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Duchenne muscular dystrophy (DMD) patients lack dystrophin from birth; however, muscle weakness becomes
apparent only at 3—5 years of age, which happens to coincide with the depletion of the muscle progenitor cell
(MPC) pools. Indeed, MPCs isolated from older DMD patients demonstrate impairments in myogenic potential.
To determine whether the progression of muscular dystrophy is a consequence of the decline in functional
MPCs, we investigated two animal models of DMD: (i) dystrophin-deficient mdx mice, the most commonly uti-
lized model of DMD, which has a relatively mild dystrophic phenotype and (ii) dystrophin/utrophin double
knock-out (dKO) mice, which display a similar histopathologic phenotype to DMD patients. In contrast to age-
matched mdx mice, we observed that both the number and regeneration potential of dKO MPCs rapidly declines
during disease progression. This occurred in MPCs at both early and late stages of myogenic commitment. In
fact, early MPCs isolated from 6-week-old dKO mice have reductions in proliferation, resistance to oxidative
stress and multilineage differentiation capacities compared with age-matched mdx MPCs. This effect may po-
tentially be mediated by fibroblast growth factor overexpression and/or a reduction in telomerase activity.
Our results demonstrate that the rapid disease progression in the dKO model is associated, at least in part,
with MPC depletion. Therefore, alleviating MPC depletion could represent an approach to delay the onset of

the histopathologies associated with DMD patients.

INTRODUCTION

Duchenne muscular dystrophy (DMD), an X-linked progressive
muscle wasting disease, is caused by a deficiency in dystrophin,
a cytoskeletal protein that is essential for the membrane stability
of the multinucleated myofibers of skeletal muscle (1). DMD is
the most common form of muscular dystrophy, occurring in ~ 1
of every 3300 boys (2). In DMD patients, the loss of sarcolemmal
dystrophin promotes damage during muscle contraction (3—7).
This process results in an efflux of creatine kinase (CK), an
influx of calcium ions and the recruitment of T cells, macrophages
and mast cells to the damaged muscle, leading to progressive
myofiber necrosis, fibrosis and muscle weakness (8). Patients typ-
ically lose the ability to independently ambulate by the middle of
their second decade of life. Death, due to cardiac or respiratory
failure, typically occurs during their third decade (9).

Normally, skeletal muscle possesses a robust regenerative cap-
acity due to the presence of adult muscle progenitor cells (MPCs),
which play an important role in postnatal muscle growth and

repair. Many cell populations with myogenic potential have
been reported; however, their origin and relationship to each
other remain unclear. Satellite cells, which are located between
the basal lamina and the muscle fiber plasma membrane (10),
were first defined as the major source of MPCs that regulates post-
natal skeletal muscle growth and regeneration (10—13). Other
myogenic progenitors, such as bone marrow-derived circulating
stem cells, various cell populations residing in the muscle intersti-
tium (14—17) and blood vessel walls (18—20), have also been
identified as potential cell sources for muscle repair (21). Follow-
ing engraftment into damaged or diseased muscle, these non-
satellite cell progenitors are capable of adopting a skeletal
myogenic fate (22). Researchers have isolated MPCs utilizing a
variety of methods, including cell culture selection techniques,
flow cytometry-based sorting using cell surface markers and
Hoechst dye exclusion (23—28). Our research group has reported
the isolation of muscle-derived stem cells (MDSCs) based on
their adhesion characteristics, through the use of the preplate
technique (29). MDSCs are capable of undergoing multilineage
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differentiation (26,30—32) and have been shown to be superior to
myoblasts for muscle regeneration (29). Myoblasts are committed
to the myogenic lineage (late muscle progenitors) and readily fuse
together or with injured mature myofibers to regenerate injured
muscle.

In DMD, recurrent myofiber damage elicits a constant need
for repair, thus giving way to the depletion of the MPC pool
and the loss of functional muscle regeneration. Eventually,
muscle is replaced by fibrotic tissue, calcium deposits and
adipose tissue, which plays a critical role in the wasting
process observed in DMD (33). Interestingly, it has been
reported that the dystrophin mutation associated with mdx
mice does not directly impair satellite cell function, suggesting
that the failure of effective repair is a likely consequence of a
cascade of pathological damage (34). Notably, despite the lack
of dystrophin at birth, the onset of muscle weakness in DMD
patients does not occur until 3—5 years of age, coinciding with
the depletion of the MPC pools. Previous studies have shown
that myoblasts isolated from DMD patients are impaired and
exhibit a severe proliferation deficit in vitro, which becomes
more pronounced as patients age (35,36); hence, we can theorize
that DMD represents a form of accelerated aging that presents
primarily in skeletal muscle.

The mdx mouse is the most widely used animal model of
DMD, and like DMD patients, lacks dystrophin due to a point
mutation in the dystrophin gene (9,37,38). However, in contrast
to DMD patients, these mice only exhibit a mild dystrophic
phenotype. In fact, these mice often live up to 2 years of age,
comparable to the lifespan of normal, wild-type (WT) mice. Fur-
thermore, mdx mice do not exhibit the rapid loss of muscle
strength and early death observed in DMD patients (39,40). Add-
itionally, various clinical features typical of DMD patients, such
as pseudohypertrophy, scoliosis and cardiomyopathy, are not
observed in young mdx mice (41—43). Although the exact
reason why mdx mice do not recapitulate the human DMD
phenotype is still unclear, it has been suggested that mdx mice
compensate for the lack of dystrophin by upregulating utrophin,
a protein structurally similar to dystrophin (44—46). Under
homeostatic conditions, utrophin localizes to the sarcolemma
of skeletal muscle fibers during fetal development, but is
replaced by dystrophin at the myofiber sarcolemma after birth,
and only continues to persist at neuromuscular and myotendi-
nous junctions (NMJ and MTJ) (47,48). Utrophin expression
around the sarcolemma of regenerating myofibers in adult mdx
skeletal muscle is believed to compensate for dystrophin defi-
ciency (45,46,49). Supporting this hypothesis, previous studies
have reported that dystrophin and utrophin double knock-out
(dKO) mice (dystrophin™'~ /utrophin~'~) share many more
histopathological symptoms with DMD patients than do mdx
mice (50,51).

In this study, we tested the hypothesis that the rapid progres-
sion of muscular dystrophy in DMD patients is associated with
a rapid depletion of MPCs. In support of this contention, it has
been recently reported that shortening the telomeres of muscle
cells in mdx mice by muscle-specific deletion of the RNA com-
ponent telomerase, results in mice (mdx/mTR) with a much more
severe dystrophic phenotype that progressively worsens with
age (52).

For our investigation, we compared the dKO and mdx mouse
models in order to further investigate whether the rapid disease
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progression observed in dKO mice is associated, at least in
part, with a depletion of MPCs. our results indicated that dKO
mice have amuch more severe phenotype than mdx mice, includ-
ing the intramuscular accumulation of necrosis and fibrosis, as
well as calcium deposits. Following weaning, dKO mice experi-
ence weight loss, progressive loss of muscle force, kyphosis and
a shortened lifespan, consistent with the animal model previous-
ly described (50,51). Importantly, we show here that the severity
of the dKO phenotype progressively worsens with age and is
associated with the depletion of MPCs, including both early
and late myogenic progenitors (MDSCs, satellite cells and myo-
blasts) (29,53). In addition, we also observed increased expres-
sion of fibroblast growth factor 2 (FGF2) and decreased
telomerase activity in the muscles of the dKO mice compared
with muscles of age-matched mdx mice. These results suggest
that high FGF2 expression may promote a decline in stem cell
number and function during disease progression, and insufficient
telomerase activity may result in progressive telomere shorten-
ing, ultimately leading to cellular senescence. This finding sup-
ports our hypothesis that the pathology associated with the dKO
phenotype is initiated by both dystrophin and utrophin defi-
ciency, but rapidly progresses and increases in severity
because of stem cell depletion. Taken together, these observa-
tions suggest that preventing the depletion of the MPC pools
could be a novel approach to delay the histopathologic symp-
toms associated with the skeletal muscles of DMD patients.

RESULTS

Severe muscle histopathology in dKO mice

Mdx mice do not show any significant muscle pathology until
3—4 weeks after birth, when the onset of necrosis is first seen
in the diaphragm muscle. To determine the age of onset of mus-
cular dystrophy in the dKO mice, the gastrocnemius and dia-
phragm muscles from 5-day-old dKO mice were examined and
compared with muscles from mdx littermates. Hematoxylin
and eosin (H&E) staining revealed that dKO muscle histopath-
ology started as early as 5 days of age, as evidenced by extensive
cell infiltration in both the diaphragm and gastrocnemius
muscles (Supplementary Material, Fig. S1). Many necrotic
fibers were seen in the 5-day-old dKO diaphragm, but not in
the age-matched mdx littermates (data not shown). To character-
ize the progression of the dystrophic histopathology, the gastro-
cnemius and diaphragm muscles of 6- to 8-week-old dKO mice
were analyzed and compared with that of age-matched mdx and
WT mice. Much larger areas of myofiber necrosis, massive cel-
lular infiltration and connective tissue deposition were seen in
the gastrocnemius muscles of the dKO mice compared with
the WT and mdx mice (Fig. 1A). Mouse IgG-positive necrotic
fibers were markedly increased in the dKO gastrocnemius
muscles compared with the mdx and WT muscles (Fig. 1B,
Supplementary Material, Fig. S3B). Aggregates of calcium de-
position (Fig. 1C) and fibrosis (Fig. 1D, Supplementary Mater-
ial, Fig. S3C) were also substantially increased in the dKO
muscles. We observed a similar histopathology in the diaphragm
muscles of dKO mice (Supplementary Material, Fig. S2).
Together, these results demonstrate that, in contrast to age-
matched WT and mdx mice, the dKO mice rapidly developed a
muscle histopathologic phenotype similar to DMD patients.
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Figure 1. Muscle histopathology and dystrophy are more severe in the dKO mice compared with the WT and mdx mice. (A) H&E staining shows severe muscle damage
in the gastrocnemius muscle of 8-week-old dKO mice. These fibers have fewer centrally nucleated fibers compared with age-matched WT and mdx muscles. (B) Nec-
rotic areas in the gastrocnemius muscles were identified by mouse IgG staining. (C) Alizarin red staining to visualize calcium deposits in 8-week-old WT, mdx and dKO
muscles. (D) Trichrome staining of muscle sections to identify fibrotic regions. (E) The body weight of the dKO mice significantly decreased after 5—6 weeks of
age. Error bars indicate ‘mean + SD’, n = 10. *P < 0.01. (F) dKO mice have a significantly shorter lifespan than WT and mdx mice. Error bars indicate
‘mean + SD’, n = 30. (G) The results from muscle physiology testing showed a significant decrease in muscle strength in the dKO mice, n = 6. Error bars
indicate ‘mean + SD’, *P < 0.05. In (A),” all scale bars = 50 wm; in (B—D), all scale bars = 100 pm.

Given the important physiological differences between the
diaphragm and gastrocnemius muscles, we compared the histo-
pathology of these two muscles in dKO and mdx mice. We found
that the diaphragms from both dKO and mdx mice exhibited pro-
gressive muscle degeneration. The percentage of centrally
nucleated fibers was 2-fold greater in the gastrocnemius com-
pared with the diaphragm muscles (Supplementary Material,
Fig. S3A), consistent with the impaired regeneration of the dia-
phragm muscles observed by other groups (54). Most notably,
diaphragm muscles from dKO mice at 6—8 weeks of age had ex-
tensive fibrosis (Supplementary Material, Figs S2 and S3C), but
less necrosis when compared with age-matched mdx mice (Sup-
plementary Material, Figs S2 and S3B), suggesting a more rapid
progression of the disease in the dKO mice. We also observed
less calcium deposition (data not shown) in the diaphragm com-
pared with gastrocnemius muscles of dKO mice.

The dKO mice also rapidly developed marked kyphosis,
weight loss (Fig. 1E) and shortened lifespan (Fig. 1F). These
mice began to die at 4—6 weeks of age, and very few lived up
to 9 weeks of age. In contrast, most mdx mice do not show a life-
span difference compared with normal WT animals. To assess
muscle performance, we next measured the isometric torque of
the anterior crural muscles in 6- to 8-week-old mice. Our
results indicated that muscle function significantly decreased

in the dKO mice, compared with age-matched WT and mdx
mice (Fig. 1G). In order to account for the smaller size of the
dKO mice, muscle function was normalized to body weight.
This result provides direct evidence of severe muscle weakness
in the dKO mice. In contrast, the function of the anterior crural
muscles from mdx mice was greater than that of the muscles
from the WT control mice, which is consistent with a previous
study that showed that young mdx mice have higher muscle
mass and greater muscle function compared with age-matched
WT mice (6).

MPCs from dKO skeletal muscles are depleted

To test whether the skeletal muscle damage observed in dKO
mice was associated with MPC depletion, MPCs were isolated
from the limb muscles of 5-day-old and 6- to 8-week-old dKO,
mdx and WT mice. Following a series of enzymatic digestions,
the muscle cells were seeded on collagen type I-coated flasks.
The next day, floating cells, which included most of the myogen-
ic cells, were labeled with antibodies against CD34, Sca-1 and
CD45, and subsequently analyzed by flow cytometry. The
CD34+/Sca-1—/CD45— cells were classified as MPCs (55).
Our results demonstrated that the percentage of CD34-+/
Sca-1—/CD45— cells isolated from 5-day-old dKO mice
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(2.2%) was similar to that from age-matched mdx littermates
(1.9%) (Supplementary Material, Fig. S4A), indicating that
there was no difference in the initial number of CD34+/
Sca-1—/CD45 — cells between the dKO and mdx mice during
the first few days after birth. After 5—7 weeks, however, the
number of MPCs present in the dKO mice significantly declined
when compared with age-matched mdx and WT mice (Fig. 2A
and B). Finally, the myogenic potential of the CD34+/
Sca-1—/CD45 — cell fractions were further confirmed by their
ability to differentiate into myotubes (Fig. 2C).

Pax7-positive muscle satellite cells represent a population of
myogenic progenitors responsible for postnatal growth, repair
and maintenance of skeletal muscle. We hypothesized that the
muscle satellite cell pool might also change in the dKO muscle
during the disease progression. To test this possibility, we first
analyzed the number of Pax7-positive cells that were present
in the diaphragm and gastrocnemius muscles of these mice at 5
days of age. We found that the gastrocnemius of the dKO mice
possessed the same number of Pax7-positive cells as observed
inmdx mice; however, in the diaphragm, more Pax7-positive sat-
ellite cells were seen in the dKO mice than in the mdx mice (Sup-
plementary Material, Fig. S4B). This corresponds to the
degenerative changes observed in the dKO mice, as early as 5
days of age, indicating that their satellite cells are activated
and proliferating. To assess whether the disease progression
was related to a decline in the number of satellite cells, the dia-
phragm muscles from these mice were next evaluated at 8
weeks ofage. We observed, at this time, that the number of Pax7-
positive cells were markedly reduced in the dKO mice (Fig. 2D
and E) when compared with age-matched mdx and WT mice.
Moreover, the results from real-time polymerase chain reaction
(PCR) confirmed that there was a rapid and significant decline in
Pax7 mRNA in the diaphragm muscles of dKO mice isolated
from 4- to 8-week-old mice when compared with that observed
inthe mdx and WT diaphragm muscles (Fig. 2F). Taken together,
our results demonstrated that MPCs, including CD34-+/
Sca-1—/CD45— cells and Pax7-positive satellite cells, under-
went a rapid decline in the skeletal muscles of dKO mice
during the progression of the disease. These data confirm that
the skeletal muscle of 6- to 8-week-old dKO mice becomes
more severely affected than mdx muscle, highlighting the fact
that a reduction in the number of MPCs correlates with the
severity of the dKO phenotype.

Impaired proliferation and differentiation of MPCs
isolated from dKO single muscle fibers

To determine whether there was also a reduction in MPC prolif-
eration and differentiation potentials, we assessed the myogenic
potential of cells derived from dKO single muscle fiber isola-
tions performed on the EDL muscles of 6- to 8-week-old
animals. First, we observed more damaged muscle fibers in the
dKO muscles (53 +12%) compared with the mdx muscles
(34 + 8%) 24 h after the single fibers attached to the matrigel-
coated plates (Fig. 3A). The proliferative potential of the
MPCs migrating from the isolated myofibers was analyzed
after 4 days of culture. These satellite cell-derived cells were
immunostained for desmin, an established myogenic marker.
We observed that the number of desmin-positive cells emanating
from the single fibers was significantly decreased in dKO mice
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compared with mdx mice (Fig. 3B and C), indicating that the
MPCs derived from the single myofibers of dKO muscle exhib-
ited a reduced proliferative potential compared with the mdx
MPCs. In addition, at 7 days post culturing, immunostaining
for fast myosin heavy chain (MyHCY), a terminal myogenic dif-
ferentiation marker, was performed to determine the myogenic
differentiation capacity of the MPCs. We observed that the
MPCs released from the mdx muscle fibers formed more
MyHCf+ multinucleated myotubes than those migrating from
the dKO muscle fibers (Fig. 3D, E and F). These results
support both a reduction in the proliferation and differentiation
potentials of the MPCs derived from the dKO mice. The data
shown here provide more evidence to suggest that defective pro-
liferation and differentiation capacities of the MPCs in the dKO
mice leads to a reduction in muscle repair, which is similar to
what is observed in DMD patients (35).

The function of myoblasts is also impaired in dKO mice

Next, we asked whether myoblast dysfunction could also be
observed in dKO mice. Utilizing the previously described pre-
plate technique, we isolated many populations of MPCs, includ-
ing myoblasts, from 6-week-old WT, mdx and dKO mice. We
observed that the number of preplate (PP) 5 and PP6 cell popula-
tions, which contain muscle stem cells (29,56), was decreased in
the muscles of dKO mice (Fig. 4A). We further tested the rapidly
adhering cell populations (PP3 and PP4), which contain mostly
satellite cell-derived myoblasts (29,56), for their differentiation
capacity in vitro. PP3 and PP4 cells were cultured in proliferation
medium until the cells reached 80% confluence, at which point
the culture medium was changed to differentiation medium
(2% FBS). Three days later, immunofluorescent staining for
fast skeletal myosin heavy chain was performed. In comparison
to the PP3 and PP4 cells from WT and mdx mice, which formed
numerous, large multinucleated myotubes, the PP3 and PP4
populations isolated from the dKO mice formed fewer and
smaller myotubes (Fig. 4B), which indicates the myogenic dif-
ferentiation potential of the dKO myoblasts is also significantly
reduced relative to the mdx and WT myoblasts (P < 0.05)
(Fig. 4C). This result demonstrated that myoblasts isolated
from dKO mice are also impaired in their differentiation cap-
acity, which is similar to what is observed in myoblasts isolated
from DMD patients.

The function of muscle-derived stem cells isolated
from dKO mice is defective

We next assessed the characteristics of the slowly adhering frac-
tion of cells isolated from the skeletal muscles of dKO, mdx and
WT, which contains a heterogeneous population of stem and pro-
genitor cells that we refer to as muscle-derived stem cells
(MDSCs) (29,53). MDSCs display unique characteristics that
are associated with non-committed progenitor cells. For
example, we have previously shown that MDSCs express
markers associated with stem cells and are capable of self-
renewal in vitro (29). Furthermore, MDSCs have been shown
to be capable of replenishing the MPC pool when injected into
dystrophic murine muscle and contribute to the persistent restor-
ation of dystrophin (29,57). We isolated MDSCs from 6- to
8-week-old dKO, mdx and WT mice and examined their function
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by measuring relative differences in their capacities for prolifer-
ation, myogenic differentiation, resistance to oxidative stress
and also multiple lineage differentiation. To examine the prolif-
eration kinetics of cell populations in vitro, we used the LCI
system described above (58) and observed a significant reduc-
tion in the proliferation capacity of the dKO MDSCs when com-
pared with the mdx and WT MDSCs (Fig. 5A). Next, to compare
the myogenic differentiation capacity of the MDSCs isolated
from dKO, mdx and WT mice in vitro, equal numbers of cells
from each group were plated in 24-well plates and switched to

differentiation medium once the cells adhered. After 3 days,
the majority of the WT (69%) and mdXx cells (80%) had differen-
tiated into myotubes, as determined by immunodetection of
MyHCf (Fig. 5B). The differentiation potential of the dKO
MDSCs was observed to be significantly lower (P < 0.01;
Fig. 5C). We next examined cellular resistance to hydrogen
peroxide-induced oxidative stress. Each of the populations
(dKO, mdx and WT) was exposed to 400 um hydrogen peroxide
in proliferation medium containing PI, and the LCI system was
used to identify the number of PI+ cells in order to determine
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the percentage of cell death. In comparison with the mdx and
WT MDSCs, the dKO MDSCs displayed a significant reduction
in their resistance to oxidative stress (*P < 0.05, Fig. 5D). Of
note, we found that dKO MDSCs isolated from 5-day-old
mice demonstrated similar a proliferation rate and myogenic
differentiation capacity as seen in age-matched WT MDSCs
(data not shown), which suggests that stem cell function
rapidly declines in the dKO MDSCs from 5 days to 6—8 weeks
of age (Supplementary Material, Fig. S4C and D). Finally,
we examined the dKO, mdx and WT MDSC capacity for multi-
lineage differentiation. Our results indicated that there was a -
reduction in the adipogenic, osteogenic and chondrogenic
differentiation capacities of the MDSCs isolated from the dKO
mice compared with the MDSCs isolated from the mdx and
WT mice (Fig. SE). Together, these data suggest that, when
compared with WT and mdx MDSCs, the functionality of aged
dKO MDSCs was severely affected.

Impaired muscle regeneration potential
of MPCs in dKO mice

We next examined in vivo muscle regeneration and inflammation
by assessing embryonic myosin heavy chain (eMyHC) and F4/80
(macrophage marker) expression in young (4 weeks) and old
(6—8 weeks) dKO muscle. eMyHC is expressed almost exclusive-
ly in newly regenerating muscle fibers, which is usually found
after acute muscle injury or in a disease state. eMyHC is typically
expressed for ~1 week within the newly regenerated muscle
fibers. Normally, during the regenerative phase of mdx muscle
pathology, eMyHC-positive fibers are surrounded by F4/
80-positive macrophages. The gastrocnemius muscle sections
from 4—week-old and 6- to 8-week-old dKO mice were examined
foreMyHC and F4/80 expression. We observed that the number of
eMyHC-positive fibers (green) significantly declined in the dKO
muscles from 4 to 8 weeks (Fig. 6A and B), but macrophage
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MDSCs. The three populations of cells were cultured in insulin mediated adipogenic differentiation medium, BMP2 supplemented osteogenic medium and chondro-
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Figure 6. Limited muscle regeneration potential of MPCs in dKO mice in vivo. (A) Representative images showing cryosections from young (4 weeks old) and old (6—
8 weeks old) dKO gastrocnemius muscles stained for eMyHC (green) and F4/80 (red). Scale bars = 50 wm. (B) Graph showing quantification of eMyHC-positive
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gastrocnemius muscles were quantified based on the total positive area per image (the data represent 5 muscles per group). *P < 0.05. (D) Graph showing the
results of real-time PCR for eMyHC expression. RNA was isolated from 3—6 gastrocnemius muscles from dKO mice. (E) Graph showing the results of real-time
PCR for F4/80 expression. RNA was isolated from 3—6 gastrocnemius muscles from dKO mice. Error bars indicate ‘mean + SD’. *P < 0.05.

infiltration (red) increased with age and correlated with the pro-
gression of the disease state (Fig. 6A and C). Similarly, real-time
PCR for F4/80 and eMyHC from 6- to 8—week-old dKO mice
demonstrated that the level of inflammation (F4/80 gene
expression) increased, whereas muscle regeneration (eMyHC
expression) decreased during the progression of the disease
from 6 to 8 weeks (Fig. 6D and E). These data indicate that
dKO MPCs have a reduced ability to efficiently regenerate new
myofibers as they age, a process likely related to the increase in
inflammation over time.

Higher FGF2 expression in dKO skeletal muscle

The above data have provided strong evidence suggesting that
the progression of muscular dystrophy in dKO mice is associated
with rapid MPC depletion, similar to that seen in DMD patients
(35); however, the mechanism responsible for this phenomenon
is still unclear. A study from a recent paper demonstrated that
increased FGF2 signaling is a major contributor to the loss of
stem cell quiescence and possibly even stem cell depletion
during aging under homeostatic conditions (59). We questioned
whether FGF2 may be a contributing factor involved in the de-
pletion of MPCs in dKO mice. Therefore, FGF2 expression
was examined in dKO and age-matched mdx muscle tissue sec-
tions. Strikingly, FGF2 expression was observed in dKO muscle
as early as 6 weeks, whereas FGF2 was not detected in mdx
muscle until 24 months of age (Fig. 7A). Real-time PCR con-
firmed this observation (Fig. 7B). These results indicate that
increased FGF2 signaling may play a role in the decline of

resident MPCs, eventually diminishing the regenerative cap-
acity of the skeletal muscle.

Lower telomerase activity in muscle-derived stem cells
isolated from dKO mice

In addition, recent studies have reported that the impaired repli-
cative potential of myoblasts from DMD patients is related, at
least in part, to telomere shortening, a common feature of dys-
trophic human muscle cells with increasing age (60). Indeed, it
has also been reported that both muscle stem cell exhaustion
and cell senescence could be a result of impaired telomerase ac-
tivity (52,61,62). Therefore, we assessed telomerase activity in
MDSCs isolated from mdx and dKO mice using the Telomerase
PCR ELISA kit. In comparison with age-matched mdx MDSCs
(4 weeks of age), the telomerase activity of the dKO MDSCs
was significantly reduced (Fig. 7C). These results suggest that
the decreased telomerase activity observed in the dKO MDSCs
may play a major role in the rapid progression of the muscle
histopathology in dKO mice, when compared with age-matched
mdx MDSCs.

DISCUSSION

Although various mouse models for DMD have been investi-
gated, we are still lacking a reliable mouse model that faithfully
mimics the DMD pathology, which could consequently be used
to test potential therapies. Mdx mice are the most widely used
animal model of DMD because they are deficient in dystrophin;
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however, they exhibit only a mild dystrophic phenotype (63). It
is believed that mdx mice compensate for the lack of dystrophin
through the upregulation of other proteins, such as utrophin (64).
In this study, we demonstrated that the dystrophin/utrophin
double knock-out mouse more closely recapitulates the DMD
phenotype than the mdx model as evidenced by severe, progres-
sive loss of muscle function, which is consistent with dKO
models developed by other groups (50,51). Histopathologic ana-
lysis of dKO muscle sections revealed many of the characteristic
features seen in DMD muscle biopsies, including variations in
muscle fiber size, infiltration of inflammatory cells, the presence
of necrotic fibers and calcium deposits and replacement of func-
tional tissue with fibrotic tissue. Many of the other clinical fea-
tures seen in the dKO mice, such as marked myopathy, joint
contractures, kyphosis, loss of body weight, impaired muscle
function and premature death (6—8 weeks), are all similar to
what is observed in DMD patients. Of note, this is also similar
to what is seen in mdx/mTRG2 mice, a recently reported DMD
model that exhibits rapid muscle stem cell exhaustion due to telo-
mere shortening (52); however, these mdx/mTRG2 mice have a
much longer lifespan than the dKO mice (52). Given the import-
ant differences between the diaphragm and gastrocnemius
muscles, we investigated and compared the histopathology of
both muscles. Similar to what was reported in mdx mice, more
muscle damage, greater cellular infiltration, increased fibrosis

and reduced muscle regeneration (central nucleated myofibers)
were found in the dKO diaphragm, compared with the dKO
gastrocnemius, similar to what was reported in mdx mice
(54,65—67). One notable exception to this trend at 6—8 weeks
of age was a reduction in necrotic fibers in the diaphragm of
the dKO mice, compared with the gastrocnemius muscle. This
can be explained as a consequence of extensive myofiber loss
and replacement with fibrosis and fat tissue in dKO diaphragm.
As utrophin has been knocked out in this dKO animal model, the
genotype is not the same as DMD, which only lacks dystrophin,
yet, the dKO mice show most of the clinical features of DMD.
Since many studies have shown that utrophin deficient mice
are healthy and show no signs of weakness, living up to 2
years of age (68), it is unlikely that dKO abnormalities are
caused primarily by utrophin deficiency.

We have proposed that the severe muscle wasting phenotype
observed in this dKO mouse model is due to the impaired func-
tion of the MPC pools. Here we determined, both in vitro and
in vivo, that the MPCs, including satellite cells, early myogenic
progenitors (MDSCs) and myoblasts from aged dKO mice, are
defective. In vivo, we confirmed that there was a rapid decline
in satellite cell number during the progression of the disease in
dKO muscles from 5 days to 8 weeks of age, in contrast to that
observed in mdx skeletal muscle. /n vitro, the proliferation and
differentiation defects were marked by a reduction in the
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number of satellite cells derived from the dKO single muscle
fibers, and also a reduction in the formation of MyHCf-positive
myotubes from their progeny in culture. MDSCs isolated from
6-week-old dKO mice also exhibited deficiencies in their prolif-
eration and differentiation capacities, including the myogenic,
adipogenic, osteogenic and chondrogenic lineages, and a reduc-
tion in their oxidative stress resistance. These data obtained from
the dKO mouse model differ from the data obtained from the
mdx/mTRG2 mouse model. In contrast to our dKO mice, mdx/
mTRG2 mice show no alterations in satellite cell number per
myofiber at 8 weeks of age (52), and do not demonstrate a
markedly reduced number of satellite cells until the mice reach
60 weeks of age, indicating that MPC depletion appears at a
much earlier age in the dKO mice than the mdx/mTRG2 mouse
model.

Further in vivo histologic analysis revealed that the amount of
inflammatory infiltration substantially increased in the muscles
of the dKO mice from 4 to 8 weeks of age, while the number
of newly regenerated muscle fibers was significantly reduced
during the same period, indicating an inability of the muscle to
efficiently regenerate after injury. Similar to DMD patients,
we observed a large amount of variability between the dKO
mice; however, the occurrence of severe muscle histopathology
was always associated with the depletion of the MPC pools.
When taken together, this study demonstrated both in vitro and
in vivo that MPCs isolated from dKO mice suffer from severe
functional defects and that the progressive loss of MPCs plays
amajor role in determining the severity of the dystrophic pheno-
type. Indeed, the concept of stem cell exhaustion as a potential
cause for the rapid progression of muscle weakness in DMD
has been reported (35). Thus, we believe that the dKO model
represents an excellent murine model of muscle stem cell
exhaustion, allowing for the study of potential therapies for
treating DMD patients.

There are several mechanisms that may contribute to MPC de-
pletion and the severe phenotype of dKO mice. A study from the
group of Andrew S. Brack demonstrated that increased FGF sig-
naling is a major contributor to the loss of stem cell quiescence
and is possibly implicated in stem cell depletion during aging
under homeostatic conditions (59). Both real-time PCR and
immunostaining showed that an upregulation of FGF2 expres-
sion is observed as early as 6—8 weeks of age in the dKO
mice, whereas age-matched WT and mdx muscles did not
express FGF2 until the mice reached 2 years of age. The
reason for the increase in FGF2 expression is unknown, but
this may contribute to the muscle stem cell depletion observed
in dKO mice. Strategies to prevent chronic FGF2 production
or repress FGF signaling may reduce stem cell loss during
normal aging, but may not have beneficial effects on progressive
muscle diseases, as FGF2 expression is also required for myo-
blast proliferation, differentiation and muscle regeneration fol-
lowing skeletal muscle injury (69,70).

Recent studies have also shown that muscle cells isolated from
DMD patients have shorter telomeres than cells isolated from
healthy individuals (60,71). Helen M. Blau’s group showed
that dystrophin deficiency, coupled with telomere dysfunction,
recapitulated the severe dystrophic phenotype characteristic of
muscular dystrophy in humans (52). This study provided evi-
dence that telomere shortening, specifically in MPCs, leads to
muscle stem cell exhaustion and the occurrence of the dystrophic

histopathology. Moreover, it has also been reported that both
muscle stem cell exhaustion and senescence could be the result
of impaired telomerase activity (52,61,62). We tested our
hypothesis that the muscle progenitor stem cell defect present
in the dKO mice was also associated with a reduction in telomer-
ase activity. Indeed, we found that the telomerase activity in dKO
MDSCs was significantly reduced when compared with MDSCs
isolated from age-matched WT and mdx mice. Reduced telomer-
ase activity in dKO MDSCs could lead to defective cell prolifer-
ation, resistance to stress and muscle regeneration potentials.
Taken together, we believe that both overexpression of FGF2
and a reduction in telomerase activity in dKO MDSCs plays a
role in the rapid depletion of the dKO MPC pools, which ultim-
ately results in the severe dystrophic phenotype observed in this
model of DMD.

The data presented in the current study further validates
that the dKO mouse model, when compared with the mdx
mouse model, more closely recapitulates the severe phenotype
observed in DMD patients. Moreover, the causative mechanism
for the rapid occurrence of the dystrophic phenotype in the dKO
mice and DMD patients may be related to a rapid depletion of
the MPC pools. Therefore, alleviating MPC depletion could re-
present an approach to delay the onset of the histopathologies
associated with DMD patients.

MATERIALS AND METHODS

Animals

dKO mice were generated by crossing (utr+/—; dys —/—) mice,
which were obtained by crossing utr—/— and mdx mice (50) in
our lab (42,72). WT mice (C57BL/10J) were ordered from
Jackson Laboratories. All animal protocols used for these experi-
ments were approved by the University of Pittsburgh’s Animal
Care and Use Committee.

Isolation of MDSCs from WT, mdx and dKO mice

The mice were sacrificed at 5 days and 6—8 weeks of age, and
MDSC isolation was performed as previously described via a
modified preplate technique (73,74). Briefly, the skeletal muscle
tissue was minced and processed through a series of enzymatic dis-
sociations: 0.2% of collagenase type XI (C7657, Sigma-Aldrich)
for 1h, 2.4 units/ml of dispase (17105-041, Invitrogen) for
45 min and 0.1% of trypsin—EDTA (15400-054, Invitrogen) for
30 min at 37°C. After enzymatic dissociation, the muscle cells
were centrifuged and resuspended in proliferation medium
(Dulbecco’s modified Eagle’s medium (DMEM, 11995-073,
Invitrogen) supplemented with 10% fetal bovine serum (FBS,
10437-028, Invitrogen), 10% horse serum (HS, 26050-088, Invi-
trogen), 0.5% chicken embryo extract (CEE, CE650T-10, Accur-
ate Chemical Co.) and 1% penicillin-streptomycin (15140-122,
Invitrogen). The cells were then plated on collagen type I
(C9791, Sigma-Aldrich) coated flasks. Different populations
of muscle-derived cells were isolated based on their variable
adhesion characteristics. After 7 days, late preplate populations
(slow-adhering cells), which have previously been described to
contain the MDSC fraction of cells, were obtained and cultured
in proliferation medium (29).



Flow cytometry and cell sorting analyses

Fluorescence-activated cell sorting (FACS Aria II SORP; BD)
was used to analyze the expression of CD34, Sca-1 (stem cell
antigen-1) and CD45. Mice were sacrificed at 5 days and 6—8
weeks of age, and muscle cell isolation was performed as
described above, using the modified preplate technique (73,74).
After enzymatic dissociation, the muscle cells were centrifuged,
resuspended in proliferation medium and then plated on collagen
type I coated flasks. After 24 h, the floating cells, which contain
the myogenic progenitor cells, were collected, centrifuged,
washed with PBS containing 2% FBS and counted. The cell sus-
pension was divided into equal aliquots and centrifuged, and then
placed onice and resuspended ina 1 : 10 dilution of mouse serum
(M5905, Sigma-Aldrich) in PBS. The suspensions were incubated
for 10 min. FITC-conjugated rat anti-CD34 (553733, BD),
PE-conjugated rat anti-Sca-1(553108, BD) and APC-conjugated
rat anti-CD45 (729744, Invitrogen) were added to each tube and
incubated for an additional 30 min. Just before analysis, propi-
dium iodide (PI, 556463, BD) was added to each tube for dead
cell exclusion and live cell events were collected and analyzed.
CD34+/Sca-1—/CD45— cells were sorted after analysis. A
single color antibody was used to optimize fluorescence compen-
sation settings for multicolor analyses and sorts.

Single-fiber isolation

dKO and mdx mice were sacrificed at 6—8 weeks of age, and the
extensor digitorum longus (EDL) muscles were isolated and
incubated in a solution of 0.2% collagenase type I (C5894,
Sigma-Aldrich) for 50 min at 35°C while shaking at 40 rpm.
When the muscles were sufficiently digested, they were tritu-
rated with heat polished glass pipettes to liberate single fibers.
The muscle fibers were then transferred to a matrigel-coated
(354234, Fisher) 24-well plate with proliferation medium (one
fiber/well). The proliferative potential of MPCs derived from
myofibers was analyzed after 4 days of culture by manually
counting the number of desmin-positive cells that migrated
from the isolated myofiber (number of MPCs per field of view
per fiber).

In vitro assessment of cell proliferation

To compare the proliferative potential of the dKO MDSCs with
that of WT and mdx MDSCs, we used a previously described
Live Cell Imaging system (LCI) (Kairos Instruments LLC)
(58,75). Bright field images were taken at 100 x magnification
at 10 min intervals over a 72-hour period in three fields of
view per well, with three wells per population. Proliferation
was assessed by manually counting the number of cells per
field of view over 60 h.

Myogenic differentiation assay and fast myosin
heavy chain staining

The cells were plated on 24-well plates (30 000 cells/well) in
DMEM supplemented with 2% FBS to stimulate myotube for-
mation. Three days after plating, immunocytochemical staining
for fast myosin heavy chain (MyHCYf) was performed. After
rinsing two times with PBS, cells were fixed for 5 min in cold
methanol (—20°C), blocked with 10% horse serum (S2000,
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Vector) for 1 h and then incubated with a mouse anti-MyHCf
(M4276, 1:250; Sigma-Aldrich) antibody for 2 h at RT. The
primary antibody was detected with an Alexa 594-conjugated
antimouse IgG antibody (A21203, 1:500; molecular probes)
for 30 min. The nuclei were revealed by 4,6-diamidino-
2-phenylindole (DAPI, D9542, 100 ng/ml, Sigma-Aldrich) stain-
ing. The percentage of differentiated myotubes was quantified as
the number of nuclei in MyHCf-positive myotubes relative to the
total number of nuclei. This method was also used for analyzing
myotube formation from single muscle fibers.

Survival analyses of MDSCs

Cells were exposed to oxidative stress by treatment with 400 M
hydrogen peroxide. In order to visualize cell death, the DNA-
binding dye propidium iodide (PI) was added to the culture
medium according to the manufacturer’s protocol (BD Bio-
science). Using the LCI system described above, 100 x bright
field and fluorescence images were taken at 10 min intervals
over 24 h. Identifying the number of PI+ cells per field of
view out of the total cell number determined the percentage of
cell death over time.

Histochemistry and immunocytochemistry

Invitro: MPCs migrating off of single myofibers were stained for
the myogenic marker desmin at 96 h after the fibers attached to
the matrigel-coated (354234, Fisher) 24-well plates. The myofi-
bers and cells were fixed in 5% formalin for 5 min and blocked
with 10% donkey serum (017-000-121, Jackson ImmunoRe-
search) in PBS for 1 h at room temperature (RT). The fibers
were incubated with rabbit antidesmin (D8281, 1:200;
Sigma-Aldrich) for 3 h at RT, followed by PBS washes and incu-
bation with a secondary antibody, donkey anti-rabbit IgG conju-
gated with Alexa Fluor488 (A21206, 1 : 500, molecular probes),
for 30 min. Nuclei were revealed with DAPI staining. Following
desmin staining, the total number of desmin-positive cells that
migrated from each of the myofibers was counted manually.

In vivo: muscle samples from 5-day-old, 4- to 8-week-old and
24-month-old mice were frozen in 2-methylbutane precooled in
liquid nitrogen and stored at —80°C. H&E, alizarin red and tri-
chrome staining were performed on 10 micrometer cryosections
from the gastrocnemius and diaphragm, according to the manu-
facturer’s instructions. Cryosections from the gastrocnemius
and diaphragm were also fixed ina 1 : 1 cold (-20°C) acetone/
methanol mixture for 5 min and preincubated in 10% donkey
serum (017-000-121, Jackson ImmunoResearch) in PBS for 1
h at RT. Primary antibodies and their dilutions in PBS are
listed below: rat anti-F4/80 (MCA497R, 1:500; Secrotec),
rabbit anti-FGF (500-P152, 1:200; PeproTech) and rat anti-
mouse IgG (BA-2000, 1:300; Vector). Fixed tissue sections
were incubated with the primary antibodies for 3 h at RT, fol-
lowed by PBS washes and incubation with secondary antibodies,
Alexa594-conjugated donkey antirat IgG (A21209, 1 : 500; Mo-
lecular probes), Alexa594-conjugated donkey anti-rabbit IgG
(A21207, 1 : 500; Molecular probes) and Alexa594-conjugated
streptavidin (S-32356, 1 : 500; Molecular probes) for 30 min at
RT. AMOM kit (Vector, Inc.) was used for Pax7 and embryonic
myosin heavy chain (eMyHC) staining following the manufac-
turers protocol. The Pax7 and eMyHC primary abs and their
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Table 1. Primers used for real-time PCR

Gene Forward primers Reverse primers Location
Pax7 GTGCCCTCAGTGAGTTCGAT CCACATCTGAGCCCTCATCC 499-667
FGF2 GGCTGCTGGCTTCTAAGTGT GTCCCGTTTTGGATCCGAGT 463-615
eMyHC GGAGGCTGATGAACAAGCCA GCTAGAGGTGAAGTCACGGG 5696—-5897
F4/80 CGGGGCTATGGGATGCATAA TCAGCAACCTCGTGTCCTTG 2375-2564
B-Actin TCAGAAGGACTCCTATGTGG TCTTTGATGTCACGCACGAT 234-722

PBS dilutions are listed below: mouse anti-eMyHC (F1.652C, 1 :
50; Developmental Studies Hybridoma Bank) and mouse
anti-Pax7 (1 : 100, Developmental Studies Hybridoma Bank).
Cy3-streptavidin (GEPA43001, 1:500, Sigma-Aldrich) was
added to act as the tertiary antibody, and the nuclei were
stained with DAPI. All the stained sections were visualized on
aNikon Eclipse E800 fluorescence microscope. Tenrandom pic-
tures per slide were taken and the number of Pax7+ cells and
eMyHC+ myofibers were counted manually. F4/80+ macro-
phage infiltration areas, mouse IgG+ necrotic fibers and
collage +fibrotic areas were measured and quantified [positive
area per total muscle area (%)] using Northern Eclipse software.

Adipogenesis assay

Atotal of 60 000 MDSCs were cultured on 24-well collagen type
I-coated plates for 21 days in adipogenic differentiation medium
(PT-3004, Lonza). At 100% confluence, three cycles of induc-
tion/maintenance medium stimulated optimal adipogenic differ-
entiation. Each cycle consisted of feeding the MDSCs with
supplemented adipogenesis induction medium and cultured for
3 days followed by 1-3 days of culture in supplemented adipo-
genic maintenance medium. Then, MDSCs were tested for adi-
pogenesis with AdipoRed reagent (NC9049267, 30 wl/ml,
Fisher) following the manufacturer’s protocols.

Osteogenesis assay

A total of 50000 cells were cultured in osteogenic medium,
control medium supplemented with dexamethasone (D2915,
0.1 pM, Sigma-Aldrich), ascorbic-acid-2-phosphate (A8960,
50 pg/ml, Sigma-Aldrich) and 10 mm B-glycerophosphate
(BMP2, G6251, 100 ng/ml, Sigma-Aldrich). Cells were
stained for calcium deposition (Alizarin Red) after 7 and
10 days of culture, respectively.

Chondrogenesis assay

MDSCs were centrifuged into pellets (250 000 cells/pellet) and
cultured for 4 weeks in chondrogenic induction media (PT3003,
200 pl/pellet, Lonza) supplemented with 100 ng/ml BMP2 and
20 ng/ml TGFB3 (PHGY9305, 20 ng/ml, Invitrogen). Pellets were
frozen in embedding medium and cryosectioned. The sections
were then stained with alcian blue to confirm chondrogenesis.
To further confirm the pellet chondrogenecity, a GAG assay
was performed to verify the presence of proteoglycans.

Real-time PCR

Total RNA from muscle tissue of 4- to 8-week-old mice was iso-
lated using TRizol reagent (Invitrogen) and reverse transcribed

using a Maxima first strand cDNA synthesis kit (Fermentas)
according to the manufacturer’s protocol. Real-time PCR was
carried out using the Maxima SYBR® Green Assay kit (Fermen-
tas) using an iQ5 thermocycler (Biorad). Primers were designed
using PRIMER-Blast (NCBI) and can be found in Table 1. All
the quantitative PCR results were normalized relative to B-actin.

Detection of telomerase activity in MDSCs

Telomerase activity in MDSCs was detected with a TeloTAGGG
Telomerase PCR ELISA kit (11854666910, Roche) according the
manufacturer’s instructions. Briefly, MDSCs from 4-week-old
mdx and dKO mice were processed with the lysis reagent provided
in the kit to prepare cell extracts. Cell extracts were then used to
conduct the telomeric repeat amplification protocol (TRAP reac-
tion), generating PCR products with telomerase-specific six nu-
cleotide increments (TTAGGG). The resulting quantity of PCR
products depends on the telomerase activity in the cell extracts.
The PCR products were then denatured and hybridized to a
digoxigenin-(DIG)-labeled, telomeric repeat-specific detection
probe. The PCR products were then detected using an antibody
against digoxigenin (anti-DIG-POD). The signal intensity of the
antibody was then read with an ELISA plate reader (Infinite
M200, TECAN, Inc.).

Skeletal muscle functional measurements

Six- to eight-week-old animals were anesthetized with 2—3%
isoflurane and maintained in a surgical plane during the proced-
ure with 1.5% isoflurane. The lower hind limbs were shaved and
the animals were placed on an in sifu muscle physiology test
apparatus (Model 806-B, Aurora Scientific) with only the right
hind limb being tested. The animal was laid in a supine position
and the foot was secured to the force plate with adhesive tape.
The knee was positioned and secured at 90° of flexion and the
ankle was at 0° of flexion. Twenty-seven gauge needle electrodes
were placed intramuscularly into the tibialis anterior. Force—
frequency curves were generated by stimulating the muscles
with 9 V at varying frequencies from 1 Hz up to 200 Hz with
a 2 min rest between each of the frequency stimulations. Data
were recorded and analyzed with the DMC software (Aurora
Scientific).

Statistical analysis

All results are given as the mean + standard deviation (SD).
Means from dKO, mdx and WT mice were compared using
Student’s #-test. Differences were considered statistically sig-
nificant when the P-value was < 0.05.
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