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Abstract

Adult skeletal muscle has a remarkable ability to regenerate following muscle damage.
This regenerative capacity is attributed to a muscle stem cell compartment known as satellite
cells. Despite such a high regenerative potential, skeletal muscle is occupied by fatty and
fibrous tissue in several pathological conditions. Because the occurrence of fatty and fibrous
tissue is usually associated with loss or extreme atrophy of muscle, a hypothesis has emerged
that dysregulation of the fate-switch of satellite cells between muscle and other lineages may
underlie these pathological changes. However, there is no direct evidence that satellite cells
convert their fate to a non-myogenic fate in vivo. In this review, we discuss the role of
mesenchymal progenitors that are distinct from satellite cells, and focus on their contribution to

pathological changes of skeletal muscle.

Key words: satellite cells, mesenchymal progenitors, degeneration, adipogenesis

Introduction

The principal roles of skeletal muscle are the generation of force and the control of body
movement by contraction. Skeletal muscle is anatomically located immediately beneath the
skin and acts as a physical safeguard for other organs. Because of such functional roles, skeletal
muscle sometimes suffers damage. Therefore, regeneration from damage is an essential
property of skeletal muscle. Satellite cells, which reside between the sarcolemma and the basal
lamina of myofibers, are the major contributor to muscle regeneration. In response to various
regenerative stimuli, satellite cells rapidly become activated and proliferate, and then
differentiate and fuse with each other or with pre-existing myofibers to regenerate the muscle
(6).

Despite such an exquisite regeneration system, skeletal muscle is occupied by fatty and
fibrous tissue in several pathological conditions where muscle integrity has been debilitated.
The most striking accumulation of adipocytes is seen in advanced cases of Duchenne muscular
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dystrophy (DMD), where a muscle may be almost entirely replaced by adipose tissue (4).
Excess fat accumulation also occurs in severe neurogenic atrophy, type II diabetes, obesity and
aging-related Sarcopenia (9, 15, 16, 42). Pathological fibrosis develops through a variety of
conditions such as trauma, ischemia, physical strain, and neurological dysfunction as well as
myopathies (4, 22). The mechanisms by which such pathological responses of skeletal muscle
are elicited are poorly understood.

Because the occurrence of fatty and fibrous tissue is usually associated with loss or
incomplete regeneration of muscle, the idea that dysregulation of the fate-switch of satellite
cells between muscle and other lineages may underlie these pathological changes has been
emerged. This hypothesis is based on studies showing that cultured satellite cells can
transdifferentiate into non-myogenic cells in vitro (3, 8, 35, 43). However, there is no direct
evidence that satellite cells contribute to the formation of fatty and fibrous tissue in vivo.

In this review, we discuss the role of mesenchymal progenitors that are distinct from
satellite cells. We focus on the contribution of mesenchymal progenitors to pathological
changes of skeletal muscle and emphasize the importance of the interaction between muscle
cells (parenchymal cells) and mesenchymal progenitors (stromal cells) on muscle homeostasis.

Satellite cells: myogenic stem cells or multipotent stem cells?

Satellite cells were first identified on the basis of their anatomical location. They reside
in the specific niche beneath the basal lamina covering myofibers (24). Since their discovery,
satellite cells have been considered as monopotential precursors that give rise only to cells of
myogenic lineage and are the major source of adult myogenic celis (6).

However, several studies have shown that satellite cells can differentiate into cells of
non-myogenic lineages when using satellite-derived myoblast culture or single myofiber
culture (3, 35, 43). In myoblast culture experiments, myoblasts are usually purified by a
preplating technique or by culturing muscle-derived cells at the density that selectively
promotes myogenic colony formation, while non-myogenic cells grow poorly. These methods
require relatively long culture periods to obtain pure myogenic culture. However, long-term
culture or clonal expansion can elicit spontaneous transformation and lead to the generation of
myogenicity-defective cells that commonly appear in myogenic cell lines (23). Moreover, only
a few rounds of passage significantly reduce muscle reconstitution activity of satellite cells (19,
25). Therefore, the obtained myogenic cells may have undergone considerable changes during
the culture period, and thus can not be considered equivalent to satellite cells. Single myofiber
culture is a method to isolate single myofibers with their associated satellite cells by appropriate
enzymatic preparation. Even with this sophisticated technique, the possibility of contamination
with non-satellite cells cannot be ruled out (36). Contamination with only a few non-satellite
cells will have a considerable impact because each single myofiber carries a small number of
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satellite cells (approximately 1020 cells depending on the muscle from which the myofiber is
derived) (10). Therefore, such conventional culture experiments make direct interpretation of
the in vivo relevance of satellite cell multipotency difficult.

The introduction of fluorescence activated cell sorting (FACS)-based prospective cell
isolation has improved the ability to isolate specific cell types. Using combinatorial expression
of cell surface markers or genetically-engineered mice that express reporter gene in satellite
cells, satellite cells can now be directly isolated with high purity (7, 11, 12, 25, 32, 37). With
these procedures, the status of satellite cells was further established as the major contributor to
adult myogenesis and as the ‘true’ adult muscle stem cells that can self-renew (32, 37).
Importantly, freshly sorted satellite cells show quite high myogenicity but there is no report that
sorted satellite cells convert their phenotype to non-myogenic cells. Moreéver, freshly sorted
satellite cells differentiate only into myotubes, even under non-myogenic culture condition (11).
Thus satellite cell multipotency remains unclear.

Mesenchymal progenitors distinct from satellite cells

To clarify the origin of the cell population involved in adipogenesis in skeletal muscle,
we conducted a comprehensive survey of cells that reside in skeletal muscle using a
FACS-based cell isolation technique. As a consequence, we identified PDGFRa" mesenchymal
progenitors (under submission). PDGFRa" cells isolated by FACS readily differentiate into
adipocytes, osteoblasts, and smooth muscle-like cells under appropriate culture conditions, but
have a limited myogenic potential. Freshly isolated PDGFRa.” cells are strongly positive for
CD29, CD44, CD90, and Sca-1; moderately positive for CD13 and CD34; and negative for
c-kit. Thus they have similarities to mesenchymal stem cells (MSCs) in terms of their surface
phenotypes as well as differentiation potentials. These PDGFRa™ mesenchymal progenitors
reside in the muscle interstitium, and therefore represent a cell population that is distinct from
satellite cells (Figure 1A). Mesenchymal progenitors were more frequently observed in the
perimysium than in the endomysium, particularly in the perivascular space (Figure 1B). Upon
muscle damage, mesenchymal progenitors rapidly enter the cell cycle and‘signiﬁcantly increase
in number (Figure 1C). They do not originate from bone marrow, but instead represent a cell

population that is resident in skeletal muscle.
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Figure 1: Localization of PDGFRa" cells in adult skeletal muscle (A and B). Tibialis anterior or

gastrocnemius muscle sections were stained with antibodies against M-cadherin (M-cad),
PDGFRa and laminin a2 (A); and CD31, PDGFRa and collagen IV (B). (C) Two days after

cardiotoxin injection, muscle sections were stained with anti-Ki67, anti-PDGFRo and

anti-laminin a2 antibodies. Nuclei were counterstained with DAPI. The scale bars represent 20

pm.

Relevance of PDGFRo" mesenchymal progenitors to muscle pathology

In addition to their in vitro adipogenic potential, PDGFRa" mesenchymal progenitors

participate in in vivo ectopic fat formation in skeletal muscle observed in muscle injury model

(under submission). Of particular importance is that, of the muscle-derived cell populations,
only PDGFRo." mesenchymal progenitors contribute to ectopic fat formation in vivo. In
contrast, satellite cells only form myofibers, even in conditions that promote ectopic fat
formation in skeletal muscle. Therefore, it is assumed that PDGFRo." mesenchymal progenitors
are the sole source of adipocytes that ectopically develop in skeletal muscle. Additional support
for the importance of cells other than satellite cells for adipogenesis in skeletal muscle comes
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from Pax7”" mice. In muscles of the Pax7 mutant, satellite cells are present at birth, but rapidly
decrease in number as the mice mature, and are severely depleted in young adult mice (27, 30).
The Pax7 mutant shows severe defects in muscle regeneration with extensive adipocyte
infiltration (21), suggesting that adipogenesis of non-satellite cells occurs at the expense of
satellite cell-dependent myogenesis. From this viewpoint, the behavior of PDGFRa"
mesenchymal progenitors in the Pax7 mutant is of great interest. The pathological relevance of
PDGFRo" mesenchymal progenitors is further supported by the results obtained with human
muscles where these cells are frequently observed in proximity to ectopically formed
adipocytes.

Because MSCs can give rise to both adipocytes and fibroblasts, we found that
PDGFRa" mesenchymal progenitors participate in the formation of fibrous connective tissue.
A striking increase in the number of PDGFRa* mesenchymal progenitors coincided with
increased fibrous connective tissue in the mdx diaphragm where muscle fibrosis is prominent
(Our unpublished data). Real-time quantitative PCR analyses revealed that the expression of
fibrogenic genes is exclusively enriched in PDGFRa” cells. PDGFRa" cells in dystrophic
muscle do not stain positive for a-smooth muscle actin, and therefore exhibit a fibroblastic
phenotype instead of a myofibroblastic phenotype. Although myofibroblasts are well known to
be involved in fibrosis of several organs such as the lung (28), kidney (31) and liver (5), one
should consider that they are seldom identified in muscle diseases except for nodular fasciitis
(44) and pseudomalignant myositis ossificans (29). PDGFRa." mesenchymal progenitors seem
to be involved in diverse range of muscle diseases because an increase in fibrous connective
tissue is the prominent pathologic change observed not only in DMD, but also in many other
disease conditions where there is significant loss of muscle cells (4, 22).

PDGFRa* mesenchymal progenitors also appear to be involved in other muscle
pathologies, such as the heterotopic ossification that develops in fibrodysplasia ossificans
progressiva (FOP). Overexpression of bone morphogenetic protein (BMP)-4 was reported in
cell lines established from FOP patients (34). More recently, a recurrent mutation in activin
receptor IA/activin-receptor like kinase 2 (ACVRI1/ALK2), a BMP type I receptor, was
reported in all sporadic and familial cases of classical FOP, making this one of the most highly
specific disease-causing mutations in the human genome (38). Thus dysregulation of BMP
signaling is a molecular mechanism that appears to underlie the pathogenesis of FOP. To
investigate the possible contribution of PDGFRa" mesenchymal progenitors to FOP pathology,
we treated PDGFRo' mesenchymal progenitors with BMP in parallel with other
muscle-derived cells. PDGFRa* mesenchymal progenitors were the most sensitive cell
population to BMP stimulation as they readily differentiated into alkaline phosphatase (ALP)+
osteoblasts expressing bone-related genes, even at a concentration of BMP of 100 ng/ml

(Figure 2A and unpublished data).

113



CDIN-)CD45(-}

Ta

Aliatine phosphatase

e o

PDGFRus cells sarefiite cells

MyoD

DAPI

PDGFAny cells satslide calls

Figure 2: Osteogenic potential of muscle-derived cells. (A) Whole mononucleated cells enzymatically
isolated from skeletal muscle were fractionated based on the expression of cell surface markers:
CD31 as an endothelial marker, CD45 as a pan-hematopoietic marker, SM/C-2.6 as a marker for
satellite cells, and PDGFRa. A mixed population of CD31" and CD45" cells did not proliferate in
culture. CD317CD45°SM/C-2.6 PDGFRa cells proliferated poorly and became senescent.
CD31"CD45PDGFRa’ cells and CD31°CD45SM/C-2.6" cells (satellite cells) proliferated
actively. These two populations were treated with BMP-4 (100 ng/ml) and alkaline phosphatase
activity was examined. (B) BMP-4-treated PDGFRa" cells and satellite cells were stained with
anti-MyoD antibody. Nuclei were counterstained with DAPI. The scale bars represent 50 pm.

In contrast, satellite cells responded poorly to 100 ng/ml BMP stimulation (Figure 2A) and
almost all satellite cells strongly expressed the myogenic regulatory gene MyoD even after
BMP treatment (Figure 2B), indicating that osteogenic conversion of satellite cells needs a
relatively high concentration of BMP, as previously reported in the myogenic cell liné C2C12
(20). Given that the ALK2(R206H) mutation found in FOP resulted in only mild activation of -
the receptor (14), the high sensitivity to BMP signaling raises the possibility that PDGFRo."
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