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Fig. 2 - Structure of RNA, 2’-0-MeAO, and PMO. B: bases (adenine, cytosine, guanine, and thymine).

morpholinos are reported to be more effective than native PMOs in
inducing exon skipping in cardiac muscle after intravascular
injection. But there are potential concerns that PPMOs might elicit
an immune response or have toxicity compared with PMOs due to
the protein moiety.

Skipping multiple exons

If fully approved, AVI-4658 and PROO051, both of which target
dystrophin exon 51, will be able to treat 13% of DMD patients. To
treat more patients, elimination of two or more exons from the
final mRNA is required. Theoretically, multiexon skipping using a
cocktail of AOs can restore the reading frame of the DMD gene in
more than 83% of the all DMD patients. Double-exon skipping
using AOs has been shown to be feasible in patient-derived cells
|46], mouse models, and dystrophic dogs [37]. On the other hand,
the efficiency of multiexon skipping is much lower than expected
[47]. This is presumably because partial exon skipping results in
out-of-frame transcripts. It will be some time before multiple-exon
skipping is applied to DMD patients.

Ongoing clinical trials of exon skipping

Clinical trials using intramuscular administration of 51 AOs, PRO051
(2'-0-Me AO), and AV1-4658 (PMO) have been performed in Europe
by Prosensa and AVI BioPharma respectively. PRO051 and AVI-4658
were both designed to induce exon 51 skipping in the DMD gene and,
therefore, can treat DMD patients with deletions such as 45-50, 47-
50, 48-50, 49-50, 50, or 52. AVI BioPharma reported the initial data of
systemic treatment with AVI-4658 (a phase 1b/2 clinical study) in the
United Kingdom, which resulted in the successful restoration of
dystrophin in the 2-mg/kg dose cohort (http://www.avibio.com/).
AVI-4658 is well tolerated and so far has caused no serious side effects
in treated patients. A phase 1/2 dose-ranging safety study using
PRO051 was performed on 12 patients at two European clinical
centers. The study demonstrated that PRO051 was also well tolerated
up to 6 mg/kg and that novel dystrophin expression was detected in
the patients in response to injections above 0.5 mg/kg [48] (also refer
to http://prosensa.eu/technology-and-products/Pipeline/PRO-051.
php or http://www.parentproject.org.au/html/s02_article/article_
view.asp?art_id=679&nav_catid=214&nav_top_id=78).

However, the consequences of long-term administration of
both AOs should be carefully examined because AOs have a
transient effect and must be readministered to sustain the effect.

Conclusions

Development of gene therapy for DMD has long been a challenge, but
recent strategies, such as AAV-8 or AAV-9-mediated systemic
delivery of microdystrophin and exon skipping, hold great potential.
AO0-induced exon skipping is a mutation-specific approach. Both the
mutation and splicing patterns of dystrophin mRNA must be
examined individually, and the AO sequences used would differ
from patient to patient. One concern is that the efficacy and safety of
each variation must be tested on the same backbone, requiring more
time to get approval from the regulatory authorities.

Although AO-mediated exon skipping has shown promising
results, the authors predict that a combination of exon skipping
and other therapeutic approaches, such as viral vector-mediated
gene transfer, stem cell-based therapy, or additional strategies of
enhancing muscle regeneration, will become the standard ap-
proach for future DMD therapy.
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proliferation and promoted differentiation of satellite cells. In addition, Six4 and Six5 repressed,
while Six1 activated myogenin expression, suggesting that the differential regulation of myogenin
expression is responsible for the differential effects of Six genes. The results indicated the
involvement of Six genes in the behavior of satellite cells and identified Six genes as potential
target for manipulation of proliferation and differentiation of muscle satellite cells for therapeutic
applications.
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differentiate and then regenerate myofibers by fusing with each
other or with residual fibers. The recent discovery of specific
markers for muscle satellite cells, including Pax7, M-cadherin,
MyoD and myogenin, has allowed the identification of the status of
these cells [2]. Pax7 and M-cadherin is expressed in quiescent

Introduction

Muscle satellite cells are tissue-specific stem cells that reside
beneath the basal lamina surrounding the myofibers of mature
adult skeletal muscles and play a major role in post-natal muscle

growth and regeneration [1, for review see 2]. In the intact adult
muscles, satellite cells are mitotically quiescent, while in the
injured or damaged muscle, they are activated to proliferate,

satellite cells, while MyoD is rapidly induced during activation of
satellite cells [3]. The Pax7- and MyoD-double-positive cells are
regarded as transit amplifying cells and future myoblasts [3]. It is

* Corresponding author. Division of Biology, Center for Molecular Medicine, Jichi Medical University, 3311-1, Yakushiji, Shimotsuke, Tochigi, 329-

0498, Japan. Fax: + 81 285 44 5476.
E-mail address: kkawakam@jichi.ac.jp (K. Kawakami).

0014-4827/$ - see front matter © 2010 Elsevier Inc. All rights reserved.

doi:10.1016/j.yexcr.2010.08.001

— 100—



EXPERIMENTAL CELLRESEARCH 316 (2010} 2932-2944

2933

noted that some transit amplifying cells become MyoD-negative,
and those are thought to re-enter the quiescent state [3]. The
expression of Pax7 is down-regulated before commitment to
terminal differentiation. Despite such progress in our understand-
ing of the lineage and behavior of muscle satellite cells, there are
other areas that remain poorly understood; for example, the exact
mechanism that orchestrates the proliferation and differentiation
of these cells.

Recently, we developed a new and efficient method to isolate
quiescent satellite cells using monoclonal antibody SM/C-2.6 [4].
SM/C-2.6-positive cells co-express M-cadherin and become
MyoD-positive in growth media. They are differentiated into
desmin- and MyoD-positive myofibers under differentiation
conditions. In the same study, we showed that the sorted muscle
satellite cells differentiated into muscle fibers following their
injection into mdx mouse muscles [4]. Furthermore, genome-wide
gene expression analysis using the isolated cells allowed the
identification of a quiescent cell-specific marker, calcitonin
receptor (CTR), implicating the involvement of calcitonin/CTR
signaling in the activation of satellite cells [5]. Thus, the SM/C-2.6-
positive satellite cells are useful tool for investigating the
mechanism of regulation of proliferation and differentiation in
vitro and allow us to gain a better understanding of the role of
satellite cells during muscle regeneration, compared to the use of
cell lines such as C2C12 and MM14 cells.

The Six genes have been identified as homologues of Drosophila
sine oculis, which is crucial for compound-eye formation [6,7]. The
mammalian Six gene family consists of six members, Six1 to Six6
[8]. During development, Six1 and Six4 play important roles in the
formation of various organs, such as olfactory epithelium, cranial
ganglia, inner ear, kidney, skeletal muscle and skeleton [9-20}.
During skeletal muscle development, Six! and Six4 are expressed
in the somite and migrating myoblasts and play important roles in
myogenesis [21-23). Another member of the Six gene family, Six5,
is expressed in the somite and adult skeletal muscles [22,24,25].
Genetic ablation of both Six1 and Six4 results in gross muscle
hypoplasia [21]. Limb muscles derived from hypaxial progenitors
disappear, as a result of aberrant migration and apoptosis of
myoblasts, which are caused by down-regulation of Pax3. Epaxial
and other hypaxial muscles are impaired through severely
compromised expression of myogenic regulatory factors (MRF)
genes, Mrf4 and myogenin, within the myotome [21]. Expression
of myogenin is thought to be directly controlled by Six1, Six4 and
Six5 via MEF3 sites in vivo [26] and in cultured cells [27]. Moreover,
Six1 and Six4 are necessary for the induction of the fast-type-
muscle program during myogenesis [23] and are involved in the
assignment of the fast/ glycolytic character of the myofiber in adult
skeletal muscles [22]. However, there is virtually no information
on the role of Six1, Six4 and Six5 in muscle regeneration, especially
in the proliferation and differentiation of muscle satellite cells.

In the present study, we analyzed the expression of Six1, Six4
and Six5 in adult skeletal muscles during regeneration and in
satellite cells in vivo and in culture, We examined the effects of
overexpression and knockdown of Six genes on the proliferation
and differentiation of isolated satellite cells in vitro. Finally, the
proliferation and differentiation of muscle satellite cells isolated
from Six4- and Six5-deficient mice were compared to those of
wild-type mice. The results demonstrated the involvement of Six
genes in the regulation of proliferation and differentiation of
muscle satellite cells.

Results

Induction of expression of Six proteins during regeneration
of adult skeletal muscle

To investigate the expression of Six genes during skeletal muscle
regeneration, we induced muscle damage by injecting cardiotexin
into the tibialis anterior (TA) muscles of 8- to 12-week-old wild-
type mice. Three days after the injection, transverse sections of TA
muscles were prepared from the injected as well as intact mice and
mapped the distribution of Six proteins by immunofluorescence
using specific antibodies to Six1 and Six4 [10,18]. In the intact non-
injected TA muscles, a considerable number of muscle nuclei was
positive for Six1 (Fig. 1A). The Six1-positive nuclei were located
inside the muscle basal laminae, which were visualized by
immunofluorescence using anti-laminin antibody (Figs. 1B
and C). This indicates that the nuclei of the myofibers are positive
for Six1 in the adult skeletal muscle. Most of the Six1-positive
nuclei were also positive for Six4 (Figs. 1D-F). In the regenerating
TA muscle, the number of cells positive for Six1 was far greater
than that of control TA muscle (Fig. 11, compare to 1A). The Six1-
positive cells in the regenerating TA muscle were located inside
and outside the basal laminae (Figs. 1) and K). As observed in the
control TA muscles, most of the cells positive for Six1 were also
positive for Six4 in the regenerating TA muscle (Figs. 1L-N). It was
noted that the relative intensities of immunofluorescent signals for
Six1 and Six4 were more variable in the regenerating muscle
(Fig. 1N), compared to those in the intact muscle (Fig. 1F). To
determine the type of cells positive for Six1 and Six4, we examined
the expression of MyoD, a marker of proliferating myogenic
precursor cells and postmitotic myocytes in the regenerating
muscle [28-30]. Triple immunofluorescence using anti-Six1, anti-
Six4 and anti-MyoD antibodies revealed that most of the
immunofluorescent signals of Six1 and Six4 were colocalized
with that of MyoD (Figs. 10 and P). As shown in Fig, 1Q, 90.1¢
0.42% of Six1-positive cells and 91.7 £ 1.06% of Six4-positive cells
were colocalized with MyoD. Moreover, remarkable amounts of
Six1 and Six4 immunofluorescent signals were positive for Ki67, a
marker of proliferating cells, suggesting that substantial popula-
tions of Six1- and Six4-positive cells were mitotic (Figs. 1R-T, data
not shown). Colocalization of Six1 and Six4 with MyoD was not
observed in the contro! skeletal muscle (Figs. 1G and H). These
findings indicate that (i) Six1 and Six4 are expressed both in
normal and regenerating muscles and (ii) the number of cells
positive for Six1 and Six4 tobustly increases during regeneration of
adult skeletal muscle and many of them are proliferating myogenic
Precursors.

Expression of Six proteins in muscle satellite cells

In the adult skeletal muscle, typical quiescent satellite cells can be
recognized as mononuclear cells beneath the basal lamina, and
these cells are positive for both Pax7 and M-cadherin [30-32]. To
determine whether Six proteins are expressed in quiescent muscle
satellite cells, we performed immunofluorescence studies for Six1,
Pax7 and M-cadherin. Immunofluorescent signals of Pax7 (Fig. 2A)
and M-cadherin (Fig. 2B) were observed in the menonuclear cells
of adult TA muscle (Figs. 2A, B and E, arrowheads and insets), Six1
immunofluorescence signal was also observed in these cells
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Fig. 1 - Expression of Six1 and Six4 in regenerating skeletal muscles of adult mice. (A-C) Cross-sections of intact TA muscle of
8-week-old mouse were stained with antibodies to Six1 (green) and laminin (red). Nuclei were stained with DAPI (blue). Note the
subset of nuclei beneath the laminin layer is positive for Six1. (D-H) Immunofluorescence of cross-sections of TA muscle
immunostained with antibodies for Six1 (green), Six4 (red) and MyoD (blue). Merged figures are shown in panels F and G. Most
Six1-positive nuclei were positive for Six4 (E and F). MyoD was not detected in the adult TA muscle (H). (I-K) Cross-sections of
regenerating TA muscle 3 days after cardiotoxin injection were co-immunostained with antibodies to Six1 (green) and laminin
(red). Nuclei were stained with DAPI (blue). Note Six1-positive nuclei located inside and outside the laminin layer (J). (L-P)
Immunofluorescence of cross-sections of regenerating TA muscle immunostained with antibodies for Six1 (green), Six4 (red) and
MyoD (blue). Merged figures are shown in panels N and 0. The majority of Six1-positive nuclei are also positive for Six4. Most of
Six1- and Six4-positive nuclei are colocalized with MyoD. The percentages of MyoD-pesitive cells were quantified in (Q). Data are
mean & SEM. (R-T) Regenerating TA muscle immunostained with antibodies for Six1 (green) and Ki67 (red). A remarkable number
of Six1-positive nuclei is positive for mitotic marker, Ki67. Scale bar: 50 pm.

(Figs. 2C and D, arrowheads and insets). The expression of Six4
was also observed in the satellite cells positive for M-cadherin in
the adult TA muscle (Fig. 2F, thick arrow and inset). It is
noteworthy that some of the nuclei within the myofibers, which
were negative for Pax7 and M-cadherin, were positive for Six1 and
Six4 (Figs. 2C-F arrows, data not shown). Vice versa, some of the

Pax7 and M-cadherin-positive cells were negative for Six1 and
Six4 (data not shown).

To examine the expression of Six proteins in muscle satellite cells
during activation, proliferation and differentiation, we isolated and
cultured satellite cells from limb and back muscles of wild-type mice
by FACS technique using the monoclonal antibody SM/C-2.6 [4,5]
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Fig. 2 - Six1, Six4 and Six5 are expressed in muscle satellite cells. (A-F) Cross-sections of TA muscle of 8-week-old mouse were
jmmunostained with antibodies to Pax7 (red in A), M-cadherin (blue in B) and Six1 (green in C). Merged figures are shown in (D).
The position of nuclei was visualized with DAPI, as shown in panel E. Satellite cells were labeled with the co-immunofluorescence of
both Pax7 and M-cadherin (arrowheads). A subset of Six1-positive cells was satellite cells (C and D). A subset of Six4-positive cells
was also labeled with M-cadherin (thick arrow in F). Arrows indicate myonuclei positive for Six1 or Six4 (C-F). Insets show close-up
of satellite cells (Iabeled by asterisk). (G-N) Immunofluorescence of SM/ C-2.6-positive satellite cells in the growth medium (G-J) or
in the differentiation medium (K-N) using antibodies to Six1 (G, H, K and L in green) and Six4 (I and M in red). Merged figures are
shown in panels ] and N. Differential interference contrast (DIC) image showed that the majority of satellite cells were mononuclear
fibroblastic cells in the growth medium (G) or formed multinucleated myotubes in the differentiation medium (K). Cultured
satellite cells were positive for both Six1 and Six4 (J and N). Scale bars: 20 pm (A-F), 5 pm (insets) and 100 pm (G-N). (0) Nuclear
(lane 1) and cytoplasmic (lane 2) extracts from SM/C-2.6-positive satellite cells were analyzed by western blotting with anti-Six5
antibody. For reference, nuclear (lane 3) and cytoplasmic (lane 4) extracts were also prepared from C2C12 cells and analyzed.
Arrowheads indicate the positions of the detected Six5 proteins. The position of molecular mass marker is shown on the right.

and used immunofluorescence staining to check for the presence of
Six1 and Six4. Six1 immunofluorescence was observed in virtually all
muscle satellite cells in the growth medium (Figs. 2G and H). Six4
immunofluorescence was also observed in these satellite cells
(Fig. 21). Although Six1 and Six4 were colocalized in almost all
satellite cells, the relative immunofluorescence intensity and
subcellular distribution of Six1 and Six4 varied among individual
cells (Fig. 2J). To examine whether Six1 and Six4 proteins are present
during differentiation, the isolated satellite cells were cultured in the
differentiation medium. Most of the satellite cells formed myotubes
within 24 hours (Fig. 2K). Myonuclei in the myotubes were positive
for Six1 (Figs. 2K and L) and Six4 (Fig. 2M), though the relative

immunofluorescence intensities varied among myonuclei (Fig. 2N),
as observed in the growth medium (Fig. 2)). We investigated the
presence of Six5 in satellite cells by western blotting (Fig. 20).
Nuclear and cytoplasmic extracts from muscle satellite cells cultured
in the growth medium were prepared and analyzed by western
blotting using anti-Six5 antibody. Six5 protein was detected in
nuclear extracts (Fig. 20 lane 1) but not in the cytoplasmic extracts
(Fig. 20 lane 2). Furthermore, Six5 protein was detected in nuclear
extracts only, but not cytoplasmic extracts, prepared from the control
C2C12 mouse myoblast cell (Fig. 20, lanes 3 and 4, respectively). These
results indicate the presence of Six proteins mainly in the nuclei of
quiescent, proliferating and differentiating muscle satellite cells.
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Overexpression of Six genes inhibits proliferation of muscle
satellite cells

Having shown that Six proteins are expressed in quiescent,
proliferating and differentiating muscle satellite cells, we next
investigated the effects of overexpression of Six1 as well as Six4
and Six5 in isolated muscle satellite cells. In these studies, a
retrovirus-mediated system [33] was used to overproduce Six1,
Six4 and Six5 proteins. Six proteins and EGFP were connected by
IRES. EGFP fluorescence was used to monitor cells transduced with
the recombinant retrovirus. Accumulation of Six1, Six4 and Six5
proteins was noted in the nuclei of EGFP-positive cells after
infection with a retrovirus harboring Six1, Six4 or Six5 cDNA,
respectively (Supplementary Fig. 1). The nuclear localization was
similar to the endogenous Six proteins both in vivo and in vitro
(Figs. 1 and 2).

To analyze the effects of overexpression of Six genes on cell
proliferation, we assessed the expression of proliferation markers,
phospho-histone H3 and Ki67, by immunofluorescence (Fig. 3).
Among the cells infected with the control retrovirus, a subset of
EGFP-expressing cells was positive for phospho-histone H3
(Fig. 3A, arrowheads). In contrast, the signal of phospho-histone
H3 was rarely observed in EGFP-positive cells infected with a
retrovirus harboring Six1, Six4 or Six5 cDNA (Figs. 3B-D).
Immunofluorescence of Ki67 was also observed in EGFP-positive
cells infected with the control virus (Fig. 3E, arrowheads), but
rarely in EGFP-positive cells infected with the retrovirus harboring
Six1, Six4 or Six5 cDNA (Figs. 3F-H). To quantify cell proliferation,
we determined the percentage of Ki67-positive cells among the
EGFP-positive cells (Fig. 31). The Ki67 index was 15.1+£2.2%
in control, but significantly reduced to 5.7 4+ 1.4%, 4.8 + 1.9% and
5.441.3% in cells infected with retrovirus harboring Six1, Six4 and
Six5, respectively, indicating that overproduction of these Six
proteins suppresses the proliferation of satellite cells.

pMXs-IG pMXs-IG-fSix1

B : C

p-Histone H3 i

Ki67 k!

pMXs-IG-fSix4 pMXs-IG-fSix5

Overexpression of Six1 promotes and excess Six4 and Six5
repress differentiation of muscle satellite cells

To investigate the effects of Six gene overexpression on the
differentiation of muscle satellite cells, these cells were cultures in
differentiation medium after retrovirus infection. EGFP signals
were detected in myotubes and scattered mononuclear cells in the
control experiment (Fig. 4A). Infection of the satellite cells with a
retrovirus harboring Six1 resulted in a considerable increase in the
size of EGFP-positive myotubes relative to the control (Fig. 4B). On
the other hand, many scattered single cells were positive for EGFP
and fewer myotubes were observed when the retrovirus harboring
Six4 or Six5 was used for infection (Figs. 4C and D). To assess cell
differentiation, the fusion index of EGFP-positive cells (see
Materials and methods) and the mean number of nuclei in
EGFP/skeletal muscle myosin-double positive cells were deter-
mined after viral infection (Figs. 4E and F). The fusion index was
63.9+3.62% in cells infected with the control retrovirus, and
significantly higher (82.3+2.39%) in cells infected with the
retrovirus harboring Six1 (Fig. 4E). In contrast, the index was
15.0+3.19% and 13.8+2.72% in Six4- and Six5-overexpressing
cells, respectively; the latter values were significantly lower than
the control. The mean number of nuclei in myosin-positive cells
was 2.30+0.20 when the control virus was used for infection
(Fig. 4F), but increased to 3.82+0.39 in cells infected with
retrovirus harboring Six1, and decreased to 1.18 £0.06 and 1.16
+0.05 by infection with retrovirus overexpressing Six4 and Six5,
respectively. These results indicate that overproduction of Six1
stimulates while that of Six4 or Six5 inhibits the differentiation of
muscle satellite cells in the differentiation medium.

To confirm the above effects of Six genes overexpression on
satellite cell differentiation, the fusion index of EGFP-positive cells
and the mean number of nuclei in myosin-positive cells were
determined in the growth medium (Fig. 4G and H). The fusion
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Ki67* EGFP* nuclei / total EGFP* nuclei
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pMXs-IG Six1 Six4 Six5

Fig. 3 - Overproduction of Six1, Six4 and Six5 interferes with proliferation of muscle satellite cells. Inmunofluorescence of satellite
cells infected with control retrovirus (A and E) or retrovirus harboring Six1 (B and F), Six4 (C and G) or Six5 (D and H) in the growth
medium using antibodies to phospho-histone H3 (A-D) or Ki67 (E-H), shown in red. Arrowheads point to EGFP-positive cells
immunostained with anti-phospho-histone H3 (A) or anti-Ki67 (E) antibodies. Scale bar: 50 pm. (I) The percentages of Ki67-positive
nuclei among EGFP-positive cells infected with control retrovirus (pMXs-IG) and retrovirus harboring Six1 (Six1), Six4 (Six4) or Six5
(Six5) were calculated. Data are mean + SEM of three independent cell isolates. *p<0.001, compared with pMXs-IG.
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Fig. 4 - Effects of overproduction of Six1, Six4 and Six5 on differentiation of muscle satellite cells. Representative images of
EGFP-positive cells infected with control retrovirus (A) and retrovirus harboring Six1 (B), Six4 (C) or Six5 (D) in the differentiation
medium. Nuclei were stained with DAPI (blue). Scale bar: 100 pm. The percentage of nuclei within myotubes (fusion index) was
calculated among the EGFP-positive cells (E and G) and the number of nuclei in EGFP and skeletal muscle myosin-double positive
cells was counted and averaged (F and H) in the differentiation medium or growth medium, respectively, following infection with
control retrovirus (pMXs-IG) or retrovirus harboring Six1 (Six1), Six4 (Six4) or Six5 (Six5). Data are mean + SEM of three

independent cell isolates. *p<0.001, compared with pMXs-IG.

index was 37.2 % 3.73% and the mean number of nuclei in myosin-
positive cells was 1.48 £0.10 in cells infected with the control
retrovirus (Figs. 4G and H, pMXs-IG). These observations clearly
indicate that differentiation occurs in a subset of satellite cells even
in the growth medium, although the extent of differentiation is
lower than that in the differentiation medium. Infection with a
retrovirus harboring Six1 increased the fusion index to 57.3 +
5.35% as well as the mean number of nuclei in myosin-positive
cells to 2.724+0.45. On the other hand, in cells infected with
retrovirus harboring Six4 or Six5, the fusion index and mean
number of nuclei in myosin-positive cells were reduced to 13.3 +
2.93% or 7.57 +1.77% and 1.1440.04 or 1.07 4 0.02, respectively
(Figs. 4G and H). These results indicate that even in the growth
medium, overproduction of Six1 promotes differentiation, where-
as overproduction of Six4 or Six5 represses differentiation of
muscle satellite cells.

Overproduction of Six4 or Six5 inhibits differentiation of
satellite cells by down-regulation of myogenin expression

To determine the mechanism of Six1-induced enhancement and
Six4-/Six5-induced inhibition of differentiation of satellite cells,

we investigated the expression of key regulators of muscle
differentiation and regeneration (Fig. 5).

Myogenin is expressed in myoblasts and plays an important role
in muscle development [34,35] and its expression is positively
controlled by Six genes [21,26,27]. The percentage of myogenin-
positive cells in EGFP-positive satellite cells infected with the control
retrovirus was 18.9+ 1.68% (Figs. 5A, E, arrows and Q). Over-
expression of Six1 significantly increased the number of myogenin-
positive cells to 27.543.33% of EGFP-positive cells (Figs. 5B, F,
arrows and Q). In contrast, the percentages of myogenin-positive
cells were significantly reduced to 4.184-1.71% and 249+ 1.11% in
satellite cells infected with the retrovirus harboring Six4 and Six5,
respectively (Figs. 5C, D, G, H, arrowheads and Q). These data suggest
that misexpression of Six] promotes the expression of myogenin,
whereas overexpression of Six4 and Six5 results in down-regulation
of myogenin.

To investigate the effects of overproduction of Six proteins on the
activation of muscle satellite cells, we analyzed the expression of
MyoD and Pax7. Damage or injury of the skeletal muscle activates
quiescent satellite cells as evident by coexpression of MyoD and Pax7
[3]. Following the induction of MyoD and Pax7 expression, most
satellite cells undergo proliferation. Infection of satellite cells with the
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Fig. 5 - Effects of overproduction of Six proteins on the expression of myogenin and MyoD in muscle satellite cells.
Immunofluorescence of satellite cells infected with control retrovirus (A, E, I and M) or retrovirus harboring Six1 (B, F, ] and N), Six4
(C, G, Kand 0) or Six5 (D, H, L and P) in growth medium using antibodies to myogenin (A-H in red) and MyoD (I-P in red). Arrows
show colocalization of myogenin, MyoD and EGFP. Arrowheads point to weak signals of myogenin immunofluorescence in MyoD
and EGFP-positive cells. Scale bar: 100 pm. The percentages of myogenin- and MyoD-positive cells were calculated among the
EGFP-positive cells (Q and R). Data are mean + SEM calculated from three similar results obtained from two independent cell

isolates. *p<0.05, compared with pMXs-IG.

control retrovirus resulted in the appearance of MyoD immunoflu-
orescence in the nuclei of 53.9 4 5.04% of EGFP-positive cells (Figs. 51,
M, arrows and R). The percentages of MyoD-positive cells increased
significantly to 72.2 4-3.95% with retrovirus harboring Six1 (Figs. 5],
N, arrows and R), but only to 61.8+6.45% and 50.04-2.97% with
retroviruses harboring Six4 and Six5, respectively, which were not

statistically different from that of the control (Figs. 5K, L, O, P,
arrowheads and R). Cultured muscle satellite cells also expressed
Pax7 (data not shown). The percentages of Pax7-positive cells were
not apparently altered by the infections of retroviruses harboring any
of the Six genes, compared with the control retrovirus (data not
shown). The above results indicate that overexpression of Six4 and
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Six5 results in down-regulation of myogenin, without altering MyoD
and Pax7 expression, suggesting that overproduction of Six4 or Six5
negatively regulates the differentiation of satellite cells by repressing
the expression of myogenin, while they do not affect the activation of
these cells.

Six5 knockdown promotes proliferation of muscle satellite
cells

We also examined the functions of Six genes using the Stealth
small interfering RNA (siRNA)-mediated knockdown approach.
The knockdown efficiency of each siRNA against individual Six
genes, Six1, Six4 and Six5, was validated in C2C12 cell line
(Supplementary Fig. 2). In muscle satellite cells derived from the
extensor digitorum longus (EDL) of 8- to 12-week-old wild-type
mice, the endogenous level of Six proteins was not affected by the
transfection of negative control siRNA (Fig. 6A, data not shown).
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The use of Six1 siRNA, Six4 siRNA and Six5 siRNA reduced Six1,
Six4 and Six5 protein levels to around 25%, 25% and 40%,
respectively, compared to the negative control, when assayed
48 hours after transfection (Fig. 6A).

To investigate the roles of Six genes in the proliferation of muscle
satellite cells, cell number was counted at 48 hours after transfection
of each siRNA and compared to the number of muscle satellite cells
transfected with negative control siRNA (Fig. 6B). Six1 siRNA and
Six4 siRNA did not significantly change the proportion of such cells
(1.33+0.56 and 0.87 4 0.12-fold, respectively). In contrast, trans-
fection of Six5 siRNA robustly increased the ratio to 5.4 4+ 0.71-fold.

To analyze whether knockdown of Six genes altered differen-
tiation properties of muscle satellite cells, we performed immu-
nofluorescence of skeletal muscle myosin to assess the extent of
muscle differentiation. Twelve hours after transfection of each
siRNA, the medium was replaced with the differentiation medium
and cells were incubated for additional 36 hours. The proportion of
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Fig. 6 - Effects of knockdown of Six1, Six4 and Six5 on proliferation and differentiation of satellite cells. (A) Immunofluorescence of
satellite cells transfected with negative control siRNA, Six1 siRNA, Six4 siRNA and Six5 siRNA in growth medium using antibodies to
Six1, Six4 and Six5 shown in green. Nuclei were stained with DAPI (blue). The intensity of immunofluorescence of typical result was
densitometrically analyzed and displayed in bar graphs. Data are mean + SEM. ‘p<0.01, compared with negative control siRNA.
Scale bar: 50 pm. Note no obvious increase in picnotic nuclei stained with DAPI in the siRNA-transfected cells, suggesting the
marginal cytotoxicity caused by Stealth siRNA. (B) Forty-eight hours after transfection of siRNAs, the cell numbers transfected with
Six1 siRNA, Six4 siRNA and Six5 siRNA were counted and normalized by that of negative control siRNA. Data are mean 4- SEM of three
independent cell isolates. *p = 0.004, compared with negative control siRNA. (C) Satellite cells were transfected with siRNAs and
cultured in differentiation medium. The percentage of skeletal muscle myosin-positive cells among total cells treated with Six1
siRNA, Six4 siRNA and Six5 siRNA was determined and expressed relative to that of negative control siRNA. Data are mean + SEM of
four independent cell isolates. *p= 0.01, compared with the negative control siRNA.
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skeletal muscle myosin-positive cells among total cells was
determined and normalized by that of muscle satellite cells
transfected with negative control siRNA (Fig. 6C). The relative
ratios of skeletal muscle myosin-positive cells were reduced to
0.81+0.10, 0.61 4+ 0.11and 0.79 + 0.16-fold by the transfection of
Six1 siRNA, Six4 siRNA and Six5 siRNA, respectively. However, only
the reduction provided by Six4 siRNA was statistically significant.
These results indicate that Six5 regulates the proliferation of
muscle satellite cells while Six4 plays a role in the differentiation of
these cells.

Altered proliferation of muscle satellite cells in
Six4™/=Six5~/~ mice

We further analyzed the roles of Six genes in the proliferation and
differentiation of muscle satellite cells by characterizing these cellsin
Six gene-deficient mice. Such analysis would corroborate the data
obtained from siRNA-mediated knockdown experiments. However,
among the knockout mice of Six genes, Six1~/~ mice die immedi-
ately after birth [11] and it is impossible to analyze satellite cells
derived from adult skeletal muscles, Since Six4~/~ and Six5~/~ mice
are viable and do not show apparent muscle phenotypes [16,24,36]
(and data not shown), we intercrossed Six4*/~Six5*/~ mice to
obtain adult with the smallest dosage of Six genes. All Six4—/~Six5~/~
mice were never born and Six4~/~Six5*/~ mice were rarely born
in less than Mendelian ratio (data not shown). On the other hand,
Six4™/~Six5~/~ mice were viable and did not show obvious
phenotype in adult skeletal muscles (data not shown). Thus, we
were able to evaluate the behavior of satellite cells with the
smallest dosage of Six genes in Six4 ™/ ~Six5~/~ mice.
SM/C-2.6-positive cells were isolated from limb and back
muscles of 8- to 12-week-old Six4*/~Six5~/~ mice and their
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proliferation and differentiation were compared with those of age-
matched wild-type mice (Fig. 7). The total number of muscle
satellite cells isolated from Six4*/~Six5~/~ mice was not signif-
icantly different from those of wild-type mice (data not shown).
The isolated satellite cells were plated at two different densities,
6.5x10% and 1.3x10* cells/cm? (Fig. 7A plating) and cultured in
the growth medium. The cells were harvested and counted
every day for 4 days after plating. One day after plating at low
density (6.5 x 10° cells/cm?), the cell density of satellite cells from
Six4™"/~Six5~/~ mice was significantly higher than that from wild-
type mice (Fig. 7A day 1, solid circles). From day 1 to day 4, the
density of satellite cells from Six4*/~Six5~/~ was consistently
higher than that from wild-type (Fig. 7A day 1-day 4, solid
circles). When the culture contained a higher density of these
cells (1.3x10* cells/cm?), the density of satellite cells from
Six4*/~Six57/~ was also consistently higher than that from
wild-type after plating (Fig. 7A day 1-day 4, solid squares).
Although the satellite cells derived from both genotypes reached
a proliferation plateau at 3 days after plating, the cell density at
the plateau was also higher in the Six4*/~Six5~/~ mice than
in wild-type mice (Fig. 7A day 3-day 4, solid squares). Con-
sidered together, these results suggest that satellite cells from
Six4™/~Six5~/~ begin proliferation earlier and grow to a higher
cell density, compared to wild-type satellite cells. The possibil-
ities that the observed differences were due to the plating effi-
ciency of the cells or recovery from passage were not excluded.

To analyze whether muscle satellite cells from Six4™/—Six5~/~
mice have altered differentiation properties, the satellite cells from
wild-type and Six4*/~5Six5~/~ mice were cultured in the differ-
entiation medium at two different densities, 2x 104 and 4x 10*
cells/cm?. We performed immunofluorescence of skeletal muscle
myosin to estimate the extent of muscle differentiation. At plating
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Fig. 7 - Proliferation of muscle satellite cells from Six4*/~Six5~/~ and wild-type mice. (A) Isolated satellite cells were plated at two
different densities, 6.5x 10° (circles) and 1.3 x 10* (squares) cells/cm?. After plating, the cell densities of satellite cells from the
wild-type (gray symbols) and Six4*/~Six5~/~ (black symbols) mice were calculated at 1 day (day 1), 2 days (day 2), 3 days (day 3)
and 4 days (day 4) in the growth medium. Data are mean 3 SEM of three independent cell isolates. (B) Satellite cells from wild-type
(gray bars) and Six4™/~Six5~/~ (black bars) mice were plated at two different densities, 2x 10? (left side) and 4x 10? (right side)
cells/cm? Two hours later, the culture medium was replaced with the differentiation medium to induce differentiation of
myotubes. The percentage of nuclei of the satellite cells positive for skeletal muscle myosin immunofluorescence was calculated at
medium change to differentiation medium (0 h) and 40 hours after medium change (40 h). Data are mean - SEM of four

independent cell isolates.
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(one passage after preparation), the percentage of satellite cells
expressing skeletal muscle myosin was not significantly different
between wild-type and Six4*/~Six5~/~ (data not shown). Two
hours after plating, the medium was replaced with the differen-
tiation medium. Satellite cells were collected at 0 and 40 hours
after the medium change. At 0 hour, the percentages of skeletal
muscle myosin-positive satellite cells were similar in the wild-
type (10.7:£2.79%) and Six4*/~Six5~/~(13.4+4.29%), when
plated at low cell density (2x10* cells/cm?) (Fig. 7B 0 h). At
40 hours after the medium change, the percentage of skeletal
muscle myosin-positive cells in wild-type (79.5+7.51%) was
similar to that in Six4*/~Six5~/~ (81.2 £ 6.30%, Fig. 7B 40 h). Even
when satellite cells were plated at high density (4x 10% cells/cm?),
the percentages of skeletal muscle myosin-positive cells in the
wild-type were not significantly different from Six4*/~Six5~/~ at
0 and 40 hours (9.91+2.57 and 11.7 - 4.49% at 0 hour, 73.0 +6.34
and 74.3 +6.73% at 40 hours, respectively). These results suggest
that the differentiation capacity of Six47/ ~Six5~/~ satellite cells is
similar to that of the wild-type. Considered together, the analysis
of satellite cells from Six4™/~Six5~/~ mice indicates that either
Six4 or Six5 or both play a role in the regulation of muscle satellite
cell proliferation.

Discussion

Muscle satellite cells are one of the most important players in
muscle regeneration. Understanding the control mechanisms of
their proliferation and differentiation is important for the
development of cell-based therapy for muscle disorders such as
dystrophy using these cells [37]. The roles of the members of Six
family genes, especially Six1, Six4 and Six5, have been extensively
studied during embryonic development of skeletal muscle and the
results indicate that they play critical roles in myogenesis [21-23].
However, the involvement of these genes in muscle regeneration
and behavior of satellite cells has never been addressed. This study
demonstrated, for the first time, the roles of Six family genes in
muscle satellite cells.

Robust induction of Six1- and Six4-positive cells was observed
in regenerating muscle three days after damage by cardiotoxin
injection in adult skeletal muscle (Fig. 1). Many of these cells were
also positive for MyoD, which is known to be expressed in
myoblasts produced rapidly during regeneration, and mitotic
marker Ki67. Thus, these cells are considered to be myogenic
precursor cells. The quiescent muscle satellite cells marked by
Pax7 and M-cadherin in the myofibers were also positive for Six1
and Six4 (Fig. 2). In addition, the muscle satellite cells isolated by
SM/C-2.6 antibody are positive for Six1, Six4 and Six5 under
proliferation and differentiation conditions (Fig. 2). These obser-
vations prompted us to investigate in detail the roles of Six1, Six4
and Six5 in the proliferation and differentiation of muscle satellite
cells.

One of the intriguing findings of our study is that Six genes were
involved in the control of cell proliferation of muscle satellite cells.
Overexpression of Six1, Six4 or Six5 in isclated muscle satellite cells
inhibited the proliferaticn as observed by a reduction in the
number of cells positive for phospho-histone H3 and Ki67 (Fig. 3).
Conversely, siRNA-mediated knockdown of Six5 resulted in a
robust increase in cell number (Fig. 6). These results mean that the
proliferation of muscle satellite cells is negatively regulated when

the amount of Six proteins exceeds the normal level, while it is
normally repressed by Six5 protein present in the cells. These
findings highlight the primary repressive role of Six5 in prolifer-
ation of activated satellite cells. Moreover, muscle satellite cells
from Six4*/~Six5~/~ mice proliferated to higher cell density
(Fig. 7), consistent with the role of Six5 defined in overexpression
and knockdown experiments. Because we observed the prolifer-
ation of isolated satellite cells, the effect of decreased gene dosage
of Six4 and Six5 is not through altered niche but is rather cell-
autonomous change within the satellite cells. Since inactivation of
p16™%42/ cyclinD1/Rb pathway is reported to cause rapid and
prolonged mitogenic stimulation [38,39], which is reminiscent of
the satellite cells from Six4*/—Six5~/~ mice, further analysis of the
contribution of Six proteins to the regulatory components of cell
cycle is required. Reducing the amount of Six5 protein in muscle
satellite cells lead to efficient amplification of the cells without
changing the differentiation properties (Fig. 6). This remarkable
finding suggests that Six5 may be a good candidate as a molecular
target in terms of satellite cell therapy. The amount of Six proteins
is maintained at critical level for the normal proliferation of
satellite cells. Moreover, variable amount and subcellular locali-
zation of each of the Six proteins in individual satellite cells might
correlate with their function on proliferation and differentiation
(Figs. 1 and 2). These aspects of the Six proteins need to be
elucidated in the future.

Six1~/= mice show low cell proliferation capacity in the mouse
otic vesicle [11,12]. Overexpression of Xenopus Optix2, one of the
members of Xenopus Six family genes, causes retinal field
enlargement due to the augmented proliferation [40]. Six proteins
influence the cell cycle by regulating the expression of cyclinAl
[41], c-Myc and cyclinD1 {42,43]. These observations implicate a
positive regulatory role for Six proteins in cell proliferation, In
sharp contrast, Six proteins repress cell proliferation in muscle
satellite cells. This may be related to the function of Six1 in
stimulating the differentiation of muscle satellite cells or to cell
types that provide different context to Six proteins in terms of
their functions.

Another interesting finding is the differential role of Six1 and
Six4/Six5 in the control of differentiation of muscle satellite cells.
Overproduction of Six1 stimulated muscle differentiation estimat-
ed by the fusion index and mean number of nuclei in skeletal
muscle myosin-positive cells (Fig. 4). In contrast, overexpression
of Six4 and Six5 inhibited cell differentiation. The main reason for
the differential control of cell differentiation might be related to
the differential effects of these Six proteins on the expression of
myogenin. In cultured cell transfection assays, Six1, Six2, Six4 and
Six5 similarly activated the myogenin promoter activity in
conjunction with Eya coactivator [26,27]. Similarly, in vive, Six1
and 5ix4 also activated myogenin promoter [26]. In isolated muscle
satellite cells, overproduction of Six1 activated the expression of
myogenin. In sharp contrast, overproduction of Six4 and Six5
greatly reduced the expression of myogenin (Fig. 5). Thus, Six1
might be the primary Six protein that activates myogenin promoter
in satellite cells. Indeed, Six1 is known to be required for the
proper activation of myogenin in limb muscle development [15].
Moreover, the recent finding of Ski pro-oncogene promotion of
C2C12 myoblast differentiation through transcriptional activation
of myogenin in a complex with Six1 and Eya3 is consistent with this
notion [44). The precise molecular basis for the abovementioned
differential effects of Six family proteins on the myogenin
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expression is unknown. While it is possible that Six4 and Six5
destabilize the myogenin protein, it is more plausible that the
differential effect on myogenin expression is at a transcriptional
level. Interestingly, we found a profound reduction in Six1 protein
level in the satellite cells upon overexpression of Six4 and Six5
(Supplementary Fig. 3). This suggests the indirect repression
mechanisms of myogenin by Six4 and Six5. In this context, the
recent report that described the binding of Six1 to the regulatory
region of Six1, Six4 and Six5 [45] supports this notion. Because Six1
shares the binding consensus with Six4 and Six5 [4647], the
possible cross-regulations among Six genes has been proposed
[45]. On the other hand, Six4 and Six5 may be involved in the
direct repression of myogenin promoter instead of Six1 that
activates the promoter. Considering that Six1 and Six4/Six5 had
opposite effects on myogenin promoter, it should be noted that
Six1 and Six4/Six5 each has a distinct molecular structure, The
latter two members have a large C-terminai portion in addition to
the conserved Six domain and homeodomain [8,48]. This portion
may be involved in the differential function of each Six family
protein. If this is the case, it is not surprising that Six1 and Six4/
Six5 display differential regulatory role in muscle differentiation.

Because Six family genes can modulate the proliferation and
differentiation of muscle satellite cells, it is tempting to alter the
dosage Six genes and analyze their effects on muscle regeneration in
vivo. We are currently addressing the roles of Six family proteins by
examining muscle regeneration in mdx mice, in which muscle
regeneration occurs more frequently in adults. We are crossing mdx
mice and defective mice harboring lower gene dosage of Six or higher
dosage of Six1. This approach should uncover the physiological roles
of Six family genes in the regeneration of skeletal muscles.

Materials and methods
Animals

C57BL/6 mice were purchased from Nihon CLEA (Tokyo, Japan).
Six4*'~ mice were generated as described previously [16], Six5*/~
mice were generously provided by Dr. S. J. Tapscott [24] and
crossed with Six4*/~ mice to obtain Six4*/~Six57/~ mice. The
intercrosses of Six4™*/ ~Six5*/~ mice yielded Six4™/~Six5~/~ mice.
PCR or Southern blotting was performed to verify the genotypes of
offspring as described previously [16,24]. Mice were housed in an
environmentally controlled room in the Center for Experimental
Medicine of Jichi Medical University, under the guidelines for
animal experiments. All experimental protocols were approved by
the Ethics Review Committee for Animal Experimentation of Jichi
Medical University.

Injection of cardiotoxin

To induce muscle regeneration, cardiotoxin (10 umol/L 5 wl/body
weight (g); Sigma, St. Louis, MO) was injected into the TA muscles
of 8- to 12-week-old C57BL/6 mice. Three days after injection, TA
muscles were harvested and processed for immunofluorescence.

Immunofluorescence

TA muscles were fixed in 4% paraformaldehyde/phosphate-
buffered saline (PBS) for 2 hours at 4 °C. Samples were incubated

in 30% sucrose/PBS and then embedded in optimal cutting
temperature (OCT) compound (Sakura Finetek, Torrance, CA) for
freezing and cryosectioning (10-12 pm in thickness). Cultured
cells were fixed with 4% paraformaldehyde/PBS for 10 minutes.
The following primary antibodies were used in immunofluores-
cence: guinea pig anti-Six1 antibody (1:5000 dilution [18]), rat
anti-Six1 antibody (1:2000 dilution [10]), guinea pig anti-Six4
antibody (1:2000 dilution, {10]), affinity-purified rabbit anti-Six5
antibody (1:500 dilution, [49]), rabbit anti-laminin antibody
(1:1500 dilution, Sigma), rabbit anti-MyoD antibody (1:500
dilution, Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-
Pax7 antibody (hybridoma supernatant, Developmental Studies
Hybridoma Bank), rabbit anti-M-cadherin antibody (1:1000
dilution, [50]), mouse anti-skeletal muscle myosin antibody
(MY-32) {1:30 dilution, Zymed, San Francisco, CA), rabbit anti-
phospho-histone H3 (Ser10) antibody (1:1000 dilution, Millipore,
Billerica, MA), rabbit anti-Ki67 antibody (1:30 dilution, YLEM,
Italy) and mouse anti-myogenin antibody (F5D} (1:500 dilution,
Santa Cruz Biotechnology). For anti-Pax7 antibody, M.OM. Mouse Ig
Blocking Reagent (Vector Laboratories, Burlingame, CA) was used fo
eliminate the background from endogenous mouse immunoglobu-
lins. To visualize the immunoreactions of primary antibodies,
fluorescent-labeled secondary antibodies were used at 1:2000
dilution as follows: anti-rabbit conjugated Cy5 {Amersham Bios-
ciences, Piscataway, NJ), Alexa Fluor 488 anti-rabbit, Alexa Fluor 488
anti-rat, Alexa Fluor 488 anti-guinea pig, Alexa Fluor 546 anti-
mouse, Alexa Fluor 546 anti-rabbit, Alexa Fluor 546 anti-rat, Alexa
Fluor 546 anti-guinea pig and Alexa Fluor 633 anti-mouse
(Molecular Probes/Invitrogen, Carlsbad, CA). 4'6-Diamidino-2-
phenylindole (DAPI, Sigma) was used at 50 ng/ml to stain nuclei.
The immunofluorescent images were captured with Olympus
FV1000 confocal microscope and electronically assigned to red,
green or blue channels (Olympus Optical, Tokyo, Japan).

Isolation of satellite cells

Muscle satellite cells were isolated from limb and back muscles of 8-
to 12-week-old C57BL/6 or Six4*/ ~Six5~/~ mice by using SM/C-2.6
monoclonal antibody as described previously [4,5]. The sorted cells
were expanded on Matrigel (BD, Franklin Lakes, N]}-coated dishes in
a growth medium, DMEM, containing 20% fetal bovine serum, human
recombinant bFGF (2.5 ng/ml) (Invitrogen), recombinant mouse
HGF (25 ng/m!) (R&D Systems) and heparin (5 pg/ml) (Sigma). To
induce differentiation of the satellite cells, the growth medium was
replaced with differentiation medium (2% horse serum/DMEM). The
culture medium was replaced with a fresh medium every day.
Satellite cells derived from EDL were prepared and cultured as
described previously [51] and used for siRNA experiments.

Retrovirus vectors and infection

Flag-tagged mouse Six1, Six4 and Six5 cDNAs [27,52] were cloned
into the multiple cloning site upstream of IRES-EGFP of pMXs-IG
vector, which was kindly provided by Dr. T. Kitamura [33].
Retroviral particles were produced by transfection of vector
plasmids into PLAT-E packaging cells as described previously
[33,53]. Muscle satellite cells were plated at 1.3 x 10* cells/cm? in
growth medium one passage after the preparation. The next day,
the medium was replaced with growth medium containing
retroviral particles. Two days after infection, the culture medium
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was replaced with growth medium or differentiation medium and
the cells were incubated for 24 hours for the assays under
proliferating candition or differentiation condition, respectively.

Western blotting

Nuclear and cytoplasmic extracts of proliferating muscle satellite
cells isolated from 8-week-old Six4~/~ mice and C2C12 cells were
prepared and analyzed by western blotting using anti-Six5
antibody [49}] as described previously [27,54].

Fusion index and statistics

Fusion index was calculated as [ (number of nuclei in EGFP-positive
myotubes (>2 myonuclei) /total nuclei within EGFP-positive
cells) x 100%] [55-57]. Differences from the control experiments
were tested statistically by the Student's f-test. All values are
expressed as mean+SEM. A probability of less than 5% was
considered statistically significant.

RNA interference

The Stealth RNAi siRNA Negative Control Med GC Duplex and Stealth
Select siRNAs targeted to mouse Six1, Six4 and Six5 were purchased
from Invitrogen (Carlsbad, CA). Six1 siRNA is a mixture of equimolar
amounts of Six1-MS5237917, Six1-MSS237918 and Six1-
MSS237919. Six4 siRNA consists of Six4-MSS5209042, Six4-
MSS209043 and Six4-MSS209044. Six5 siRNA consists of Six5-
MSS277077, Six5-MSS5277078 and Six5-MSS$277079. Sequences for
each siRNA species were provided by the company under license.
The transfection of Stealth siRNA into satellite cells isolated from EDL
was performed using Lipofectamine RNAIMAX (Invitrogen) as
described previously [51] with slight modifications.

Supplementary materials related to this article can be found
online at doi: 10.1016/}.yexcr.2010.08.001.
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Genetic Background Affects Properties of Satellite

Cells and madx Phenotypes
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Yukiko Yamamoto,* Tokuyuki Yoshida,*
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From the Department of Immunology,* Graduate School of
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Tokyo, Japan

Duchenne muscular dystrophy (DMD) is the most
common lethal genetic disorder of children. The mdx
(C57BL/10 background, C57BL/10-mdx) mouse is a
widely used model of DMD, but the histopathological
hallmarks of DMD, such as the smaller number of
myofibers, accumulation of fat and fibrosis, and in-
sufficient regeneration of myofibers, are not ob-
served in adult C57BL/10-mdx except for in the dia-
phragm. In this study, we showed that DBA/2 mice
exhibited decreased muscle weight, as well as lower
myofiber numbers after repeated degeneration—re-
generation cycles. Furthermore, the self-renewal effi-
ciency of satellite cells of DBA/2 is lower than that of
C57BL/6. Therefore, we produced a DBA/2-mdx strain
by crossing DBA/2 and C57BL/10-mdx . The hind limb
muscles of DBA/2-mdx mice exhibited lower muscle
weight, fewer myofibers, and increased fat and fibro-
sis, in comparison with C57BL/10-mdx. Moreover,
remarkable muscle weakness was observed in DBA/
2-mdx. These results indicate that the DBA/2-mdx
mouse is a more suitable model for DMD studies, and
the efficient satellite cell self-remewal ability of
C578BL/10-mdx might explain the difference in pa-
thologies between humans and mice. (4m J Patbol
2010, 176:2414-2424; DOI: 10.2353/ajpath.2010.090887)

Duchenne muscular dystrophy (DMD) is a progressive
and lethal X-linked muscular disorder caused by muta-
tions in the dystrophin gene.! The dystrophin gene en-
codes a 427-kDa cytoskeletal protein that forms the dys-
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trephin/glycoprotein complex at the sarcolemma with o-
and B-dystroglycans, a-, B-, y-, and 8-sarcoglycans, and
other molecules, and links the cytoskeleton of myofibers
to the extracellular matrix in skeletal muscle.®® The lack
of dystrophin in the sarcolemma disturbs the assembly
of the dystrophin/glycoprotein complex and causes
instability of the muscle membrane, leading to muscle
degeneration and myofiber loss. The histopathological
hallmarks of DMD include degeneration, necrosis, accumu-
lation of fat and fibrosis, and insufficient regeneration of
myofibers accompanied by a loss of myofibers.* Therefore,
the manifestations of DMD are considered to result from an
imbalance between degeneration and regeneration.

The function and structure of dystrophin has been
elucidated by studies of a variety of dystrophin-deficient
animals. Among these animal models, the mdx mouse
(the correct nomenclature is C57BL/10-Dmad™), first de-
scribed in1984, is the most prolific. A spontanecus mu-
tation {mdx) arose in an inbred colony of C57BL/10 mice,
which have a high level of serum pyruvate kinase.® The
muscle pathology of the mice includes active fiber ne-
crosis, cellular infiltration, a wide range of fiber sizes, and
numerous centrally nucleated regenerating fibers. How-
ever, in contrast to DMD, replacement of muscle with fat
and fibrosis is not prominent, and no losses of muscle
fiber and muscle weight are observed in the skeletal
muscle of mdx mice except in the diaphragm.®” In con-
trast, most of the limb muscles of the mdx mouse maintain
hypertrophy and increased skeletal muscle mass
throughout much of their life span.® One reason for the
difference between DMD and mdx is explained by the
up-regulation of expression of utrophin, a homolog of
dystrophin.®1® Another reason has been supposed to
be the excellent regeneration capacity of madx com-
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pared with DMD. However, this hypothesis has not
been verified.

Regeneration of skeletal muscle depends on the com-
petence of muscle satellite cells. Muscle satellite cells,
which account for 2 to 5% of the total nuclei in adult
skeletal muscle, play a major role in muscle regenera-
tion." Under normal conditions, satellite cells are found
external to the myofiber plasma membrane and beneath
the muscle basal lamina,™ and they are mitotically qui-
escent in adult skeletal muscle.”™ When activated by
muscle damage, satellite cells proliferate, differentiate,
fuse with each other or injured myofibers, and eventually
regenerate mature myofibers. During the regenerative
processes, satellite cells not only produce large amounts
of muscle, but also renew themselves to maintain their
own population.™ In fact, it is reported that the satellite
cell pool of C57BL/10 continues to respond efficiently
even when the skeletal muscle is subjected to as many as
50 cycles of severe damage.'® Therefore, it is thought
that maintenance of the satellite cell pool is indispensable
to retain the long-term regenerative potential for skeletal
muscle injury, including in muscular dystrophies.

To investigate genetic differences in long-term regen-
eration potential, we first induced repeated degenera-
tion-regeneration cycles in four inbred strains of mice.
Among these strains, C57BL/6, a widely used strain akin
to C57BL/10, was tolerant of repeated injury. This is con-
sistent with the results of C57BL/10 previously de-
scribed.'® in contrast, among four inbred strains, DBA/2
mice exhibited the most remarkable skeletal muscle loss
and impaired regeneration after repeated injury. Impor-
tantly, the self-renewal potential of DBA/2 satellite cells
was significantly lower than that of C57BL/6. In addition,
in vitro colony formation and proliferation assays indi-
cated that intrinsic difference between C57BL/€ and
DBA/2 satellite cells exist. Finally, we crossed the max
genotype with the DBA/2 for more than five generations.
At the fifth backcross, the mice are nat yet fully congenic
(D2.B10-DMD™), and thus we refer to them as DBA/2-
mdx hereafter. We investigated their phenotypes. Intrigu-
ingly, severe loss of skeletal muscle weight, decreased
myofiber number, increased fat and fibrosis volume, and
apparent muscle weakness were observed in the DBA/
2-mdx mice. These results indicate that the intrinsic ge-
netic program affects the properties of satellite cells, and
DBA/2-mdx will be a more useful model of DMD than
C57BL/10-max. It is also speculated that the high self-
renewal potential of C57BL/10 satellite cells might explain
the difference in pathologies between humans and mice.

Materials and Methods
Mice

Six-week-old, specific pathogen-free, BALB/c, C3H/HeN,
C57BL/6, and DBA/2 mice were purchased from Charles
River Japan (Yokohama, Japan). Six-week-cld, specific
pathogen-free C57BL/10 mice were purchased from
Shimizu Laboratory Supplies Co., Ltd (Kyoto, Japan).
Specific pathogen-free madx mice (of C57BL/10 back-
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ground) were provided by Central Laboratories of Exper-
jimental Animals (Kanagawa, Japan) and maintained in
our animal facility by brother-sister matings. Mdx of
C57BL/10 background were backerossed into DBA/2 ge-
netic background. Mice backcrossed more than five gen-
erations were used in this study. Genotyping was per-
formed according to previous reports.’® All procedures
for experimental animals were approved by the Experi-
mental Animal Care and Use Committee at Osaka
University.

Muscle Injury

Muscle injury was induced by injecting cardiotoxin (10
wmol/L in saline, Wako Pure Chemical Industries, Tokyo,
Japan) into tibialis anterior (50 wl), gastrocnemius (150
wl), and quadriceps femoris (100 ul) muscles as de-
scribed.™” All injections were first done when mice were 8
to 10 weeks of age.

Histological Analysis

Tibialis anterior, gastrocnemius, and quadriceps fem-
oris muscles were isolated and frozen in liquid nitro-
gen-cooled isopentane (Wako Pure Chemical Indus-
tries). Cryosections (10 um) were stained with H&E, Oil
red-O (Sigma-Aldrich, St. Louis, MO), or Sirius Red
{Sigma-Aldrich).

Immunohistochemistry

For immunohistochemical examinations, transverse cryo-
sections (6 um) were stained with various antibodies.
Monoclonal rat anti-laminin &2 (1:200; clone: 4H8-2) and
mouse anti-Pax7 antibodies were purchased from Alexis
Biochemical (Lausen, Switzerland) and Developmental
Studies Hybridoma Bank (lowa, |A), respectively. For
Pax7 staining, a M.O.M. kit (Vector Laboratories, Burlin-
game, CA) was used to block endogenous mouse 1gG.
After the first staining at 4°C overnight, sections were
reacted with secondary antibodies conjugated with Alexa
488 or Alexa 568 (Molecular Probes, Eugene, OR). Sec-
tions were shielded using Vectashield (Vector Laborato-
ries, Inc). The signals were recorded photographically
using an Axiophot microscope (Carl Zeiss, Oberkochen,
Germany).

Preparation of Muscle Satellite Cells and Culture

Satellite cells were isolated from uninjured adult skeletal
muscle using biotinylated-SM/C-2.6'® and IMag methods
(BD Immunocytometry Systems, Mountain View, CA) as
described in a previous report.’” Satellite cells were cul-
tured in a growth medium of high-glucose Dulbecca’s
modified Eagle's medium (Sigma-Aldrich) containing
20% fetal calf serum (Trace Biosciences, N.S.W., Aus-
tralia), 2.5 ng/ml basic fibroblast growth factor (Pepro-
Tech, London, UK), leukemia inhibitory factor (Alexis
Biochemical), and penicillin (100 U/mi)-streptomycin

— 114 —



2416 Fukada et al
AJP May 2010, Vol. 176, No. 5

(100 pug/ml) (Gibco BRL, Gaithersburg, MD) on culture
dishes coated with Matrigel (BD Bioscience, San Di-
ego, CA).

Colony Forming Assay

Clonal cultures of freshly isolated satellite cells were
performed in 96-well plates coated with type | collagen
(Sumilon, Tokyo, Japan) in growth medium for a week.
The frequency of colony formation and number of cells
in each well were counted under a phase-contrast
microscope.

Cell Proliferation Assay

Isolated satellite cells were cultured in growth medium for
3 to 4 days, and expanded primary myoblasts were har-
vested and additional culture was performed in 96-well
dishes for 1 day. Eight hours later, bromodeoxyuridine
(BrdU) uptake was quantified using the Cell Prolifera-
tion ELISA, BrdU Kit (Roche Diagnostics, Basel, Swit-
zerland) and a microplate reader (Model 680, Bio-Rad,
Hercules, CA).

Measurement of Sizes of Myofibers and Oil
Red-O-Positive and Fibrotic Areas

Image J software was used to measure myofiber sizes
and Qil red-O- and Sirius Red-positive areas.

Evans Blue Dye Injection

Evans blue (Wako Pure Chemical Industries) was dis-
solved in PBS and injected intraperitoneally into mice (1
mg/100 wl/10g body weight).'® Sixteen to 18 hours later,
muscle tissues were removed, and frozen in liquid nitro-
gen-cooled isopentane. The muscle fibers with Evans
Blue incorporated were then counted as injured muscles.

Muscle Endurance and Grip Strength Test

The muscle endurance test was referred to the studies by
Handschin et al.2° In brief, we used a MK-680S treadmill
(Muromachi Kikai Co., Ltd., Tokyo, Japan). For 3 days,
animals were acclimated to treadmill running for 5 min-
utes at a speed of 10 m/min on a 0% grade. After the
acclimation, animals ran on a treadmill with a 10% uphill
grade starting at a speed of 10 m/min for 5 minutes. Every
subsequent 2 minutes, the speed was increased by 2
m/min until the mice were exhausted. Exhaustion was
defined as the inability of the animal to remain on the
treadmill despite mechanical prodding. Running time
and speed were measured, and the distance was cal-
culated. Grip strength was measured using a MK-380M
grip strength meter (Muromachi Kikai Co., Ltd). The
grip strength of each individual mouse was measured
10 times, the same measurements were repeated on
the next day, and the highest value of each experiment
was used.

Statistics

Values were expressed as means * SD. Statistical sig-
nificance was assessed by Student’s t-test. In compari-
sons of more than two groups, nonrepeated measures
analysis of variance (analysis of variance) followed by the
Student-Newman-Keuls test were used. A probability of
less than 5% (P < 0.05) or 1% (P < 0.01) was considered
statistically significant.

Results

Genetic Differences in Skeletal Muscle
Regeneration

To examine the long-term regeneration ability of four
inbred strains of mice, repeated cycles of degeneration—
regeneration were induced by injection of cardiotoxin
(CTX). CTX was injected into one side of the tibialis
anterior (TA), gastrocnemius (GC), and quadriceps (Qu)
muscle every 2 weeks. At the last (sixth) CTX injection,
another intact TA muscle received CTX once to examine
the regenerative potential in one cycle of each mouse at
this age. Four weeks later, the muscles were removed
and analyzed. As shown in Figure 1, A and B, none of the
strains displayed a striking difference in either skeletal
muscle weight or histochemistry after one CTX injection
(CTX-1), except for the appearance of adipocytes in
BALB/c. However, the DBA/2 mice that received six CTX
injections (CTX-6) exhibited remarkably impaired regen-
eration (Figure 1A) and loss of TA muscle weight (Figure
1B). A similar loss of muscle weight was also observed in
GC and Qu of DBA/2 (CTX-6 in Figure 1C). In contrast,
none of the other strains showed a significant difference
in uninjured muscle weight at this age (uninjured in Figure
1C). Fat was observed in DBA/2, BALB/c, and C3H/HeN
after six injections, but the sclerosis and loss of muscle
weight was remarkable in DBA/2. Therefore, the following
experiments were performed on C57BL/6 and DBA/2.

Regeneration Impairment in DBA/2 Is Inherited
Recessively

To assess the inheritance of the lower regeneration ability
of DBA/2, we injected CTX into C57BL/6, DBA/2, and their
F1 mice (B6D2F1). To allow more sufficient regeneration
time, the interval between CTX injections was changed to
4 weeks. As shown in Figure 2A, we found marked mus-
cle weight loss in DBA/2 after three CTX injections (4
weeks X 3). The results of BBD2F1 mice were similar to
those of C57BL/6 (Figure 2, A and B).

As shown in Figure 1A, DBA/2 mice exhibited impaired
regeneration accompanied by accumulation of fat and
fibrosis after three CTX injections (4 weeks X 3), but not
in the 4 weeks X 1 experiment (Figure 2B). Qil red-O
(Figure 2C) and Sirius Red (Figure 2D) stainings were
performed to determine the amount of fat and fibrosis,
respectively. As shown in Figure 2E, increments in fat and
fibrotic areas were observed in DBA/2 mice receiving
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three injections (4 weeks X 3). In 4 weeks X 1 DBA/2, the
fat accumulation of one mouse was a slightly higher
volume (2.02%), but three mice showed little fat accumu-
lation (less than 0.6%). In contrast to DBA/2, C57BL/6,
and B6D2F1 mice did not show any sign of impaired
regeneration. These results indicate that the impaired
regeneration ability of the DBA/2 strain after repeated
injury is recessive heredity.

Loss of Muscle Mass Results from Decreased
Number and Size of Myofibers

To assess the cause of muscle weight loss in DBA/2, the
numbers and sizes of myofibers were quantified. In un-
injured muscle, no significant difference between the
numbers of myofibers was observed in C57BL/6 and
DBA/2 (Figure 3A). However, as shown in Figure 3B,
decreased numbers of myofibers were observed in
DBA/2 after three CTX injections (4 weeks X 3), as com-
pared with 4 weeks X 1 or uninjured muscle. C57BL/6
showed more myofibers than uninjured muscle after one
or three injections (Figure 3B).

The sizes of myofibers were also measured. Four
weeks after one CTX injection (4 weeks X 1), the size of
myofibers in DBA/2 was similar to that in C57BL/6 (Figure
3, C and D). However, the regenerated myofibers of
DBA/2 (4 weeks X 3) were slightly smaller than those of
C57BL/6 (Figure 3, C and D). These data indicate that the
loss of muscle weight in DBA/2 results from the de-
creased number and size of myofibers.

Decreased Number of Self-Renewed Satellite
Cells in DBA/2

We hypothesized that a decreased number of satellite
cells leads to the loss of myofibers, because myofibers
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Figure 1. Impaired regeneration and loss of
muscle weight in DBA/2 mice after injured six
times. A: TA (tibialis anterior) muscles were ex-
amined histologically in four inbred strains of
mice after one (CTX-1) or six (CTX-6) cardio-
toxin (CTX) injections. The cross sections were
CTX-6 stained with H&E. Scale bar =100 um. B: The TA
1 = muscle weight (mg) per body weight (g) in each
inbred strain after one or six CTX injections. B6,
D2, Bc, and C3 indicate C57BL/6, DBA/2,
BALB/c, and C3H/HeN mice, respectively. C:
The GC (gastrocnemius) and Qu (quadriceps)
muscle weights (mg) per body weight (g) in
each inbred strain from uninjured or muscle in-
jured six times. The number in the each graph
indicates the number of mice used in these ex-
periments. *P < 0.05, **P < 0.01 (analysis of
variance, SNK-test).
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are mainly made by satellite cells. To elucidate this hy-
pothesis, we examined the number of satellite cells. As
shown in Figure 3E, cells positive for Pax7, a specific
marker of satellite cells,?" lying beneath the basal lamina
were counted. There was no significant difference be-
tween the uninjured TA muscles of C57BL/6 and DBA/2
mice. However, a remarkable decrease in the number of
satellite cells was observed in DBA/2 after three CTX
injections (Figure 3F). These results imply that the func-
tions (including self-renewal potential) of satellite cells
include responsibility for most of the regeneration of im-
paired muscle in DBA/2.

Colony Formation and Proliferation of Satellite
Cells from DBA/2

To examine whether there is an intrinsic difference be-
tween the satellite cells of C57BL/6 and DBA/2, satellite
cells were isolated and cultured in vitro. As shown in
Figure 4A, the BrdU uptake of primary myoblasts of
DBA/2 was inferior to that of C57BL/6 myoblasts. Next,
we performed a colony-forming assay of single satellite
cells. As shown in Figure 4C, single DBA/2 satellite cell
did not produce large colonies similar to those of
C57BL/6. The frequencies of colony forming cells did not
differ in C57BL/6 and DBA/2 (Figure 4B). These results
indicate that intrinsic factors affect the properties of sat-
ellite cells.

Loss of Muscle Weight in DBA/2-mdx

To assess whether the low regenerative potential of mice
with the dystrophin mutation exhibit DMD-like features,
we crossed C57BL/10-mdx (B10-mdx) into DBA2. It was
reported that body weight of B10-madXx is heavier than that
of the control wild-type.?? In contrast to B10-mdx, DBA/
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