. However, the role of CD34+ cells following injury was

unclear as their overall numbers did not increase while the majority of a7+ cells observed within damaged

areas were CD34-.
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Although Both CD34+/- Populations Proliferate in
Response to Injury, CD34+ Cells Retain More BrdU

Because the percentage of CD34+ cells did not increase

Figure 6. Following acute injury, CD34-
cells are the more responsive myogenic
majority. (A) Relative to all CD45- cells,
the average percentage of CD34- cells in
Cardiotoxin (CTX) injected TA’s (n=15
per time point) significantly increased 3
days post injury and declines to near
uninjured levels by day 14 (single factor
ANOVA, ?P=#0.05). In contrast, the
percentage of CD34+ cells remained
relatively constant during course of
regeneration and was not statistically
significant. (B) 3 days post injury the
average percentage of CD34- within the
a7+ (CD45/CD31-/Scal-) population
drastically increases. This proportion
reverts back to near uninjured levels by
day 14 and by single factor ANOVA was
statistically significant for both CD34+ (#
P=0.05) and CD34- (#P=0.05)
populations. (C) g-RT-PCR analysis of
cells sorted 3 days post injury from CTX
treated limb muscles (n = 3), indicates the
average relative expression of all three
MREF’s increased in both populations as
compared to uninjured muscles depicted in
Figure 4B. Comparison of MRF’s levels in
injury reveals both populations express
equal levels of key myogenic genes Myf5
and MyoD, while CD34- cells express
significantly elevated levels of the
differentiation factor myogenin.Student’s
t-test, * P#0.05. Error bars represent
+SEM. A—C are from 2 month old
C57BL/6 mice.

with CTX damage, it was possible that there was a general increase in all cell types or that CD34+ cells

did not proliferate in response to injury. To explore this alternative, we compared BrdU incorporation in
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order to quantify proliferation between CD34+/- cells and asses if the absence of CD34 simply marks
mitotically active myogenic cells. In order to test this hypothesis we analyzed BrdU incorporation without
injury, 2.5-3 days post injury within the peak of proliferation, and after regeneration 14 days post injury (n
= 3 for each timepoint analyzed)(Figure 7B)[35]. Bone marrow cells isolated from the same animals as a
positive control had a high degree of BrdU incorporation following 3 days pulse. In contrast, BrdU was not
detected in CD34+ or CD34- cells from uninjured limb. However, upon injury, BrdU was incorporated
into the CD34+/- populations. When isolated from mice pulsed for 12 hours between day 2.5-3 post CTX
injury, both CD34+/- populations had incorporated equally high levels of BrdU.

Interestingly, in cells isolated from mice pulsed for the first 3 days following injury and then chased to
day 14, BrdU incorporation declined in CD34- cells but remained the same for CD34+ cells.
Consequently, the amount BrdU retention by day 14 was roughly 10 fold greater for CD34+ vs. CD34-
cells as represented by the log distance from the mean of each fluorescence peak. Given that the level of
BrdU uptake at day 2.5-3 was similar for both populations, we estimate that the CD34- population divided

.3 cell doublings during the day 4-14 chase.

Figure 7. Although CD34- cells were more differentiated, both CD34+/- populations proliferated in
response to injury. (A) Immunostaining of damaged TA, 3 days post injury, reveals that myogenin+
cells within the sight of injury are a7+/CD34-. Insets show colocalization of DAPI with nuclear
myogenin and membranous a7 but not CD34 staining. Insets were produced from the original sized
merged photographs. Scale bar = 50 mm. (B) FACS-analysis of BrdU incorporation in sorted CD34+/-
cells after 3 days pulse, indicates relative to bone marrow (BM) cells (top right histogram), without
injury both populations are quiescent (top histogram). In mice pulsed for 12 hours between 2.5-3 days
post CTX injection, both CD34+/- cells show nearly equal levels of BrdU incorporation (middle
histogram). Mice pulsed for the first 3 days following injury and then chased to day 14 reveal that
CD34- cells retain less BrdU whereas CD34+ cells maintained a similar levels to the day 2.5-3 pulse
(bottom histogram). Green peaks represent 1gG Isotype controls, Violet BM mononuclear cells, Blue
CD34+ cells, and Red CD34- cells. Schematics next to histograms portray timelines for each BrdU
experiment. Each experimental pulse was conducted with n = 3, 2 month old C57BL/6 mice.
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CD34+ cells did incorporate BrdU following injury, their percentage did not increase but remained
relatively constant. Therefore we postulated CD34+ cells give rise to more committed cells while tightly
maintaining the parent population during the course of regeneration. All together, FACS, histological, and
BrdU results indicate CD34+ cells divided early in response to injury and perhaps gave rise to CD34-

cells, which further proliferated during the course of regeneration.

CD34+/- Switching is Dependent on Muscle Injury

43



To test the possibility that activated CD34+ cells are becoming or giving rise to CD34- cells, we sorted
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Figure 8. Following injury repair CD34- cells can revert to CD34+. (A) CD34+/- cells sorted from
injured (3 days prior) limb muscles of chicken actin promoter driven EGFP reporter mice, were
transplanted into uninjured and injured (1 day prior) quadriceps of C57BL/6 recepients. Quadriceps
were FACS-analyzed 3 days post transplant. Values in the Y-axis correspond to the percentage of
GFP CD34+/- cells detected from each respective donor cell type. The X-axis indicates the state of
each recipient muscle prior to transplant (n = 3 per condition). Irrespective of the recipient state, the
majority of CD34+ donor cell became or gave rise to CD34- after transplant. Although not
statistically significant, this switch slightly increased in CTX injured recipients. In contrast a large
proportion of CD34- cells became or gave rise to CD34+ when transplanted into uninjured muscle
but significantly remained CD34- in injured muscle. Student’s t-test calculated * P#0.05. Error bars

represent +SEM. (B) Sorted CD34- from CTX injured MnynIaCZ/+ mice were transplanted into
uninjured (n = 3) and injured (n = 3) quadriceps muscles. In addition to a mock injection,
a7(CD45/CD31-/Scal-) sorted cell were transplanted into uninjured quadriceps as negative controls
(Figures S3 and S4). Recipient muscles were harvested 7 days after transplant and stained for a-
smooth muscle actin (aSMA), b-galactosidase (b-gal) and CD34. Cells engrafted under both
conditions as indicated by b-gal+ central nuclei in aSMA+ fibers (arrowheads). Insets show co-
localization of nuclear b-gal with DAPI and cytoplasmic a-SMA staining. Insets were produced from
40xmagnification photographs taken within the same field. (C) Engraftment of CD34-cells into
uninjured muscle reveals conversion of CD34- cells to CD34+ cells. Interestingly CD34+ (line
arrow) and CD34- (arrowhead), b-gal+ cells were observed near b-gal+ myonuclei (solid arrow)
indicating donor CD34- cells can form new myofibers, remain CD34- or gain CD34 expression.
Scale bars =50 mm

both populations from injured chicken actin promoter driven EGFP transgenic mice and transplanted into
injured and uninjured quadriceps of C57BL/6 mice. Recipient muscles were then analyzed by FACS to
examine if GFP donor cells gained or lost CD34 when transplanted into each respective environment.
Injured recipient quadriceps were injected with CTX one day prior to cell transplants. All recipient
muscles were analyzed 3 days post transplant in order to detect donor cells prior to fusion (n = 3 for each
condition). CD34 analysis of transplanted GFP cells indicated a distinct pattern of switching dependent on
the state of muscle injury. As predicted, the majority of injury activated CD34+ donor cells gave rise to, or
directly became CD34 negative. The percentage of CD34- cells generated from CD34+ donors was
slightly more in injured recipient muscles, although this difference was not significant (Student’s t-test,
p.0.05)(Figure 8A, left graph). Conversely, the majority of CD34- cells transplanted into injured muscle
remained CD34- (Figure 8A, right graph). To our surprise a large portion of CD34- cells transplanted into
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uninjured muscle became and/or gave rise to CD34+ cells. In contrast to the CD34 expressing phenotype
acquired from negative donors following transplant into uninjured muscles, the percentage of CD34- cells
detected in transplanted injured muscles was very consistent and statistically significant (Student’s t-test,
P#0.05)(Figure 8A, right graph). These results indicated that the presence or absence of CD34 on satellite
cells is conditionally dependent on muscle environmental demands and not necessarily hierarchal as
initially hypothesized. Because we only studied a short timeframe after injury, it was conversion following

the peak of proliferation, we sorted and unclear if later during the course of regeneration, CD34- cells

lacz/+
transplanted CD34- cells isolated from muscles of l\/ny5n ““" ever transitioned back to CD34+. To

examine the possibility of mice 3 days post CTX injury directly into uninjured(n=3)and injured (n = 3)

nlacz/+

quadriceps injected the previous day with CTX (C57BL/6 recipients). In order to detect the Myf5
transgene in donor cells that may have recently fused or formed immature myofibers, we harvested

recipient muscles 7 days post transplant. Cyrosections were initially stained with X-gal to identify and

validate the presence of MnyHIaCZH donor cells. Once b-gal+ cells were identified (Figure S3), adjacent
cryosections were stained with antibodies against b-gal, CD34, and aSMA as a marker of newly
regenerated myofibers [37,38,39]. Results indicate that activated CD34- donor cells were myogenic as in
both injured and uninjured recipient muscles they formed new muscle fibers identified as a-SMA+ with b-
gal+ centrally located nuclei (Figure 8B). In addition, we observed mononuclear b-gal+/ CD34+ cells
indicating some CD34- cells revert back to a reserve state following injury repair (Figure 8C). Altogether,
the analysis of the FACS population dynamics during regeneration and BrdU pulse-chase studies, suggest
that the CD34- population is the major myogenic population responsive of regeneration after injury. In
addition, the transplant studies indicate that some CD34- negative cells can localize to the satellite cell
position and express CD34. We propose a mechanism for this reversible switching of CD34 in response to
injury to generate enough differentiating progeny while maintaining the pool of reserve satellite cells

during regeneration (Figure 9).
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Discussion

In recent years several surface receptors, including CD34, have been described to recognize
satellite cells of the skeletal muscle [5]. However, no single surface receptor has proven
exclusive to satellite cells, and CD34 is no exception. By utilizing FACS we set out to isolate
pure populations of satellite cells using a host of antigens in order to select out contaminating
cells that also express CD34. Our results reveal the population of skeletal muscle cells
characterized as CD45-/CD31-/Scal-/CD34+/a72, lack expression of myogenic transcription
factors Pax7 and Myf5,do not form myotubes in vitro, nor conform to the satellite cell
anatomically defined position under the basal lamina. Therefore, we conclude CD34 alone is
inadequate for selecting pure populations of satellite cells from the skeletal muscle.

Since the initial observation by Beauchamp et al. (2000), CD34 has been widely used to
identify and isolate satellite cells [9,13,19,40,41,42]. Contrary to the multitude of studies that
have examined CD34+ satellite cells, the CD34- minority remained uncharacterized. Initially, we
predicted that similar to the hematopoietic system, a linear relationship existed within the
satellite cell compartment of skeletal muscle, where more primitive CD34- cells give rise to
more committed CD34+ cells. Contrary to our initial hypothesis, our results indicate that
following acute injury CD34- cells represent the more myogenically active population.
Furthermore, the absence or presence of CD34 is reversible depending on the state of injury.

Currently, an inducible CD34 Cre-Lox reporter model is not available to directly distinguish
between downregulation of CD34 or asymmetric division as possible means for CD34
conversion. However, BrdU analysis, myogenin expression/staining and transplant data indicate
CD34- cells directly respond and contribute to muscle regeneration following acute injury.

Remarkably, despite similar BrdU incorporation at the peak of proliferation between day 2.5-3
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post injury, the percentage of CD34+ cells did not change over the course regeneration. Because
the absence of CD34 marks a state of activation which seems reversible, the steady percentage of
CD34+ cells throughout injury suggests a proportion of myogenic cells are programmed and/or
stimulated to maintain a reserve pool of satellite cells during the course of regeneration. This
reversible switch from activation to dormancy has also been observed with hematopoietic stem
cells as they maintain the stem cell pool following bone marrow injury [43].

Despite their response following acute injury, CD34- cells were quiescent in uninjured muscle.
This leaves into question the role of this population during normal muscle homeostasis. Although
both CD34+/- populations were equally myogenic in culture, freshly sorted CD34- cells had
lower expression of myogenic-related genes such as Pax7, Pax3, Myf5, MyoD, myogenin,
CXCR4, and c-met. Furthermore, we and other groups have observed that within 24 hours of
being seeded satellite cells lose CD34 in culture, suggesting CD34 is downregulated upon
activation [5]. Therefore, CD34- cells appear to represent more ‘‘primed’’ satellite cells poised
for injury response that can advance further in the myogenic pathway or upregulate CD34 and
revert back to a reserve state depending on the muscle microenvironment. Although CD34’s
function has yet to be elucidated, reversibility has been reported with hematopoietic stem cells,
suggesting a similar role or pathway of CD34 regulation may exists between tissue specific stem
cells [44,45]. Interestingly, despite the major myogenic potential and contribution of CD34+/-
cells to muscle regeneration, a minority of Scal+ (CD45-/CD31-/CD34+) cells sorted from
injured muscle was myogenic in culture, suggesting another possible state of transition or stem

cell reservoir exists within limb muscles (data not shown)[46].

48



Although the true function(s) of CD34 remains uncertain, it has been described that this highly
glycosylated sialomucin receptor not only plays a role in signaling but is important in promoting
both cellular adhesion and repulsion [44], [47]. Interestingly in one study it has been reported
that CD34 functions in mast cells to prevent adhesion [48]. Conversely a separate study has
reported that CD34 functions to promote lymphocyte adhesion via L-selectin in high endothelial

venule cells [49]. Thus, it is possible that the adhesion role of CD34 is dependent on the presence

Figure 9. Summary of significant results and proposed model of CD34 switching by satellite cells
following injury. (A) Following acute injury the proportion of CD34- cells drastically increases
while the CD34+ populations remains to near uninjured levels. Despite the increase of only CD34-
cells, BrdU analysis indicates both populations proliferate shortly after injury (day 3) while CD34+
cells retain BrdU following regeneration (day 14). Such trends indicate that CD34+ population
represents the pool of less advanced satellite cells that can generate more differentiated CD34- cells
while maintaining their numbers during injury repair. In turn, CD34- cells continue proliferating
beyond day 3, indicating this population supplies the differentiated progeny required for complete
muscle regeneration. (B) Although more differentiated cells reside within the CD34- population
following injury, the absence of CD34 does not terminally mark differentiation as CD34- cells can
revert back to the CD34+ pool of less advanced satellite cells. Thus activated myogenic cells can
switch CD34 expression in response to injury, suggesting that CD34 may play a role in maintaining
a reserve pool of satellite cell in order to prevent depletion during muscle regeneration.
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or absence of additional surface receptors as a means to modulate binding or repulsion by
various cell types. As aforementioned satellite cells downregulate CD34 in culture, suggesting
this receptor functions in maintaining an undifferentiated state. Perhaps such maintenance is
linked to adhesion and therefore downregulation of CD34 is required for migration and

subsequent engraftment within regions of damaged muscle.

By characterizing skeletal muscle satellite cells based on the presence or absence of CD34 we
have identified a key myogenic population responsible for muscle regenerating following acute
injury as CD34— (a7+/CD45—/CD31—/Scal—). In addition we show that the fraction of CD34+
cells remains steady during homeostasis and injury regeneration. Such evidence suggests, despite
much heterogeneity, the satellite cell pool is highly regulated in vivo to maintain a reserve pool
of CD34+ (a7+/CD45—/CD31-/Scal—) cells while producing sufficient numbers of

differentiated progeny for muscle regeneration.

Materials and Methods

Ethics Statement

This study has been reviewed and approved by the University of Washington's Institution

Animal Care and Use Committee.
Mice and Animal Care

All mice used for satellite cell characterization (histology, FACS-analysis of individual
muscles and injury, single cell culture, cytocentrifugation, BrdU and expression analysis) were
C57BL/6, predominantly 2 month old males. Reporter mice used for cytocentrifugation and/or

culture were 1.5 month old Myf5"-*** and 4 month old 3F-nlacZ-2F [5], [50], [51], previously
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described in our studies [12], [29]. Transplant donor cells were derived from chicken B-actin
promoter driven EGFP or Myf5"-*?* reporter mice ages ranging from 6-9 month old [52].
Recipients were C57BL/6, ages ranging from 2—12 months old. Unless specified otherwise, each
experimental replicate (n =) represents samples derived from individual animals that were
independently processed and analyzed. Mice were housed and maintained in a modified barrier
facility located at the University of Washington. All animal experiments were performed in
accordance with guidelines approved by the University of Washington's Institution Animal Care

and Use Committee

FACS

Methods for muscle processing and FACS were followed as previously described [20]. Typically

from pooled preparations including both hind limb muscles, pectorals and triceps ofindividual 2

6
month old C57BL/6 males, we recover 1.5610 cytocentrifugation, BrdU and expression
analysis) were C57BL/6, mononuclear cells per gram of muscle processed. Samples were

predominantly 2 month old males. Reporter mice used for initially stained with biotinylated anti-
LaczZ/+
CD34 in 100 ml PBS with cytocentrifugation and/or culture were 1.5 month old Myf5n * 0.3%

6
BSA per 10 cells for 45 minutes (min) on ice, then washed and 4 month old 3F-nlacZ-2F
[5,50,51], previously described in and resuspended in an antibody cocktail including conjugated

our studies [12,29]. Transplant donor cells were derived from streptavidin and directly

Lacz/+
conjugated anti-CD45/CD31/Sca-1/a7 chicken b-actin promoter driven EGFP or Myf5n *

reporter for a second 45 min incubation. For single cell deposition DAPI mice ages ranging from
6-9 month old [52]. Recipients were (Sigma) was added for viability and left in solution prior to

sorting in order to remove DAPI+ non-viable cells. FACS antibody data, dilutions, combinations
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and machine specifications are listed in Methods S1. Data was acquired at 10,000 events per
sample and cells sorted with a BD Aria | and later Aria I, both using Diva software. Subsequent
analysis and flow cytometry plots were generated using FlowJo v7.2.5 (TreeStar, Inc.). Average
population values and standard deviations used for error bars were calculated from the analysis
of individual mice. Graphs, Student’s t-test and ANOVA statistical analyses were generated
using Microsoft Excel 2003. For transplants, culture and cytocentrifugation sorted cells were
collected in culture media. For reverse and quantitative PCR, sorted cells were collected in 350
ml RLT lysis buffer (Qaigen) supplemented with b-mercaptoethanol per manufacturers

instructions and immediately placed on dry ice and stored at 280uC.

Cell Culture

Clonal cultures were prepared by FACS-Aria mediated single cell deposition into 96 well
trays. Non-clonal cultures cells were directly sorted into 1.7 ml tubes containing 750 ml media
and seeded manually onto 24 well dishes. All tissue culture dishes were coated with 0.67% (w/v)
Type-A Gelatin (Sigma) in H20 and allowed to dry prior to use. Culture media consisted of
Ham’s F10 supplemented with 15% Horse Serum and final concentration of 2 mM CaCl2, 100
units/ml Penicillin with 100 mg/ml Streptomycin (all from HyClone), and 20 ng/ml bFGF
(R&D). Cells were maintained at 37uC, 5%02, and 5%CO2 and media was changed after 4

days. At day 8 in culture, cells were fixed with 2% formaldehyde (diluted formalin in PBS) and

stained with DAPI for counting clones or X-gal for presence of MnymaCZ/+ or 3F-nlacZ-2F
reporter activity. After DAPI staining, photographs of each single cell derived colony was taken
and used to quantify proliferation. To avoid counting errors we utilized the ImageJ v1.40 g
(Wayne Rasband, NIH) cell counter plugin (Kurt De Vos, University of Sheffield) which

automatically tallies events labeled by users. Subsequently every DAPI labeled nuclei including
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myonuclei were accounted for in the final cell count. The average cell doubling for each
CD34+/- population was calculated based on the number of DAPI+ nuclei counted per colony

using the following formula in Microsoft Excel; colony cell doubling = log (# nuclei counted/2).

Stainings

All muscle cryosections were cut 8 mm, fixed with 2% formaldehyde for 5 min, washed 36
with PBS, then stained with respective antibodies. For cytocentrifugation staining, freshly sorted
cells were spun onto microscope slides at 800 g RCF, fixed with 4% formaldehyde for 5 min,
washed, and then stained. Stainings utilizing biotinylated antibodies were first blocked with
Vector labs Streptavidin-Avidin blocking Kit. Stainings using mouse primary antibodies were
completed using the M.O.M staining kit (Vector labs) with some modification to manufacturer’s
instruction. Cryosections were incubated overnight at 4uC with the
M.O.M. mouse IgG blocking reagent and streptavidin conjugated fluorophores were used in
place of avidin conjugates. All antibodies were diluted in PBS containing 1% BSA (fraction 1V,
from Fisher) except when prescribed by M.O.M. kit instructions. DAB staining for Pax7
(performed on freshly isolated, cytocentrifuged cells) was completed using the R.T.U. Vectastain
Elite and ImmPact DAB substrate kits (both from Vector labs) following manufacturer’s
instructions. For X-gal staining, cells and tissue sections were fixed for 10 min at room
temperature with 2% formaldehyde/0.2% glutaraldehyde and incubated overnight at 37uC with
staining solution containing a final concentration of 1 mg/ml X-gal, 5 mM potassium
ferricyonide, 5 mM potassium ferrocyonide, and 2 mM CaCl2 (all from Fisher). All stainings
included negative controls in which primary antibodies or X-gal was omitted (depicted in Figure
S4). Brightfield photographs were taken with Fisher Micromaster digital inverted microscope

with Infinity optics using Micron v1.05 software. Immunofluorescent stainings were acquired
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with a Zeiss Axiovert 200 microscope equipped with monochrome camera. Controls for
immunofluorescent stainings were taken at the same or greater exposure time as primary stained
samples. Monochromatic photographs were colored then merged with Adobe Photoshop v9.0.2.
When necessary to reduce background, certain photos’ brightness and contrast levels were
adjusted within individual channels prior to coloring. A list of primary and secondary antibodies,

dilutions and microscope specifications are described in the Methods S1.

Reverse-Transcription and Quantitative-RT-PCR

Methods and reagents for PCR reactions have been previously described by us [20]. Briefly
RNA was purified from sorted cells using Qaigens RNeasy kit. All reactions were two-step
beginning with cDNA synthesis followed by conventional or quantitative PCR for specific target
genes. The following thermal cycling conditions were used: 95uC-79 initial activation followed
by 94uC300;57uC-300;72uC-450, for 35 cycles. Quantitative PCR reactions were run on an ABI
7900HT PCR system using sybr green PCR master mix. Results were analyzed using SDS 2.2
software and relative expressions calculated by comparative Ct method. cDNA from unsorted
muscle mononuclear cells (Figure 1B) or whole muscle (Figures 4B and 6C) were used for
calibration. The endogenous control was GAPDH. Ct values are listed in the Table S1. Each
sample was derived from specific cell populations sorted from individual mice. Reactions for
each respective sample and gene were run in triplicate. The relative expression between samples
was used to calculate the average expression values and SEM for error bars represented in each

figure. Primer sequences for each target gene are listed in Methods S1.

Injury and Transplants
Muscle injury was induced by directly injecting 50 ml and 100 ml per TA and quadriceps,
respectively, of 10 mM Naja nigrcollis cardiotoxin (Calbiochem) in PBS. Donor cells were
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sorted as CD45-/CD31-/Scal-/a7+/CD34+ and CD34- from injured chicken actin promoter

driven EGFP or Myf5macz,+ limb muscles injected with CTX 3 days prior to isolation. Cells were
directly injected in 15-20 ml collection media, into uninjured or injured quadriceps treated with
CTX the day prior to cell transplantation. For GFP cell analysis each recipients qaudricep (n =
12, 6 injured 1 day prior and 6 uninjured) was transplanted with 50,000 sorted CD34+/- cells.
Recipients of GFP cells were euthanized 3 days post transplant and GFP donor cells were
analyzed by FACS vs. uninjected injured and uninjured controls. Donor GFP cells represented

,1% of all a7+ (CD45-/CD31-/ Scal-) cells. Quadriceps (n = 6, 3 injured/3 uninjured) injected

cZ

lacz/+
with 10,000 Myf5na CD34- sorted cells were harvested 7 days post transplant and frozen in

lacZ/+
OCT for subsequent staining. For negative control, 50,000-150,000 sorted Myf5n * (CDA45-/
CD31-/Scal-) a7-cells (n = 2) were transplanted along with a single SHAM (media only)

injection into uninjured quadriceps.

BrdU Incorporation and Analysis

For each pulse 250 ml of 4 mg/ml BrdU (Sigma) in PBS was administered daily via
intraperitoneal injection. CD34+/- cells were sorted from limb muscles, fixed with 4%
formaldehyde for 5 minutes, washed with PBS and left overnight at 4uC. Tibialis and femur
bone marrows were collected as a positive control for BrdU incorporation by flushing the tibia
and femur with a 28 gauge needle. Fixed cells were processed and stained with PE conjugated
anti-BrdU antibody (BD) according to manufacturer’s protocol. Briefly cells were further fixed
with 70% EtOH, denatured with 2 M HCL, and stained in PBS containing 0.5% Tween20 and
0.5% BSA. Sorted cells were identified as DAPI positive and BrdU incorporation was defined by

comparing positive bone marrow cells with 1gG isotype stained controls.
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Chapter 1Supplementary Material: Available online at PLoS One.org. pone.0010920.
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Chapter 2

Endothelial cell response to injury
Primer
Blood flow is essential for proper muscle function, maintenance and repair. Endothelial cells of
the vasculature play a prominent role in regulating blood pressure and flow (1). In skeletal
muscle, satellite cells reside in close proximity to vascular endothelial cells and conduct
paracrine signaling (2). Although studies have suggested that satellite cells can adopt non-
myogenic fates (3), lineage tracing has confirmed the commitment of satellite cells exclusively
towards myogenesis (4). While satellite cells function to reconstitute damaged muscle fibers
(ref), the source of vascular endothelial cells during the course of regeneration remaines
unknown. Circulating endothelial progenitor cells (EPCs) have the potential to reconstitute
damaged macrovasculature (5). Yet, the contribution of EPCs to the skeletal muscle
microvasculature remains in question. Therefore, we sought to understand the origin of the
regenerating muscle vasculature, a vital component of the skeletal muscle that is crucial for

muscle function.

endothelial cells
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Abstract

The skeletal muscle is supported by a vast network of microvessels with the capacity to
regenerate in response to injury. However, the dynamics of microvascular repair and the origin
of reconstituted endothelial cells in the skeletal muscle are poorly understood. A growing body
of literature exists to indicate bone marrow (BM)Lderived cells engraft into regenerating
vascular endothelium and muscle macrovasculature. Therefore, we investigated the extent of BM
contribution to skeletal muscle microvasculature after acute injury. Because reporters and
markers commonly used to trace donor BM cells are not endothelial specific but are also
expressed by leukocytes, we generated novel BM chimeras utilizing Tie2-green fluorescent
protein BM cells transplanted into CD31 and Caveolin-1 knockout recipients. In turn, we
surveyed BM vascular contribution, not just by the presence of green fluorescent protein, but also
CD31 and Caveolin-1, respectively. After stable BM reconstitution, chimera limb muscles were
cardiotoxin (CTX) injured and examined 21 days post-injury for the presence of green

fluorescent protein, CD31, and Caveolin-1. Acute muscle injury by CTX is characterized by
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initial microvasculature death followed by rapid endothelial regeneration within 14 days post-
damage. Histological analysis of injured and uninjured contralateral limb muscles revealed a
complete absence of BM engraftment in the muscle vasculature of wild-type and
CD31/Caveolin-1 knockout chimeras. In contrast, F4/80+ cells isolated from CTX-injured
muscle, expressed endothelial-related markers and promoted angiogenesis in vitro. Therefore,
despite the absence of BM engraftment to regenerated skeletal muscle microvasculature,
macrophages recruited after injury promote angiogenesis and, in turn, vascular regeneration
Introduction

For proper function and maintenance, the skeletal muscle relies on an extensive vascular
network. Damage to muscle vasculature by injury or disease can lead to ischemia, which
promotes debilitating and sometimes fatal conditions such as gangrene, nonhealing wounds, and
peripheral artery disease. In contrast to muscle fiber regeneration, which has been extensively
studied in acute injury models, regeneration of the skeletal muscle microvasculature has not been
critically examined [1]. To date, various cell populations, including peripheral blood and bone
marrow (BM)derived cells, have been reported to promote angiogenesis and contribute to muscle
vasculature [2—6]. However, many of the markers used to evaluate vascular contribution,
including Tie2 and CD31, are not exclusive to endothelial cells and can be expressed by
circulating leukocytes, including monocytes [7-11]. Due to such overlap, putative vascular
regeneration by BMderived populations is not easily distinguished from inflammatory cells
responding to injury. Therefore, it remains unclear whether cells of BM origin actually
contribute to regenerated endothelium or assist in the muscle repair process.

In this study, we examined muscle vascular regeneration using the cardiotoxin (CTX) model of

acute injury. CTX injury is characterized by initial massive tissue destruction followed by full

65



regeneration within 3 weeks [12,13].To assess the effects of CTX on muscle vasculature in vivo,
we surveyed different time points after injury and observed an initial decline in skeletal muscle
endothelial cells, followed by regeneration to almost uninjured levels by day 14 post-injury. 5-
Bromo-2-deoxyuridine (BrdU) and 5-ethynyl-2 deoxyuridine (EdU) incorporation indicates that
endothelial cells, irrespective of their origin, proliferated in response to injury. To elucidate if
vascular regeneration could be attributed to BM-derived cells, we generated Tie2-green
fluorescent protein (GFP) BM chimeras utilizing CD31 and Caveolin-1 knockout (KO) mice
[14,15]. Such models allowed us to effectively distinguish BM contribution into regenerating
vasculature, not just by the presence of the Tie2-promoterdriven GFP, but also CD31 and
Caveolin-1, respectively [16]. Because impaired angiogenesis has been reported in both KO
models, we hypothesized that these environments will favor Tie2-GFP BM contribution to
vasculature after injury [14,15,17,18]. Mobilization defects of BM endothelial progenitors have
been reported in Caveolinldeficient mice, adding to the selective advantage of normal BM in
Caveolin-1 KO mice [19]. To exclude inflammatory monocytes responding to injury that may
also express these markers, we examined chimeric animals 21 days after injury. Our results show
the muscle endothelium was void of GFP in all chimeras and CD31/Caveolin-1 in each
respective KO model, indicating that after acute injury, BM cells do not engraft in regenerated
vasculature. In turn, as suggested by previous studies, we demonstrate that macrophages

recruited in response to muscle injury promote angiogenesis [20-22].

Methods
All mouse models used in this study were procured from Jackson Labs and are detailed in the

Supplementary Methods (online only, available at www.exphem.org ). Animals were housed and
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maintained at the University of Washington in a modified barrier facility. Procedures used in this

study were performed under the approval and guidance of the University of Washington’s

Institution Animal Care and Use Committee. Detailed experimental procedures and antibody

specifics are included in the Supplementary Methods and Tables E1 and E2 (online only,

available at www.exphem.org ).
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Figure 1. Endothelial cell decline after acute
injury is attributed to cell death. (A) Time
course FACS analysis of left TA muscles (n =5
C57BL/6 per time point) after CTX injury
reveals the proportion of endothelial cells (EC)
identified as CD45, Scal®, CD31", initially
declines but returns to near uninjured levels by
day 14 post-injury. TAs of uninjured animals
were used for comparison. *Statistically
significant between each group by single factor
analysis of variance; p < 0.0005. Error bars =
standard error of mean. (B) Staining of injured
C57BL/6 muscle, 3 days post-CTX injury for
cell death, reveals CD31", terminal
deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)—positive vessels
(arrowheads). DNasel-treated muscle served as
a positive control. TUNEL staining in green
corresponds to fluorescein isothiocyanate and
CD31 in red with Alexa Fluor 594. Scale bar =
50 um. (C) FACS analysis of BrdU pulse-chase
in CTX injured limb muscles (TA, quadriceps,
gastrocnemius) indicates EC (CD45, Scal”,
CD31" sorted cells) retain a high levels of BrdU
incorporated within the first 3 days post-injury
vs BM mononuclear cells (n = 3 C57BL/6). As
indicated by the gate, approximately 99% of all
EC retained BrdU by day 14 post-injury.

To investigate vascular regeneration in skeletal muscle, we induced acute injury with CTX and

examined endothelial decline by fluorescent-activated cell sorting (FACS) analysis in wild-type
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(WT) C57BL/6 mice [23]. In order to establish the kinetics of injury response, we analyzed three
time points at days 3, 7, and 14 post-injury as compared to undamaged tibialis anterior (TA)
muscles (n 5 5 animals per time point). Only left TAs were injured and analyzed, while uninjured
TAs from a separate group of mice were used as control for comparison. It has been
demonstrated that endothelial cells are susceptible to CTX in vitro and the muscle capillary
density declines with CTX injury [24-26]. In accordance with these reports, we observed, by
FACS analysis, a rapid decline in the proportion of CD45-, Scal+, CD31+ endothelial cells, 3
days post-injury (Fig. 1A) [23]. Terminal deoxynucleotidyl transferase dUTP nick end labeling
assay confirmed the initial endothelial cell decline observed 3 days post-injury was due to cell
death (Fig. 1B). Roughly 56% of CD31+ cells observed in fields of CTX injury were positive for
nuclear localized terminal deoxynucleotidyl transferase dUTP nick end labeling staining. In
contrast to the initial decline, during the course of regeneration, the proportion of endothelial
cells increased at 7 days post-injury and reached almost uninjured levels by day 14.

To assess if myogenic proliferation precedes endothelial cell regeneration, we conducted a
BrdU pulse-chase experiment. CTX injury activates myogenic cells, with proliferation climaxing
at day 3 post-injury [13,27]. Thus, we chose to pulse animals (n=3 C57BL/6) for the first 3 days
of injury and chase from days 4 to 14. We predicted that if endothelial cells and/or progenitors
followed the same course of myogenic proliferation, there would be a significant amount of
BrdU incorporation and retention. Alternatively, if endothelial cells proliferate after the peak of
myogenic cell division beyond 3 days post-injury, there would be low BrdU incorporation by
day 14. Thus, low BrdU incorporation would indicate the vascular response is stimulated after
the peak of myogenic cell proliferation. In contrast, results indicate proliferation occurred early

after injury, as endothelial cells retained a high degree of BrdU relative to BM cells, which
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continuously turn over and thus retained low amounts after the 10-day chase (Fig. 1C). Early
proliferation indicated that resident surviving endothelial cells or circulating progenitors are
activated and orchestrated with the myogenic response immediately after injury.

To further evaluate the course of vascular proliferation after injury, we examined by histology,
EdU incorporation in injured muscles from Tie2-GFP transgenic mice. Analogous to BrdU, EdU
is incorporated into DNA during replication [16]. In contrast, EdU can be surveyed without acid
or heat-mediated DNA denaturization, which often leads to loss of GFP and antigen recognition.
To identify vascular cells, we stained with Caveolin-1 and examined EdU incorporation in
muscles 3 and 7 days post-CTX injury. Contralateral uninjured muscles were also surveyed for
EdU incorporation. Staining revealed EdU+, Caveolinl+ cells in regenerating vasculature of

injured muscles, confirming that vascular cells had proliferated directly after injury (Fig. 2). To

. . . . b
our surprise, GFP fluorescence at days 3 and 7 post-CTX injury was absent in Caveolin-1 cells,

suggesting the Tie2-GFP transgene is not active or expression is not sufficient for GFP to be

>
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Uninjured W 7 days post CTX
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Figure 2. Vascular regeneration begins directly following muscle injury. (A) Staining for EdU
incorporation and vascular cells with anti—Caveolin-1 at 3 days and 7 days post-CTX injury in
muscles from Tie2-GFP reporter animals, reveals vascular cells proliferated directly after injury to
replace the damaged endothelium. Arrows point to EdU", Caveolin™ cells within injured areas of
muscle. Surprisingly, GFP was not readily visible, suggesting the transgene is not expressed during
the early stages of vascular regeneration and remodeling. (B) Staining for EJU in uninjured
contralateral muscles indicates an absence of incorporation. However, Tie2-promoter—driven GFP
was visible in the undamaged endothelium. Scale bars = 50 um

visible above background fluorescence during the early stages of vascular regeneration. In
contrast, Tie2-promoterdriven GFP was visible in vessels of uninjured contralateral muscles.
However, we did not observe EdU incorporation in uninjured contralateral muscles. Therefore,
vascular regeneration is not mediated by proliferating endothelial cells residing in distal muscles,
but occurs from resident cells that survive injury or cells adjacent to the injured areas within the
same muscle or adjacent muscles. Moreover, these data indicate damaged or dead skeletal

muscle endothelium can repair itself after acute injury.

Chimera KO models are effective systems for identifying BM-derived vascular
contribution

High BrdU/EdU incorporation and retention during the first 3 days after injury suggested
angiogenesis from regenerating damaged endothelium or neighboring undamaged vessels may be
accompanied by alternate sources, such as BM-derived progenitors. Because the majority of
endothelial regeneration after CTX injury occurs within 14 days, we hypothesized that such rapid
vascular reconstitution could not occur without contribution from cells of BM origin. To test our
hypothesis, we generated BM chimeras using Tie2-GFP donor BM. Muscle vasculature in this
reporter model expresses Tie2-promoterdriven GFP and stains positive for CD31 and Caveolin-1
(Fig. 3A). Because no single marker is exclusive to endothelial cells, and Tie2 is no exception,

we generated BM chimeras in CD31 and Caveolin-1 KO models (n 5 6 chimeras, 2= C57BL/6,

70




2= CD31 KO, 2= Caveolin-1 KO) (Fig. 3B). Such models allowed us to identify vascular

contribution not only by the presence of GFP, but also CD31 and Caveolin-1 protein,

respectively. In addition, due to delayed angiogenesis in these KO models, normal donor BM

cells would incur a selective advantage over resident endothelial cells or progenitors [17,18]. o

assess BM vascular contribution in response to injury, we injected CTX in left limb muscles;

TA, quadriceps, and gastrocnemius. Contralateral limb muscles were left uninjured to survey

potential contribution in the absence of injury. Our characterization in the aforementioned results
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Figure 3. Tie2-GFP reporter animals express GFP in skeletal muscle vasculature and harbor the
CD45.1 alloantigen, making them ideal for chimera generation. (A) Analysis of muscle cross
sections reveals Tie2-promoter—driven GFP is expressed by muscle endothelial cells and
colocalizes with CD31 and Caveolin-1 staining. Scale bar = 50 um. (B) Experimental schematic
of allogeneic chimera generation using Tie2-GFP BM into donors and C57BL/6, CD31, and
Caveolin-1 KO mice, and subsequent injury. (C) FACS analysis of chimera limb-derived BM
mononuclear cells reveals the average reconstitution of donor BM based on the percentage of
CD45" cells was ~90% between all chimeras analyzed (n = 6). C57BL/6 BM cells express the
CD45.2 alloantigen (left graph). Conveniently, we discovered that Tie2-GFP animals on the
FVB/N background express the CD45.1 (middle graph). Thus donor cells in BM chimeras are
easily distinguishable from recipients that express CD45.2 (right graph). (D) FACS analysis of
endothelial cells from Tie2-GFP limb muscles indicates detecting of GFP by flow cytometry
after enzymatic muscle digestion is compromised. As compared to the unstained control, 95%
to 97% of endothelial cells identified as CD45, CD31" in Tie2-GFP and C57BL/6 muscles,
stained positive for Tie2. In contrast, GFP was detected in only 57% of Tie2" endothelial cells.
Therefore, FACS is not an accurate method for detecting Tie2-GFP* endothelial cells in skeletal
muscles of BM chimeras.

inflammation that occurs in response to damage, we chose to survey muscles after complete
repair, 21 days post-CTX injury (Fig. 3B). At this time point, WT muscles are fully regenerated
with little or no inflammatory cells remaining. To quantify BM reconstitution, we mismatched
alloantigen donors and recipients. Conveniently, we discovered that the FVB/N background
Tie2-GFP reporter model harbors the strain-specific CD45.1 alloantigen. Thus, donor BM cells
are easily distinguished from the CD45.2 expressed by C57BL/6 and related models, including
CD31 and Caveolin-1 KO mice. FACS analysis of BM mononuclear cells collected from each
recipient at the end of the experiment indicated 90% of all CD45+ cells were donor (CD45.1+)-
derived (Fig. 3C).

To date, a number of studies have identified BM engraftment to vasculature via histological
analysis [2,3,5,6]. For our study, we initially sought to utilize a combination of histological and
FACS analysis for identifying and quantifying BM-derived endothelial cells. By histological

analysis, capillary, venous, and arteriole endothelial cells in uninjured Tie2-GFP skeletal muscles
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are all visibly positive for GFP. In order to assess the sensitivity and immunophenotype of GFP+
endothelial cells by flow cytometry, we conducted a validation experiment comparing Tie2-GFP
and C57BL/6 limb muscles by FACS (Fig. 3D). Following our previously published FACS
methods and characterization, we identified muscle endothelial cells as CD45- and CD31+ [23].
In turn, the majority (95% to 97%) of endothelial cells analyzed from both Tie2-GFP and
C57BL/6 limb muscles stained positive for Tie2. However, from Tie2-GFP muscles, GFP was
not detectable in 38% of Tie2+ (CD45-, CD31+) endothelial cells. The discrepancy between Tie2
immunostaining and GFP may be attributed to the loss of GFP in cells whose membranes have
been compromised by mechanical processing and enzymatic digestion. Such processing is
commonly utilized and necessary for disassociating mononuclear cells from myofibers for FACS
analysis and/or cell sorting [28-30]. In turn, mononuclear cell isolation preserved antigen
detection, but severely compromised detection of cells that express GFP under the Tie2
promoter, making this approach impractical for detecting Tie2-GFP BM engraftment in skeletal
muscle vasculature. Therefore, we chose to detect vascular engraftment by histological analysis
for GFP and anti-GFP staining in order to ensure accurate detection of Tie2-GFP+ cells in BM

chimeras.

BM cells did not engraft into regenerated muscle vasculature

After muscle regeneration 21 days post-CTX injury, we harvested and froze injured and
uninjured limb muscles (e.g., TAs, gastrocnemius, and quadriceps) for histological analysis.
Initially, we sectioned and surveyed transverse cross sections for the presence of GFP. Relative
to limb muscles processed the same day from Tie2-GFP mice, we did not detect any GFP signal
in the vessels of BM chimeric animals (Fig. 4A). Few GFP+ cells were present only in regions

with persistent inflammation in injured muscles of Caveolin-1 and CD31 KO mice. In contrast,
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C57BL/6 chimera muscles did not harbor significant inflammation 21 days post-injury and were

GFP CD31 +Alexa594 Caveolin1 +Alexa647 Merge + DAPI

>

-, —

C57BL/6

CD31 KO

CD31KO ®mm Caveolin1 KO

Figure 4. Absence of BM vascular contribution after acute injury. (A) Histological analysis
revealed an absence of GFP in the regenerated muscle vasculature of all chimeric animals.
Staining for CD31 and Caveolin-1 confirm the absence of BM-derived cells in the
endothelium of larger vessels (arrow) and capillaries (arrowhead pointing to one of many) of
injured muscles (quadriceps shown) of KO animals. Vessels in uninjured contralateral muscles
were also negative for GFP and CD31/Caveolin-1 in each respective KO (not shown). (B)
GFP" cells were only observed in regions of persistent inflammation only in CD31 and
Caveolin-1 KO mice (CD31 KO shown). Tie2-GFP* BM-derived inflammatory cells were
positive for CD31 but negative for Caveolin-1 (arrowhead). Scale bars = 50 um.

completely void of GFP-positive cells. To confirm our findings, we surveyed multiple cross
sections (six per muscle, spaced out 200 mm longitudinal distance) stained for CD31 and

Caveolin-1 from each BM recipient. Staining confirmed the absence of BM cell contribution to
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vasculature, as indicated by the lack of CD31 and Caveolin-1 immunoreactivity in the vessels of

each respective KO chimera (Fig. 4A). Once more, we only observed GFPID inflammatory cells
that stained positive for CD31, but negative for Caveolin-1, in CD31 and Caveolin-1 KO mice
(Fig. 4B). Negative vascular staining in each respective KO demonstrated antibody specificity. In
contrast, the presence of antigen was validated by staining C57BL/6 control chimeras, which
showed robust signals for CD31 and Caveolin-1 in vessels. Interestingly, analogous to our results
in CTX-injured muscles, uninjured contralateral muscles surveyed in parallel were completely
void of GFP and immunostaining for each respective KO protein. As a final test to confirm our
finding, we conducted anti-GFP staining. In line with the aforementioned results, we did not
observe GFP staining in the vessels of injured or uninjured chimeric muscles relative to control
Tie2-GFP muscle (Fig. 5A). Once more, only in Caveolin-1 and CD31 KO chimeras, where
inflammatory cells persisted in injured muscles, did we observe cells that stained positive for
anti-GFP. These GFP+ cells also stained positive for vascular endothelial growth factor receptor
2 (VEGFR2 or Flk-1), but were not incorporated into vessels (Fig. 5B). Although BM-derived
endothelial progenitors have been reported to express VEGFR2, recent reports have shown
macrophages and blood-derived hematopoietic progenitors that do not give rise to endothelial

cells also express VEGFR2 [6,31,32].
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Figure 5. BM-derived cells were present only in areas with persistent inflammation in the
injured muscles of KO chimeras. (A) Staining for anti-GFP confirmed a complete absence of
BM cells in regenerated muscles of C57BL/6 chimeras. GFP was detected only in areas with
persistent inflammation in the injured muscles of CD31 and Caveolin-1 KO animals (not
shown here). Tie2-GFP muscle processed in parallel with chimeras indicates GFP was
preserved and colocalized with antibody staining. (B) BM-derived Tie2-GFP" cells
(arrowheads) detected with anti-GFP in KO chimeras (CD31 KO shown), stained positive for
VEGFR?2 and were adjacent to VEGFR2" vessels (arrows). Inset (top left of merge) highlights
the proximity of VEGFR2" vessels and anti-GFP*, VEGFR2" cells. Scale bar = 50 pm.
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Although we did not observe GFP+ cells in vessels, we stained for CD45 to confirm the

hematopoietic phenotype of Tie2-GFP+, VEGFR2+ cells observed in the injured muscles of
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CD31 and Caveolin-1 KO BM chimeras. Staining results demonstrate BM-derived Tie2-GFP+
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-
\|

GFP F4/80 +Alexa594 CD45 +Alexa647 Merge + DAPI

>

C57BL/6

CD31 KO

W Caveolin1 KO

hY]

CD31 KO

Figure 6. Tie2-GFP* BM cells represent inflammatory cells that do not engraft to regenerated
muscle microvasculature. (A) Tie2-GFP" cells (arrowheads) observed only in CD31 and
Caveolin-1 KO chimeras are remnant or persistent inflammatory cells that stain positive for
CD45, but negative for Caveolin-1. The absence of Caveolin-1 staining in Caveolin-1 KO
chimeras confirms that only vascular cells, but not Tie2-GFP* and/or CD45" inflammatory cells,
are positive for Caveolin-1. The observed close proximity of Tie2-GFP* BM-derived cells to
Caveolin-1" vascular cells may obscure the identification of engraftment from vessel-associated
inflammation, when only one marker or reporter common to both cell types is used. Scale bar =
50 um. (B) Staining for the macrophage marker F4/80 reveals a proportion of F4/80" cells
express Tie2-GFP (arrowheads). Although all F4/80" cells were CD45", not all were positive for
GFP (arrow). Scale bar = 50 um.
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cells present only in CD31 and Caveolin-1 KO chimeras are CD45+, Caveolin-1+, and localized
near and sometimes adjacent to Tie2-GFP+ Caveolin-1+ vascular cells (Fig. 6). BM-derived
endothelial progenitor cells have been reported to express Caveolin-1, but not CD45 [19,31].
Therefore, we inferred Tie2-GFP+ cells were remnant inflammatory cells and not BM-derived
endothelial cells or progenitors, as they were positive for CD45 but negative for Caveolin-1. In
some cases, due to very close proximity, some Caveolin-1+ vascular cells appear to overlap with
CDA45+ inflammatory cells. However, the absence of Caveolin-1 staining in Caveolin-1 KO
chimeras confirms Tie2-GFP+ and/or CD45+ inflammatory cells are indeed negative for
Caveolin-1. Therefore, we did not detect BM-derived vascular incorporation in regenerated
muscle microvasculature, but rather persistent inflammatory cells that express Tie2, CD31, and
VEGFR2, all markers associated with leukocytes and endothelial cells. Further characterization
revealed that some Tie2-GFP+,CD45+ cells observed in KO chimeras were also positive for
F4/80, a marker of murine macrophages [33]. All F4/80+ cells were consistently positive for
CD45, but not for GFP (Fig. 6B). Tie2+ macrophages have been reported proangiogenic and,
therefore, the presence of F4/80+, Tie2-GFP+ cells indicates that persistent inflammatory cells
remain to promote angiogenesis, which is perturbed in CD31 and Caveolin-1 KO chimeras

[8,10,21,22,34,35].

Macrophages responding to muscle injury promote angiogenesis

Recently, it has been reported that a reduction of F4/80+ cells in muscle 3 days post-CTX injury
from CCR2 null mice was associated with lower levels of VEGF and decreased capillary density
during the course of regeneration [21]. Therefore, we hypothesized that F4/80+ macrophages,
which infiltrate muscle immediately after injury, directly promote angiogenesis. To investigate

the angiogenic role of macrophages, we isolated CD45+, F4/80+ cells 3 days post-CTX injury
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for coculture with skeletal muscle endothelial cells on Matrigel and monitored vascular tube
formation (Fig. 7A, B). In order to account for potential vascular engraftment in vitro, CD45+,
F4/80+ cells were isolated from animals that ubiquitously express GFP in all cells [36]. For
comparison, CD45+, F4/80- cells were also cocultured and analyzed for endothelial-related
markers vs CD45+, F4/80+ cells by FACS (Fig. 7A). Interestingly, although a large proportion of
CD45+ cells present in limb muscles 3 days post-CTX injury were Tie2+ and Scal+, few
CDA45+, F4/80- cells were positive for VEGFR2 and vascular endothelial cadherin. In contrast,
30% of F4/80+ cells were positive for VEGFR2 and vascular endothelial cadherin. Coculture

experiments revealed both FACS-sorted CD45+,F4/80- populations did not form vascular tubes,
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Figure 7. F4/80" macrophages recruited following muscle injury promote skeletal muscle
microvascular angiogenesis in vitro. (A) FACS analysis and sorting schematic from a pool of limb
muscles 3 days post-CTX injury, the time point preceding vascular regeneration. CD45" cells from
injured muscles were selected and sorted as F4/80" and F4/80 for coculture experiments. An 1gG
isotype control conjugated to phycoerythrin (PE) was used to confirm the absence of nonspecific
staining. Aliquots taken from the same preparation labeled with CD45 and F4/80 were stained with
PE-conjugated antibodies against Tie2, VEGFR2, vascular endothelial cadherin, and Scal to analyze
the presence of each respective antigen on CD45", F4/80" (middle row of histograms) and CD45",
F4/80 cells (bottom row of histograms). Histogram red peaks represent the unstained control, blue
peaks represent stained experimental samples. Percentages represent the proportion of event within
gates (horizontal black bars) for each respective population. (B) Coculture of skeletal muscle
microvascular endothelial cells with GFP expressing CD45", F4/80°, or F4/80" cells, reveals only
F4/80" cells (macrophages) promote vascular tube formation on Matrigel. Although neither
population engrafted with vascular tubes, GFP" cells were observed in close proximity to endothelial
cells. Scale bar = 50 pm. (C) CD45", F4/80" cells FACS-sorted 3 days post-CTX injury, promote
vascular sprouting from both uninjured C57BL/6 and CD31 KO TA muscle explants (n = 3 explants
per condition) seeded on Matrigel. Scale bar = 100 um *p < 0.05 by two-tailed Student’s t-test.

as indicated by the absence of GFP in vascular tubes, but were closely associated with GFP
endothelial cells. However, only F4/80- cells promoted angiogenesis, while F4/80- cells appeared
to impede vascular tube formation (Fig. 7B).

To further investigate the role of macrophages in promoting angiogenesis, we examined vascular
branching from uninjured muscle explants plated on Matrigel, in the presence or absence of
F4/80+ cells, once more isolated 3 days post-CTX injury. In contrast to aorta ring explants,
skeletal muscle explants produce little vascular sprouting without robust proangiogenic
intervention [37-39]. Therefore, muscle explants are ideal for evaluating the proangiogenic role
or F4/80+ macrophages. [18]. 10 days of culture, vascular sprouting was signifi-ined [5]. BM-
derived endothelial progenitors not only share scantly greater with F4/80+ cells in both WT and
CD31 marker profiles with leukocytes, but have also been re-KO explants (Fig. 7C). Altogether,
such results indicate ported to be indistinguishable from monocytes in vitro that macrophages

responding to muscle injury directly [11,40,41]. Therefore, legitimate endothelial contribution
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promote angiogenesis. Furthermore, neither CD45+, F4/80+ macrophages nor CD45+, F/4/80-
cells formed individual vascular tubes or engrafted with cocultured endothelial cell vascular
tubes, supporting the absence of BM suggesting previous studies may have misinterpreted results

engraftment in muscle vasculature observed in vivo.

Discussion
Although vasculature contribution by BM-derived cells has been reported for hindlimb ischemia
injury, only single markers that are also expressed by leukocytes were examined [5]. BM-derived
endothelial progenitors not only share marker profiles with leukocytes, but have also been
reported to be indistinguishable from monocytes in vitro [11,40,41]. Therefore, legitimate
endothelial contribution
by BM-derived cells is difficult to distinguish from inflammatory cells present after injury.
Furthermore, the engraftment of BM cells to tumor vasculature has been challenged, suggesting
previous studies may have misinterpreted results by relying on single reporters, such as Tie2, that
alone are not exclusive to endothelial cells [42]. Alternatively, differences in hindlimb ischemia
may be permissive to BM cell vascular contribution, which varies from localized toxin injury
that does not target the macrovasculature. With CTX injury, microvascular endothelial cell death
and decline precedes massive vascular regeneration within 3 weeks of injury. In contrast,
hindlimb ischemia injury models target the macrovasculature but have also been reported to
result in muscle microvascular decline [43,44]. Therefore, although hindlimb ischemia injury
models present more obvious clinical relevance, CTX injury is a simple and technically
straightforward model to study localized microvascular regeneration.

In this report, utilizing novel system chimeras, we conclude that BM-derived cells do not

engraft with regenerating muscle microvasculature. In concordance with many reports, we
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observed that BM-derived cells express common endothelial markers, such as Tie2, CD31, and
VEGFR, but were not present in the regenerated vascular endothelium. Rather, BM-derived
cells, which stained negative for Caveolin-1, were in close proximity to Caveolin-1+ vascular
cells and not clearly distinguished by single-marker characterization. Although leukocytes play a
significant role in injury repair, our data indicate an absence of BM-derived endothelial
contribution to skeletal muscle vascular regeneration in vivo [22,45]. Alternatively, BM
contribution is transient and regresses once bona fide endothelial cells reconstitute damaged
vasculature. Furthermore, we did not detect any BM-derived cells in the vessels of uninjured
muscles or with in vitro vascular tube formation, supporting the notion that BM contribution
occurs in a transient manner under muscle duress or is injury model specific. Thus, we conclude
that if BM engraftment occurs, the event is temporary and not a permanent facet of vascular
regeneration in skeletal muscle after toxin-induced acute injury. In contrast, the presence of
macrophages in KO chimeras highlights the role of BM cells in vascular regeneration.
Subsequent experiments demonstrated that, in contrast to CD45+, F4/80- cells present after
injury, a greater proportion of macrophages (CD45+, F4/80+) were positive for endothelial-
related markers VEGFR2 and vascular endothelial cadherin, and promoted vessel formation in
vitro. Future research is warranted to elucidate the role(s) of macrophage/monocyte
subpopulations in skeletal muscle vascular regeneration and in angiogenic impaired models, such

as CD31 and Caveolin-1 KO animals.

Chapter 2 Supplementary Material: Available online at ScienceDirect., Experimental
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Chapter 3.

Sphingosine-1-Phosphate in muscle regeneration
Primer
Skeletal muscle regeneration is dependent on the proper reconstitution of the vasculature and
myofibers. With muscular dystrophy, this process is disrupted as dysfunction of both satellite
cells and endothelial cells occurs (1, 2). The molecular mechanisms that dictate such dysfunction
are poorly understood. Recently, genetic elevation of sphingosine-1-phosphate (S1P) in
dystrophic flies promoted function and reduced pathology (3). S1P is a bioactive lipid that was
first described as a ligand for the endothelial differentiation gene-1 receptor (EDG1 or S1PR1)
(4), which is expressed during endothelial cell formation of vascular tubes in vitro (5). To date,
five receptors for S1P have been implicated in many cellular processes and expressed by several
cellular populations (6). Coincidently, S1P is produced by endothelial cells and is important for
satellite cell renewal and muscle repair (7, 8). Therefore, we examined the role of S1P pathway

in muscular dystrophy and its potential to promote satellite cell-mediated regeneration.

Satellite cell regeneration with musculardystrophy
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Abstract

Background

Presently, there is no effective treatment for the lethal muscle wasting disease Duchenne
muscular dystrophy (DMD). Here we show that increased sphingosine-1-phoshate (S1P) through
direct injection or via the administration of the small molecule 2-acetyl-4(5)-tetrahydroxybutyl
imidazole (THI), an S1P lyase inhibitor, has beneficial effects in acutely injured dystrophic

muscles of mdx mice.

Methods

We treated mdx mice with and without acute injury and characterized the histopathological and
functional effects of increasing S1P levels. We also tested exogenous and direct administration
of S1P on mdx muscles to examine the molecular pathways under which S1P promotes

regeneration in dystrophic muscles.

Results
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Short-term treatment with THI significantly increased muscle fiber size and extensor digitorum
longus (EDL) muscle specific force in acutely injured mdx limb muscles. In addition, the
accumulation of fibrosis and fat deposition, hallmarks of DMD pathology and impaired muscle
regeneration, were lower in the injured muscles of THI-treated mdx mice. Furthermore,
increased muscle force was observed in uninjured EDL muscles with a longer-term treatment of
THI. Such regenerative effects were linked to the response of myogenic cells, since

intramuscular injection of S1P increased the number of Myf5"2%*

positive myogenic cells and
newly regenerated myofibers in injured mdx muscles. Intramuscular injection of biotinylated-
S1P localized to muscle fibers, including newly regenerated fibers, which also stained positive
for S1P receptor 1 (S1PR1). Importantly, plasma membrane and perinuclear localization of
phosphorylated S1IPR1 was observed in regenerating muscle fibers of mdx muscles.
Intramuscular increases of S1P levels, SIPR1 and phosphorylated ribosomal protein S6 (P-rpS6),

and elevated EDL muscle specific force, suggest S1P promoted the upregulation of anabolic

pathways that mediate skeletal muscle mass and function.

Conclusions

These data show that S1P is beneficial for muscle regeneration and functional gain in dystrophic
mice, and that THI, or other pharmacological agents that raise S1P levels systemically, may be
developed into an effective treatment for improving muscle function and reducing the pathology

of DMD.
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Background

Duchenne muscular dystrophy (DMD) is a muscle wasting disease for which there is no cure.
This severe X-linked recessive disease affects 1 in 3,500 male births [1]. In dystrophic muscles,
rounds of contractions result in degeneration/regeneration cycles. In turn, dystrophic muscle
cannot regenerate sufficiently to overcome degeneration, leading to muscle wasting over time.
Since no effective treatment presently exists and the immune response to dystrophin has
hampered gene therapy approaches, new advances for the treatment of DMD are imperative

[2,3].

Previously, sphingosine-1-phosphate (S1P) has been implicated in muscle repair, satellite cell
proliferation, myoblast differentiation in vitro and in non-diseased mouse models in vivo[2,4-6].
These essential roles for S1P in skeletal muscle regeneration suggested that elevation of S1P may
have therapeutically beneficial effects in models of disease [7]. More recently, S1P has been
shown beneficial for activating satellite cells in dystrophic muscles [8]. Furthermore, an unbiased
genetic modifier screen in Drosophila revealed that by increasing S1P levels via reduction of the
lipid phosphate phosphatase 3 (LPP3) homolog, wunen, or the S1P lyase, sply, prevents to a
large degree dystrophic muscle wasting in flies [9]. In mice, elevation of S1P by the genetic
reduction of S1P lyase can be phenocopied pharmacologically via treatment with the small
molecule 2-acetyl-4(5)-tetrahydroxybutyl imidazole (THI) [10,11]. Furthermore, in Drosophila,

THI treatment also significantly suppresses the dystrophic muscle phenotype [9].

Utilizing the mdx mouse model, we initiated studies on the effect of increasing S1P levels in
dystrophic mice, and found that short-term treatment with THI improves muscle integrity and

function following acute injury with cardiotoxin (CTX). THI treatment also leads to significant
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improvements of the pathology of dystrophic muscles, as indicated by the reduced accumulation
of fibrosis and fat deposition in acutely injured muscles. In turn, intramuscular injection of S1P
resulted in an increased number of myogenic cells and newly regenerating fibers in vivo. S1P
receptor 1 (S1PR1) is expressed by many muscle cell types, particularly muscle fibers, and
phosphorylated S1PR1 is localized in the plasma membrane and intracellularly (perinuclear
localization) of muscle fibers. Intramuscular S1P administration results in increased levels of
total and phosphorylated S1PR1 and ribosomal protein S6 (rpS6). This suggests that increases in
fiber size are mediated by anabolic pathways that promote greater skeletal muscle mass and
function, potentially through S1PR1 signaling. Furthermore, ex vivo administration of S1P
improved specific force in uninjured dystrophic muscle. Similarly, longer-term THI treatment of
uninjured young mdx mice resulted in increased extensor digitorum longus (EDL) muscle force
in the absence of CTX injury. Altogether, S1P acts at multiple levels in muscles, particularly in
myogenic cells and muscle fibers, and collectively the actions of S1P in muscle are beneficial for

regeneration in the setting of muscular dystrophy.

Methods

Animal procedure

Experiments involving animals were undertaken in accordance with approved guidelines and
ethical approval from the Institutional Animal Care and Use Committee, University of

Washington, Seattle, WA, USA.
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THI injections in injured mice

Peripheral blood cells from 1.5-month-old (MO) wild type (wt) C57BL/k6 and mdx mice on a
C57BL/k6 background (B6Ros.Cg-Dmd™ *CV/J, herein referred to as mdx*®") were analyzed
(Figure 1A). Blood was collected before and 12 hours following the last of two 250 ul
intraperitoneal (IP) injections of 0.15 mg/ml THI in PBS. Injections were 6 hours apart. This
injection regimen and dose was repeated for all subsequent experiments involving THI, but for

4cv

longer-treatment durations as outlined. Six 5-MO mdx™" males were used for the experiments in

Figure 1B, and Additional file 1: Figure S1 and S2. For Figures 2 and and3,3, and Additional file

4V \were used for these

1: Figures S3 to S7, six 11-MO females and seven 16-MO males mdx
experiments. In these mice, the left tibialis anterior (TA) and quadriceps femoris (quads) were
injured with 10 nM CTX (Calbiochem, Darmstadt, Germany) from Naja nigricollis. Once more,
THI-treated mice were injected IP with 250 pl 0.15 mg/ml THI in PBS, twice daily (injections 6
hours apart) immediately after injury and for the first 3 days following injury. The vehicle
controls were injected IP with PBS. On day 4 post injury, 5-MO mdx*® animals were euthanized
for S1P and creatine kinase (CK) analysis. On day 17 post CTX, 11-MO and 16-MO mdx*®"
mice were also injected IP with 1% Evans Blue dye (EBD) to label persistently damaged (dye
permeable) muscle fibers [12], and euthanized on day 18 post injury for histopathology analysis.

Muscles for S1P and expression analysis (from 5-MO mdx*®")

were frozen directly in liquid
nitrogen, while muscles taken for histopathology were frozen under liquid nitrogen cooled
isopentane in optimal cutting temperature (OCT) compound. All myofibers were measured for
the minimum diameters on the cross-sections of mouse quadriceps muscle using ImageJ software

(Bethesda, MD, USA). Between 750 and 850 myofibers were counted for three mice treated with

PBS or THI, with or without CTX injury. For functional analysis outlined in Figure 4B, 4.75- to
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5-MO male mdx on a C57BL/10 background (C57BL/10ScSn-Dmd™ ") were used for the 14-
day treatment of THI or vehicle. Following the same dose and treatment regimen, madx were
treated with THI (n = 10) or vehicle (n = 9) for 14 days following CTX injury to left TAs and
quadriceps. The same mdx strain was compared to wt C57BL/10 animals in Figure 4C and for
exogenous S1P treatment depicted in Figure 4D. Animals used to evaluate the degree of CTX
injury in EDL (Additional file 1: Figure S8) were 4-MO female mdx (n = 4, C57BL/10ScSn-
Dmd™®" background), injected in left TAs with CTX and with approximately 3 pl India ink,
added to the tip of the needle to mark injection penetration. Following CTX injections, mice
were immediately injected IP with 1% EBD. Both left (injured) and contralateral uninjured TA

and EDL muscles were harvested and frozen in OCT compound 12 hours post injury.
THI treatment in drinking water of young, uninjured mdx mice

Beginning at 4 weeks of age, male mdx*®” were treated with THI (n = 4) or vehicle (n = 3) for 4
weeks, and analyzed by EDL myography at 8 weeks of age. For this treatment we followed the
dose and conditions described by Schwab et al. [11]. Briefly, 50 mg/l THI was administered ad

libitum. The vehicle consisted of water at pH 2.8 containing 10 g/l glucose.
Peripheral blood cell analysis

Blood was collected via retro-orbital blood collection using heparinized capillaries and
transferred to blood collection tubes containing a final concentration of 1.6 mg/ml EDTA
(SARSTEDT, Niimbrecht, Germany) for analysis. Analysis of whole blood was undertaken with

20 pl per sample using the Hemavet 950 FS system (Drew Scientific, Dallas, TX, USA).
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Analysis of gene expression by quantitative reverse transcription-PCR (RT-PCR)

Total RNA (RNeasy Kit, Qiagen, Venlo, Netherlands) was prepared from mdx*® TA muscles
homogenized under liquid nitrogen by mortar and pestle. Methods for RNA isolation and cDNA
generation were in accordance with manufacturer’s protocols using reverse transcriptase
(Applied Biosystems, Carlsbad, CA, USA) as previously described [13]. RNA (0.5 pg) was
reverse transcribed using the Omniscript RT Kit (Qiagen). For reverse transcription-PCR (RT-
PCR), 10 ng cDNA was combined with SYBR Green (Thermo Scientific, Waltham, MA, USA)
following published conditions and primer sequences for S1P-related genes by Grabski et al. [14]

and by Au et al. [15] for 18S.
Functional analysis: myography

Animals treated with THI or PBS (vehicle) via IP injection as aforementioned for 14 days were
analyzed between 1 and 4 days following the final day of injection. Prior to euthanasia animals
were anesthetized with 0.5 mg/g weight avertin diluted in PBS. EDLs were then excised and
equilibrated in Ringer’s solution (120 mM NacCl, 4.7 mM KCl, 3.15 mM MgCl,, 1.3 mM
NaH,POy4, 25 mM NaHCO3, 11 mM glucose, 1.25 mM CaCl,, pH 7.2) with 95% O,/5% CO, for
a minimum of 15 minutes prior to stimulation [16]. For assessment of direct S1P administration,
EDL muscles from uninjured and untreated 3.5-MO male mdx (C57BL/10ScSn-Dmd™™") were
incubated with oxygenated Ringer’s solution containing 10 uM S1P or vehicle (PBS with 4
mg/ml fatty acid free BSA) for 15 minutes prior to stimulation [16]. All functional experiments
were carried out with buffer solutions at 25°C under constant oxygenation. Myography was
conducted using a 820S myograph (DMT, Ann Arbor, MI, USA) and data was recorded using a

PowerLab 4/30 acquisition system with LabChart Pro software v7.3.1 (both from
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ADInstruments, Dunedin, New Zealand). Stimulations were conducted with S88X dual systems
(Grass Technologies, Middleton, W1, USA). Muscles were stimulated to establish optimal fiber
length (Lf) and voltage at which maximum tetanic force was measured at 120 Hz using 4.15 ms
pulses within 450 ms train duration [17]. Force frequency was carried out using the same pulse
duration at 10, 20, 40, 60, 80, 100 and 120 Hz, as outlined in the x-axis of Figure 3B. Specific
force was calculated as previously described [18] by normalizing to the muscle cross-sectional
area (CSA). CSA is the quotient of dry muscle mass (mg) over Lo (mm), which is defined as the
product of Lf with the fiber length ratio (0.44 for EDL) and mammalian muscle density (1.06

mg/mm?).

Measurement of S1P in mouse tissue

S1P was quantified in tissue after homogenization and extraction using liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Tissue was pulverized in liquid nitrogen using a mortar
and pestle. Collected tissue was weighed and an internal standard (C17 base D-erythro-
sphingosine-1-phosphate in methanol (Avanti Polar Lipids, Alabaster, AL, USA)) was added at 1
pmol/mg tissue. Tissue was then vortexed/extracted in 16 volumes (mg/ul) of acetonitrile:water
(80:20, v/v) for 10 minutes at room temperature. Supernatants were collected after centrifugation
(20 minutes at 14,000 rpm) and concentrated to dryness using a SpeedVac Concentrator (Thermo
Scientific). Pellets were resuspended in methanol to a calculated concentration of 0.05 uM C17
base D-erythro-sphingosine-1-phosphate. Then 10 ul was analyzed by LC-MS/MS using C17
base D-erythro-sphingosine-1-phosphate plus C18 base D-erythro-sphingosine-1-phosphate
(both at 0.05 uM) as a standard. Separation of analytes was undertaken by liquid

chromatography using a Chromolith RP-C18e 100 x 2 mm column (EMD, Gibbstown, NJ, USA)
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and analysis by tandem mass spectrometry with a Quattro Micro mass spectrometer (Waters,
Milford, MA, USA) in positive ion mode. The HPLC gradient using two pumps was linear from
50% MeOH to 99% MeOH using solvent A (water, 0.1% formic acid) and solvent B (MeOH,
0.1% formic acid) over 1 minute at a flow rate of 0.35 ml/min. To wash the column, the gradient
was repeated twice before equilibrating for 3 minutes before running the next sample. The
transitions analyzed were 380.25 >264.50 and 380.25 >82.00 for endogenous S1P, and 366.25
>250.50 and 366.25 >82.00 for internal standard with a dwell time of 0.07 seconds. Data
collection was by MassLynx software (Waters) and processed with QuanLynx software

(Waters).
Measurement of S1P in mouse plasma

S1P was quantified in plasma using butanol extraction and liquid LC-MS/MS [19]. Internal
standard (5 pl 3 uM C17 base D-erythro-sphingosine-1-phosphate in ethanol (Avanti Polar
Lipids)) was added to 10 ul EDTA-anticoagulated plasma and mixed thoroughly on an orbital
shaker (Thermomixer, Eppendorf, Hauppauge, NY, USA) for 10 minutes at 1,400 rpm at 20°C.
The sample was then acidified using 50 pul 30 mM citric acid/40 mM Na,HPO,, pH 4.0, and
extracted for 10 minutes at 1,400 rpm at 20°C with 125 ul water-saturated butanol (Fisher
Scientific, Waltham, MA, USA). The butanol layer was removed and lyophilized in a centrifugal
evaporator at 20°C. The residue was stored at —20°C until analyzed. The residue was
resuspended in 125 pul HPLC buffer A (50% methanol, 1% formic acid, 5 mM ammonium
formate in water (JT Baker) and sonicated in a bath sonicator for 1 minute at 20°C. Analytes in a

portion of the sample (10 pl) were then separated using liquid chromatography (Shimadzu,

Nakagyo-ku, Kyoto, Japan) with a Luna 3 pm C18(2) 100A 50 x 2 mm column (Phenomenex,
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Torrance, CA, USA) and analyzed by tandem mass spectrometry on a 4000 QTRAP mass
spectrometer (AB SCIEX, Framingham, MA, USA) in positive ion mode. The HPLC gradient
was linear from buffer A to buffer B (10% isopropyl alcohol, 1% formic acid, 5 mM ammonium
formate in methanol) over 1 minute at a flow rate of 0.4 ml/min. To wash the column, the
gradient was repeated twice before equilibrating for the next sample. The transitions analyzed
were 380.3/264.3 and 380.3/81.9 for endogenous S1P, and 366.2/93.0, 366.2/82.0 and
366.2/250.3 for internal standard with a dwell time of 15 milliseconds. Calibrators were in
mouse plasma (C18 base D-erythro-sphingosine-1-phosphate, Avanti Polar Lipids). Between-day
coefficient of variation was 7.7%. Pertinent instrument specific parameters were empirically
derived and included curtain gas: 15, ion source voltage: 5000 V, emitter temperature: 550°C,
desolvation gas 1: 20, desolvation gas 2: 70, collision gas: 6, entrance potential: 10, and collision
cell exit potential: 10. Chromatographic data were analyzed using Analyst 1.4.2 (AB SCIEX) by

summing transitions for each analyte.

Creatine kinase (CK) assay

m dx4cv

mouse plasma samples were diluted 1:50 and total CK activity was measured by an
enzymatic rate method at the clinical laboratory of the Department of Laboratory Medicine,
University of Washington, using the Beckman Coulter instrument (Brea, CA, USA) as

previously described [20]. Relative levels were then normalized to body weight.

S1P injections

Right and left TAs of three 3-MO male mdx*':Myf5"%?* were injured once more with 10 nM

CTX (Figure 5). S1P (Enzo Life Sciences, Farmingdale, NY, USA; Calbiochem) preparation was
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undertaken according to manufacturer’s instructions. Briefly, S1P was dissolved in methanol (0.5
mg/ml) and aliquoted, then the solvent was evaporated with a stream of nitrogen to deposit a thin
film on the inside of the tube. Prior to use, aliquots were resuspended in PBS with 4 mg/ml BSA
(fatty acid free) to a concentration of 500 uM. Directly following CTX injection, 20 pl 500 uM
S1P was injected in left TAs, daily until day 3 post injury, at which time animals were
euthanized and muscles were harvested for freezing. Right TAs were injected with an equal
volume of PBS with 4 mg/ml BSA as vehicle controls. In a separate experiment (Figure 6), TAs
of four 2.5-MO female mdx*®’ were injected with S1P or vehicle under the same conditions
stated above, in the absence of injury. AJ/SCID mice (n = 4, 9-MO, B6. Cg-Dysf*™Prkdc*/J)
were also injected for 3 days with S1P or vehicle in TAs post CTX injury, following the same
concentration and injection regimen used in mdx*. For measurement of S1P muscle content
(Figure 7A) following intramuscular injections, 11-MO mdx*® (n = 3) were injected 20 pl 500
puM S1P in left TAs and 20 pl vehicle in right TAs. Muscles were harvested and frozen in liquid
nitrogen 15 minutes post injection, and then processed using the aforementioned methods for
analyzing S1P in muscle by LC-MS/MS. For injection of biotinylated-S1P, TAs from 11-MO
mdx*® (n = 2) were injected intramuscularly with 20 ul 500 uM S1P-biotin or vehicle (Echelon
Biosciences, Salt Lake City, UT, USA). TAs were harvested and frozen in OCT compound 15

minutes following injection.
Mouse histology and immunohistochemistry

All mouse muscles were frozen directly in OCT compound with liquid nitrogen cooled in
isopentane and sectioned 8 um thick. Tissue for X-gal staining was fixed for 10 minutes with 2%

formaldehyde/0.2% glutaraldehyde and incubated overnight at 37°C with staining buffer (PBS
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with 1 mg/ml X-gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM CaCl,
(all from Fisher Scientific)). Picrosirius red with fast green, hematoxylin and eosin, and Oil Red
O staining were conducted following established protocols [21]. Fibrosis was quantified as
percentage of area stained red within each 20 x field analyzed using ImageJ v1.40 or Adobe
Photoshop CS2 (San Jose, CA, USA). For evaluating fibrosis, the mean value from three
separate sections (200 um apart in longitudinal distance) were analyzed from each muscle and
used to calculate the overall mean for each muscle group outlined in the x-axis of Figure 1D.
Lipid accumulation was quantified with the ImageJ cell counter plugin by counting fatty
infiltrates in montages (stitched from 10 x photos) covering the entire CSA of each muscle.
Muscles injected with S1P-biotin or vehicle were cut 8 pm thick, fixed for 5 minutes with 4%
formaldehyde, and then stained with streptavidin conjugated to Alexa Fluor 594 (Life

Technologies, Carlsbad, CA, USA) at 1:1000 in PBS and 1% BSA for 1 hour.

Immunohistological staining

Staining was undertaken using freshly frozen mdx**”

muscles. Pax7 staining was performed as
outlined by Clever et al. [22] with slight modification. Sections were fixed overnight in 4%
formaldehyde (from paraformaldehyde powder) at 4°C. Following fixation, antigen retrieval was
performed with 10 mM citrate buffer (with 0.05% Tween 20 at pH 6.0) warmed in a water bath
at 90°C for 20 minutes. Slides were then permeated with ice cold methanol for 5 minutes at room
temperature. Streptavidin/biotin blocking (Vector Laboratories, Burlingame, CA, USA) was
performed according to manufacturer’s instructions. Staining was undertaken using the Mouse

on Mouse (MOM) Kit (Vector Laboratories) with immunoglobulin G (IgG) blocking for 5 hours

at 4°C prior to addition of mouse monoclonal anti-Pax7 (clone PAX7, R&D Systems,
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Minneapolis, MN, USA) diluted at 1:20 and incubated overnight at 4°C. Biotinylated anti-mouse
secondary was supplied with and used as prescribed by MOM Kit instructions. Streptavidin
conjugated to Alexa Fluor 488 (Life Technologies) was added at 1:1000. As a negative control
for Pax7 staining, a mouse IgG isotype was applied to separate ribbons and treated in parallel.
For BS1 staining, muscles were initially fixed with 4% formaldehyde for 5 minutes at room
temperature then stained with BS1 directly conjugated to fluorescein isothiocyanate (FITC),
diluted at 1:400 in PBS with 1% BSA and applied for 1 hour at room temperature. Following
BS1 staining, wheat germ agglutinin (WGA\) directly conjugated to rhodamine was administered
at 1:400 dilution as a counterstain for identifying myofibers. CD3e staining was undertaken in
the same manner as BS1, using rat monoclonal anti-CD3e (clone 145-2C11, eBioscience, San
Diego, CA, USA) at 1:100 dilution, followed by anti-rat 1gG conjugated to Alexa Fluor 594 at

1:1000 dilution.

For laminin staining, tissue was also fixed with 2% formaldehyde for 5 minutes then treated with
polyclonal rabbit anti-laminin (Sigma-Aldrich, St Louis, MO, USA) for 1 hour at 1:400 dilution
in PBS and 1% BSA. Following washes, Alexa Fluor 488 conjugated goat anti-rabbit 1gG (Life
Technologies) was administered at 1:800 dilution for 1 hour. Controls omitting the primary
antibody were included with all staining. For embryonic myosin heavy chain (eMyHC), tissue
was first fixed with 2% formaldehyde for 5 minutes, treated with streptavidin/avidin blocking
and blocked with 1gG block from MOM Kit for 5 hours at 4°C. Following blockade,
concentrated mouse anti-eMyHC (clone F1.652, received concentrated at 357 pug/ml IgG,
Developmental Studies Hybridoma Bank (DSHB), University of lowa, 1A, USA) was
administered at 1:400 dilution overnight at 4°C. The remainder of the staining was undertaken

following MOM Kit staining instruction. 3,3'-diaminobenzidine (DAB) was used for visualizing
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and quantifying eMyHC fibers. For fluorescence, eMyHC was visualized using streptavidin
conjugated to Alexa Fluor 594 used at 1:1000 dilution for 1 hour. For S1P receptor staining,
slides were fixed with 4% formaldehyde for 5 minutes and stained with rabbit polyclonal 19G
antibodies against SIPR1, S1IPR3 (Cayman Chemical, Ann Arbor, MI, USA) and
phosphorylated S1PR1 (raised against Thr236, Assay Biotechnology, Sunnyvale, CA, USA), all
applied at a dilution of 1:200 for 2 hours. Following receptor staining, goat anti-rabbit IgG
conjugated to Alexa Fluor 488 was added at 1:1000 for 1 hour. In parallel, we stained additional
slides with rabbit polyclonal 1gG isotype at the same final concentrations to exclude non-specific

4Acv

staining of these antibodies in mdx™" muscles.

Staining quantifications were all undertaken using ImageJ cell counter plugin. Calculations,
statistics and graphs were generated with Microsoft Excel (Redmond, WA, USA). Bright field
photographs were captured using either a Fisher Scientific Micromaster digital inverted or
upright microscopes with Micron software. Fluorescent photographs were captured with a
monochromatic camera using an Axiovert 200 microscope (Zeiss, Oberkochen, Germany).
Individual fluorescent channels were colored and merged using Adobe Photoshop. Brightness

contrast levels were adjusted to increase visibility and reduce background in most photographs.

Western blot analysis

Tissue for western blot analysis was snap frozen in liquid nitrogen and subsequently
homogenized. Freshly isolated TA muscles were harvested and snap frozen in liquid nitrogen
prior to homogenization with disposable tissue grinders. Tissue was homogenized under liquid
nitrogen then resuspended in lysis buffer containing 50 mM Tris—HCI (pH 7.4), 1 mM EDTA,

150 mM NaCl, 5 mM NaF, 0.25% (w/v) sodium deoxycholate, 2 mM NaVOs, 1% Triton X-100
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(v/v), supplemented with complete protease inhibitor cocktail (Roche, Basel, Switzerland), and
complete phosphatase inhibitor cocktails 1 and 2 (Sigma-Aldrich). Protein extracts were
separated using Ready Gel Tris—HCI (BioRad, Hercules, CA, USA), 4 to 20% linear gradient and
transferred to polyvinylidene fluoride (PVDF) membranes with a wet transfer system (BioRad).
Membranes were blocked for 1 hour with Tris-buffered saline with 0.1% (v/v) Tween 20
containing 5% (w/v) BSA. For S1PR1 analysis, rabbit polyclonal anti-S1PR1 was used at a
1:500 dilution (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Rabbit polyclonal antibodies
were used to blot against phosphorylated (Thr308) Akt, total Akt, phosphorylated (Ser2448)
mammalian target of rapamycin (mTOR), total mMTOR, phosphorylated (Ser240/Ser244) rpS6,
total rpS6 (1:1000, Cell Signaling Technology, Danvers, MA, USA) and B-actin (1:10000,
Sigma-Aldrich). The signals were detected using an enhanced chemiluminescence kit (Millipore,

Billerica, MA, USA) and CL-XPosure films (Thermo Scientific) were analyzed using ImageJ.

Statistics

Student’s t-test was used to determine statistical significance for the majority of experiments. P

values generated by analysis of variance (ANOVA) are specified in the text.

Results

Alterations of S1P regulation and content following IP injection of THI in mdx mice

To determine the effect of elevating S1P levels in dystrophic animals, we studied the effects of
THI in the mdx mouse model for DMD [23,24]. Recently, Loh et al. (2012) showed that
compared to wt, mdx muscles are in a state of S1P deprivation as they exhibit increased levels of

the enzymes that degrade S1P (S1P lyase and S1P phosphatase 1) [8]. THI is a hydrophilic small
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Figurel. IP injection of THI reduces peripheral blood leukocytes and increases S1P levels in most
tissues. (A) Leukocytes were analyzed from the peripheral blood of 1.5-MO mdx*" mice (n = 3)
before and 12 hours following treatment with THI (2 x 250 ul 0.15 mg/ml IP injections, 6 hours
apart). IP administration of THI significantly reduced circulating leukocytes to values below or
near age-matched wt (n = 4). The average value of each population is listed in the table below the
bar graph. Values between pre and post THI, and wt were also significant by ANOVA (P <0.05)
for all leukocytes except monocytes. (B) mdx* mice (n = 6, 5-MO) were treated with THI or
vehicle for 3 days (2 x 250 ul 0.15 mg/ml IP injections per day) following CTX injury to assess
changes in S1P muscle content. Muscles and spleens were harvested on day 4 post injury for S1P
analysis by LC-MS/MS. Results indicate S1P levels in spleen and injured quadriceps (quads) were
significantly elevated with THI treatment. Interestingly, uninjured quadriceps did not show a
significant increase of S1P, whereas uninjured TA muscles did. *P <0.05 by student’s t-test. Error
bars represent SEM. CTX, cardiotoxin; IP, intraperitoneal; LC-MS/MS, liquid chromatography-
tandem mass spectrometry; MO, month-old; S1P, sphingosine-1-phoshate; SEM, standard error of
the mean; TA, tibialis anterior; THI, 2-acetyl-4(5)-tetrahydroxybutyl imidazole; wt, wild type.

in muscle have not been reported [8,11]. To corroborate the effects of THI in mdx*®” mice, we
analyzed changes in lymphocytes before and after treatment, and measured S1P content in

muscle (Figure 1). THI has low oral bioavailability; Bagdanoff et al. showed 10 to 12%
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bioavailability of THI when administered orally [10]. Thus we evaluated IP injections of THI as
a parenteral delivery route for elevating systemic levels of THI. Peripheral blood was collected
and analyzed before and 12 hours after two IP injections of THI (each injection was 250 pul 0.15
mg/ml THI, administered 6 hours apart). Following THI treatment, we observed a significant
drop of all leukocytes except monocytes in mdx*® (n = 3, 1.5-MO) (Figure 1A). Of note, prior to
treatment with THI, the total number of white blood cells and amount of individual leukocyte

4cv

populations except monocytes, was significantly elevated in 1.5-MO mdx™" mice (n = 3) versus

age-matched wt mice (n = 4). Interestingly, the number of platelets was also elevated twofold in

m dX4cv

versus wt, but declined to near wt following THI administration (Additional file 1: Figure
S1). This systemic effect in lymphocyte count indicates that THI functions efficiently when
delivered systemically via IP injection. In addition, for short-term treatments, IP administration

is desirable to ensure that all mice received the same dose. Thus for the majority of experiments

described herein, we opted to administer THI via IP administration.

Loh et al. also demonstrated that following acute injury, the expression of S1P lyase increases in
wt muscle [8]. Thus we analyzed the expression of enzymes that regulate S1P production and
degradation following CTX injury in the mdx background with and without THI treatment. Right
TA and quadriceps muscles were uninjured, while left counterparts were injured using CTX, a
well characterized model of acute injury where initial muscle destruction is followed by a rapid

myogenic response [27-30]. mdx**"

mice (n = 6, 3.5-MO males) were injected IP immediately
following CTX and thereafter five additional times during a 3-day period (for example 2 x IP
injections per day) with either the previously used dose of THI or vehicle. For this analysis,

muscles were harvested at day 4 post injury; the peak of myogenic gene expression following

CTX-induced damage [28]. In the absence of THI, expression of the S1P lyase was significantly
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elevated following injury (Additional file 1: Figure S2A). Surprisingly, expression of S1P
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Figure 2. Dystrophic pathology following muscle injury is improved with THI treatment. (A)
Experimental schematic of THI (0.075 ug/day) and PBS (vehicle)-treated mdx mice injected IP
twice daily for the first 72 hours following CTX injury. Muscles from aged mdx** mice (n = 7,
THI-treated: 3 x 11-MO females, 4 x 16-MO males; n = 6 vehicle-treated: 3 x 11-MO females, 3
x 16-MO males) were harvested for histopathology analysis 18 days post CTX injury. (B)
Histological quantification of picrosirius red staining indicates lower fibrotic accumulation
following injury in both TA and quadriceps (quads) muscles from mice treated with THI. For
CTX-injected muscles, damaged regions of muscle (for example fields with the greatest
accumulation of sirius red staining) were quantified for both THI and vehicle-treated mice. The
level of fibrosis was not significantly different between treated and control (vehicle) uninjured
quadriceps; however, uninjured TA muscles from 11-MO THI-treated mice had lower fibrosis
compared to control TA muscles. For each muscle, three separate sections (200 um apart in
longitudinal distance) were analyzed. (C) Representative photographs of injured quadriceps
stained with picrosirius red and fast green depict collagen deposition (red staining), while muscle
morphology and organization is depicted with hematoxylin and eosin staining. Scale bars = 50
um. (D) Oil Red O staining depicts fat deposits (arrows) over the entire CSA of THI-treated and
vehicle-injured quadriceps from 16-MO males. Scale bars = 500 um. (E) The ratio of fat
deposition in injured TAs over uninjured contralateral TAs quantified from Oil Red O staining
was significantly reduced in THI-treated versus control animals in 11-MO (*) but not 16-MO
mdx*® mice. In contrast, the ratio of injured over uninjured fat deposits in quadriceps was
significantly reduced in 16-MO (#) but not in 11-MO mdx mice. *P <0.05, **P <0.01 by
student’s t-test. Error bars represent SEM. CSA, cross-sectional area; CTX, cardiotoxin; IP,
intraperitoneal; MO, month-old; SEM, standard error of the mean; TA, tibialis anterior; THI, 2-
acetyl-4(5)-tetrahydroxybutyl imidazole.

phosphatase 1 and lyase were greater in the injured muscles with THI treatment, suggesting a
possible compensation in the S1P degradation pathways in response to the inhibition of the S1P
lyase. Analogous to these results, expression levels of S1P kinase 1 were also increased with
injury and at higher levels with THI (Additional file 1: Figure S2B). In contrast, the expression
of S1P kinase 2 was only significantly elevated in the injured muscles from THI-treated animals.

** muscles induces upregulation of enzymes that

These results suggest that acute injury in madx
regulate S1P metabolism. In turn, elevated expression of both S1P kinases with THI treatment
may be beneficial for muscle regeneration in mdx mice. However, with THI treatment S1P

phosphatase 1 and lyase expression were also greatly increased. Therefore we examined S1P
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content, to determine if THI treatment results in increased intramuscular S1P levels and in turn

promotes muscle regeneration following CTX injury.

In order to determine if THI treatment results in increased intramuscular S1P levels, a second

group of mdx**Y

animals was treated with THI or PBS (n = 6, 5-MO males), following the same
dosing schedule (2 x IP injections per day for the first 3 days post CTX injury) and sacrificed at
day 4 to analyze the efficacy of THI in increasing S1P levels (Figure 1B). In concordance with
published work, treatment with THI increased S1P levels in spleen but not plasma (Figure 1B,
Additional file 1: Figure S3A) [10,11]. S1P levels were also significantly increased in CTX-
injured quadriceps from THI-treated animals (Figure 1B). This indicates that despite increased
expression of S1P phosphatase 1 and lyase following injury, the counteracting increased
expression of both S1P kinases results in elevated levels of intramuscular S1P. In addition, we
also observed increased S1P levels in the uninjured TA muscles from mice treated with THI
compared to vehicles. To examine if such extravascular increases of S1P correlated with a
beneficial effect in dystrophic mice, we analyzed the level of plasma CK, which are elevated in
humans and mice with muscular dystrophy activity in the same group of THI-treated mdx**Y
mice [31]. Results indicate a trending, but not statistically significant decline in CK activity

levels in plasma collected on day 4 post injury from THI versus vehicle-treated mice (Additional

file 1: Figure S3B).

Reduction of dystrophic muscle pathology in acutely injured mdx muscles via

administration of THI IP

Although young mdx mice exhibit robust muscle repair, regeneration becomes impaired with

aging, resulting in muscle atrophy and dystrophy [3]. Therefore, in a third experiment, the effects
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of THI on histopathology were assessed in injured and uninjured muscles from two groups of

4cv

aged mdx™" mice (n =6, 11-MO females; n = 7, 16-MO males), to determine the effects of
increasing levels of S1P in dystrophic animals at a stage of severe muscle wasting. Importantly,
it has been reported that mdx females older than 6 months of age exhibit greater fibrosis than
males [32]. Once more, right TA and quadriceps muscles were uninjured, while left counterparts
were injured with CTX (Figure 2A). Regeneration following CTX injury is well orchestrated in
normal muscle but impaired in older mdx mice [29]. Therefore in these studies we analyzed the
muscles from 11- and 16-MO mdx mice 18 days following CTX injury, a time point expected for
non-diseased muscles to fully regenerate [28]. In the 16-MO mice, muscles were weighed
immediately after collection and normalized to body weight (grams muscle weight over grams
mouse weight). As expected, injured muscles were lighter than uninjured muscles in vehicle
mice, an approximate weight loss greater than 20% (Additional file 1: Figure S4A). However, in
the THI-treated mice the weight of injured quadriceps was similar to uninjured quadriceps

(muscle weight ratio injured/uninjured approximates one), suggesting that THI treatment

promotes muscle repair and protects from muscle loss following acute injury.

Fibrosis and fat deposition are both hallmarks of muscle wasting and dystrophic muscle
pathology [32,33]. In addition, when regeneration is impaired, fibrosis and fat accumulate in
place of muscle following acute injury [34,35]. Histological quantification revealed that THI
treatment reduced accumulation of both fibrosis and fat deposition following acute injury in
quadriceps and TA muscles (Figure 2B,C). Results for lower fibrosis were confirmed by third
party hydroxyproline analysis of injured TAs from 16-MO animals (Additional file 1: Figure
S4B). Interestingly, fibrosis was also significantly lower in uninjured TAs of 11-MO females,

which correlates with the capacity of THI to elevate S1P levels in uninjured TAs (Figure 1B,
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Figure3. Elevating S1P levels
with THI increases muscle fiber
size. (A) Staining for laminin
(green) and DAPI (blue) depict a
dramatic increase in muscle fiber
size in both injured and uninjured
quadriceps (quads) with THI
treatment. Depicted are
quadriceps muscles from 11-MO
mdx*®Y mice. Scale bars = 50 pm.
(B,C,D) Quantification of
minimum muscle fiber diameter
reveals a significant increase in
myofiber size in THI-treated
animals. Increased myofiber
diameter was observed in both
(B) injured and (C) uninjured
quadriceps from THI-treated 11-
MO mdx*® mice, whereas only
(D) uninjured quadriceps in THI-
treated 16-MO mdx*® mice
showed increased myofiber size
compared to vehicle controls. As
indicated by the distributions,
mean and median values of
muscle fiber minimum diameters,
there is an overall increase in
muscle fiber size with THI
treatment. Quantifications were
undertaken in random fields in
both injured and uninjured
muscles in order to obtain an
overall representation of fiber
size increase for each muscle.*P
<0.05, ***P <0.0005 by student’s
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Additional file 1: Figure S5). Although only left TAs and

quadriceps were injected with CTX, fibrosis

accumulation in uninjured muscles was likely elevated as mice disuse injured limbs and bear

most of the use/weight on the uninjured contralateral limb. Therefore, the differences observed in

112


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/#S1

uninjured TAs are likely due to reductions in the amount of fibrotic deposition that would
otherwise accumulate without THI treatment, since it is unlikely THI can reverse already accrued
fibrosis. Along with lower fibrosis observed in injured muscles, the overall morphology appeared
more organized with THI treatment compared to vehicle-treated animals (Figure 2C). In
addition, the number of EBD-positive fibers, an indicator of muscle fiber damage, was lower in
injured 11-MO muscles and significantly reduced in uninjured 11-MO quadriceps (Additional
file 1: Table S1) [12,36]. In these muscles the number of centrally nucleated fibers was

comparable between THI and vehicle-treated animals (Additional file 1: Figure S6).

To test whether THI-treated mice show decreased fat deposition in injured muscles, we
quantified the fat deposits within entire cross-sections of THI and vehicle-treated muscles
(Figure 2D). The ratio of fat deposits between injured and uninjured contralateral muscles was
then compared to THI and vehicle-treated mice (Figure 2E). This analysis indicates that THI
significantly reduced fat deposition resulting from injury in 11-MO female TAs and 16-MO male
quadriceps. These results demonstrate that THI treatment reduces injury-induced fat deposition

and fibrosis in mdx muscles.

% mice revealed an increase in muscle fiber size in

Further analysis of THI-treated mdx
quadriceps (Figure 3A). Although mdx mice undergo muscle hypertrophy as compared to wild
type, we observed a significant increase in the minimum fiber diameter with THI treatment in
diaphragms, and in both uninjured and injured quadriceps of 11-MO mice (Figure 3B,C and
Additional file 1: Figure S7) [37]. Uninjured quadriceps of THI-treated 16-MO males also

showed a significant increase in fiber size (Figure 3D). In summary, 3 days of THI treatment is

sufficient to increase muscle fiber size in older mdx mice.
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To assess if increases in muscle fiber size observed with THI treatment are accompanied by an
increase in the number of satellite cells, we quantified the number of Pax7+ cells. Within skeletal
muscle, Pax7 is specifically expressed by satellite cells, which have been reported to decline in

older madx**¥

muscles [38-40]. As expected, few satellite cells (Pax7+ nuclei) were visible in
cross-sections of 11-MO mdx muscles. However, there was a significant increase in the mean
number of Pax7+ nuclei, collectively in limb muscles (TAs and quadriceps) from THI-treated

11-MO animals (Additional file 1: Figure S8).

S1P is a potent angiogenic factor [41-43]. Thus we studied the effects of THI treatment on the
skeletal muscle microvasculature. We quantified the number of vessels using BS1, a lectin that
highlights endothelial cells [44]. In contrast to the increase in Pax7+ cells, we did not observe an
increase in BS1+ vessels in injured 11-MO TA muscles. Quantitative RT-PCR analysis of
endothelial related genes eNOS and CD31 in 5-MO mdx*® TA muscles at day 4 post injury,
show no significant difference in the levels of expression of these endothelial associated genes in
THI treatment compared to vehicle (Additional file 1: Figure S9). This suggests that THI

benefits on muscle repair do not depend on increasing microvasculature density.
THI treatment elevates isometric force in acutely injured mdx EDL muscles

To assess if increasing S1P levels promotes dystrophic muscle function, in a fourth experiment
we conducted myography analysis following longer treatment with THI. For this experiment,
another group of mdx mice (male 4.75- to 5-MO C57BL/10ScSn-Dmd™®*) was injured and
treated with daily IP injections using the same THI dose and injection interval, for 14
consecutive days; the maximum duration for IP administration allowed by our approved animal

protocol. Animals were treated with THI (n = 10) or vehicle (n = 9) for 14 days following injury,
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Figure 4. S1P promotes functional improvement of mdx (C57BL/10ScSn-Dmd™")
muscle. (A) Experimental schematic of longer-term, 14-day treatment of THI or PBS
(vehicle) following CTX injury. THI was administered following the aforementioned dose
and injection regimen. Following treatment, EDL muscles were harvested and specific
isometric force was analyzed by in vitro myography from both injured and uninjured
limbs. (B) Force frequency analysis reveals that EDL muscles isolated from injured limbs
of THI-treated animals (n = 10) have significantly greater specific force compared to
injured vehicle controls (n = 9). (C) Analysis of untreated and uninjured wt
(C57BL/10ScSn) and mdx (C57BL/10ScSn-Dmd™™”) indicate specific force improved in
injured but not uninjured THI-treated EDL muscles. (D) Incubation of uninjured and
untreated mdx (C57BL/10ScSn-Dmd™™) EDL muscles with a high concentration of S1P
(10 uM) leads to a significant increase in maximal specific force. *P <0.05, **P <0.005 by

student’s t-test. Error bars represent SEM. CTX, cardiotoxin; EDL, extensor digitorum
longus; S1P, sphingosine-1-phoshate; SEM, standard error of the mean; THI, 2-acetyl-
4(5)-tetrahydroxybutyl imidazole; wt, wild type.

and analyzed

A . Harvest and analyze
CTX ﬁ uninjured g}a “; THI Y - FEe
o P Wend il — between day
L~ ( 0 hrs e\ / 6 hrs I\ 4 ag 5=
Y Iy A ow(( 14 days treatment 200 ourems
; day1 ' EDLs by myography 15 and 19
B mdx CTX injured EDL Force Frequency mdx uninjured EDL Force Frequency .
* (Figure 4A).
120 * 120
10 Veh e EDL muscles

Y [ n=9
80 :

20

0

Specific Isometric Force kN/m2

g X M 1 3 g g
S @G‘x ;)5"k

20

o

Specific Isometric Force kN/m2

% 4 & & & &
FFFFSS

&

0’5\'

~\Vehicle

v e "
& n=10 50 o=, frominjured
a0 4.75-5M0 Q" a0 4.75-5mo 0"

and uninjured

contralateral

C wtvs mdx uninjured / untreated D mdx EDL Maximum Force limbs were
EDL Force Frequency *
~ 200 *og ~e 160
S | = 140 analyzed for
£ 160 T A S = .
$ 140 ? ; E | : :1:4 g 120 I ::r‘ucle - -
g i < 100 e isometric
£ 100 /L —o—madx £ 80 28
£ 80 : n=4 g
: 60 3.5M00" i .
& 80 O 3 specific force;
£ a0 o 40
T 20 .
v 2 a physiological
ST S S ST Vehicle  S1P

115


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/figure/F4/

measurement of muscle force that is reduced with muscular dystrophy in mice and humans

[18,45,46].

To assess if the EDL is damaged as a consequence of CTX injection in the TA, we injured and
analyzed a separate group of mdx mice (n = 4) 12 hours post injury. For this fifth experiment,
CTX injections included India ink to label needle penetration [47]. To assess muscle fiber
damage, a consequence of CTX injury, animals were injected IP with EBD immediately
following CTX injection. The presence of EBD indicates EDL muscles are damaged. However,
EDL damage is not due to direct penetration by the needle since India ink was only present in the

CTX-injected TA muscles (Additional file 1: Figure S10).

Force frequency analysis revealed a significantly higher specific force by EDL muscles isolated
from injured limbs of THI-treated mice (Figure 4B). These values were similar to EDL muscles
isolated from contralateral uninjured limbs, indicating that THI prevented wasting and preserved
muscle function following acute injury (Figure 4B). However, the specific force observed after
THI treatment was still lower than wt control animals (Figure 4C). Two weeks of THI treatment
was not sufficient to improve specific force in uninjured EDL muscles. However, as shown in
Figure 1B, the THI dose of 0.75 pg/day used for all our experiments does not significantly raise
S1P levels in all uninjured mdx muscles. In addition, although peripheral lymphocytes declined
with THI (Figure 1A), we did not observe a decline of CD3e+ T-cells present in the diaphragm
following 2 weeks of THI (Additional file 1: Figure S11) [48]. Therefore, it is plausible that a
higher dose of THI is required to sufficiently elevate S1P levels needed to improve specific force
in uninjured mdx muscles. However, since THI is insoluble in PBS at higher concentrations and

has low oral bioavailability, we chose to directly study the effects of high levels of S1P on

116


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/#B18
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/#B45
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/#B46
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/#B47
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/#S1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/figure/F1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/figure/F1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/#S1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3750760/#B48

uninjured mdx muscles ex vivo. For this experiment, EDLs from uninjured and untreated mdx
mice were analyzed following incubation with 10 uM S1P [16]. Analysis of the maximal specific
force indicates that direct administration of S1P significantly increases force output in uninjured
mdx muscle (Figure 4D). Such results indicate that treatment with high concentrations of S1P

can promote functional improvement of dystrophic muscles.

Overall, reduction in fibrosis and fat deposition, and increase in myofiber size and satellite cell
numbers, indicate that elevating S1P levels, pharmacologically or by direct administration, has a

profound benefit in dystrophic muscle repair and function.

Direct administration of S1P promotes muscle regeneration in mdx mice following CTX

injury

S1P is essential for satellite cell turnover, myoblast differentiation and muscle regeneration in
non-diseased mice, and more recently shown to promote satellite cell activation in mdx muscle
[4,5,8,47]. To determine if the increase in satellite cell number observed in the THI-treated
muscles was a result of increased S1P muscle content, we examined the effects of direct S1P
administration following CTX-induced acute injury in dystrophic muscles. In order to identify
satellite cells and their progeny, we utilized mdx*®:Myf5"*#* mice carrying the nuclear lacZ
reporter driven by the endogenous Myf5 gene, a marker of myogenic cells [49-51]. CTX was
applied to both TA muscles (n = 3, 3-MO mdx**:Myf5"®#* males), then S1P was immediately
injected intramuscularly into left TAs and a vehicle control into right TAs. Injections were
repeated daily for the first 72 hours following injury and TAs were harvested on day 4 post
injury, directly following the peak of injury-induced myogenic cell proliferation for analysis of

Myf5+ nuclei (Figure 5A) [28]. S1P-treated muscles showed a dramatic, fourfold increase in the
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number of Myf5+ nuclei in areas with severe CTX damage compared to vehicle controls
(Figure 5B top row and 5C left graph). Furthermore, a significant increase in the number of
Myf5+ nuclei was observed over the entire CSA of S1P-treated TAs (Figure 5C middle graph,
Additional file 1: Figure S12). These data demonstrate that S1P treatment increases the number
of myogenic cells in mdx muscles following injury and suggests that S1P promotes satellite cell

proliferation in vivo.
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Figure 5. Direct administration of S1P promotes muscle regeneration following acute
injury. (A) Experimental schematic of S1P and PBS (vehicle) injected daily for the first
72 hours into TAs of 3-MO mdx*®:Myf5"*“* mice (n = 3, left TAs injected S1P, right
TAs injected PBS) following CTX injury. (B) Top row: X-gal staining reveals an
increased number of B-galactosidase+ nuclei at the sites of injury in S1P-treated TA
muscles compared to vehicle controls. Bottom row: staining for eMyHC with DAB
reveals a significant increase in the number of newly regenerated muscle fibers in S1P-
treated TA muscles. Scale bars = 50 um. (C) Left graph: quantification of -
galactosidase+ nuclei indicates the number of Myf5+ cells is significantly increased at the
site of injury in S1P-treated compared to untreated muscles. Middle graph: a significant
increase in -galactosidase+ nuclei was also observed over the entire CSA of each S1P-
treated TA muscle. Right graph: quantification of the number of eMyHC fibers within
areas of regeneration was significantly greater with S1P treatment. *P <0.05 by student’s
t-test. Error bars represent SEM. CSA, cross-sectional area; CTX, cardiotoxin; DAB, 3,3'-
diaminobenzidine; eMyHC, embryonic myosin heavy chain; MO, month-old; S1P,
sphingosine-1-phoshate; SEM, standard error of the mean; TA, tibialis anterior.

Myf5+ myogenic cells, a 3.6 fold increase in the number of eMyHC+ fibers was observed in
S1P-treated TAs (Figure 5B bottom row, 5C right graph). This increase in eMyHC+ fibers,
corresponded with elevated numbers of centrally nucleated muscle fibers in the injured regions
of S1P-treated muscles (Additional file 1: Figure S13A). Furthermore, the size of regenerating
myofibers in S1P-treated TAs was significantly greater, as indicated by the minimum diameter
quantified for the largest eMyHC+ fibers (Additional file 1: Figure S13B). Collectively, these
data show that local administration of S1P promotes dystrophic muscle repair by improving

satellite cell response and contribution to muscle fiber regeneration.
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S1P directly acts on mdx muscle fibers, and elevates levels of total and phosphorylated

S1PR1

In mammals there are five S1P receptors that share homology to G-protein coupled receptors
[52]. It has been recently reported that S1P receptor 2 (S1PR2) is specifically activated in
myogenic cells and that downstream effectors of S1P action in satellite cells include components
of the JAK-STAT signaling pathway [8]. In contrast, our results and others, of exogenous S1P
treatment resulting in increased EDL force, suggests that S1P also acts directly on muscle fibers
[16]. The amount of exogenous S1P added in the bath was super-physiological and thus we
measured S1P muscle levels following intramuscular injection of S1P. In this experiment, left

TAs from mdx*<

mice (n = 3, 11-MO) were injected with the same dose of S1P as the
mdx**:Myf5"*#* mice depicted in Figure 5A, while contralateral TAs received the same
vehicle. In contrast to the previous experiment depicted in Figure 5A, TA muscles were injected
in the absence of injury and were harvested for S1P analysis 15 minutes post injection

(Figure 6A); the same time used for S1P incubation prior to EDL force measurement shown in

Figure 4D. Results indicate that within this timeframe, intramuscular injection of S1P does

significantly increase S1P levels in mdx muscle (Figure 6A).

To directly observe where S1P binds in the muscle, a separate group of mdx*® (n = 2, 11-MO)
were injected with the same amount of biotinylated-S1P in left and vehicle in right TAs. Once
more, TAs were harvested 15 minutes post injection for histological visualization of S1P.
Staining with streptavidin conjugated to Alexa Fluor 594 reveals that biotinylated-S1P is present
in many cells, but particularly localized to the perimeter of muscle fibers (Figure 5B). Among

the three S1P receptors (S1PR1, S1IPR2, S1IPR3) expressed in muscle, SIPR3 and S1PR1 are the
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most abundant in wt muscle [5]. Importantly, expression of these three S1P receptors is reduced
in mdx muscle cells, especially SIPR1, which shows more than five fold reduction in relative
mRNA levels (Additional file 1: Figure S14). Staining of mdx*® muscles (3.5-MO) for S1PR1
and S1PR3, reveals that S1IPR1 is present at the perimeter of muscle fibers and myonuclei,
whereas S1PR3 appears localized to the vasculature (Figure 6C). S1IPR1 is a G protein-coupled
receptor (GPCR) that can be activated via phosphorylation, resulting in translocation to the
endosomal compartment and/or the perinuclear compartment [53-55]. Therefore, perinuclear
localization of S1PR1 suggested that in response to S1P treatment, receptor 1 signaling is

activated in mdx*®Y

muscle fibers. To evaluate the presence of active S1IPR1 signaling during
muscle fiber regeneration, we surveyed the same CTX-injured muscles depicted in Figure 5A for
the presence of phosphorylated S1IPR1. Results indicate S1IPR1 is localized around the perimeter
of muscle fibers and intracellularly near or within the myonuclei (perinuclear) of newly
regenerated eMyHC+ fibers (Figure 6D). In parallel, we observed more concentrated staining for
phosphorylated S1PR1 localized perinuclearly and less so around the perimeter of eMyHC+
fibers (Figure 6E). These results indicate that SIPR1 signaling is active in regenerating muscle

fibers and suggests that the beneficial actions that S1P exerts on mdx muscle fibers may be

mediated through S1PR1.

S1P administration correlates with increased levels of SIPR1 and P-rpS6, an indicator of

protein synthesis

S1PR1 has been implicated in myoblast proliferation and shown to steadily increase during the
course of regeneration in non-diseased muscle [4,5]. Therefore to gain more insight on the

potential action that S1P exerts via SIPR1 in dystrophic muscle, we injected S1P in uninjured
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TAs of mdx* (n = 3, 2.5-MO0), and quantified the level of SIPR1 and some downstream
effectors (Figure 7A) [56]. In turn, S1P treatment resulted in significantly elevated levels of
S1PR1 in mdx*" TAs (Figure 7B). In a separate experiment, we injected S1P in left TAs and
vehicle in right TAs of mdx* (n = 3, 10-MO), following the same dose and experimental design
(three injections, one per day, harvest on day 4), and analyzed TA muscles for phosphorylated
S1PR1. Results from this experiment show that phosphorylated S1PR1 is also significantly

elevated with S1P treatment (Additional file 1: Figure S15).

A result of S1P injection was larger eMyHC+ fibers that were positive for phosphorylated

S1PR1 (Figure 6E, Additional file 1: Figure S13B). Therefore, we examined if elevated S1IPR1
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Figure 6. Administration of S1P leads to increased levels of SIPR1 and P-rpS6 in vivo. (A)
Experimental schematic of S1P and PBS (vehicle) injected daily for the first 72 hours into
TAs of uninjured mdx*® mice (n = 4, 2.5-MO, left TAs injected S1P, right TAs injected
PBS). (B) Western blot analysis of injected TAs (n = 3, 2.5-MO mdx*®") indicates that
administration of S1P significantly increases S1PR1 levels. (C) Western blot analysis of
injected TAs (n = 4, 2.5-MO mdx*®) for total, and P-Akt, P-mTOR and P-rpS6, reveals that
total and P-rpS6 were significantly higher with S1P treatment. Increased levels of total and
P-rpS6 suggest that S1P administration promotes protein synthesis in mdx muscles. *P <0.05
by student’s t-test. Error bars represent SEM. MO, month-old; P-Akt, phosphorylated Akt; P-
MTOR, phosphorylated mammalian target of rapamycin; P-rpS6, phosphorylated ribosomal
protein S6; rpS6, ribosomal protein S6; S1P, sphingosine-1-phoshate; SIPR1, S1P receptor
1; SEM, standard error of the mean; TA, tibialis anterior.

levels corresponded with known regulators of cell size and protein synthesis; Akt, mMTOR, S6
kinase and rpS6. S1P-induced hypertrophy has been described in cultured cardiomyocytes,
which was accompanied by activation of Akt and S6 kinase [57]. In addition, SIPR1 activation
of S6 kinase via a Gi-dependent pathway has been reported in vascular smooth muscle cells [56].
Akt and mTOR signaling via S6 kinase, an activator of rpS6 implicated in protein synthesis, has
been described as sufficient to induce skeletal muscle hypertrophy [58-60]. Therefore, we
evaluated if direct injection of S1P induces activation of these pathways in uninjured TA muscles
of mdx*" mice (n = 4, 2.5-MO). Western blot analysis of TA muscles injected for 3 days with
S1P (Figure 7A) revealed that the levels of phosphorylated Akt (P-Akt) and mTOR (P-mTOR),
though increased, were not significantly higher in S1P-treated muscles (Figure 7C). However,
the levels of rpS6 and phosphorylated rpS6 (P-rpS6) were significantly increased with S1P
treatment compared to control muscles, suggesting an increase in protein synthesis. Although a
more detailed study is required to elucidate the role of S1P in skeletal muscle protein synthesis,

our data suggest that S1P can activate muscle anabolic pathways in the mdx mouse.
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Figure 7. Direct injection results in elevated S1P levels which correlate with the activation of
receptor 1 in muscle fibers. (A) To quantify the elevation of S1P following direct administration,
we injected a single dose (same dose as Figure5) of S1P in left TAs and vehicle in right TAs of
uninjured mdx*" (n = 3, 11-MO) mice. TA muscles were harvested 15 minutes post injection for
analysis by LC-MS/MS. Results indicate a significant elevation of S1P following direct injection.
(B) To visualize the location of S1P following injection, biotinylated-S1P was injected in left
TAs versus vehicle in right TAs of uninjured mdx*® mice (n = 2, 11-MO). Once more, TAs were
harvested 15 minutes following injection. Staining with streptavidin conjugated to Alexa Fluor
594 reveals the presence of S1P-biotin around the perimeter of muscle fibers. (C) Staining of
mdx*®’ TAs for SIPR1 and S1PR3 reveals S1IPR1 is localized to the perimeter and perinuclear
area (arrow) of muscle fibers (left photo). In contrast, staining for SIPR3 was mainly localized to
the muscle vasculature (middle photo). Staining in parallel with an IgG isotype control for both
antibodies shows the absence of non-specific staining (right graph). (D) Staining for SIPR1 in
CTX-injured TAs (same tissue from Figure 5) reveals S1PR1 is present at the perimeter and
perinuclear area of regenerating eMyHC+ fibers. (E) Staining for phosphorylated S1IPR1 in the
same mdx*®Y TAs was more prominent in the perinuclear area of eMyHC+ fibers, indicating the
presence of active SIPR1 signaling in regenerating fibers. Scale bars = 50 um. **P <0.005 by
student’s t-test. Error bars represent SEM. CTX, cardiotoxin; eMyHC, embryonic myosin heavy
chain; IgG, immunoglobulin G; LC-MS/MS, liquid chromatography-tandem mass spectrometry;
MO, month-old; S1P, sphingosine-1-phoshate; SIPR1, S1P receptor 1; SIPR3, S1P receptor 3;
SEM, standard error of the mean; TA, tibialis anterior.
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are often wheelchair bound between 30 and 40 years of age [65]. Much like DMD, muscles in
humans and mice lacking functional dysferlin exhibit chronic atrophy, resulting in the
accumulation of fibrosis and fat [66]. Therefore we tested the effects of S1P administration after
CTX injury in a model of dysferlinopathy (AJ/SCID) to evaluate if the benefits of S1P are
exclusive to the mdx background or can be applied to other muscle wasting diseases [67]. We
followed the same experimental design outlined in Figure 5A, injecting left TAs of AJ/SCID
mice (n = 4, 9-MO) with the same dose of S1P and vehicle in right TAs for 3 days following

CTX injury. In contrast to the experiments in mdx*®

, we harvested TAs on day 6 post injury in
order to also evaluate the onset of fibrosis. In accordance to the results observed in mdx, we
observed improved muscle regeneration with the administration of S1P in AJ muscles.
Specifically, we observed lower fibrosis and increased centrally nucleated fibers, as well as
improved muscle architecture in the damaged regions of muscle with S1P administration

(Additional file 1: Figure S16). These results indicate that approaches aimed at elevating muscle

S1P may be beneficial to promote muscle regeneration in additional muscle wasting diseases.

Longer-term treatment with THI shows a functional benefit in uninjured mdx muscle

To this point we have largely examined the role of S1P in promoting muscle regeneration in
acutely injured dystrophic muscles. Since long-term intramuscular injections of S1P are neither
feasible nor practical (the injections also cause damage), we decided to revisit the use of THI for
elevating S1P muscle content. Although our initial experiments with THI showed little benefit in
uninjured mdx muscles, they were short-term and in older animals with severe pathology
(Figures 2, ,3),3), or adult animals (Figure 4) at a point when hypertrophy and robust

regeneration compensate for degeneration in limb muscles [24,68,69]. Therefore, we examined
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Figure 8. Longer-term treatment with THI elevated muscle force in uninjured mdx EDL
muscles. (A) Experimental schematic outlining the treatment regimen. Beginning at 4 weeks
of age, mdx*® mice (1-MO males) were treated for 4 weeks ad libitum with 50 mg/I THI (n
4) or vehicle (n = 3) in drinking water. (B) Myography analysis of EDL muscles reveals a
significant increase in maximal specific force with THI treatment. *P <0.05 by student’s t-
test. Error bars represent SEM. (C) Summary of findings: S1P can act to not only promote
myogenic cell activation and muscle repair, but also enhance muscle fiber size and force,
possibly through S1PR1 mediated signaling. EDL, extensor digitorum longus; MO, month-
old; S1P, sphingosine-1-phoshate; SIPR1, S1P receptor 1; SEM, standard error of the mean;
THI. 2-acetvl-4(5)-tetrahvdroxvbutvl imidazole.

longer-term treatment of THI in younger mdx mice at 4 weeks of age, a time point characterized
by significant muscle degeneration prior to the compensatory period [70]. For this experiment,

uninjured mdx*®"

animals were treated for 1 month, beginning at 4 weeks of age, with THI or
vehicle in the drinking water (Figure 8A) [11]. At 8 weeks of age, we assessed the functional
benefit of THI treatment by analyzing EDL specific force via myography. In turn, EDLs from

THI-treated animals showed significantly greater specific force compared to vehicle-treated
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controls (Figure 8B). This data demonstrates that elevating S1P levels is beneficial for the

chronic muscle injury that occurs early in muscular dystrophy.

Discussion

We have shown that systemic administration of the pharmacological agent THI by IP injection to
dystrophic mdx mice led to elevated levels of S1P in recovering injured muscle tissue, as well as
a reduction of fibrosis and fat infiltration, both pathological indicators of muscle wasting

(Figure 2). Additionally, systemic THI led to a significant increase in muscle fiber size and
specific force of CTX-injured muscles (Figures 3 and and4).4). In turn, ex vivo administration of
high levels of S1P resulted in specific force levels in uninjured mdx EDL muscles (Figure 4D).
To pursue a better understanding of how elevated S1P reduces DMD pathology, we found that
direct administration of S1P via intramuscular injection doubles muscle S1P content compared to
the S1P levels reached with IP injections of THI. In addition, intramuscular S1P injections led to
an increase in myogenic cells (Myf5+) and induced phosphorylation of SIPR1, which was
particularly abundant in newly regenerating fibers (Figure 7, Additional file 1: Figure S15), as
well as a significant increase in rpS6 and P-rpS6 levels (Figure 6). These results suggest that S1P
not only works to activate myogenic precursors but also elevates protein synthesis in muscle
fibers, potentially through S1IPR1 mediated signaling (summarized in Figure 8C). In summary,
THI/S1P administration led to improved regeneration and pathology, higher muscle specific

force, an increase in the number of myogenic cells, and larger muscle fibers.

Our results indicate that S1P mediates satellite cell-dependent and muscle fiber-dependent
effects on skeletal muscle. If amelioration of muscle wasting occurs through receptor-mediated

signaling then S1P, elevated intracellularly via THI, must be exported to activate the S1P
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receptors. THI has been reported to inhibit the S1P lyase, an enzyme whose active site is on the
cytoplasmic side of the endoplasmic reticulum. Therefore elevations of S1P levels mediated via
THI inhibition of the S1P lyase presumably occur within the cytoplasm [71]. S1P may also act
intracellularly before possible export to promote muscle wasting suppression. This alternative is
supported by our work with Drosophila, which have no known S1P receptors [9], as well as by a
recent report that showed S1P interacts directly, intracellularly, with histone deacetylases
(HDACS) [72]. As HDAC inhibitors have been previously shown to suppress dystrophic
phenotypes in mdx mice, the actions of S1P on the suppression of muscle wasting may occur in
part through such mechanisms [73]. It has also been reported that reductions in HDAC activity
result in an increase of follistatin, an inhibitor of myostatin, which may explain the amelioration
of DMD pathology [74]. Our data support this possibility and suggest that the molecular
mechanism for the suppression of muscle degeneration involves the anabolic pathways for
muscle formation rpS6. These components have been shown to lie downstream of myostatin and

insulin-like growth factor [75].

Conclusion

Based on the work reported here, elevation of S1P may be a fruitful strategy for ameliorating the
pathology manifested in patients afflicted with DMD and possibly other muscle wasting diseases
(for example dysferlinopathy). Therapies based on promoting S1P levels in dystrophic muscle
have the potential to improve pathology by promoting satellite cell and anabolic-mediated
regeneration. An obvious candidate for a small molecule therapeutic is THI. Our work has shown
that short-term treatment of THI has significant efficacy in increasing regenerative capacity in

the mdx mouse following acute muscle injury, while longer treatment can improve muscle
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function in younger uninjured mdx muscle. Moreover, significant increases in muscle fiber size
have been suggested as a viable approach in overcoming dystrophic muscle damage by
promoting strength and function [76]. Additionally, there are other THI derivatives with
increased oral bioavailability that may be more effective at increasing and maintaining high
intramuscular S1P levels in long-term treatments, which was necessary for functional
improvement of uninjured EDL muscles [10]. Alternatively there are inhibitors of lipid
phosphate phosphatases and/or S1P phosphatases that may also increase intramuscular S1P
levels [10,77]. In addition, there are specific S1P receptor agonists (for example FTY720) that
are currently FDA approved or in clinical trials [78,79]. Based on our present results and those of
others, future studies focused on S1P-based therapeutics for the treatment of DMD and related

myopathies are warranted.

Chapter 3 Supplementary Material: Available online at SkeletalMuscleJournal.com. 2044-

5040-3-20
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Collagen producing cells and PDGFRa signaling in fibrosis

Primer

With muscular dystrophy, the accumulation of connective tissue is acknowledged as an obstacle
for regeneration (1). Therapeutic interventions, including gene therapy, have not proved
sufficient to overcome the severe fibrosis that is present in advanced stages of muscular
dystrophy (2). Yet, little is known about the cellular and molecular mechanisms that promote
fibrosis in muscular dystrophy. Mesenchymal progenitors of the skeletal muscle have been
described to express components of fibrosis (3), specifically the pro-collagens. However,
without cell-specific reporters, the nature of collagen synthesis makes the identification of
collagen producing cells inherently difficult. Therefore, we sought to characterize the collagen
producing cells in skeletal muscle and describe the molecular interactions that promote fibrosis
in muscular dystrophy using a novel genetic reporter, the Collagenlal-GFP reporter, which is

expressed by pro-fibrotic cells (4, 5).

collagen producing cells
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Abstract

Fibrosis is a prominent facet of pathology in Duchene Muscular Dystrophy (DMD). Yet the
cellular and molecular mechanisms responsible for DMD fibrosis are not well understood.
Utilizing the Collagenlal-GFP reporter in the mdx mouse model, we explored the mechanisms
of fibrosis and observed that PDGFRa signaling is involved in the pro-fibrotic response of
collagen producing cells in DMD. PDGFRa signaling is transiently upregulated during non-
diseased muscle regeneration but when constitutively activated results in muscle fibrosis. In
response to continuous muscle damage and repair that occurs with muscular dystrophy,

PDGFRo+ cells are activated by muscle fiber-derived PDGF-AA. Treatment of mdx mice with
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Crenolanib, a selective PDGFRa inhibitor, reduced fibrosis and improved muscle strength. This
correlated with reductions of phosphorylated-Src, a downstream effector of PDGFRa signaling.
Such results present a novel mechanism for DMD fibrosis mediated by PDGFRa and provides a

new therapeutic target for ameliorating fibrosis

Introduction

Duchene Muscular Dystrophy (DMD) is a fatal disease that primarily affects skeletal and cardiac
muscles. With disease progression, connective tissue accumulates in degenerating cardiac and
skeletal muscles; a process commonly referred to as fibrosis1. Although fibrosis is the most
prominent pathological feature and a reliable determinant of disease progression, the cellular and
molecular milieu that governs fibrosis in DMD remains largely uncharacterized1-3. Skeletal
muscle mesenchymal progenitors capable of differentiating into fibroblasts and adipocytes have
been identified 4,5,6. These mesenchymal progenitors are PDGFRa+ cells that have been
associated with the pathogenesis in mdx and DMD skeletal muscles7,8. Recently, these
mesenchymal progenitors in the skeletal muscle and heart have been shown to express pro-
fibrotic genes expression in response to TGFB1 and PDGF-AA in culture7,9. Imatinib, a broad
spectrum tyrosine kinase inhibitor, has also been shown to decrease fibrosis in mdx skeletal
muscles by inhibiting c-Abl and PDGFR signaling10,11. Constitutive activation of PDGFRa can
induce systemic fibrosis in non-diseased mice while pro-fibrotic cells present following
cardiotoxin injury also express PDGFRa4,7,12. Such studies indicate that pro-fibrotic muscle
cells can express PDGFRa and that this pathway has the potential to induce fibrosis. In spite of

such evidence, it remains unclear if PDGFRa signaling promotes fibrosis in DMD. In addition,
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the contribution of PDGFRa expressing cells to the collagen producing population responsible
for the development of fibrosis in muscular dystrophy, remains unresolved.

In this study we examined the involvement of PDGFRa signaling in the disease progression and
development of fibrosis in both human and mouse dystrophic muscles. Utilizing the
Collagenlal-GFP (Collal-GFP) reporter of pro-collagen producing cells13, we have previously
shown that the majority of pro-fibrotic cells in mdx hearts, are also PDGFRa+9. Herein this
report, we have extended our study of Collal-GFP cells to the mdx skeletal muscles. In madx,
Collal-GFP cells are abundant in regions of muscle degeneration and regeneration, highlighting
their role in the accumulation of connective tissue that occurs with muscular dystrophy. As
previously observed in mdx hearts9, Collal-GFP cells isolated from mdx skeletal muscles also
express Collagen3al and are prominent in fibrotic areas with excessive type 111 collagen
deposition that propagates with age and disease progression.

As with the heart9, the majority of Collal-GFP+ cells in mdx skeletal muscles are also positive
for PDGFRa. Interestingly, the expression of Pdgfra is elevated in mdx muscles and shortly
following acute injury also in wt muscles. The elevation of Pdgfro expression is accompanied by
increases of pro-collagen expression in both injured wt and diseased mdx muscles. Both Collal-
GFP + and PDGFRa-nGFP+ cells are abundant in regions of regeneration in wt and madx
muscles and near necrotic fibers in mdx. PDGFRa-Cre+ labeled cells are abundant at the onset
of degeneration in mdx diaphragms, whereas constitutive activation of the PDGFRa kinase
during the course of normal muscle injury results in fibrosis reminiscent of muscular dystrophy.
In turn, we observed PDGFRo:+ cells and the PDGF-AA ligand are also prominent in DMD

skeletal muscle. Altogether such results highlight the role of collagen producing cells and
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PDGFRa signaling during the restoration and accumulation of connective tissue that occurs in
response to muscle damage.

Exposure to Crenolanib, a potent and selective inhibitor of PDGFRa, reduced the fibrotic
response of Collal-GFP+ cells in culture. Treatment of mdx mice with Crenolanib resulted in
decreased collagen production, increased regeneration and strength of skeletal muscle. The
reduced fibrotic response of Pdgfra expressing cells in vivo and in vitro correlated with a
reduction of phosphorylated-PDGFRa. Although the exact signaling cascade of PDGFRa
mediated fibrosis remains unknown, in Crenolanib treated diaphragms we observed a decrease of
phosphorylated-Src; a known downstream effector of PDGFRa signaling that has been reported
to induce collagen synthesis in systemic schlerosis 14,15. In contrast, phosphorylation of c-Abl
which has also been reported downstream of PDGFRa and Src, was not significantly altered15.
Altogether, our study indicates that PDGFRa signaling is activated and directly promotes fibrosis
in DMD. Such evidence implicates PDGFRa signaling in the development of fibrosis in chronic
muscle disease and presents a viable target for anti-fibrotic therapies for Duchenne muscular
dystrophy.

Results

Collagenlal-GFP cells are responsible for connective tissue accumulation in dystrophic
muscles.

Skeletal muscle fibrosis in DMD is characterized by the accumulation of type I and 111 collagens
16. In cardiac muscle, fibroblasts are recognized as a heterogeneity population with various
expression patterns and developmental origins17,18. Yet the cells responsible for collagen
production and consequential accumulation of connective tissue with dystrophy, remain ill

characterized in skeletal muscles. The identification of fibrotic cells is inherently hampered by
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the nature of collagen synthesis which begins intracellularly, with the expression and production
pro-collagens, and ends with the assembly of collagen fibrils in the extracellular space 19.
Therefore, collagen producing cells are not easily distinguishable from other cells types, such as
inflammatory, that also occupy damaged tissue and influence fibrosis in disease or injury 20. The
capability to trace collagen producing cells is fundamental to our understanding of the
mechanisms and progression of fibrosis in DMD muscles. Therefore, to study the process of
fibrosis in dystrophic skeletal muscles we utilized mdx mice that harbor a reporter of collagen
type | production; the Collal-GFP allele9,13. In comparison to wt mice, Collal-GFP + cells in
mdx diaphragms are abundant in regions of pathology. Alterations in connective tissue and
muscle architecture, highlighted by type I collagen staining and presence of GFP+ cells, was
prominent in diseased diaphragms and quadriceps of mdx mice (Fig. 1). This remodeling is
characteristic of degeneration and regeneration cycles that occur with progression of muscular
dystrophy and presumably results in fibrosis, as muscles lose their capacity to repair. In turn,
Collal-GFP + cells are closely associated with muscle fibers positive for sarcoplasmic
fibronectin, an indicator of degenerating muscle21, and a-smooth muscle actin (aSMA) which is
expressed by regenerating fibers22 (Fig. 2a and 2b). This repeated process of damage and repair
is associated with the accumulation of collagen types I and I11; the main components of
connective tissue in mdx muscle fibrosis23-26. Although expression of Col1al-GFP is indicative
of pro-collagenlal production, it remained unclear if GFP+ cells were also the source of type IlI
collagen. Therefore, we FACS-isolated Collal-GFP+ and negative cells to compare their
expression of Collagen3al by quantitative-reverse transcription PCR (q-RT-PCR). Results
indicate that GFP+ cells isolated from mdx diaphragms expressed significant levels of

Collagenlal and Collagen3al. In contrast, other populations present in fibrosis, endothelial
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(CD31+, Scal+, CDA45-) cells and macrophages (CD45+, F4/80+), did not express these pro-

collagens relative to Collal-GFP+ cells (Fig. 2c).

To understand the progression of fibrosis, we compared different ages of mdx:Collal-GFP with

staining for type 111 collagen, which accumulates with age in dystrophic muscles26. Diaphragms

from mdx mice showed thickening of endomysial type 111 collagen by 4MO of age (Fig. 3a).

Accordingly GFP+ cells were located in areas of collagen I11 accumulation. In quadriceps

muscles which show less severe pathology vs. the diaphragm, (Fig. 3b) accumulation of type Il
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Figure 1: Collal-GFP
cells are active in
dystrophic skeletal
muscles from mdx
mice.(a)
Immunoflourescence
analysis of diaphragms
and quadriceps from male
4MO wt and mdx:Collal-
GFP mice reveals that
GFP+ cells are prominent
in regions where
connective tissue
alterations are occurring in
dystrophic muscles.
Staining for type |
collagen highlights areas
of muscle pathology
where the accumulation
GFP+ cells is observed.
(b) IgG isotype to the anti-
collagen I antibody
compared in parallel to
control for non-specific
staining. Scale bars =
50um.




collagen was evident by 14MO of age (Fig. 3¢c)27. The type 11l collagen was also concentrated in

the perimysium surrounding large vessels, where Collal-GFP cells were also prominent in both

mdx diaphragm and quadriceps (Supplemental Fig. 1a). This pattern was also observed in aged

hearts from the same mdx mice (Supplementary Fig. 2a). In addition, type VI collagen which is

also unregulated in DMD28, was also present in fibrotic regions occupied by Collal-GFP+ cells

(Supplemental Fig. 1b).

To characterize the molecular signature of Collal-GFP+
cells in skeletal muscle, we FACS-analyzed diaphragms at
various ages and compared our findings with
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collagen for regeneration and
degeneration that occurs with muscular
dystrophy.(a) Staining in mdx
diaphragms from a 4MO mdx:Collal-
GFP male reveals the concentration of
GFP+ cells near regenerating o-
Smooth Muscle Actin (aSMA)
aSMA+ muscle fibers (arrowhead). A
higher magnification of the same
regions is shown in the lower row. (b)
GFP+ cells are also adjacent to
degenerating fibers that stain positive
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tissue (arrow). Higher magnification of
the same regions is once more in the
lower row. Scale bars = 50um. ()
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immunohistological stainings. By FACS-analysis, GFP+ cells did not express hematopoietic or
endothelial markers, CD45 or CD31respectively (Fig. 4a)29,30. In contrast, ~50% of GFP+ cells
were PDGFRa+ at 4 months (MO) of age in wt vs. mdx diaphragms. With age, the number of
GFP+ cell also positive for PDGFRo+ climbed to

90% at 12MO and was near 87% at 20MO in mdx diaphragms. The proportion of GFP+ cells
also positive for PDGFRa in mdx hearts remained ~80% between 4, 12, and 20MO hearts
(Supplemental Fig. 2b). The majority of GFP+,PDGFRo+ cells were also Scal+ in aged
diaphragms and hearts of mdx mice (Fig.4a and Supplemental Fig. 2b). By histological analysis,
GFP+ cells in mdx diaphragms were confirmed positive for PDGFRa+, but negative for vascular
markers BS1 and NG2, which label endothelial cells and pericytes respectively (Fig. 4b) 31,32.
Therefore, the majority of (Collal-GFP+) in aged mdx skeletal muscles match the profile of
collagen producing cells that we have previously characterized in the heart (9).

Recently, skeletal muscle PDGFRa+ cells have been reported to give rise to type I collagen
producing cells in vitro and promote regeneration following toxin induced injury by their
expression of pro-myogenic factors 4,5,7. Toxin injury in non-diseased muscle leads to a robust
myogenic response that results in near complete regeneration within 14 days33. Despite the
severity of damage and alteration to the muscle architecture that occur with toxin injury, there is
no fibrosis suggesting that collagen production is restricted to the needs of muscle regeneration
and restoration of damaged connective tissue33. With recurring damage in diseased madx
muscles, excessive deposition and thickening of the connective tissue occurs, suggesting that

fibrosis results from the unbalanced accumulation of collagen during chronic cycles of muscle
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regeneration and unresolved degeneration. Therefore, to gain insight on the process of
connective tissue restoration, we examined the relationship between Collal-GFP collagen
producing cells and Myf5nlacZ expressing myogenic cells following cardiotoxin (CTX) injury in

wt mice34.
d 4MO wt Diaphragm 4MO mdx 14MO mdx 20MO madx

Collagen Il Col1a1-GFP

Merge + DAPI
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Figure 3: Col1lal-GFP cells are responsible for the accumulation of fibrosis that
occurs with disease progression.(a) Staining’s for type III collagen highlights the role
of Collal-GFP+ cells in the development of fibrosis that occurs with age and disease
progression in mdx diaphragms. This accumulation is observed as early as 4MO in
mdx vs. wt diaphragms. (b) In contrast, limb muscles are less affected in mdx mice.
The buildup of type Il collagen occupied by GFP+ cells was not obvious until 24MO
in the quadriceps from the same mdx mice shown. Scale bars = 50um.

Following CTX injection, the myogenic response peaks at day 3 post injury in wt muscles33,35.
This was evident by the prominence of Myf5nlacZ+ cells in CTX injured Tibialis Anterior (TA)
muscles vs. the uninjured contra laterals (Fig. 5a). In turn, Collal-GFP+ cells were also
abundant and within regenerating areas of muscle and in close proximity to myogenic cells and
newly regenerated muscle fibers expressing aSMA (Fig. 5b). This association indicates that
GFP+ collagen producing cells are active in parallel with myogenisis. This correlated with
elevated expression of pro-collagens at day 3 and decline at day 14 post CTX injury (Fig. 5c). In
addition, the expression of Pdgfra and its ligand Pdgf-a, showed the same pattern of increase
during the peak of myogenesis at day 3 and declined at day 14 when regeneration is concluding.
Analogous to these results, Pdgfra expression was significantly elevated in mdx vs. wt skeletal
and cardiac muscles, although Pdgf-a was only elevated in mdx diaphragms at the age group
examined;12 month old wt and mdx (Supplemental Fig. 3). These results suggest that the role of
collagen producing cells and PDGFRa+ signaling in normal muscle repair is the restoration of
the connective tissue surrounding regenerating myofibers; a process altered in muscular

dystrophy.
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Figure 4: FACS-analysis reveals that the majority of Collal-GFP+ cells are also positive for
PDGFRa. (a) FACS-analysis of the Collal-GFP population in wt and mdx diaphragms (n=3
males per age group) reveals that GFP+ cells lack CD45 and CD31, but the majority are
positive for PDGFRa and Scal by 12MO of age in mdx mice. Staining done in parallel with an
IgG isoptype for PDGFRa and unstained controls (dot plots on far right column) were
referenced for gating. (b) Immunofluorescence analysis confirm that GFP+ cells are also
PDGFRo+ (arrowhead), but lack vascular markers BS1 (filled arrow) and NG2 (line arrow).
Depicted are staining’s from 14MO male mdx:Collal-GFP diaphragms. Scale bars = 50um.
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Figure 5: Increases in Collal-GFP cells and Pdgf gene expression occur in parallel to the peak of
myogenic cell response in damaged wt muscle. (a) Comparisons of uninjured and cardiotoxin (CTX)
injured Tibialis Anterior (TA) muscles from a wt:Collal-GFP:Myf5"*Z dual reporter mouse (1 % MO
male) reveals the response of GFP+ collagen producing cells in parallel with X-gal+ myogenic
precursors to muscle injury. In uninjured muscle Myf5"%? expressing cells (arrowhead) are distal to
Collal-GFP+ cells. In contrast, X-gal+ and GFP+ cells are abundant and in close proximity in
damaged regions of muscle at the peak of myogenic cell response, 3 days following cardiotoxin
injection. (b) In addition to Myf5"“ expressing cells (arrowhead), GFP+ cells were also adjacent to
regenerating fibers labeled by sarcomeric aSMA (arrow). Scale bars = 50um. (¢) g-RT-PCR analysis
of whole injured and uninjured TA muscles (n=3 TAs from 12MO males per time point), reveals
elevated expression of collagenslal and 3ol coincides with the response of Collal-GFP+ observed 3
days post cardiotoxin (CTX) injury. In addition, we observed Pdgfra and the Pdgf-a ligand were also
elevated at 3 days post CTX and reduced to near uninjured levels as regeneration concluded, 14 post
injury. # P=0.08, * P=<0.05, **P<0.005 by single factor Anova. Error bars indicate +SEM.
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timeframe consistent with the commencement of muscular dystrophy in mdx diaphragms
11,26,38. This patterning of Collal-GFP and PDGFRa-GFP or Cre labeled populations
highlights the association between collagen production and Pdgfra expression during the
processes of skeletal muscle regeneration and degeneration.

Utilizing the cre-lox system, Olson E. and Soriano P. (2009)12 demonstrated the potential of
constitutive PDGFRa-phosphorylation to induce systemic fibrosis over the course of 6-8 months.
Coincidently, PDGFR-phosphorylation is elevated in mdx skeletal musclel11, while expression is
increased during muscle repair (Fig. 5¢). Therefore, in the context of skeletal muscle injury and
repair we tested if the constitutive activation of the PDGFR- signaling would result in excessive
connective tissue deposition. Utilizing a similar strategy, we generated PDGFRao AD842V 12
and PDGFR AD536A 39 flox mice containing the tamoxifen inducible PDGFRaCreER
allele40. In these models, we induced constitutive PDGFR activation just prior to CTX injury in
order to compare the potential of each receptor signaling to elevate collagen deposition during
the process of muscle repair. Histological analysis shows that injury in PDGFRo AD842V
muscles lead to excessive connective tissue reminiscent of mdx muscle pathology (Fig. 7c). In
contrast, injured PDGFRP AD536A mutant muscles did not show obvious fibrosis, yet did not
repair as robustly as Cre-negative control muscles. Uninjured muscles appeared relatively similar
between each model. Such data indicated that excessive PDGFRa activation during the process
of muscle regeneration can result in fibrosis. In turn activation of PDGFR may also influence

the response of collagen producing cells, but with less avidity in comparison to PDGFRa.
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Figure 6: PDGFRa-nGFP share a similar profile to Collal-GFP cells and accordingly respond to
muscle degeneration and regeneration. (a) FACS-comparison of diaphragms from Collal-GFP
and PDGFRa-nGFP mice (7-8MO males) reveals a similar profile between GFP+ populations;
negative for CD45 and CD31, but the majority being positive for Scal and CD34. (b) As with
Collal-GFP+ cells PDGFRa-nGFP+ cells in the endomysium and perimysium near vessels
(arrowhead) and respond en-mass 3 days following cardiotoxin (CTX) injury (depicted are TAs
from a 1%2 MO wt:PDGFRa-nGFP male). (c) Similarly, in mdx muscles PDGFRa-nGFP+ cells
are concentrated near areas with degenerating fibers labeled by mouse 1gG (arrowhead) and
regions of regeneration containing aSMA+ fibers and Myf5"%? expressing myogenic cells
(arrow). Shown are quadriceps from a 3MO male mdx:PDGFRa-nGFP:Myf5"®Z double reporter
mouse. Scale bars = 50um.
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fibrosis in DMD muscles8. Our own examination of DMD muscles supports the presence of
PDGFRo+ cells in the regions of connective tissue thickening (Fig. 8a). Collagen accumulation
was pronounced in perimysium and surrounding vessels in DMD muscle (Fig. 8b); sites where
Collal-GFP cells were also concentrated in mdx muscles (Supplementary Fig. 1). In turn,
staining for PDGF-AA ligand showed increased intensity in DMD and mdx muscle fibers (Fig.
8c-d). Altogether, these results suggest that the activation of PDGFRa signaling in muscular
dystrophy promotes connective tissue accumulation. Ominously, dystrophic muscle fibers may

promote fibrosis in a paracrine fashion via production and secretion of the PDGF-AA ligand.
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Figure 7: PDGFRa expressing cells are prominent early in dystrophy while constitutive
activation can lead to fibrosis in non-diseases muscles following injury.(a) Diaphragms from
male mdx:PDGFRaCre:mT/mG flox mice reveal the response of Pdgfra expressing cells and
their progeny occurs at the onset of muscular dystrophy between 6-8 weeks of age. (b) In
contrast, diaphragms from wt:PDGFRaCre:mT/mG male mice even at 12 weeks appear
similar to 6 week old mdx; a timepoint just prior to the onset of dystrophy. (c) Depicted is
fast green and sirius red staining’s of injured (top row) and uninjured (bottom row)
contralateral quadriceps from each respective cross (all 3MO females), injected with
cardiotoxin (CTX) 3 weeks following tamoxifen induction. Constitutive activation of
PDGFRa signaling in PDGFRa expressing cells via tamoxifen induction of
PDGFRaCreER:AD842V flox mice (left column), resulted in fibrosis by day 14 following
cardiotoxin (CTX) injury. In contrast, constitutive activation of PDGFRf (middle column)
induced in parallel with PDGFRaCreER:AD536A mice, did not result in neither complete
regeneration or fibrosis (red staining) by day 14 post injury. Cre negative controls (right
column) showed normal collagen deposition reminiscent of uninjured muscles. Scale bars =
R0iim

Il clinical trials for PDGFR associated cancers41-43. In comparison to Imatinib, Crenolanib has
significantly greater avidity towards PDGFRa kinase activity including mutant variants such as
AD842V41. Therefore, we chose to administer Crenolanib to Collal-GFP cells first in vitro, to
evaluate the potential of PDGFRa inhibition towards reducing the pro-fibrotic response of
collagen producing cells. In turn, Collal-GFP+ cells treated 10ng/ml PDGF-AA significantly
elevated their expression of both collagenslal and 3ol (Supplementary Fig. 4a). This response
was inhibited with the addition of 1uM Crenolanib. In contrast, stimulation with the same
concentration of PDGF-BB did not result in a pro-fibrotic response, validating the PDGF-AA
ligand-induced differential signaling, which in turns results in pro-collagen expression. Western
blot analysis confirmed the inhibitory effect of Crenloanib in reducing PDGFRa phosphorylation
when cells are stimulated with PDGF-AA (Supplementary Fig. 4a). Accordingly, we expanded
our studies of PDGFRa inhibition to mdx mice in order to evaluate the potential of Crenolanib in

reducing the pro-fibrotic response of collagen producing cells in vivo.
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Treatment was administered for 4 weeks in the drinking water ad lib, beginning at 8 weeks of

age; a timeframe when elevated numbers of PDGFRa expressing cells are evident (Fig 7a), just

prior to the development of fibrosis in mdx diaphragms11,26. Based on published

pharmokinetic44, a dose of 0.03mg/ml Crenolanib in the drinking water was chosen for animals

to receive approximately 5mg/kg Crenolanib per day in order to achieve sufficient inhibition of

PDGFRa. Control mice were treated with an equal amount of the vehicle (DMSO). Following 4

weeks of treatment, muscle strength was initially tested by ex-vivo myography (Fig. 9a); an

assay commonly used to measure functional improvement in mdx muscles45. Results show that
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Crenolanib treated mdx mice had significantly greater isometric force in both EDL muscles and
diaphragm strips. To understand the factors and mechanisms that contributed to this functional
gain, we examined changes in the muscles connective tissue. Indeed, fibrosis and its components
were reduced with Crenolanib treatment. Histopathology of diaphragm muscles shows reduced
collagen deposition by picrosirius red staining (Fig. 9b). Molecular analysis indicated a
significant reduction in the expression of collagens3al (Fig.9c). In contrast, the expression of
Pdgf receptors and ligands did not change (Fig. 9d), suggesting that treatment does not result in
downregulation of the inhibited pathway. Western blot analysis of diaphragm muscles shows a
significant decline in type 111 collagen and fibronectin which also accumulates with fibrosis and
is present in necrotic fibers (Fig. 9e). These reductions in connective tissue and fibrotic
components correlated with reduced phosphorylation of PDGFRa and its downstream effector
Src (Fig. 9f). In contrast phosphorylation of c-Abl, which is the main target of Imatinib11, did
not change with Crenolanib. Of note, reductions in fibrotic components and PDGFRa-
phosphorylation were also detected in Crenolanib treated hearts (Supplementary Fig. 5).
Interestingly, the phosphorylation of Src was not different in these same hearts suggesting that
the downstream effectors of PDGFRa may be tissue or disease progression dependent. To assess
if reductions in fibrosis resulted in increased regeneration, we compared myogenic factors in
Crenolanib vs. vehicle treated mdx:Collal-GFP muscles. As previously shown, collagen
producing cells are involved in regeneration (Fig. 4a and 5b). Once more we observed Collal-
GFP+ in close proximity to regenerating fibers positive for sarcoplasmic aSMA, which were
more abundant in Crenolanib treated diaphragm and EDL muscles (Fig.10a and Supplementary
Fig. 6). Molecular analysis confirms the elevated expression of aSMA in Crenolanib treated

diaphragm muscles, suggesting that reductions in fibrosis make the environment more
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permissive for regeneration (Fig.10b). Further comparisons treated muscles shows significantly
elevated expression of the myogenic regulatory factor Pax7, a specific marker of satellite cells,
but not Myf5 or Myod, genes expressed by satellite cells and myoblasts 34,46,47 (Fig. 10b) with
Crenolanib. The increase of Pax7 transcript suggests that the amelioration of fibrosis resulted in

greater satellite cell renewal during the course of treatment 46.
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Figure 9: Inhibition of PDGFRa. signaling and its downstream effector Src but not c-Abl,
results in decreased fibrosis and improved muscle strength of mdx muscles. (a) Cartoon
depicting treatment of mdx mice with Crenolanib or vehicle (n=6 males per treatment).
Myography of these treated mice reveals improved muscle strength in EDL and diaphragm
muscles with Crenolanib. (b) Histopathology analysis of sirius red staining shows reduced
collagen deposition with Crenolanib (n=4) treatment in mdx diaphragms. In turn, the
expression of Collagen3a1 was reduced. Scale bars = 50um. (d) Treatment with Crenolanib
(n=4 per treatment) did not alter expression of Pdgf genes. () Western blot analysis
confirms a significant reduction in type 111 collagen and also fibronectin in diaphragms from
the same Crenolanib treated mdx mice (n=4 per treatment). (f) Further analysis of treated
diaphragms indicates the decrease in fibrotic components with Crenolanib are attributed to
reduced PDGFRa phosphorylation, possibly signaling through its downstream effector Src
but not c-Abl. * P=<0.05 by Student’s t-test. Error bars indicate +SEM.

Discussion

Fibrosis in muscular dystrophy is widely recognized as a barrier to regeneration, yet remains ill
studied. Utilizing an assortment of genetic models and molecular methods, our present study
reveals the involvement of PDGFRa signaling in collagen producing cells during alterations in
connective tissue. In the absence of disease, collagen producing cells restore the connective
tissue in damaged muscles. This process is associated with elevated pro-collagen production and
PDGFRa signaling, indicated by increased receptor and ligand expression, as Collal-GFP+ cells
respond to injury in coordination with myogenic precursors (Fig. 5). In contrast, dystrophic
muscles undergo continuous cycles of degeneration/regeneration, which maintains the response
of Collal-GFP+ cells and PDGFRa signaling. Increased PDGFRa-phosphorylation11 and
expression by mesenchymal progenitors that have potential to express collagens4,5,7,8, suggests
a role for this pathway in the pathology of muscular dystrophy. The expression of PDGFRa by
collagen producing cells in vivo (Fig. 4) and presence of the PDGF-AA ligand in dystrophic
muscles (Fig. 8b) indicates a paracrine role of signaling that remains activated in response to
chronic injury. PDGF-AA is expressed by developing muscles but absent in the somite’s of

Myf5 null mutants48. Consequently, it is entirely possibly that PDGF signaling in muscular
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resulting fibrosis are a consequence of the chronic injury and repair that occurs in dystrophic

muscles. In contrast, non-diseased muscles downregulate PDGFRa signaling once the muscles

connective tissue has been restored, during the process of regeneration (modeled in Fig. 10c-d).
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In addition to the aforementioned data, the capability of PDGFRa signaling to promote fibrosis
when constitutively activated during the repair process in non-diseased muscles (Fig. 7¢),
supports our hypothesis. Consequently, inhibition of PDGFRa with Crenolanib resulted in
reduced fibrosis and functional improvement of mdx muscles (Fig. 9-10). Such results not only
implicate PDGFRa signaling in the fibrotic response of collagen producing cells, but also present

a viable target for reducing connective tissue accumulation in DMD.

PDGFRa signaling can mediate cellular responses through several pathways among them Ras-
MAPK, PI3K, and Src 49,50. Yet the cascade by which PDGFRa stimulation leads to collagen
production remains unknown. Reductions in mdx muscle fibrosis with Imatinib have been
attributed to PDGFR and c-Abl tyrosine-kinase inhibition11. Our data indicates that independent
of c-Abl, selective inhibition of PDGFRa can reduce fibrosis in mdx muscles (Fig. 9b-f). This
was associated with decreased Src phosphorylation, a downstream mediator of PDGF signaling
that can mediate pro-collagen expression in vitro 51,52. Further studies are needed to define the
signaling cascade by which PDGFRa, perhaps via Src, mediates the pro-fibrotic response of
collagen producing cells in skeletal muscles. Although, c-Abl may also potentiate collagen
transcription, c-Abl inhibition with Imatinib has been associated cardiomyocyte toxicity and
heart failure in cancer patients 53. Such a side effect may compound the cardiomyopathy
prevalent in the majority of DMD patients 54. Therefore, anti-fibrotic therapies that selectively
target PDGFRa signaling may prove efficacious and safer than broad spectrum tyrosine-kinase

inhibitors.
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Animals
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All mouse models described were maintained on a C57BL/6J background and all mdx carried the
4Cv allelel. Specific allele and mouse details are listed in the supplemental table S1. Muscle
injuries when listed were done by single injections of 10nM cardiotoxin (Sigma) directly into TA
(20pl) or Quadriceps (40ul). For inducible Cre activation (Fig. 7¢), 100ul of 20mg/ml tamoxifen
suspended in corn oil, was injected intraperitonealy daily for 5 consecutive days, then allowed to
clear for 3 weeks prior to cardiotoxin injury. Myography was conducted and specific isometric
force was calculated as previously specified2. All mouse procedures were authorized by the UW

Institutional Animal Care and Use Committee (IACUC).

S1. Mouse Strains / Alleles

Type Strain Name Jackson Labs | References
Catalog #

wit C57BL/GJ 000664

madlx B6Ros.Cg-DMDmdx-4Cv/J 002378 !

Collal-GFFP CH7BLG-pCol9GFP-HS4 5 transgene allele. Not available =5

Myfs Stock Myf5tmPasi 018626 nE

PDGFRa-nGFP B6.129S4-Pdgfra tm11(EGFP)Sor/J 007669 N

PDGFRa-Cre C57BL/6-Tg(Pdgfra-cre)1CIc/J 013148 h

mT/mG flox B6.129(Cq)-GH(ROSA) 26 S0y ™ ACTS Tomato £6P)Luo | 007676 i

PDGFRACreER | gaN cg-Tg(Pdgfra-cre/ERT)467Dbeld 018280 b

ADB42V flox B6.12054-Pdgfra™25°7 018433 "

ADS36A flox STOCK P dgﬁ_b:m‘.f.’i_“50’9’.’.'.(3.!8-:\"':. ] 018434 =

Tissue processing and staining’s

Paraffin embedded human muscle sections were acquired from the UW Neuropathology
division, anonymous to any patient identification information. Mouse tissues containing GFP
reporters were excised and immediately submerged in 4% formaldehyde (made from
paraformaldehyde powder suspended in PBS) for 2 hours at 40C. Tissue was then passed
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through a gradient of sucrose in PBS beginning with 10% and 20% (incubated 30min each time),
then left in 30% overnight at 40C. Muscles were then frozen in OCT and cross-sections were
subsequently cut in a cryostat at 8uM thick. In the absence of a fluorescent reporter, muscles
were frozen fresh without fixation in OCT. In this case cross-sections were post fixed with 4%
formaldehyde for 10 minutes prior to antibody staining’s. For all sirius red and fast green
staining’s, tissues were first fixed with ice cold methanol and then stained by the standard
method15. Staining’s with X-gal were followed as before2 and conducted prior to antibody
stainings. For the majority of antibody staining’s tissue was first blocked with 10% goat serum or
horse serum (when the primary was goat) for 30 min, washed with PBS with 1%BSA three times
then the primary antibody was administered. Following three washes with PBS, secondary
antibodies conjugated to AlexaFlour’s (Invitrogen) were administered for 1hr at dilutions of
1:1000 in PBS with 1%BSA. For PDGFRa and PDGF-AA stainings in human muscle, tissue
was deparrafinized by passing through 4x 5min changes of xylenes followed by rehydration
through an alcohol gradient of 100%, 90%, 70% and 50% ethanol for 5 min each. Human
sections were then treated for antigen retrieval by incubating with sodium citrate buffer pH6
containing Tween20 for 20 min at 950C, prior to blocking with 10% goat serum for 30min and
then incubating with the primary antibodies overnight at 40C. biotinylated secondary antibodies
added the next day for 1 hour and streptavidin-DAB staining was completed following the
manufacturer protocol (Vector Labs). Staining for PDGF-AA in mouse tissue also required
antigen retrieval, done as mentioned above, and worked only in fresh frozen tissue that was post
fixed with 4% formaldehyde for 10 min. Dilutions and incubation times for all primary
antibodies are listed in the supplementary S2. Fluorescent photos were captured with a Zeiss

Aviovert200 with mRM monochromatic camera then colored and merged in Adobe Photoshop
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CS2. Brightness and contrast levels were adjusted equally between experimental and control
staining’s. Sirius red staining’s were captured with a Nikon Eclipse E400 microscope with DS-

Fil color camera.

S2. Histology Antibodies
Antigen Conjugate Host Clone Manufacturer Dilution Incubati
on

Collagen | purified Rabbit polyclonal | Abcam ab292 or 1:400 overnight
ab21288)

Collagen Il purified Goat polyclonal Southern Biotec 1:100 overnight
A4E11

Collagen VI purified Rabbit polyclonal | Abcam abB588 1:200 overnight

Fibronectin Purified Rabbit Polyclonal | Sigma 1:100 4 hours
SAB4500863

asSMA Cy3 Mouse 1A4 Sigma 1:500 1 hour

PDGFRa purified Goat polyclonal R&D AF1062 1:200 overnight

(mouse)

Scal (LyGA/E) PE or APC Rat 30-F11 eBioscience 1:200 2 hours

NG2 purified Rabbit polyclonal Millipore (AB5320) | 1:400 2 hours

mouse lgG AlexaFluor®594 | Chicken | polyclonal | Invitrogen 1:1000 1 hour

PDGF-AA purified Rabbit polyclonal Millipore 1:100 overnight

(mouse and

human)

PDGFRa Purified Rabbit Polyclonal | Biess bs-0231R 1:100 overnight

(human)

Isotype IgG purified Rabbit polyclonal | Vector Labs Same FC 1° | overnight

Isotype lgG purified Goat polyclonal ector Labs Same FC 1% | overnight

Histology Secondary Antibodies

anti-Rat IgG AlexaFluor®@594or 647 | Chicken | polyclonal | Invitrogen 1:1000 1 hour

anti-Rabbit 1gG AlexaFluor®594 or 647 | Goat polyclonal Invitrogen 1:1000 1 hour

anti-Goat IgG AlexaFluor®594 or 647 | Rabbit polyclonal | Invitrogen 1:1000 1 hour

anti-Rabbit 1gG Biotin Haorse polyclonal | Vector 1:200 1 hour

174




Cell isolations and culture

Cells for molecular analysis and culture were all isolated by FACS from mononuclear cell
preparations enriched by digesting a collection of limb muscles (TAs, Gastrocnemius’s and
Quadriceps’) with collagenase and displace (both from Worthington). Procedures for muscle
digestion and FACS were followed as previously described8, 16. Antibodiy details used for
FACS are listed in supplementary table S3. FACS-isolation and data acquisition was done with
an Aria Il and Diva software (BD). Post-acquisition analysis and graph generation was done
with FlowJo v7.6.5 for PC. Following acquisition, cells were FACS-sorted directly into RLT
buffer (Omega Bio-Tek) for molecular analysis or DMEM-HG with 10% FCS for culture.
Cultured Colla1-GFP+ cells used for in vitro studies were the same as previously reported3;
FACS-sorted from male 4MO wt:Collal-GFP+ hearts were expanded in DMEM-HG with 10%
FCS + PenStrep at 370C, 5%C0O2 and 5%02. These cells were seeded in 12 well plates and
treatments were replicated with a minimum of 3 wells per condition. DMSO (vehicle), 10ng/ml
PDGF-AA, 10ng/ml PDGF-BB, or 10ng/ml PDGF-AA (all recombinant mouse from
Shenandoah Biotech) + 1uM Crenolanib (from Selleck and Chemietek) in a basal media of
DMEM-HG with 5%FCS + PenStrep was added for 4 days at 370C, 5%C02 and 5%02. PDGF
ligands were from and Crenolanib was from Following treatment, cells were washed with ice
cold PBS and scraped off with RLT buffer for molecular analysis. For western blot analysis,
cells were expanded in 200mm tissue culture plates and stimulated with 10ng/ml PDGF-AA with
and without 1uM Crenolanib. Cells were then collected by scraping in RIPA buffer containing

protease and phosphatase inhibitors (all from Thermo/Pierce) 30 minutes following treatments.
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83. FACS Antibodies and Streptavidin Conjugates

Antigen Conjugate Host Clone Manufacturer | Dilution
CD31 (PECANM-1) PE-Cy7T Rat 390 eBioscience 3ulM07 cells
CD45(Ly-5) eFluor@G50 Rat 30-F11 eBioscience 3ulF0= cells
Scal [Ly-6 AE) APC Rat 07 eBioscience. | 1.5p010%cells
PDGFRa PE Rat APAS eBioscience | 1.5p010%cells
CD34 Biotin Rat RAM34 eBioscience. 3uM0E cells
Fc block (CD16/32) Purified Rat 93 eBioscience. 1pl10° cells
Streptavidin eFluor@450 nfa eBioscience 1.5ul0% cells
Rat 1aG |sotvpe FE Rat eBR2a eBioscience FPM0F cells

Molecular analysis of cells and tissue

RNA from cells was isolated using E.Z.N.A isolation kit (Omega Bio-Tek) and from tissue by
Trizol (Invitrogen), following manufacturers protocols. Muscle tissue for RNA isolation was first
ground with a mortar and pestle under liquid nitrogen, to a fine powder prior to suspension in
Trizol. Generation of cDNA and quantitative-PCR analysis was done as previously reported 3
and normalized by single delta Ct method. q-RT-PCR data was analyzed and graphs generated
using Microsoft Excel. Primer sequences for g-RT-PCR are listed in the supplementary table S4.
For protein isolation whole muscle tissue was ground once more to a fine powder, suspended in
RIPA buffer containing protease and phosphatase inhibitors (Thermo/Pierce), and then
homogenized with a Tissue-Tearor (BioSpec). Protein content was quantified by BSA assay
(Thermo/Pierce) and 35ug protein from each respective sample was loaded per well in 4-20%
Tris-Glycine gel (NuSep). Following SDS-PAGE, proteins were transferred onto a PVDF
membrane via semi-dry transfer then blocked with in TBS-T with 5%BSA for 1 hour prior to
probing with any primary antibodies. Membranes were probed with primary antibodies typically
overnight and secondary antibodies for 1 hour in TBS-T with 5%BSA at 40C. Antibodies against
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phosphorylated proteins were probed first and then membranes were stripped with 2x 5min

incubations with 6M GnHCI solution and then re-probed with antibodies against the total the

protein content for each respective target. Proteins were imaged by chemiluminescence

(Thermo/Pierce) and quantifications were done using ImageJ. Western blot antibodies with

dilutions are listed in the supplementary table S4.

S4. Western blot primary antibodies

Anfigen Conjugate Host Clone Manufacturer Dilution Incubation
Collagen | purified Rabbit polyclonal | Abcam ab292 1:1000 avernight
Collagen Ill purified Rabbit polyclonal | Sigma 1:1000 avernight
SAB45000367
Fibronectin Purified Rabbit polyclonal | Thermo/Pierce 1:1000 avernight
PA1-23693
PODGFRa phosphor- purified Rabbit polyclonal | Sigma 1:1000 avernight
Tyr849 SAB4504655
PDGFRa purified Rat APAS eBioscience 1:750 avernight
Src phosphor-Tyrd 18 purified Mouse monoclonal | ECM SM3761 1:500 avernight
Src purified Mouse monoclonal | ECM SM2591 1:500 avernight
c-Abl phosphor-Tyrd412 | Purified Rabbit polyclonal ECM AP1271 1:750 avernight
c-Abl Purified Mouse monoclonal | ECM AP2091 1:500 avernight
B-actin Purified Rabbit polyclonal BioVision 3662 1:2000 avernight
Western blot secondary antibodies
anti-Rabbit IgG HRP goat polyclonal BioRad 170-6515 1:5000 1 hour
anti-Rat lgG HRP rabbit polyclonal | Thermo/Pierce 1:5000 1 hour
PA1-28573
anti-Mouse IgG HRP goat polyclonal BioRad 170-6516 1:5000 1 houn
ke
54, g-RT-PCR primer sequences
Gene Forward primer (5" — 3% Reverse primer (5 — 3°) F.eference
Collagen 1af ACGGCTGCACGAGTCACAC GGCAGGCGGGAGGTCTT i
Collagen 3of GTTCTAGAGGATGGCTGTACTAAACACA TTGCCTTGCGTGTITGATATTC i
Pdaira CAAACCCTGAGACCACAATG TCCCCCAACAGTAACCCAAG &
Pdairg GTCTGGTCTITTGGGATCCT AAGGCTGGTTACAGTITGGE n/a
Pdgi-a GTCCAGGTGAGGTTAGAGG CACGGAGGAGAACAAAGAC 2
Pdgi-b TGTCCCTGCCTCTITCCACT GCAGACTGAAGGGCACATGA =
Pdgi-c AGGTTGTCTCCTGGTCAAGT CCTGCGTTTCCTCTACACAC =
GAPDH GGGAAGCCCATCACCATCT GCCTCACCCCATITGATGTT =
185 rBNA TTGACGGAAGGGCACCACCAG GCACCACCACCCACGGAATCG =
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Statistical Analysis
Student’s t-test or Anova when appropriate, were used for statistical analyses and computation of

P-values.. All error bars represent the standard error of the mean (SEM).
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Chapter 4 Supplementary Figures

Figure S1: Type Il and VI collagens are concentrated with Collal-GFP cells in perimysial
fibrosis of mdx skeletal muscles.(a) Staining for type Il collagen in diaphragms and quadriceps
from male 20MO mdx:Collal-GFP mice highlights the concentration GFP+ cells in perimysial
fibrosis, particularly surrounding vessels labeled with aSMA. (b) A similar pattern of
accumulation was observed with type VI collagen in serial sections from the same mice. (b) IgG
isotype to the anti-collagen 111 antibody was stained in parallel to control for non-specific
staining. Scale bars = 50um.
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Figure S2: Collal-GFP cells in mdx hearts share a similar localization with type 11
collagen and molecular signature by FACS .(a) Heart sections from the same
mdx:Collal-GFP mice shown in Fig. 3, highlight the accumulation of type I11 collagen
with age and concentration of GFP+ in these fibrotic areas. Scale bars = 50um. (b)
FAC-analysis of hearts from the same wt and mdx:Collal-GFP male mice (n=3 per
age) depicted in Fig. 4, indicates that the molecular signature of the GFP+ majority
remains positive for PDGFRa and Scal, but negative for CD45 and CD31 with age in
mdx hearts.
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Figure S3: The expression of Pdgfra is elevated in mdx vs. wt muscles.(a) q-RT-PCR
analysis for Pdgfra reveals increased expression in Tibialis Anterior’s (TA),
diaphragms and hearts collected from 12MO (n=3 per condition) mdx vs. wt mice;
from. (b) Further analysis of the same samples, indicates that the expression of the
Pdgf-a ligand was significantly higher only in mdx diaphragms at this. * P=<0.05 by
Student’s t-test. Error bars indicate £SEM
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Figure S4: Inhibition of PDGFRa reduces pro-collagen expression in cultured Collal-GFP+
cells.(a) Cultured Collal-GFP+ cells were treated with DMEM with 5%FCS+PenStrep
containing either vehicle (DMS), 10ng/ml of PDGF-AA, PDGF-BB, or PDGF-AA + 1uM
Crenolanib; a selective inhibitor of PDGFRa. Cells were kept in each respective media for 4
days then collected for g-RT-PCR analysis for pro-collagens, a minimum of 3 replicate wells
from twelve well plates, was analyzed for each condition. Results indicate treatment with
PDGF-AA but not PDGF-BB can potentiate Collagenlal and 3al expression. In contrast, the
addition of Crenolanib inhibited the response of collagen producing cells to PDGF-AA.
*P<0.05, ***P<0.00005 by single factor Anova.. Error bars indicate £SEM. (b) To confirm
these effects were in response to PDGFRa activation and inhibition, Collal-GFP+ cells were
stimulated for 30 minutes with 10ng/ml PDGF-AA or PDGF-AA + 1uM Crenolanib (same
basal media). Western blot analysis confirms the phosphorylation of PDGFRa with PDGF-AA
stimulation and inhibition this response with Crenolanib.
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Figure S5: Treatment with Crenolanib reduced PDGFRa signaling and fibrosis in madx
heart.(a) Analogous to the results observed in diaphragm muscles, hearts from the same madx
mice analyzed in Fig. 9b-f showed reduced cardiac pathology by sirius red staining, with
Crenolanib. (b) g-RT-PCR analysis of these same hearts (n=4 per treatment) reveals
significantly reduced expression of Collagen3al. (c) Western blot analysis supports the
reduction Collagen3al as type Il collagen and fibronectin were significantly reduced with
Crenolanib treatment in the same heart samples. (d) Once more, the reductions in these
components of fibrosis, coincide with the inhibition of PDGFRa signaling in hearts from
Crenolanib treated mdx mice. Howeevr, in contrast to diaphragms, Scr phosphorylation was
not different with Crenolanib. * P=<0.05 by Student’s t-test. Error bars indicate xSEM.
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Figure S6: Treatment with Crenolanib reduced PDGFRa signaling and fibrosis in mdx
heart. EDL muscles from the same mdx:Collal-GFP mice depicted in Fig. 10a, show
more aSMA+ regenerating muscles fibers with Crenolanib treatment. Scale bars =
S0um.
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Conclusion

Summary of Results

Classically, DMD has been perceived to be a singular disease affecting muscle fiber
function. However, many studies to date, including our own, demonstrate that this is a multi-
faceted disease that involves and affects several cell populations (1-4). Interdependence between
cellular compartments is governed by paracrine signaling, which is altered in this disease (e.g.,
S1P (Chapter 3) and PDGFRa (Chapter 4)). The reliance of each cellular population on one
another, presents interesting and novel questions that can expand our understanding of muscle
cell biology. Herein, we have described two signaling pathways (S1P and PDGFRa) that are
altered and directly influence the cellular responses to muscle regeneration (illustrated in Figure
6). The consequences of these alterations are reduced regeneration capacity by satellite cells and
increased fibrosis mediated by collagen producing cells. Although endothelial cells are affected
with muscular dystrophy, it remains unclear if their capacity to synthesize S1P is altered and
results in the reductions we observed in mdx muscles. Therefore, further investigation of
sphingosine biology is warranted to specifically identify the components of S1P synthesis that
are altered with disease. In contrast, over-activation of PDGFRa results in greater connective
tissue accumulation that perturbs regeneration. Elevated levels of the PDGF-AA ligand by
dystrophic fibers, is the likely antagonist of this pro-fibrotic signaling. What remains unanswered
is the mechanism by which PDGF-AA production occurs in skeletal muscles. The molecular
interactions within muscle fibers that occur with chronic damage and repair will require further
investigation in order to elucidate this mechanism. In spite of the gaps in knowledge that remain,

future research focused on cellular interactions can yield benefits not just for DMD but other
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diseases in which alterations in signaling influence cellular responses to tissue degeneration and

regeneration.

| Greater regeneration
reduced fibrosis
with elevated S1P

Reduced regeneration

- PDGE-AA
greater fibrosis
with elevated PDGF-AA

satellite cells, endothelial cells, collagen producingcells

Figure 6. Modeled are the opposing effects of S1P and PDGF-AA on skeletal muscle that occurs
with muscular dystrophy. Although S1P content is reduced in dystrophic muscles, pharmacological
elevation can promote satellite cell-mediated muscle regeneration and disrupt the accumulation of
fibrosis. In contrast, PDGF-AA and the activation of PDGFRa in collagen producing cells promotes
fibrosis in muscular dystrophy. Inhibition of PDGFRa signaling can perturb the production and
accumulation of excessive connective tissue, which in turn is makes muscle more permission for
regeneration.

Muscle wasting that occurs with aging may also be influence by cellular and molecular
interactions. Although PDGFRa and S1P signaling have yet to be examined in the field of aging
research, it is entirely possible that these mechanisms are conserved between dystrophic and
aging-related muscle repair and degeneration. The likelihood stems from the shared pathology
present in both DMD and sarcopenia: fat infiltration and fibrosis of the skeletal muscles (5-7). In
addition, satellite cell impairment and decline in fast twitch fibers also prevalent between
dystrophy and aging (8-11). Therefore, cellular and molecular signaling pathways warrant

examination in the context of age related muscle wasting.
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Future Directions in Basic Biology

The insight shed by our studies only scratches the surface of the cellular and molecular
interactions responsible for muscle regeneration and pathogenesis. In particular, the direct
mechanisms by which S1P and PDGFRa influence cellular responses in normal regeneration vs.
muscular dystrophy requires significantly more research effort. Genetic ablation and activation
of these pathways in satellite cells and collagen producing cells in vivo would provide significant
insight of the role of S1P and PDGFRa signaling within these respective cell populations.
Specific genetic alterations can be accomplished by utilizing Cre-lox recombination in the mouse
model (12). This technology has been vital in fate mapping and delineating signaling
requirements within specific cellular compartments (13, 14). In turn, the downstream cascade by
which satellite cells are impaired and collagen-producing cells are pathogenic, can be resolved
by this approach. Within our own lab, we have already begun follow-up research utilizing Cre-
lox alleles to address specific questions about satellite cell-S1P biology and PDGFRa signaling

in collagen-producing cells.

As previously discussed, SIPR1-3 are the predominant S1P receptors expressed in
skeletal muscle (15). While S1PR2- and S1PR3-null mice show no obvious muscle defects,
S1PR1-null mice are embryonic lethal; therefore, its requirement during myogenesis remains
unresolved (16). Although, S1IPR2-null mice show perturbed muscle repair following toxin
injury, this may be a consequence of non-myogenic cell impairment (17). In contrast, we
observed S1PR3 was mostly localized to endothelial cells, although satellite cells may express

this receptor at low levels (Figure 7) (Chapter 3). Interestingly, newly regenerated fibers contain
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perinuclear phophorylated-S1PR1 (18). Altogether, our data suggests that S1IPR1 is likely the
most vital of the three S1PRs for satellite cell myogensis. Therefore, we plan to address this
question by ablating S1PR1 specifically in satellite cells using an inducible Cre driven by the
endogenous Pax7 promoter, crossed into S1IPR1 lox/lox mice (19, 20). Utilizing this system,
S1PR1 can be conditionally ablated in satellite cells (19, 21). This inducible system will also
allow us to address the temporal requirements for S1IPR1 in satellite cells of postnatal muscles. If
S1PR1 signaling is essential for myogenesis, we should observe an impairment in satellite cell-
mediated regeneration in adult muscle. Alternatively, we can also assess the developmental
requirement for S1PR1 in satellite cell precursors, which also express Pax7 (21). It is entirely
possible that S1IPR1, is essential for satellite cell maturation and homeostasis. In this case we
should observe a decline in satellite cells following Cre induction following postnatal
development or in adult muscle respectively. This approach will also be informative for
identifing downstream effectors of S1PR1 signaling in satellite cells. Presumably, a phenotype in
S1PR1-null satellite cells will result in alterations in signaling that can be traced by
transcriptional and molecular comparisons to wild-type satellite cells. Future studies should
address long standing questions about the requirement for SIPR1 in myogenic cells and identify
downstream transcriptional targets that regulate this signaling. Knowledge of the
S1PR1signaling cascade would be invaluable for designing small molecules or peptides that can
modulate cellular responses. Such specific drugs may hold significant therapeutic potency if they

prove effective for enhancing the regenerative potential of satellite cells.

Analogous to the requirement for S1IPR1 in satellite cells, it remains unknown if
PDGFRa is essential for the pro-fibrotic signaling that occurs in skeletal muscle collagen

producing cells in vivo. In fact, the specific cascade by which PDGFRa results in pro-collagen
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expression in vivo remains unknown (22, 23). Elucidating the downstream effectors would
provide significant insight on the process of fibrosis and may present more specific
pharmacological targets. In order to address this question, we are also currently generating
PDGFRa lox/lox mice that harbor the tamoxifen inducible Cre driven by the Collal promoter.
With this model, we will be able to assess the requirement for PDGFRa signaling in collagen
producing cells during homeostasis and following muscle injury. Once more, transcriptional and
molecular comparisons between wild-type and PDGFRa knockout cells should identify the
factors that mediate collagen expression. Specifically, we can untangle the downstream effecter
of PDGFRa mediated pro-collagen expression in the skeletal muscle. These reporter mice would
be invaluable in confirming the role of PDGFRa signaling in the pathogenesis of muscular
dystrophy. However, crossing Cre-lox into the mdx background requires significant animal

generations and funding.

Clinical Potential

The aforementioned mouse studies are aimed at understanding the novel biology of S1P
and PDGFRa signaling in specific cellular populations of the skeletal muscle. However, these
follow-up studies may not have immediate clinical implications. Therefore, we will capitalize on
the results we have observed with THI and Crenolanib for alleviating the pathogenesis of
muscular dystrophy (Chapters 3 and 4). Currently, we are examining the utility of THI-oxime
(LX2931) for the treatment of muscular dystrophy. THI-oxime is a derivative of THI with
greater solubility that has already passed FDA safety and toxicology studies, and it has
completed a Phase Il clinical trial for Rheumatoid arthritis (24, 25). In contrast, THI is not under
clinical development and would require significantly more financial and temporal investment to

assess its safety, toxicology and begin testing in humans. Thus, repurposing THI-oxime for the
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treatment of DMD would accelerate the development of S1P-targeted therapies for muscle
wasting. Future research should focus on the potential of S1P altering compounds, such as THI-
oxime, to regenerate muscles in mdx mice, in order to repurpose available drugs for the
immediate treatment of DMD. Careful dosing of S1P elevating drugs will have to be evaluated in
order to avoid potential side-effects, such as infection or cancer, that may occur with immune

suppression (25).

In contrast to THI, Crenolanib has had significant clinical development and is currently in
Phase Il clinical trials for juvenile glioblastoma (26, 27). If more pre-clinical studies, including
pharmodynamics and dosing in dystrophic animals can be accomplished, Crenolanib may also be
repurposed for DMD if shown to be efficacious. Ultimately, therapies using a combination of
anti-fibrotic and pro-regenerative drugs, such as THI-oxime and Crenolanib, may prove more
efficacious for perturbing muscle wasting in DMD and perhaps sarcopenia. Future research into
these therapies warrants the significant investment in time and money. If such therapies prove
successful, the economic and moral benefits resulting from the reduction of morbidity and
mortality in patients suffering from muscle wasting diseases will far outweigh the initial

investments.

Research Barriers

Although future studies of muscle regeneration in the context of disease and aging would
yield tremendous economic and population health benefits, the National Institute of Health
(NIH) often funds singular studies that focus only on one molecule or gene, while ignoring the
cellular and molecular interactions that directly influence pathogenesis. The ineffectiveness of

such singular approaches is evident economically; despite millions of dollars spent by the NIH
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towards muscular dystrophy research, a cure remains far from reach and not a single treatment
has passed FDA approval within the past 20 years. Yet the financial burden of families with
DMD children has steadily increased to an average of $60,000 per year/per child affected by
muscular dystrophy (28). Irrespective of the financial burdens, the grim reality is that children
afflicted with DMD will not only face incredible hardship but will die, pure and simple, and as a
scientific community we have failed them. It is my personal belief that science has moved so far
from the bedside, we as a community have become too enamored with our own agendas to the
point that NIH funding policies gravely overlook the needs of patients, such as those afflicted

with DMD.
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Personal Perspective

In 2002, | separated from the United States Air Force to peruse a career in biological
science. Having served on the battlefields of Afghanistan, my motivation stemmed from the lack
of treatments in regenerative medicine available to wounded soldiers. At the time, it was a
golden age for science; the human genome had just been completed and breakthroughs in stem
cell biology were taking shape. Therefore, | was motivated and hopeful that with the right
training, perseverance and hard work, | may contribute to the development of treatments for my
former colleagues in arms. When | began working on skeletal muscle biology in 2006, my dream
was coming to fruition and | did not regret having left a promising and stable career in the

military.

Fast forward 12 years later, and now as a junior scientist, the future of biological research
is bleak as my dreams are in peril. This dark horizon does not only affect scientist but also
patients and taxpayers alike. The problems stems not just from federal budget cuts, but from the
corruption at the level of NIH and inefficiency of academic research. Billions have already been
spent with few results. All the while, indirect costs at academic institutions continue to rise and
consume a significant portion of the already strained NIH budget. This diverts valuable research
dollars to the propagation of obstructive administration and bureaucracy. With greater funding
disparity, the environment becomes more toxic as scientist become increasingly motivated by
survival and personal gain; ideas are stolen, grant reviewers sabotage competitors, and political
alliances dictate funding and publications. Therefore, the appearance that the scientific
community is infallible and seeks to advance our knowledge and benefit public health is far from
reality. In contrast, science has become a feudal system in which mighty lords (the most

recognized PIs) dictate every aspect and compete for the gold coffers of public money. In turn,
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the peasantry (graduate students and post-docs) toil and fight for scraps while being exploited for
ideas and labor. Great kingdoms (academic institutions) compete to attract these lords, so that
their realms claim a share of the riches. Unfortunately, this cynical description is a small dose of

the tattered landscape of biological research.

This scenario is highlighted by the fact that there exists an enormous disparity between
the number of PhD trainees and post-docs vs. the number of faculty positions. Although this
issue is has been recognized for over two decades (1-3), little has been or is currently being done
to address it. Ultimately, the only benefactors of this crisis are senior investigators who have
available to them a throng of expendable PhDs to exploit. In turn, investigators are focused on
publishing papers and acquiring grants to pay for runaway institutional costs, which themselves
provide little return. This cycle continues to repeat, irrespective of the few benefits the public has
received for many billions of dollars in funding spent. Therefore, the ultimate losers are not just
PhD graduates, whom most will ultimately have to seek careers outside of research, but more

importantly the taxpayers and patients.

Such waste of research resources with little public return has been no more evident than
in the field of cancer research. A quote from Dr. Linus Pauling, a two time Nobel laureate sums
up the dilemma: “Everyone should know that most cancer research is largely a fraud and that the
major cancer research organizations are derelict in their duties to the people who support them.”
A testament to this quote is a Pubmed search for “HeLa cells” yields >80,000 publications. HeLa
cells were originally derived in 1953 from human epithelial cervical cancer and have been
wrought with controversy ranging from numerous contaminations to ethical issues surrounding
their isolation (4). Irrespective of these issues, HelLa cells have become the most common tissue

culture model not just for studying a range of cancers but also cellular process ranging from
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autophagy to apoptosis. Yet the relevancy of this immortalized cell line which is aneuploidy and
has multiple other genetic mutations, often comes into question (5). Particularly, the relevance
stems from the fact that cancers are heterogeneous populations, often containing a mix of
transformed and normal cells with varying genetic alterations (6). The cancer field having
recognized the heterogeneous nature of malignancies continues to rely on HelLa cells, which
cannot accurately define tumors. This often results in research that is focused on one pathway,
studied with cell lines that do not represent in vivo characteristics, and results that cannot be
clinically translated (7). Once more, this failure of research to attain tangible insights that benefit
the public will continue, so long as the self-interests of academic institutions and corruption at

NIH permit.

Unfortunately, the field of muscle research is not immune from this mismanagement. All
too often researchers in the skeletal muscle biology receive notoriety and funding despite the
lack of novelty or relevancy towards the treatment of dystrophy or other muscle diseases.
Analogous to HelLa cells, the C2C12 cell line has been widely used to study myogenesis and
model satellite cell biology in culture, with often misleading results. Currently Pubmed holds
over 4000 publication referencing C2C12s, including reports that myoblasts can differentiate into
chondrogenic and mesenchymal lineages (8, 9). Recent lineage tracing studies have unilaterally
proven that satellite cells and their myoblast progeny do not undergo chondrogenic or osteogenic
conversion in vivo (10, 11). This puts in question the relevance of many studies that make
interpretations solely on experiments conducted with C2C12. Despite the shortcomings of
C2C12s, NIH continues to fund such studies that yield little insight on the actual myogenic
process which occurs in vivo. Unfortunately, such misappropriation also extends to studies that

examine satellite cells in vivo. A prime example lies with a high profile paper published in 2008
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by a group from Harvard in the journal of Cell (12). In this study the authors claim to have
discovered a “distinct population of skeletal muscle precursors (SMPs)” that can improve
dystrophic muscle function upon transplantation. This study was carried out with significant
funding from several public and private institutions including the NIH. Yet the conclusions of
this study are extremely flawed as the authors main claim that SMPs are a population of muscle
stem cells distinct from the already recognized satellite cell population is simply untrue.
Furthermore, the functional benefits resulting from cell transplants were skewed as
normalizations covered the fact that there were several mock transplanted muscles with greater
strength than muscles transplanted with SMPs. Despite these discrepancies and official protest
by an expert in the field (13), this manuscript has been cited by at least 149 scientific articles and
the investigators continues to receive substantial public funding and notoriety. However, the
clinical relevancy and contribution to the treatment of muscular dystrophy by this research

remains to be seen.

In retrospect our own contributions to understanding the cellular and molecular
mechanism of dystrophy and potential therapeutics, may never reach the bedside. Until the
system of research changes and patients welfare instead of funding and notoriety become a
greater concern, science will continue to plummet into the abyss. This is further compounded by
continued reductions in public funds and increases in indirect costs that academic institutions
continue to siphon from bona-fide research dollars. However, this disastrous course can be
averted, if we as scientists take on greater personal accountability and interest for patient’s
welfare. The old system, by which Pls exploit graduate students and post-docs in the race for
notoriety and funding, must change. A more collaborative environment where scientist work as

teams with the common goal of treating diseases, can yield more discoveries with direct public

200



benefit. This type of organization has worked well for the fields of engineering, computer and
physical sciences, which have blossomed and changed our world in recent years. Only when
taxpayers and patients receive greater return, will public funding for research warrant expansion.
In closing, if the culture of science is to survive we must adapt a passion for discovery and
treating the ill. Otherwise, we will continue to fratricide our community and leave a trail of

failures, littered with the ghosts of those we could have saved.
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List of additional publications authored during period of graduate research.
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