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Endogenous Mesenchymal Stromal Cells in Bone
Marrow Are Required to Preserve Muscle Function
in mdx Mice

RYo Fuita,® Katsuto TAMAl,b ERIKO AIKAWA,b KEeisuke NIMURA,? SAKI ISHINO,® YASUSHI KIKUCHI,b
Yasurumi KANEDA®
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The physiological role of “endogenous” bone marrow (BM) mesenchymal stromal cells (MSCs) in
tissue regeneration is poorly understood. Here, we show the significant contribution of unique
endogenous BM-MSC populations to muscle regeneration in Duchenne muscular dystrophy
(DMD) mice (mdx). Transplantation of BM cells (BMCs) from 10-week-old mdx into 3-4-week-
old mdx mice increased inflammation and fibrosis and reduced muscle function compared with
mdx mice that received BMCs from 10-week-old wild-type mice, suggesting that the alteration
of BMC populations in mdx mice affects the progression of muscle pathology. Two distinct MSC
populations in BM, that is, hematopoietic lineage (Lin) /ckit~/CD106"/CD44™ and Lin™ /ckit ™/
CD106"/CD44™ cells, were significantly reduced in 10-week-old mdx mice in disease progres-
sion. The results of a whole-transcriptome analysis indicated that these two MSC populations
have distinct gene expression profiles, indicating that the Lin~/ckit™/CD106%/CD44" and Lin™/
ckit™/CD106"/CD44~ MSC populations are proliferative- and dormant-state populations in BM,
respectively. BM-derived Lin~/CD106"/CD44* MSCs abundantly migrated to damaged muscles
and highly expressed tumor necrosis factor-alpha-stimulated gene/protein-6 (TSG-6), an anti-
inflammatory protein, in damaged muscles. We also demonstrated that TSG-6 stimulated myo-
blast proliferation. The injection of Lin~/ckit™/CD106*/CD44™ MSCs into the muscle of mdx
mice successfully ameliorated muscle dysfunction by decreasing inflammation and enhancing
muscle regeneration through TSG-6-mediated activities. Thus, we propose a novel function of
the unique endogenous BM-MSC population, which countered muscle pathology progression in
a DMD model. STEM CELLS 2015;33:962-975

BM-derived osteoblast progenitor cells were
attracted by bone morphogenetic protein-2 to
contribute to ectopic bone formation [7, 8].
We also found previously that necrotic skin-
derived high-mobility group box 1 (HMGB1)
mobilizes platelet-derived growth factor recep-
tor alpha-positive (PDGFRz") mesenchymal
cells from the BM into circulation [9]. These
data suggest that injury stimuli attract endoge-
nous BM-MSC populations via the circulation

INTRODUCTION ;

Bone marrow (BM) is a source of hematopoi-
etic stem cells (HSCs) and also contains nonhe-
matopoietic stromal cell populations known as
mesenchymal stromal cells (MSCs). Conven-
tionally, MSCs have been defined as colony-
forming unit-fibroblasts (CFU-Fs) with the
capacity to differentiate into adipocytes, chon-
drocytes, and osteocytes in vitro [1, 2].

Culture-expanded MSCs have been used to
treat various tissue injuries, such as myocardial
infarction and lung and skin injuries [3-5]. A
focus of great interest regarding the use of
culture-expanded MSCs in clinical applications
is their anti-inflammatory and regeneration
activities, which render the microenvironment
more efficient for promoting tissue regenera-
tion [3, 6].

Our previous studies revealed that, similar
to culture-expanded BM-MSCs, circulating
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to support tissue regeneration.

However, the characteristics of these
endogenous BM-MSC populations mobilized
from BM into circulation and damaged tissues
have not been established because of their
low number and high heterogeneity. In addi-
tion, another endogenous function of MSCs in
BM is to maintain HSC quality and quantity as
a niche by secreting stem cell factor and/or C-
X-C type chemokine ligand 12 (CXCL12), known
as stromal cell-derived factor 1x (SDF-1z)
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[10-14]. Together, the results of our previous investigations
along with those of other seminal studies suggest that multi-
ple MSC populations exist in BM, possibly with distinct func-
tions, such as supporting HSCs and contributing to tissue
regeneration [15, 16].

Although information regarding the functions and surface
markers of culture-expanded MSCs has accumulated, the molecu-
lar characteristics of endogenous BM-MSCs are still poorly under-
stood [17, 18]. It is thus necessary to explore BM-MSC populations
contributing to the tissue regeneration processes and their molec-
ular signatures —such as gene expression profiles—to elucidate
the specific functions of each MSC population in vivo. In previous
research, we investigated the dynamics of BM-MSCs in acute injury
and regeneration models [8, 9], but it remains unclear whether
endogenous BM-MSCs also support tissue regeneration in chronic
tissue damage and regeneration processes, such as those in Duch-
enne muscular dystrophy (DMD).

DMD is characterized primarily by progressive muscle
degeneration and weakness due to mutations in the dystro-
phin gene [19-21]. Muscle cells without dystrophin are vul-
nerable to damage, resulting in cycles of degeneration and
regeneration, chronic inflammation, severe fibrosis, and
reduced muscle contractility. Currently, therapies for DMD can
be divided into two groups: treatments targeting the restora-
tion of dystrophin expression by cell therapies [22-26] and
treatments for tilting the balance of overall muscle condition
in favor of regeneration by the activation of satellite cells and
the suppression of inflammation and fibrosis (27, 28]. How-
ever, there is no curative treatment for DMD at present.

In addition to these therapies, boosting endogenous muscle
repair mechanisms is an alternative and feasible approach to
treat muscle diseases. In light of the accumulated findings, the
activation of muscle repair mechanisms by endogenous BM-
MSCs could be an attractive novel approach to slow the pro-
gression of muscle dysfunction in DMD. For this purpose, a
better understanding of the roles of endogenous BM-MSCs in
the pathology of DMD as well as the identification of endoge-
nous molecular characteristics in vivo is urgently required.

In this study, we investigated the contribution of
“endogenous” BM-MSCs to muscle regeneration in a DMD
mouse model (mdx). Using a bone marrow transplantation
(BMT) model, we found that alterations of the endogenous
BM-MSC population affect the muscle pathological conditions
in mdx mice. In an evaluation of an endogenous BM-MSC pop-
ulation by a whole-genome transcriptome analysis and flow
cytometry analysis, we characterized the heterogeneity of
endogenous BM-MSCs and identified the dominantly recruited
BM-MSC population into damaged muscles in mdx mice. The
treatment of this specific BM-MSC population alone stimulated
the muscle regeneration processes. We believe that these find-
ings provide new insight into muscle repair mechanisms with
specific endogenous BM-MSC populations, and our results con-
tribute to the understanding of BM-MSC-mediated muscle
repair mechanisms that can slow disease progression in DMD.

MATERIALS AND METHODS

Mice

All animals were handled according to approved protocols
and the guidelines of the Animal Committee of the Osaka
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University Graduate School of Medicine. C57BL/6, C57BL/
105cSn/J, and C57BL/10ScSn-Dmd™/) (referred to as mdx)
mice were purchased from CLEA Japan (Tokyo). C57BL/6
mice that ubiquitously expressed enhanced green fluorescent
protein (GFP, referred to as GFP mice) were kindly provided
by Masaru Okabe (Osaka University, Osaka, Japan).
B6.12954-Pdgfra‘™ 1 (FCFPISeT/) mice (referred to as PDGFRa-
H2BGFP) were purchased from The Jackson Laboratory (West
Grove, PA). PDGFRx-H2BGFP mice were heterozygous
knockin mice in which the histone H2B-GFP fusion gene was
inserted into the locus of the PDGFRx gene.

Muscle Endurance Test and Grip-Strength Test

To determine the muscle endurance in mice, a mouse was
allowed to grasp the bar or metallic mesh and remain sus-
pended (Supporting Information Fig. S1F, S1G). The time until
the mouse released its grip was recorded. Each mouse was
subjected to six tests, and the results from these tests were
averaged. The final outcome value for the muscle endurance
was determined using the holding impulse (second X body
weight, g) to correct for the negative effects of body mass on
the hang time. The whole-limb grip strength was measured
using a Grip Strength Meter for mice (Muromachi Kikai,
Tokyo). The mouse was allowed to grasp a horizontal mesh
platform with all four limbs, and then, the mouse’s tail was
pulled back parallel to the mesh platform. The peak tension
(gram; g) was recorded when the mouse released its grip. Six
sets of measurements were performed for each mouse, and
the average values were defined as the mouse whole-limb
grip strength.

Isolation of Bone Marrow Cells and Bone Marrow
Transplantation

The isolation of BM cells (BMCs) and BMT was performed as
described [7, 9]. Briefly, under sterile conditions, BMCs were
isolated by flushing the femurs and tibiae with 2% fetal
bovine serum (FBS)/phosphate-buffered saline (PBS). For the
total BMT, 5 X 10° BMCs were injected into the tail veins of
mice irradiated with 10 Gy. Six weeks after reconstitution, the
chimerisms were examined, and the results confirmed that
more than 90% of the total BMCs were donor-derived cells
(Supporting Information Fig. S2A, S2B). For the preparation of
each mouse with reduced MSCs in BM, GFP'/Lin™ /ckit®
BMCs, which include HSC but not MSC populations, were
sorted with the FACSAria Il cell sorter (BD Biosciences, San
Jose, CA; Supporting Information Fig. S3A). Each irradiated
mouse received 1 X 10° —2 X 10° GFP"/Lin” /ckit" BMCs,
the number of which was almost identical to that of the
GFP"/Lin" /ckit™ BMCs for the total BMT. After reconstitu-
tion, the numbers and percentages of donor-derived-MSC
populations in BM were examined (Supporting Information
Fig. S3B-S3F).

Preparation of Conditioned Media

For the preparation of conditioned media, culture-expanded
BM-MSCs at passage 3 were used. The BM-MSCs were stimu-
lated with 10% wild-type (WT) or mdx mouse serum for
2 days. The medium was then changed to fresh z-MEM, and
another 2 days of incubation was performed. The conditioned
media of these cells were collected and used to stimulate
C2C12 cells.
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Isolation of Primary Satellite Cells and C2C12 Cells

For the isolation of single myofibers, the extensor digitorum
longus muscles were isolated and digested in 0.2% collagenase
for 90 minutes at 37°C, as described [29]. Primary myoblasts
were obtained from all hind limb muscles, according to the
procedure of Musaro and Barberi [30]. C2C12 cells were
obtained from the American Type Culture Collection (Rockville,
MD). For antibody treatment, C2C12 cells were preincubated
for 1 hour with 2.5 ug/ml of control IgG (rat IgG) or blocking
antibody for CD44 (clone KM81; Abcam, Cambridge, MA) with
or without BM-MSC-derived condition media. Recombinant
mouse tumor necrosis factor-alpha (TNF-z)-stimulated gene/
protein-6 (TSG-6) (0.5 mg/ml) was applied to stimulate the
C2C12 cells for 48 hours.

Colony-Forming Unit Assay

Lin™ BMCs were collected to exclude all hematopoietic line-
age cells from total BMCs by the MACS system (Miltenyi Bio-
tec, Bergisch Gladbach, Germany). Isolated Lin~™ BMCs were
then seeded in a six-well plate. The adherent cells were
stained as described [31]. The numbers of colonies containing
more than 50 cells were counted under a light microscope.

In Vivo Migration Assay

Silicon tubes containing either PBS or SDF-1xz (100 ng/ml;
Peprotech, Rocky Hill, NJ) were implanted under the skin of
mdx mice. After 2 days, the tubes were collected and cultured
for 2 days and analyzed by immunocytochemistry.

Muscle Injury and Treatment

To induce muscle injury, a cardiotoxin (CTX; Naja mossambica
venom; Sigma, St. Louis, MO} was used [32]. For cell treatment,
freshly isolated BMCs (1 X 10°) were injected directly into both
the superior and inferior regions of CTX-damaged WT or mdx
muscles. The day after treatment, 10 ug of CD44 antibody (clone
KM81, Abcam) and 5 ng of TSG-6 antibody (clone MAB2104, R&D
Systems, Minneapolis, MN) were administered to the muscles. As
a control, the same amounts of rat or mouse 1gG (R&D Systems)
were used. Recombinant mouse TSG-6 {2 pg in 10 pl of PBS; R&D
Systems) was administered to the muscles. The same volume of
PBS was injected into the muscle as a control.

Histology and Immunostaining

Hematoxylin and eosin (H&E) staining was performed as
described [32]. For collagen staining, a picrosirius red staining
kit was used (Polysciences, Warrington, PA). The average cross-
sectional area (CSA) of muscle fibers was measured using NiH
Image) software. Only regenerating muscle fibers with central
nuclei (100-300 fibers per muscle) were measured. The anti-
bodies used for immunostaining are listed in Supporting Infor-
mation Table S1. For the nuclear staining, prolong gold antifade
reagent containing DAPI (Life Technologies, Carlsbad, CA) was
used. The MyoD-, Pax7-, and embryonic myosin heavy chain
(eMyHC)-positive cells and the area in three regions of cross-
section per mouse were determined by NIH Imagel software.

Evans Blue Dye Uptake

First, 10 mg/ml of Evans blue dye (EBD) stock solution was
prepared in PBS. A single dose (50 mg/g of b.wt.) was admin-
istered to the mouse by intraperitoneal injection. The mice
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were sacrificed 20 hours later, and the muscles were dis-
sected. The EBD™ cells per muscle were counted in five
regions using X20 magnification sections.

Fluorescence-Activated Cell Sorting Analysis and
Sorting of Bone Marrow Cells

Isolated BMCs containing 2 X 10° cells were suspended in
200 ul of staining buffer (2% FBS in PBS), followed by an incu-
bation with purified rat anti-mouse CD16/CD32 (Mouse BD Fc
Block, BD Pharmingen, San Diego, CA) for 10 minutes at 4°C.
The fluorescence-conjugated antibodies were incubated for 30
minutes at 4°C. The antibodies used in the flow cytometry
analysis are listed in Supporting Information Table S1. Fluores-
cence was measured by the FACSCanto Il (BD Biosciences).
Gates were defined based on the isotype control staining. The
fluorescence-activated cell sorting data were analyzed using
FlowJo software ver. 6.3.3 (Tree Star, Ashland, OR).

Muscle Digestion for the Flow Cytometry Analysis

The harvested muscles (soleus, tibialis anterior [TA], gastro-
cnemius, and plantaris) were minced into small pieces and
digested using 0.2% collagenase A (Roche, Mannheim,
Germany) for 40 minutes at 37°C with frequent triturating by
pipette. The digested muscles were centrifuged at 1,200 rpm
for 5 minutes and then further incubated in 0.2% collage-
nase/dispase (Roche) for 1 hour at 37°C. Following digestion,
the cells were filtered using a sequence of 70-um and 40-um
nylon mesh strainers, followed by centrifugation at 1,500 rpm
for 10 minutes. The pellets were then suspended in the stain-
ing buffer and stained with specific antibodies, and the BMC
populations in damaged muscles were analyzed and isolated
by the BD FACSCanto Il and BD FACSAria II, respectively.

Western Blot Analysis

Western blot analyses were performed as described [32]. The
antibodies used in the Western blot analysis are listed in Sup-
porting Information Table S1. All bands were visualized by
Chemi-Lumi One (Nacalai Tesque, Kyoto, Japan) with Image-
Quant LAS 4000mini software (GE Healthcare, Buckinghamshire,
U.K.). The band density was analyzed using NIH Image) software.

RNA Extraction and Real-Time Polymerase Chain
Reaction

Total RNA was extracted from muscle and BMCs using ISOGEN
(Nippon Gene, Toyama, Japan) according to the manufacturer’s
instructions. cDNA was synthesized from an equal quantity of
total RNA (2 pg for muscle and 500 ng for sorted BMCs) by
reverse transcription using the High Capacity RNA-to-cDNA kit
(Applied Biosystems, Foster City, CA). A real-time polymerase
chain reaction (PCR) was performed with SYBR PremixEX Tag
(Takara Bio, Shiga, Japan) using oligonucleotide primers. The
sequences of oligonucleotide primers used for the real-time
PCR are listed in Supporting Information Table S2. The quantita-
tive data were obtained in triplicate within a single experiment
on a 384-well plate based on the standard curve method using
CFX manager software (BioRad, Hercules, CA). All data were
normalized to GAPDH levels as an internal control.

RNA Sequencing

RNA was extracted from sorted Lin~/ckit™/CD106%/CD44™
and Lin™/ckit™/CD106"/CD44~ BMCs using ISOGEN (Nippon
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Gene) according to the manufacturer’s instructions. Strand-
specific sequencing libraries from two biological replicate
RNA samples were prepared according to the Life Technolo-
gies protocol, as described [33]. Briefly, digested poly-A-
tailed RNA was ligated to the SOLID Adaptor Mix and then
reverse-transcribed using the SOLID Total RNA-Seq Kit (Life
Technologies). Size-selected first-strand cDNA was amplified
by SOLID 5’ PCR primers and barcoded SOLID 3’ PCR primers
(Life Technologies). RNA-seq libraries were sequenced with
the 5500x! Genetic Analyzer (Life Technologies). The resulting
reads were mapped using Lifescope (Life Technologies) and
analyzed using Cufflinks and CummeRbund [34, 35]. The
enrichment of gene ontology was calculated by gene ontol-
ogy tool Database for Annotation, Visualization, and Inte-
grated Discovery [36, 37].

Statistical Analyses

The values are expressed as the mean * SEM. Statistical anal-
yses were performed with Student’s t test using the SPSS ver.
10.0 (Japan, Inc., Tokyo). For all statistical tests, significance
was accepted at p <.05.

Accession Numbers
The accession number of RNA seq data is DRA002440.

REsuLTS

WT and mdx Mouse Bone Marrow Transplantations
Showed Different Effects on mdx Muscle Pathology

We first examined whether the transplantation of WT BMCs
in mdx mice would ameliorate muscle pathology by restoring
dystrophin expression. To address this question, we trans-
planted BMCs derived from either 10-week-old WT mice (or
10-week-old GFP mice) or mdx mice into lethally irradiated
3-4-week-old mdx mice to generate BMT mice (Fig. 1A; Mdx-
wt vs. Mdx-mdx, Supporting Information Fig. S4A; Mdx-GFP).
To clarify the influence of BMT itself on muscle pathology, we
used age-matched non-BMT mdx mice as controls. The body
weights and muscle wet weights were not significantly differ-
ent between the groups during the experimental period (Sup-
porting Information Fig. S1A, S1B).

We did not detect any BM-derived (GFP ") myofibers in
the soleus muscles of the Mdx-GFP mice (Supporting Infor-
mation Fig. S4A, S4B) or in the cardiotoxin (CTX)-damaged
TA muscles (Supporting Information Fig. S4C, S4D), indicating
that BM-derived myofibers are negligible, if any, in the mdx
mouse after BMT. However, we found significantly increased
collagen deposition, which is a marker of fibrosis, in soleus
muscles of the Mdx-mdx mice compared with those of Mdx-
wt and Mdx (age-matched non-BMT) mice 7 weeks after
BMT (Fig. 1B). The aged-matched, non-BMT mdx mice
showed less collagen staining compared with the Mdx-wt
mice (Fig. 1B), suggesting certain adverse effects of the
lethal-dose irradiation in the BMT procedure on muscle
pathology in mdx mice.

To obtain quantitative data for fibrosis [27], we measured
the levels of fibronectin and MMP13 in soleus muscles 7
weeks after BMT and found that these fibrosis markers were
also significantly higher in the Mdx-mdx mice than in Mdx-wt
and Mdx mice (Fig. 1C, 1D; Supporting Information Fig. S1C).
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MMP13 expression is regulated by TNF-x. TNF-o expression
tended to be higher in Mdx-mdx mice than in Mdx-wt and
Mdx mice (Supporting Information Fig. S1D), suggesting that
TNF-z and MMP13 participate, at least in part, in fibrotic
deposition.

In contrast, the expression of TNF-x-stimulated gene/pro-
tein-6 (TSG-6), which is an anti-inflammatory mediator, was
slightly higher in Mdx-wt mice compared with Mdx-mdx mice
(Supporting Information Fig. S1E). EBD staining of soleus
muscles 7 weeks after BMT showed greatly enhanced necrotic
tissue damage in Mdx-mdx mice compared with Mdx-wt and
Mdx mice (Fig. 1E, 1F), suggesting increased necrosis by
excess inflammation or decreased overall repair mechanisms
in Mdx-mdx mice.

We next analyzed the muscle strength and endurance of
those BMT mice from 4 to 7 weeks after BMT using grip
strength (Fig. 1G) and two different hang wire tests (Support-
ing Information Fig. S1F, S1G) [28]. Consistent with the deteri-
oration of muscle pathology observed in the Mdx-mdx mice,
the muscle functions in Mdx-mdx mice were significantly
lower than those of Mdx-wt and Mdx mice (Fig. 1G; Support-
ing Information Fig. S1F, S1G). These results suggest that mdx-
related alterations in BM have significant adverse effects on
the progression of muscular degeneration, whereas normal
BMT in mdx mice can rescue this mechanism without dystro-
phin supplementation.

Chronic Muscle Injury in mdx Mice Induced a
Reduction of MSC Populations in BM

In the mdx mouse, massive muscle degeneration starts at
approximately 3—4 weeks of age, and the degeneration/regen-
eration cycle continues throughout the lifespan, although
muscle degeneration is milder after 12 weeks of age [38]. We
thus examined whether the numbers of BM-MSCs in
10-week-old mdx mice were altered as a result of the sys-
temic effect of the chronic muscle degeneration/regeneration
cycle. We used a CFU-F assay to determine the total numbers
of MSCs in the BM of 10-week-old mdx mice.

Strikingly, the number of BM CFU-Fs in 10-week-old mdx
mice was significantly decreased compared with those in the
WT mice (Fig. 2A). BM-MSCs have been shown to be highly
heterogeneous. We thus investigated the subpopulations of
BM-MSCs in 10-week-old mdx mice by conducting flow
cytometry analysis. Both CD106 and CD44 have been reported
as being expressed in cultured BM mesenchymal “stem” cells
[6]. However, a recent report suggests that freshly isolated
BM mesenchymal stem cells do not express CD44, and there-
fore, the expression of CD44 on MSCs in BM remains contro-
versial [18].

Interestingly, in this study, both the Lin~/ckit /CD106"/
CD44" and Lin /ckit /CD106/CD44"~ subpopulations in BM
were greatly reduced in 10-week-old mdx mice (Fig. 2B, 2C),
but the percentage of the Lin"/ckit population in BM, which
includes mature hematopoietic lineage cells [24], was not sig-
nificantly different between the 10-week-old mdx and WT
mice (Supporting Information Fig. SS5A). These differences
between WT and mdx mice were not observed at 3 weeks of
age, before or immediately after the onset of DMD (Support-
ing Information Fig. S5B-S5F). The results thus suggest that
the reduction of these BM subpopulations depends on DMD
progression.
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Figure 1. Effects of 10-week-old WT or mdx bone marrow cell (BMC) transplantation on Duchenne muscular dystrophy muscle pathol-

ogy. (A): Schematic illustration of the experimental models. Either 10-week-old WT mouse BMCs or mdx mouse BMCs were transplanted
into 3—4-week-old mdx mice after lethal-dose irradiation (Mdx-wt and Mdx-mdx). (B): Representative soleus muscle sections of Mdx
(age-matched non-BMT control), Mdx-wt, and Mdx-mdx mice stained by picrosirius red 7 weeks after BMT. Scale bar =200 pum. (C):
Western blot analyses of fibronectin and Pan-actin (loading control) of soleus muscle 7 weeks after BMT. (D): Quantified band densities
of fibronectin/actin. The values are the mean = SEM; *, p <.05. (E): Representative soleus muscle sections of Mdx (age-matched non-
BMT contro[) Mdx-wt, and Mdx-mdx mice visualized by Evans blue dye (EBD) 7 weeks after BMT. Scale bar = 100 pm. (F): The number
of EBD* fibers was quantified. The values are the mean = SEM (n = 4); *, p<.05. (G): Measurement of grip strength in Mdx (age-
matched non-BMT control), Mdx-wt, and Mdx-mdx mice from 4 to 7 weeks after BMT. The values are the mean = SEM (n = 7-8/group);

* p < .05. Abbreviation: BMT, bone marrow transplantation.

To exclude the possibility that these reductions of specific
BM subpopulations were simply the result of different
degrees of cellularity in dystrophin-deficient BMCs, we estab-
lished three types of BMT models (Fig. 2D). BMCs from
3-week-old WT mice (donor) were transplanted into either
3-week-old WT (WT-wt) or mdx mice (Mdx-wt) after a lethal
dose of irradiation, which replaces the host BMCs with donor
BMCs (Supporting Information Fig. S2A, S2B). As another con-
trol, BMCs from a 3-week-old mdx mouse (donor), which had
BM subpopulations and CFU-F numbers identical to those of
WT mice (Supporting Information Fig. S5B-S5F), were trans-
planted into 3-week-old WT mice (WT-mdx). Both the
Lin~/ckit™/CD106™/CD44™ and Lin~ /ckit /CD106™/CD44"~

©AlphaMed Press 2014

subpopulations in the Mdx-wt mice were significantly lower
than those in the WT-wt and WT-mdx mice (Fig. 2E, 2F).
These results suggest that both the Lin~/ckit /CD106"/
CD44" and Lin~/ckit /CD1067/CD44~ BM subpopulations
were gradually reduced by chronic exposure to a muscle
injury environment after the onset of muscular dystrophy.

Whole-Transcriptome Analysis of the Reduced MSC
Populations in mdx Mice

We further investigated the precise properties of endogenous
Lin~/ckit™/CD1067/CD44™ and Lin~/ckit /CD106"/CD44™
BM populations. PDGFRx has been reported to be expressed
in mesenchymal lineage cells [39, 40]. We therefore examined
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Figure 2. Reduction of mesenchymal stromal cell populations in bone marrow (BM) by chronic muscle injury in mdx mice. (A): The
numbers of Lin~ cells in the BM of 10-week-old WT and Mdx mice were analyzed in a CFU-F assay. The frequency of CFU-Fs is
expressed as the mean = SEM (n = 6/group); *, p <.05. (B): Representative fluorescence-activated cell sorting (FACS) profiles of BMCs in
10-week-old WT and Mdx mice BM, stained with Lin, ckit, CD106, and CD44. FACS charts gated within Lin /ckit  cells are shown. (C):
The percentages of €D106*/cD44"* and CD106"/CD44~ cells gated within Lin~/ckit™ cells were quantified. The values are the mean-
+ SEM (n = 6/group); *, p<.05. (D): Scheme of the bone marrow transplantation (BMT) models, which indicates the following: (1)
3-week-old WT BMCs were transplanted into preirradiated 3-week-old WT mice (WT-wt); (2) 3-week-old WT BMCs were transplanted
into preirradiated 3-week-old Mdx mice (Mdx-wt); and (3) 3-week-old Mdx BMCs were transplanted into preirradiated 3-week-old WT
mice (WT-mdx). (E): Representative FACS profiles of BMCs 7 weeks after BMT, stained with Lin, ckit, CD106, and CD44. FACS plot gated
within Lin~/ckit~ cells is shown. (F): The percentages of CD106"/CD44" and CD106"/CD44  cells gated within Lin™ /ckit™ cells were
quantified. The values are the mean = SEM (n = 4/group); *, p <.05. Abbreviation: BMC, bone marrow cell.

PDGFRx expression in these BM populations using PDGFRo- genes, including DNA replication- and cell cycle-related genes
H2B GFP mice (see Materials and Methods). Lin /ckit / (Fig. 3D), such as Myc and Mcm2 (Fig. 3F). In contrast, these
CD106 7/CD44" and Lin /ckit /CD106/CD44  BM popula- genes were not expressed in the Lin /ckit /CD106" /CD44
tions comprised 19.9% and 71.9% of the PDGFRux-expressing population. The Lin~ /ckit”/CD106" /CD44~ population showed
cells, respectively (Fig. 3A, 3B), suggesting that both of these significantly higher expression levels of genes, including cell
BM populations contain PDGFRx" mesenchymal lineage cells. adhesion- and extracellular matrix receptor interaction-related
Next, we conducted a whole-transcriptome analysis by genes (Fig. 3E). CXCL12 (SDF-1z), CollA, and FGFR1, which
RNA sequencing (RNA seq) analyses to further investigate the have been reported to be expressed in HSC niche cells [10, 14,
molecular properties of these populations. We sorted 41] (Fig. 3G; Supporting Information Fig. S6).
Lin /ckit /CD106"/CD44" and Lin /ckit” /CD106" /CD44" One of the features associated with stem cell populations
BMCs. The transcript of CD106 mRNA was enriched in the is cell-cycle quiescence under physiological conditions. There-
Lin~ /ckit /CD106 /CD44"/ and Lin /ckit /CD106 /CD44 " fore, to further investigate the differences in the expression
populations, but was not detected in any other populations of cell cycle-related genes between the two cell populations
(Fig. 3C), indicating a successful enrichment of these two pop- observed in the RNA seq analysis, we analyzed the expression
ulations. Our comparison of the whole-genome transcriptome of the nuclear proliferation marker Ki67 in a flow cytometry
revealed the enrichment of different functional clusters in analysis. We found that approximately 50% of the
each population (Fig. 3D, 3E). The Lin~/ckit /CD1067/CD44~  Lin~/CD106/CD44™ population was Ki67", whereas only
population showed significantly higher expression levels of 10% of the Lin /CD106 /CD44~ population was Ki67"
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Figure 3. Prospective characterization of freshly isolated mesenchymal stromal cell populations in bone marrow. (A): Representative
fluorescence-activated cell sorting (FACS) profiles of total BMCs in PDGFR2-H2BGFP knockin mouse. The percentage of PDGFRa-H2BGFP*
cells in total BMCs is shown (left). CD106 and CD44 expression profiles in PDGFRx-GFP™ cells (right). (B): The percentages of CD106"/
CD44" and CD106%/CD44~ cells in PDGFRa-GFP™ cells were quantified. The values are the mean = SEM (n = 3/group); *, p < .05. (C):
CD106 mRNA expressions in sorted BMCs. The values are the mean = SEM. The data are for three independent sorting experiments. (D,
E): Gene ontology (GO) analysis of RNA seq data from sorted Lin™/ckit™/CD106"/CD44™ and Lin™/ckit /CD106"/CD44~ BMCs. Genes
that are significantly upregulated in Lin~/ckit /CD106"/CD44" BMCs (197 genes) or Lin~ /ckit /CD1067/CD44™" cells (342 genes) were
categorized by GO annotations. (F): RNA-seq results showing the expression of cell cycle-associated genes (Myc and Mcms) in sorted
Lin~/ckit /CD106/CD44" and Lin~/ckit /CD106*/CD44~ BMCs. (G): RNA-seq results showing the expressions of CXCL12 (SDF-1x) and
Collal in sorted Lin~/ckit /CD106*/CD44" and Lin~/ckit”/CD106"/CD44~ BMCs. The RNA-seq data were obtained from two biological
replicates. (H): Representative FACS profiles of Ki67 expression on Lin~/CD106"/CD44™ and Lin~/CD106*/CD44~ BMCs. (I): The percen-
tages of Ki67* cells on each population were quantified. The values are the mean = SEM (n = 3); *, p <.05. (J, K): The expressions of
cdk6 (J) and p21 (K). The data are for three independent sorting experiments. The values are the mean = SEM; *, p < .05. Abbreviations:
BMC, bone marrow cell; FSC, forward scatter; GFP, green fluorescent protein.
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(Fig. 3H, 3l). Real-time PCR also revealed that p21, a cell cycle
inhibitor gene, showed reduced expression in the Lin~ /ckit™/
CD1067/CD44™ population than in the Lin /ckit™/CD106"/
CD44™ population {Fig. 3J). In contrast, cyclin-dependent kinase
6 (cdk6) showed higher expression in the Lin/ckit /CD106™/
CD44™ population than in the Lin™/ckit”/CD106" /CD44™ pop-
ulation (Fig. 3K). Together, these data suggest that Lin™ /ckit™/
CD1067/CD44™ and Lin™/ckit /CD106"/CD44~ BM popula-
tions, which were decreased in 10-week-old mdx mice, were a
proliferative and a slow-dividing mesenchymal lineage,
respectively.

Endogenous Migration of BM-Derived MSC Population
in Injured Muscles

We then investigated the recruitment of BM-derived mesen-
chymal populations into damaged muscles. GFP BMCs were
transplanted in 3-4-week-old mdx mice (Mdx-GFP), and we
analyzed the characteristics of the BM-derived cells recruited
to the damaged muscles 4 weeks after BMT by flow cytome-
try. We found that the Lin /GFP™ cells, which include BM-
derived MSC populations (Supporting Information Fig. S7A,
S7B), were substantially recruited into the damaged muscle of
the mdx mice compared with WT muscles {red squares in Fig.
4A, 4B). Importantly, most of the Lin"/GFP™ cells in the dam-
aged muscles expressed both CD106 and CD44 on their sur-
face (red squares in Fig. 4C; Supporting Information Fig. S7C),
suggesting that BM-derived Lin~/CD106"/CD44" cells pre-
dominantly accumulated into damaged muscle in mdx mice
compared with other Lin"/GFP™ populations.

These results led us to examine the possible recruitment
mechanism of this population. We found that CXCR4 was
highly expressed in freshly isolated Lin"/ckit™/CD106 ™" /CD44™
BMCs by the RNA seq (Fig. 4E) and flow cytometry analyses
(Supporting Information Fig. S7D). CXCR4 is a receptor for
SDF-12 and has been found to be involved in the migration of
stem/progenitor cells in various tissues. To elucidate whether
the SDF-12/CXCR4 axis plays a role in recruiting Lin~ /ckit™/
CD1067/CD44™ BMCs into damaged muscles, we first com-
pared CXCR4 expression in the Lin™/ckit”/CD106"/CD44™
BMCs of WT and mdx mice. We found that CXCR4 expression
was slightly but not significantly elevated in the Lin™/ckit™/
CD1067/CD44™ BM populations of mdx mice compared with
those of the WT mice (Supporting Information Fig. S7E), sug-
gesting that elevated CXCR4 levels are not responsible for the
specific migration of Lin™/ckit™/CD106"/CD44™ BMCs into
damaged muscles.

Next, we assessed SDF-1o expression in mdx soleus
muscles. SDF-12 was specifically detected in mdx muscles but
not WT muscles, and CD68 cells primarily colocalized with
SDF-1a signals (Supporting Information Fig. S7F). We also
detected significant increases in Lin™/ckit™/CD106%/CD44™/
CXCR4™ cells in the peripheral blood of mdx mice (Fig. 4F). In
addition, we implanted silicon tubes containing recombinant
SDF-12 under the skin of mdx mice. Two days later, we col-
lected the tubes and counted the numbers and percentages
of adherent CD106"/CD44™ tube-trapped cells. As shown in
Supporting Information Figure S7G, S7H, significantly more
CD1067/CD44™ cells migrated into the SDF-lu-containing
tubes compared with the tubes containing PBS. These resuits
suggest that the migration of Lin~/ckit™/CD106%/CD44™
BMCs into damaged muscles although the circulation may be
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partially explained, if not exclusively so, by the CXCR4-SDF-1
pathway.

Function of the BM-Derived MSC Population in
Damaged Muscles

Because the TSG-6-mediated immunosuppressive function of
cultured expanded MSCs has been documented [42], we next
investigated the expression of TSG-6 in the BM-derived Lin"/
CD106"/CD44™ population in the damaged muscles of Mdx-
GFP mice. We found that BM-derived (GFP™)/Lin™/CD1067/
CD44" cells significantly and preferentially expressed TSG-6 in
damaged muscles compared with other BM-derived popula-
tions (Fig. 5A). However, interleukin-10, which has also been
reported to be expressed in BM-MSCs, was not detected
(data not shown). It is well known that TSG-6 suppresses
inflammation by interacting with CD44 on inflammatory cells,
but we also observed the expression of CD44 on the C2C12
myoblasts and primary satellite cells (Fig. 5B; Supporting
Information Fig. S8A, S8B). Recombinant TSG-6 (rTSG-6) signif-
icantly augmented the proliferation of C2C12 myoblasts (Fig.
5C), suggesting that TSG-6 from BM-MSCs also activated
myoblasts.

A previous study suggested that damage signals enhanced
TSG-6 expression in BM-MSCs [3], and thus, we investigated
whether the treatment of primary BM-MSCs with mdx mouse
serum {which contains damage signals) would enhance TSG-6
expression (Fig. 5D). As shown in Figure 5E, elevated TSG-6
expression in mdx serum-treated BM-MSCs was observed,
suggesting that the recruited BM-MSC population exposed to
damage signals in mdx mice likely elevates TSG-6 expression
to suppress inflammation and to activate myoblasts in the
damaged muscles.

We also cocultured C2C12 myoblasts with conditioned
medium (CM) from BM-MSCs treated with mdx mouse serum
for 48 hours (Fig. 5D). We observed a significant proliferation
of C2C12 myoblasts following CM treatment (Fig. 5F).
However, the CM-mediated C2C12 proliferation was moder-
ately but significantly blocked in the presence of a
CD44-neutralizing antibody (Fig. 5F). These data suggest that
the TSG-6 secreted from activated BM-MSCs stimulates myo-
blast activation.

BM-Derived Lin~/ckit™/CD106 " /cD44™ Cells
Accelerated Muscle Regeneration

Lastly, we examined whether the Lin™/ckit”/CD106"/CD44™
BMCs, the main source of TSG-6 in damaged muscles, could
support muscle regeneration. To minimize the effect of the
endogenous BM-MSCs population during muscle regenera-
tion, we generated mice with reduced MSCs in BM (ckit™
BMT) by transplanting a sorted Lin~/ckit™ population
(including HSCs but not MSCs) after lethal-dose irradiation
(Supporting Information Fig. S3A). As shown in Supporting
Information Figure S3B, S3C, the percentage of the Lin™/
ckit™ population in the BM, which includes an MSC popula-
tion, was significantly less in the ckit™ BMT mice compared
with the total BMT mice after 6 weeks of reconstitution. Fur-
thermore, fewer donor BM-derived fibroblastic cells were
observed in the ckit™ BMT mice compared with the total
BMT mice (Supporting Information Fig. S3D-S3F). These data
indicate that ckit™ BMT mice have few endogenous MSCs in
their BM.
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Figure 4. Identification of bone marrow (BM)-mesenchymal stromal cell populations in mdx muscles. (A): Flow cytometry analysis in

muscles of WT-GFP (left) and Mdx-GFP (right) bone marrow transplantation (BMT) mice performed 4 weeks after BMT. The red squares
indicate Lin”/GFP" cells (BM-derived nonhematopoietic cells). (B): The percentages of Lin~/GFP™ cells were quantified. The values are
the mean = SEM (n = 4); *, p <.05. (C): CD106 and CD44 expression in Lin~/GFP" cells in the muscles of Mdx-GFP BMT mice. Most of
the Lin /GFP™ cells were positive for both CD106 and CD44 (red squares). The percentages of CD106"/CD44™ cells in Lin~ /GFP™ cells
in mdx muscles are shown with red squares. (D): The percentages of Lin~ /GFP*/CD1067/CD44" cells in mdx muscles were evaluated.
The values are the mean +SEM (n=4); *, p<.05. (E): CXCR4 expression from the RNA seq analysis of sorted Lin~/ckit”/CD106"/
CD44" and Lin~/ckit”/CD106"/CD44~ bone marrow cells. (F): The percentages of Lin~/ckit /CD106%/CD44"/CXCR4™ cells in the
peripheral blood of WT and mdx mice were quantified by flow cytometry. The values are the mean = SEM (n = 6-8); *, p < .05. Abbrevi-
ation: GFP, green fluorescent protein.

Using the ckit” BMT model, we investigated whether an
intramuscular injection of Lin~/ckit” /CD106~ /CD44™ BMCs
would enhance muscle regeneration in CTX-induced damaged
muscles of WT-ckit™ BMT mice (Supporting Information Fig. S9).
At 14 days post-treatment, H&E staining showed well-arranged
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myofibers with fewer mononuclear cells in damaged muscles
treated with Lin~/ckit”/CD106"/CD44" BMCs compared with
PBS-treated or Lin~ /ckit” /CD106™ /CD44~ BMCs-treated dam-
aged muscles, which were the second-most recruited BMCs into
damaged muscles (Supporting Information Fig. S9A).
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Figure 5.

Effect of TSG-6 secreted from BM-MSC populations on myoblasts. (A): TSG-6 expression in sorted BM-derived cells from mdx

muscles. The values are the mean * SEM. The data are for three independent sorting experiments; *, p <.05. (B): Representative
fluorescence-activated cell sorting profiles of CD44 expression on C2C12 myoblasts (red line). Isotype control staining is represented by
the black line. (C): The number of C2C12 myoblasts treated with TSG-6 after 48 hours. (D): Strategy for the preparation of CM from pri-
mary BM-MSCs. (E): Western blot analyses of TSG-6 and Pan-actin (loading control) expression in primary BM-MSCs prepared as in
panel (D). (F): The number of C2C12 myoblasts treated with CM containing either control 1gG (rat 1gG) or CD44-blocking antibody
(KM81) for 48 hours. The values are the mean * SEM (n = 3); *, p <.05. Abbreviations: BM-MSCs, bone marrow-mesenchymal stromal
cells; CM, conditioned medium; FBS, fetal bovine serum; PBS, phosphate-buffered saline.

We quantified newly regenerating myofibers or myotubes
by counting the desmin" cells with central nuclei, and the
results indicated that the Lin /ckit /CD106'/CD44" BMCs
significantly increased the number of desmin™ cells with cen-
tral nuclei compared with the number in PBS-treated dam-
aged muscles (Supporting Information Fig. S9B, S9C). We also
investigated eMyHC" cell areas in damaged muscle sections.
The percentage area of the eMyHC™ cell area was increased
by Lin~ /ckit /CD106"/CD44" BMC treatment compared with
PBS- or Lin /ckit /CD106 /CD44" BMC-treated damaged
muscle (Supporting Information Fig. S9D, S9E). These data
suggest that Lin~ /ckit”/CD106 " /CD44" BMCs accelerate mus-
cle regeneration processes in CTX-induced muscle damage.

We next investigated whether Lin /ckit /CD106"/CD44 "
BMC treatment supports muscle regeneration in Mdx mice.
Using Mdx-ckit™ BMT mice reconstituted for 6 weeks (10-
week-old mice), we first assessed the effect of Lin~ /ckit /
CD106 7/CD44" BMC treatment on satellite cell activation 7
days after cell injection. The injection of Lin /ckit /CD106 "/
CD44" BMCs increased the number of activated satellite cells,
as indicated by MyoD staining (Fig. 6A, 6B). We also observed
slightly elevated MyoD expression after Lin /ckit /CD106 "/
CD44" BMC treatment by Western blotting (Fig. 6C). How-
ever, the elevation of the number of MyoD " satellite cells
was partially inhibited by the administration of a CD44-
neutralizing antibody or a TSG-6 antibody (Fig. 6A, 6B). MyoD
expression also tended to be decreased by the CD44-
neutralizing antibody or TSG-6 antibody (Fig. 6C). The number
of Pax7” cells and the expression level of Pax7, which is a
quiescent satellite cell marker, were not significantly changed

www.StemCells.com

by Lin /ckit /CD106 /CD44"
Information Fig. S10A-S10C).

We also observed that Lin /ckit /CD106'/CD44" BMC
treatment suppressed the infiltration of inflammatory cells
and enhanced the overall muscle repair mechanisms in
Mdx-ckit ™ BMT mice, as assessed by the average muscle fiber
CSA at day 7 post-treatment (Fig. 6D, 6E). However, again, the
effects of Lin~ /ckit /CD106 " /CD44" BMC treatment on mus-
cle regeneration were partially blocked by a CD44-neutralizing
antibody or a TSG-6 antibody (Fig. 6D, 6E). Of note, recombi-
nant TSG-6 treatment also enhanced muscle regeneration
with Lin~/ckit” /CD106 /CD44" BMC treatment (Fig. 6D, 6E).
These data may indicate that the BM-derived Lin /ckit /
CD106"/CD44 " population slowed muscle disease progression
by the activation of satellite cells and the suppression of
inflammation to enhance the overall repair mechanisms, in
part via the TSG-6/CD44-mediated pathway.

BMC treatment (Supporting

In this study, we demonstrated for the first time that injured
muscular tissues in DMD mice recruit a Lin~ /ckit /CD106 7/
CD44" mesenchymal population from the BM to suppress
inflammatory and fibrotic reactions and activate a muscular
regeneration mechanism. Such chronic injury/regeneration
cycles in DMD mice were shown to eventually decrease the
MSC populations in BM, resulting in a disruption of the intrin-
sic anti-inflammatory and regeneration-promoting activities of
BM-MSCs to exacerbate muscular dystrophy (Fig. 7).
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