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Abstract

Side population (SP) cells are isolated from
various tissues by their ability to efficiently exclude
the vital DNA dye Hoechst 33342, The clearance of
the dye from the cells is thought to be mediated by
ABC transporters. Bone marrow SP cells are rich in
hematopoietic stem cells and have been demonstrated
to participate in muscle fiber repair. Similarly, SP
cells from skeletal muscle were shown to reconstitute
the bone marrow of lethally irradiated mice and, at the
same lime, participate in muscle fiber regeneration.
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Several reports, however, suggest that muscle-derived SP cells are
heterogeneous in origin, gene expression, and function. To further elucidate
their functions and relationships with the other myogenic cells identified to
date and their potential as a tool for cell-based therapy of muscular
dystrophies, it might be necessary to refine the protocol for SP cell
preparation and combine Hoechst staining with identification of several
molecular markers.

Introduction

Duchenne muscular dystrophy (DMD) is a progressive, ultimately lethal
X-linked muscle disorder, caused by mutations of the DMD gene [1], which
encodes a large cytoskeletal protein, named dystrophin. Dystrophin forms the
large dystrophin/dystrophin-associated protein complex at the sarcolemma of
myofibers, linking the basal lamina and cytoskeleton. Dystrophin deficiency
causes structural weakness of the sarcolemma. The defective sarcolemma
easily ruptures under mechanical stress, leading to muscle fiber necrosis, and
finally results in loss of myofibers and reduced contractile power.

Skeletal muscle regenerates when injured. Muscle satellite cells, which are
muscle progenitor cells located between the muscle basal lamina and
myofibers, are largely responsible for this activity [2], and were expected to be
a cell source for cell-based therapy of DMD. However, transplantation of
satellite cells or their progeny (myoblasts) into skeletal muscle showed
insufficient regenerative efficiency, and failed to ameliorate the dystrophic
phenotypes of animal models and DMD patients (reviewed in [3, 4]).

On the other hand, several reports have suggested that stem cell-like
activities are found in non-satellite cell fractions derived from adult skeletal
muscle or in non-muscle tissues and participate in muscle fiber regeneration
[5-8]. Therefore, stem cells other than satellite cells could be an alternative cell
source for cell-based therapy of muscle diseases such as DMD.

Among the myogenic stem cells reported to date are side population (SP)
cells. Originally, SP cells were isolated from bone marrow as highly purified
hematopoietic stem cells on the basis of their ability to efflux Hoechst 33342
dye [9]. Since then, cells with the SP phenotype have been found in a wide
variety of mammalian tissues, cell lines, and tumor cells, some of which have
shown to possess stem cell-like properties (reviewed in [10, 11]).

In this chapter, we review papers characterizing the properties of bone
marrow SP cells and muscle SP cells. Importantly, many reports show that SP
cells are highly heterogeneous. To correctly understand the therapeutic
potential of SP cells, it might be necessary to combine Hoechst staining with
identification of several cell surface markers and perform functional analysis
using a limited number of SP cells.
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I. Bone marrow side population cells

1. Discovery of SP cells as hematopoietic stem cells

Side population (SP) cells were discovered as highly purified
hematopoietic stem cells [9]. While using Hoechst 33342 vital dye staining to
study the cell cycle of bone marrow (BM) cells, Goodell et al. found that
simultaneously displaying Hoechst fluorescence at two emission wavelengths
(red 675 nm and blue 450 nm) localizes a distinct, small, non-stained cell
population (0.1% of the total BM cells) that expresses markers of multipotent
hematopoietic stem cells (HSC) (Scal+ln™®¥). In vivo competitive
repopulation experiments revealed that HSC activities were enriched at least
1,000-fold in the SP fraction. The majority of BM SP cells were not cycling:
only 1-3% of bone marrow SP cells were in S-G;M stages of the cell cycle,
whereas 20% of main population (MP) cells were [9]. Because the SP fraction
disappears when staining is performed in the presence of verapamil, Goodell et
al. speculated that the exclusion of Hoechst 33342 by SP cells is an active
process involving multidrug resistance protein (mdr) or mdr-like transporters
[9]. Later, Zhou et al. demonstrated that breast cancer resistance protein
(BCRP), also known ABCG2, is the molecular determinant of the SP
phenotype [12, 13]. Interestingly, more detailed fractionation studies indicated
that the SP tail can be further divided into subregions according to their dye
efflux abilities, and that the tip of the SP cells (which have the highest Hoechst
efflux activity) shows higher progenitor activity than the distal portion [14-16].

Although BM SP cells are widely accepted as highly enriched
hematopoietic stem cells, it seems that not all SP cells possess HSC activities
[14]. Further, a recent study showed that hematopoietic stem cells are present
in both SP and non-SP fractions [17]. Therefore, the properties of BM SP and
HSC cells are not completely identical.

2. Role of bone marrow SP cells in myogenesis

Ferrari et al. reported that BM-derived cells participated in repair of muscle
fibers [8], suggesting that at least a fraction of myogenic precursor cells originate
in the bone marrow, circulate throughout the body, and are mobilized to
damaged muscle to regenerate muscle fibers. Later, Gussoni et al. injected BM
SP cells from wild-type male mice intravenously into lethally irradiated mdx
female mice, and demonstrated that bone marrow SP cells contain both
myogenic and hematopoietic precursors, i.e., they are multipotent stem cells with
great plasticity [6]. These results gave us hope of recovering dystrophin
expression in the whole musculature of patients with DMD by systemic delivery
of BM-derived wild-type stem cells. Stimulated by these reports, researchers
intensively investigated the properties of side population cells in bone marrow,
especially the contribution of BM cells [18, 19] or BM SP cells [20] to muscle
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regeneration. BM cells and BM SP cells prepared from GFP-transgenic or LacZ-
expressing mice were indeed found to differentiate into muscle fibers in vivo
after transplantation. Disappointingly, however, the percentage of myofibers
formed by donor-derived cells delivered via the circulation was very low (1-2 %)
and therapeutically not significant in most skeletal muscles.

Fusion or stepwise myogenic differentiation?

LaBarge and Blau reported that BM cells differentiate stepwise into
myogenic precursor cells (e.g. satellite cells) and then, response to muscle
injury, proliferate, fuse, and finally develop into mature myofibers [18].
Similarly, several reports suggested that BM-derived cells can differentiate
into satellite cells [6, 19]. On the other hand, Sherwood et al. demonstrated that
cells of bone marrow or hematopoietic origin did not give rise to functional
adult myogenic progenitors [21]. Several reports provided evidence that the
plasticity of hematopoietic stem cells shown in BM transplantation
experiments can be explained simply as fusion events [22, 23]. Further,
additional concerns have arisen from studies demonstrating that while BM
cells or BM SP cells are able to fuse with myofibers, a large proportion of
incorporated cells do not actually enter the myogenic program [24, 25].

II. Muscle SP cells

1. Protocol for isolation of muscle SP cells

Although SP-like cells are found in mononuclear cells prepared from
skeletal muscle (Figures 1 and 2), there are often discrepancies among reports
in abundance, cell surface markers, and differential potentials of muscle SP
cells (Table 1). This may be due to the many variables involved in the
preparation and staining for isolation of SP cells by FACS. Montanaro et al.
investigated the effects of isolation parameters on viability, yield, and
phenotype of SP cells [26], and found that 1) the enzymatic dissociation
procedure, 2) cell-counting method, 3) Hoechst concentration, and 4) SP
gating are important parameters to minimize the heterogeneity of SP cells
prepared from bone marrow, skeletal muscle, or skin. They showed that when
isolated using stringent criteria, muscle SP cells are CD45-negative and Scal-
positive, and show very low Hoechst uptake. The Hoechst concentration seems
to be the most critical. For example, Hoechst 33342 staining at a concentration
of 5 pg/ml allows contamination by CD45-positive and Sca-1-negative cells. In
contrast, 12.5 pg/ml Hoechst reduces the yield of SP cells and increases the
percentage of CD45-negative Sca-1-positive cells. Because the percentage of
CD45-positive SP cells tends to decrease at higher concentrations of Hoechst
33342 in both BM and non-hematopoietic tissues, muscle- SP cells seem to
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Preparation of SP cells from mouse skeletal muscle

Dissect muscles, remove non-muscle tissues and mince muscle tissues

¢

digest muscle tissuas with enzymes (e.g. collagenases, trypsin, or dispase)

\

Remove red blood cells by lysis buffer or by LympholyteR
(or Percoll gradient)

\

Re-suspend mononuciear cells at 106 celis/mi and stain with Hoechst s solution
(5-12.5 j1g/mi) at 37°C for 60-90 min with or without Verapamil

\

Antibody staining & FACS analysis and sorting

Figure 1. Preparation of SP cells from mouse skeletal muscle.
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Figure 2. SP cells in adult skeletal muscle. Left panel: Muscle mononuclear cells
were isolated from C57BL/6 mice, stained with 5 pg/ml Hoechst 33342 dye, and
analyzed on a dual laser FACS Vantage SE (Becton-Dickinson). Right panel: A
calcium channel blocker verapamil was added to Hoechst solution to confirm the SP
fraction.
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Table 1. Variations in isolation protocols and properties of muscle SP cells.

Amthars (year) Preparation Markers on SP cls Properties SP abundance
Gussoni etal, 1999  Hoechst 128 pg/ml  Sca-, lio-, c-kil-, CD43-, hemmiopoictic stom cail-like sctivity I
CD43- produce myofibers after iv. injection
Jacioonetal, 1999 Hoechw § pgiml Scal+, e-kit+, CD4%- HSC ntivity (+) 1%
Assiura etel, 3002 HoschstSpg/ml  Sal+ CD45+ frnction: CDA5+5P; 0.3-0.5%

differensiste ioo satellite cells and muscle fibers ta wvo

Mg etal, 2003 Pevollgndie  ometr, D45 Scaelt,  bone derived vascular progenit 02%
1 v HoechstS pg/ml  PE-CAM#, Tle2+
Meeson etal, 2004 Pecoll gradient Sca-1+, e-kder, CDA L~ in during e i 02%
Hoochst 12.5 pg/ml  Abog2¥

Uezami . CD3145P: Berp-1+, vessal-assoclsted
WL mdispg  Mnoguams CIMSHSP: bone marrow odlgin <01%
CD31.CD45-SP:differentinte into adipocyts, <01%

esteocyte, and myocyte

have a much higher ability to exclude Hoechst 33342 than BM SP cells. The
study also points out that Hoechst 33342 is toxic to cells. This fact is
important, because the cell toxicity of Hoechst dye makes it difficult to directly
compare the biological properties of SP and non-SP cells.

In our opinion, one further parameter that has an effect on the
heterogeneity of muscle SP cells is pre-fractionation by a Percoll gradient
before Hoechst staining [27] (Table 1). In our experience, this procedure
eliminates CD45-negative SP cells, resulting in enrichment of CD45-positive
SP cells (our unpublished data).

The definition of SP cells for non-hematopoietic tissues is not clear.
Therefore, it is difficult to determine which SP cells are the true muscle SP
cells. We also think that Hoechst staining alone is insufficient to collect a
homogeneous cell population. This approach should be combined with
identification of other cell surface markers.

2. SP phenotype and ABC transporters

SP cells are generally defined as a cell population that actively and efficiently
expels Hoechst 33342 dye. This property is thought to be mediated mainly by
ATP-binding cassette (ABC) transporters. ABC transporters bind ATP as an
energy source to transport endogenous or exogenous molecules, in most cases
unidirectionally, across the cell membrane. Various tissues and cells express
different combinations of ABC transporters, therefore, it is no wonder that SP cells
from different tissues are heterogeneous in phenotypes and functions [10].

Muscle SP phenotype is not simply determined by Berp-1 expression
The ABCG2/Berpl transporter is most often related to the SP phenotype.
Berp-1-null mice show reduced numbers of SP cells in bone marrow and
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skeletal muscle [13], but expression of this transporter is often found in non-SP
cells [12]. Furthermore, isolation of human hematopoietic stem cells using an
anti-ABCG2 antibody does not work [28]. These observations suggest that
Berp-1 expression is not sufficient to endow the cell with the SP phenotype. In
addition, it seems that a certain percentage of muscle SP cells are not Berp-1-
dependent. When stained with an anti-Berp-1 antibody, the CD31-positive SP
fraction is found to strongly express Berp-1, whereas two fractions, CD45-
negative CD31-negative SP cells and CD45-positive SP cells reacted weakly
with the anti-Berp-1 antibody [29]. Thus, transporters other than Berp-1 likely
efflux Hoechst dye in a subset of muscle SP cells.

On the other hand, Meeson et al. examined the muscle SP fraction on a
fluorescence-activated cell sorter (FACS) using both verapamil and fumitremorgin
C (FTC), and confirmed that muscle-SP cells are highly sensitive to both of them
[30]. Verapamil is a calcium channel blocker widely used to confirm the SP
fraction on FACS profile, but shows no specificity toward a single transporter.
FTC was shown to be a specific inhibitor of Abcg2, where it functions to inhibit
Abcg2-associated ATPase activity [31]. Thus, the study showed that muscle SP
cells are dependent on Abcg2/Berp-1 for the SP phenotype. SP preparation by
Litman et al. employed a pre-fractionation of the muscle mononuclear cells using a
Percoll gradient and a high concentration of Hoechst dye (12.5 pg/ml) for 90 min.
The percentage of SP cells (0.19 %) was low, compared with other reports (see
Table 1). Therefore, this result does not exclude the contribution of ABC
transporters other than ABCG2/Berp-1 to the SP phenotype.

3. Other properties of muscle-derived SP cells
Most muscle SP cells are in quiescent stage

Freshly isolated SP cells from muscle are often reported to be non-
adherent in culture, and are characterized by small cell size, stages GO/G1 of
the cell cycle, and low metabolic activity, elements common to stem cells.
Indeed, small size (6.6 + 0.1 pm) and a high nucleus-to-cytoplasm ratio were
reported for muscle-derived SP cells [30]. However, when we analyzed muscle
SP cells during muscle regeneration, they discovered CD31-negative CD45-
negative SP cells, which are large in size and Ki-67-positive. Thus, at least one
subset of SP cells is not small and is cycling.

Cell surface markers on muscle SP cells

Reflecting the variety of experimental protocols for SP preparation, there
are discrepancies in reported cell surface markers of SP cells (Table 1). In
1999, Gussoni et al. described the isolation of SP cells from skeletal muscle for
the first time [6]. They used a higher concentration of Hoechst dye (12.5
pg/ml) than the original protocol (5 ug/ml) described by Goodell et al. [9], and
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reported that SP cells in muscle are CD45-negative, c-kit-negative, and Sca-1-
positive [6]. On the other hand, Jackson et al. reported that muscle-derived SP
cells are Sca-1-positive (79 %), c-kit-positive (75 %), and CD45-negative [32].
Using a 5 pg/ml solution of Hoechst 33342, Asakura et al. reported that most
muscle-derived SP cells are CD45-negative Sca-1-positive, but more than 10%
of SP cells are CD45-positive [33]. Using an almost identical isolation procedure
and Hoechst staining conditions, we reported that muscle-derived SP cells
isolated from uninjured adult skeletal muscle have three phenotypically distinct
SP subpopulations [29]. The report shows that approximately 90 % of muscle SP
cells are CD31-positive CD45-negative. This fraction strongly expresses Berp-1
on the cell surface. About 5 % of muscle SP cells are CD45-negative CD31-
negative, and approximately 3-5 % of muscle SP cells are CD45-positive.

Cell surface markers and origin of muscle SP cells

Interestingly, the difference in cell surface markers on SP subfractions is
clearly related to their developmental origins. CD45-positive SP cells are
thought to originate from BM and home into skeletal muscle via the circulation
[29, 34]. Further, the HSC activity found in skeletal muscle was proven to be
almost completely limited to the CD45-positive SP fraction [34]. On the other
hand, the majority, but not all, of the CD45-negative SP cells in limb muscles
were shown to be derived from the hypaxial somite and to have higher
myogenic potentials than CD45-positive SP cells [35]. Interestingly, the study
also revealed that a certain percentage of CD45-negative SP cells are not likely
derived from the somite and are less myogenic than SP cells of somitic origin.

4. Gene expression in skeletal muscle SP cells
No expression of myogenic regulators in SP cells

Asakura et al. showed that the muscle SP fraction expresses no desmin or
Pax7. Furthermore, muscle SP cells prepared from Myf-5-nl.acZ mice do not
express [-galactosidase [33]. Using sensitive RT-PCR analysis, we also
showed that muscle SP cells prepared from non-injured or regenerating
muscles do not express Pax7, Pax3, Myf-5, or MyoD [29]. These observations
suggest that muscle SP cells are not committed to a myogenic lineage.

Molecular signatures of SP cells revealed by microarray analysis
Genome-wide gene expression analyses of SP fractions have been
performed to elucidate the molecular regulation of SP cells. Meeson et al.
examined the gene expression profiles of muscle SP cells isolated from
uninjured and regenerating muscles, bone marrow-SP cells, and embryonic
stem (ES) cells [30]. The results showed that skeletal muscle SP cells express
Abcg2 (Berp-1) and endothelial and hematopoietic transcripts. They concluded
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that muscle SP and BM SP cells have distinct molecular programs. Liadaki et al.
reported the gene expression of muscle SP and BM SP cells. The analysis
revealed that BM SP and muscle SP cells share a transcriptome signature but at
the same time express tissue-specific markers [36]. When compared with MP
cells within the same tissues, SP cells were found to underexpress genes
reflecting tissue-specific functions [36]. Rochon et al. reported gene expression
analysis of SP cells isolated from adult mouse bone marrow, adult male germinal
cells, muscle primary culture, and mesenchymal cells [37]. These four types of
SP cells are proposed to be a "stem cell-like" population. Transcriptional profiles
for SP and the more differentiated non-SP cells isolated from these four tissues
were compared by microarray analysis. The authors reported that the genes
commonly upregulated in SP cells are implicated in the quiescent status of cells,
maintenance of their pluripotency, and capacity to undergo asymmetric division,
and that the repression of lineage-affiliated genes in SP cells is responsible for
their undifferentiated state.

5. Location of SP cells in skeletal muscle

SP cells are defined by FACS analysis, but their location in muscle is ill-
defined. Because Berp-1 is largely responsible for the SP phenotype [12,13], it
is informative to stain muscle tissues sections with an anti-Berp-1 antibody.
Using a polyclonal antibody against Berp-1, we showed that CD3 1-positive SP
cells on glass slides are strongly stained with the antibody after sorting.
Interestingly, CD31-positive Berp-1-positive cells are found in capillaries and
venous endothelium, suggesting that the majority of muscle SP cells are
associated with blood vessels [29]. Meeson et al. also showed that Abcg2
(Berp-1)-expressing cells are closely associated with the vasculature [30].
However, Berp-1 positive cells are also found in the MP fraction [29].
Therefore, not all Berp-1-positive cells found on muscle cross sections have
the SP phenotype [29]. On the other hand, CD45-positive SP cells express
quite low levels of Berp-1 [29]. Currently CD45-positive SP cells lack a
distinctive marker available for use on tissue sections. Therefore, it is difficult
to see BM-derived CD45-posotive SP cells on muscle cross sections. Likewise,
CD45-negative CD31-negative SP cells on glass slides are hardly stained with
anti-Berp-1 antibody after cell sorting, so it is also difficult to find CD45-
negative CD31-negative SP cells in muscle sections [29].

6. Origin of muscle SP cells
Satellite cells originate in somite

Repair of mature skeletal muscle is largely mediated by the muscle
progenitor cells referred to as satellite cells [2]. Satellite cells reside beneath
the basal lamina of adult skeletal muscle juxtaposed against skeletal muscle
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fibers and account for 2-5 % of sublaminal nuclei in adult muscle. The
developmental origin of satellite cells is reported to be the somite [35, 38, 39].

Satellite cells and muscle SP cells are distinct populations

In the beginning, the relationship between muscle SP cells and satellite cells
was controversial. Seale et al. reported that Pax7-null mice have severely reduced
numbers of satellite cells, but show normal levels of muscle SP cells [40]. Asakura
et al. showed that satellite cells and muscle SP cells have distinct differentiation
potentials both in vifro and in vivo [33]. Fukada et al. established an antibody,
named SM/C-2.6, that can purify quiescent satellite cells from muscle efficiently
[41], and directly showed that almost all satellite cells are found in the MP fraction
[41]. Furthermore, it was shown that muscle SP cells are negative for Pax7 or Pax3
and hardly differentiate into myotubes in vitro without co-culturing with myoblasts
[29, 33]. Taken together, satellite cells and muscle SP cells seem to be distinct
populations. Some reports, however, suggest that when transplanted into skeletal
muscle, a portion of muscle SP cells differentiate into Pax7-positive cells [6, 33]
and express Pax7. Although a recent study demonstrated that satellite cells
vigorously self-renew, denying the existence of muscle stem cells that replenish the
satellite cell pool [42], muscle SP cells might slowly supply severely damaged
muscle with myogenic precursor cells.

Majority of limb muscle SP cells are derived from hypaxial somite

The source of muscle SP cells has long been debated. Schienda et al.
explicitly tested and quantified the contribution of embryonic somitic cells to
side populations [35]. Chick somitic cells were labeled by using replication-
defective retroviruses or quail/chick chimeras, and mouse cells were labeled by
crossing somite-specific, Pax3-derived Cre driver lines with a Cre-dependent
reporter line. The results showed that a significant number, but not all, of limb
muscle SP cells are derived from the hypaxial somite. Notably, the
developmental origin of SP cells is related to their potentials; somitically
derived CD45-negative SP cells are intrinsically more myogenic than CD45-
negative SP cells from other sources. As mentioned above, CD45-positive SP
cells are thought to be derived from bone marrow [29, 34].

7. Differentiation potential of muscle SP cells

The differential potentials of muscle SP cells have long been controversial.
However, their cell surface markers reveal their developmental origin and their
differential potentials.

Hematopoietic activities of muscle SP cells
Skeletal muscle-derived cells have the potential to repopulate the major
peripheral blood lineages of lethally irradiated mice and thus behave like HSC
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[6, 32]. To further clarify the properties of muscle-derived HSC, skeletal
muscle-derived cells were fractionated based on the expression of CD45 and c-
kit and Hoechst 33342 efflux, and examined for HSC activity in vivo [34]. The
results revealed that muscle-derived HSC activities fall exclusively in the c-kit
(dim) CD45 (pos) compartment of the muscle side population (msSP).
Furthermore, it was shown that the CD45-positive msSP compartment of
skeletal muscle is derived from whole bone marrow HSC. CD45-positive
muscle SP cells are, however, shown to be much less potent in HSC activity
than bone marrow HSC cells in competitive repopulation assays [34].

Muscle SP cells contain vascular progenitors

Muscle SP cells have also been shown to contribute to vascular
regeneration after local injection into chemically damaged regenerating muscle
[27]. Majka et al. showed that more than 70 % of muscle SP cells are CD45-
positive and derived from bone marrow. The higher percentage of CD45-
positive cells in the muscle-derived SP fraction, compared with those reported
by other laboratories, may be due to pre-fractionation by a Percoll gradient of
crude muscle-derived mononuclear cells prior to Hoechst staining (Table 1).

Myogenic potential of muscle SP cells

Gussoni et al. reported that muscle SP cells fail to settle on the plate during
the first two weeks after cell sorting and that they then differentiate as a
mixture of myoblasts and fibroblasts [6]. In contrast, Asakura et al. showed
that skeletal muscle SP cells cultured in myoblast growth medium do not give
rise to myogenic progenitors unless cultured with primary myoblasts [33]. We
also observed that muscle SP cells alone hardly form myotubes in vitro [29].
After transplantation into muscle, however, muscle-SP cells generate both
satellite cells [6, 33] and mature myofibers [6, 29, 33].

Mesenchymal potential of muscle SP cells

We showed that a minor subset of muscle SP cells (the CD31-negative
CD45-negative fraction) differentiate into adipocytes or osteocytes in vitro
upon induction. Furthermore, when these cells are transplanted into irradiated
muscle, muscle fiber regeneration is severely impaired, and transplanted
CD31-negative CD45-negative SP cells differentiate into many adipocytes and
fibrotic cells (our published data). This observation suggests that they might be
a source of the adipogenesis seen in advanced muscular dystrophy. CD31-
positive CD45-negative SP cells uptake 1,1'dioctadecyl- 3,3,3',3'-
tetramethylindo-carbocyanine perchlorate-acetylated-low density lipoprotein
(Dil Ac-LDL), suggesting that they possesses endothelial cell-like properties
[29], but their functions in vivo remain to be determined.
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