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ABSTRACT

Sarcopenia is the age-related loss of skeletal muscle mass and function. Skeletal muscle comprises diverse
progenitor cells, including mesenchymal progenitor cells (MPCs), which normally support myogenic cell
function but cause a decline in skeletal muscle function after differentiating into fibrous/adipose tissue. Cellular
senescence is a form of persistent cell cycle arrest caused by cellular stress, including oxidative stress, and is
accompanied by the acquisition of senescence-associated secretory phenotype (SASP). Here, we found yH2AX"
senescent cells appeared in the interstitium in skeletal muscle, corresponding in position to that of MPCs. H,0,
mediated oxidative stress in 2G11 cells, a rat MPC clone previously established in our laboratory, successfully
induced senescence, as shown by the upregulation of p21 and SASP factors, including IL-6. The senescent 2G11
cells lost their fibro/adipogenic potential, but, intriguingly, coculture of myoblasts with senescent 2G11 cells
abrogated the myotube formation, which coincided with the downregulation of myomaker, a muscle-specific
protein involved in myogenic cell fusion; however, forced expression of myomaker could not rescue this
abrogation. These results suggest that senescent MPCs in aged rat skeletal muscle lose their fibro/adipogenic
potential, but differ completely from undifferentiated progenitor cells in that senescent MPCs suppress
myoblast fusion and thereby potentially accelerate sarcopenia.

INTRODUCTION levels of reactive oxygen species [4], which is assumed

to be one cause of senescence. Senescent cells differ

Cellular senescence, a form of persistent cell cycle
arrest, was initially considered to reflect the finite
proliferative capacity of cultured cells [1]; however,
senescent cells were subsequently discovered to be
induced by various types of stress, including oxidative
stress [2]. These senescent cells are called as “premature
senescent cells” in distinction from “replicative
senescent cells”. Recently, such stress-induced pre-
mature senescent cells have been shown to also be
present in vivo, particularly in aged animals, including
humans [3]. Ageing stimulates the production of high

from other nonproliferating cells in terms of their
morphological changes and the expression of several
markers, including the expression of antiproliferative
molecules such as p16™~*, p19**F (p14** in humans),
and p21 [5]; p21 expression is regulated by p53 tumour-
suppressor protein, which is governed by the expression
of p19**¥, and pl16 maintains the hypophosphorylated
state of retinoblastoma protein (pRB) and eventually
arrests the cell cycle. Senescent cells frequently exhibit
high lysosomal activity of [-galactosidase, called
senescence-associated ~ P-galactosidase  (SA-PGal)
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activity, and secrete various cytokines, including
interleukin-6 (IL-6), transforming growth factor (TGF)
B, and C-C motif chemokine ligand 2 (CCL2) [5], and
this senescence-associated secretory phenotype (SASP)
is recognised to be involved in the progression of age-
associated diseases [5].

Sarcopenia is a musculoskeletal disorder that causes a
loss of skeletal muscle mass and function with age, and
the disorder leads to low levels of physical activity [6].
Skeletal muscle normally exhibits a high regenerative
capacity for forming new muscle fibres after damage, and
the muscle-specific stem cells that are responsible for
muscle regeneration are ‘satellite cells’, which reside in
the space between the sarcolemma and the basal lamina
[7]. In response to muscle injury, the normally quiescent
satellite cells become activated and then proliferative as
myoblasts [8], and these myoblasts differentiate and fuse
with each other to form myotubes. However, in aged
muscles, this regenerative potential is diminished due to a
decline in satellite cell function [9], which is correlated
with senescence in satellite cells [10]. Senescence in
satellite cells is considered to prevent the proliferation of
these cells and thus lead to a loss of their ability to repair
skeletal muscle, although in several studies, the number
of satellite cells was not observed to differ between old
and young animals [11, 12, 13]. These findings suggest
that senescence plays a role in the progression of
sarcopenia, but the precise mechanism by which
senescence is involved in sarcopenia remains debated.

In sarcopenia, muscle frequently exhibits adipose- and
fibrous-tissue infiltration [14], and this impairs skeletal
muscle function: whereas intramuscular adipose tissue
(IMAT) causes poor physical performance [15], fibrous
tissue reduces motile and contractile functions [16].
Both IMAT and fibrous tissue have been widely shown
to be derived from mesenchymal progenitor cells
(MPCs), which reside in the interstitial space in skeletal
muscle [17, 18] and whose fibro/adipogenic potential is
regulated by secreted growth factors: TGFp upregulates
the expression of the fibroblast markers collagen type 1
(Collal), connective-tissue growth factor (CTGF), and
a-actin-2 (Acta2) [19], and basic fibroblast growth
factor (bFGF) promotes the adipogenic programme of
skeletal muscle adipogenic cells, as we reported
previously [20]. Moreover, MPCs provide functional
support to satellite cells and promote muscle regenera-
tion [17]. We previously established the MPC clone
2G11 from rat skeletal muscle [21] and showed that
2G11 cells are fibro/adipogenic [20, 22] and promote
myotube formation by skeletal muscle progenitor cells
[23]. Ageing causes a functional decrease in several cell
types, but whether the fibro/adipogenic potential or the
muscle-supportive effect of MPCs is perturbed in aged
skeletal muscle remains to be elucidated.

In this study, we found that in old rats, senescent cells
are present in the interstitial space in skeletal muscle, in
a position corresponding to that of MPCs in skeletal
muscle. Because ageing impairs the function of MPCs in
the bone marrow [24], ageing could potentially trigger
the induction of senescence in the MPCs present in
skeletal muscle, and the resulting modified MPCs could
affect the progression of sarcopenia. We used 2G11 cells,
the rat MPC clone we previously established, to examine
how senescence affects their fibro/adipogenic potential,
and investigated whether the SASP of senescent 2G11
cells influences the myogenesis or myotube formation of
skeletal muscle progenitor cells.

RESULTS

Senescent cells were accumulated in the interstitial
space of skeletal muscle in old rats

To investigate whether senescence is induced in the
skeletal muscle of aged rats (18 months old), we
examined the mRNA expression of senescence markers.
Whereas pl6 and p21 expression in skeletal muscle was
higher in old rats than in young rats (3 months old), the
expression of p53 and p19 did not differ with age (Fig.
1A). Histological analysis of tibialis anterior (TA)
muscle sections revealed that several cells present only
in the old rat skeletal muscle were positive for SA-BGal
staining, and the cells appeared to exist in the interstitial
space around muscle fibres (Fig. 1B, C). To confirm the
location of the senescent cells in skeletal muscle, we
immunohistochemically analysed the distribution of
YyH2AX, another marker of senescence, and laminin
(Fig. 1D), which revealed that yH2AX-positive cells
existed outside of laminin-positive cell boundaries.
Moreover, SA-BGal staining in rat skeletal muscle
primary cells showed that SA-BGal-positive mono-
nucleated cells were present in old rats (Fig. 1E). These
results suggest that mononucleated senescent cells
appeared in the interstitium of skeletal muscle in old
rats. The location of the senescent cells observed here
(Fig. 1D) corresponded with that of MPCs, and thus we
suspected that senescence was induced in MPCs in old
rats. To confirm this, we performed immunohisto-
chemistry of yH2AX and vimentin, a marker of
mesenchymal cells, and identified the double-positive
cells (Supplementary Fig. 1A), showing that senescence
was induced in mesenchymal cells in the aged rats.
Furthermore, immunohistochemical analysis of YH2AX
and CSPG4, which was identified by our group to be
expressed in the cells that have both fibrogenic and
adipogenic potential like MPCs in the rat skeletal
muscle [22], revealed the existence of double-positive
cells (Supplementary Fig. 1B). These results indicate
the presence of senescent mesenchymal progenitor cells
in old rat skeletal muscle.
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Figure 1. Senescent mesenchymal cells appeared in old rat skeletal muscle. (A) Quantification of mRNA levels of
senescence markers in young and old rat skeletal muscle. Data are expressed as means+SE (n=4); *P<0.05. (B) SA-BGal
staining in TA muscle sections from young and old rats. Black arrowhead: SA-BGal” cell. Scale bar: 50 um. (C)
Quantification of SA-BGal” cells per section. Data are expressed as means*SE (n=3). (D) Immunohistochemical analysis of
YH2AX and laminin in TA muscle sections from young and old rats. White arrowhead: yH2AX" cell. Scale bar: 50 pum. (E)
SA-BGal staining of primary skeletal muscle cells from young and old rats. Black arrowheads: SA-BGal” cells. Scale bar: 50 pm.

Senescence induction in rat mesenchymal cell clone MPCs might affect the progression of sarcopenia. To
2G11 cells investigate the role of senescent MPCs in aged muscle,

we used 2Gl1 cells, the rat MPC clone that we
Because senescence modifies cellular functions and is previously established [21], and induced senescence by
involved in age-associated diseases, senescence in employing H,O, treatment as the oxidative stress to

WWwWw.aging-us.com 749 AGING



mimic the senescence-inducing microenvironment of
aged skeletal muscle. H,O, treatment enhanced the
expression of p21 and p53 but not that of pl6 or p19
(Fig. 2A), and the treatment also increased the
expression of the SASP markers IL-6, TGFpB;, and
CCL2 (Fig. 2B) and the number of SA-BGal-positive
cells (Fig. 2C, D). Furthermore, immunocytochemical
analysis revealed an increase in YH2AX-positive cells
(Fig. 2E, F). These results suggest that premature
senescence could be successfully induced in 2G11 cells
by oxidative stress and that prematurely senescent 2G11
cells (PMS-2G11 cells) acquire SASP.
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Senescence in 2G11 cells attenuated their fibrogenic
potential

We previously showed that 2G11 cells exhibit
fibrogenic potential [22]; here, to examine whether
senescence affects this potential, we treated PMS-2G11
cells with TGFpB, which promotes fibrogenic differen-
tiation [19], and measured the expression of the
fibroblast markers Czgf, Collal, and Acta2 (also known
as o-smooth muscle actin; o-SMA). As previously
demonstrated, TGFp treatment increased the expression
of these 3 fibroblast markers in 2G11 cells (Fig. 3A).
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Figure 2. Senescence was successfully induced in rat mesenchymal cell clone 2G11 cells. (A)
Quantification of mRNA levels of senescence markers in 2G11 cells treated with H,0,. Data are expressed as
meansSE (n=3); *P<0.05, ***P<0.001. (B) Quantification of mRNA levels of SASP markers in 2G11 cells treated with
H,0,. IL-6: interleukin-6; TGF8,: transforming growth factor 81; CCL2: C-C motif chemokine ligand 2. Data are
expressed as meanstSE (n=3); ¥*P<0.05, ***P<0.001. (C) SA-BGal staining in 2G11 cells treated with or without H,0,.
Arrowhead: SA-BGal® cell. Scale bar: 50 um. (D) Quantification of SA-BGal” cells. Data are expressed as means+SE
(n=3). (E) Immunocytochemical analysis of yH2AX in 2G11 cells treated with or without H,0,. Arrowhead: yH2AX"
cell. Scale bar: 50 um. (F) Quantification of yH2AX" cells. Data are expressed as means+SE (n=3); ***P<0.001.
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However, senescence induction by itself did not alter
Acta2 expression and decreased Collal expression, and
only increased Ctgf levels (Fig. 3A), and TGFp
treatment of PMS-2G11 cells caused a slight
upregulation of all 3 fibroblast markers, but not to the
levels in TGFB-treated 2G11 cells (Fig. 3A). Intriguing-
ly, immunocytochemical analysis of a-SMA revealed
stress-fibre formation in PMS-2G11 cells regardless of
TGFp treatment (Fig. 3B), although the a-SMA protein
level was not altered after either senescence induction
alone or TGFp treatment of PMS-2G11 cells as compa-
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red to the level in 2G11 cells exposed to TGFp (Fig. 3C,
D). These results suggest that senescent MPCs could
form stress fibres even though their fibrogenic potential
was attenuated.

Senescence in 2G11 cells also attenuated their
adipogenic potential

To investigate whether senescence affects the
adipogenic potential of 2G11 cells, PMS-2Gl11 cells
were treated with bFGF, which exerts a pro-adipogenic
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Figure 3. Fibrogenic differentiation ability was diminished in PMS-2G11 cells. (A) Quantification of mRNA levels of
fibrosis-related markers in 2G11 and PMS-2G11 cells treated with or without TGFB,. CTGF: connective-tissue growth factor; Collal:
collagen type 1; Acta2: a-actin-2. Data are expressed as meanstSE (n=3); distinct letters (a—d) indicate statistically significant
differences (P<0.05). (B) Immunocytochemical analysis of a-smooth muscle actin expression in 2G11 and PMS-2G11 cells treated
with or without TGFB;. Arrowheads: stress fibres. Scale bar: 100 um. (C) Immunoblotting analysis of a-smooth muscle actin
expression in 2G11 and PMS-2G11 cells treated with or without TGFB;. (D) Quantification of a-smooth muscle actin protein
expression. Data are expressed as meansSE (n=3); distinct letters (a, b) indicate statistically significant differences (P<0.05).
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effect on skeletal muscle adipogenic cells [20]. We
immunocytochemically analysed Peroxisome prolifera-
tor-activated receptor (PPAR) y and perilipin to assess
adipogenicity (Fig. 4A, B), which revealed that bFGF
pretreatment enhanced the adipogenic potential of 2G11
cells, as shown by an elevation in the proportion of
PPARy-positive cells and an increase in the perilipin-
positive area (Fig. 4C, D). Conversely, senescence
induction before bFGF treatment eliminated PPARYy
expression and decreased the perilipin-positive area
(Fig. 4C, D). Therefore, we conclude that senescent
mesenchymal cells lose their adipogenic potential.

Coculture with senescent 2G11 cells abrogated
myotube formation

We previously established that 2G11 cells promote
myotube formation through soluble factors [23].
Because our results demonstrated SASP acquisition in
PMS-2Gl11 cells (Fig. 2B), senescence in 2G11 cells
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might modulate the effect of 2G11 cells on myotube
formation. To examine the effect of SASP on myotube
formation, we cocultured PMS-2G11 cells with skeletal
muscle primary cells by using the Transwell coculture
system, which enabled these cells to share the culture
medium without making cell-to-cell contact. As in our
previous study, immunocytochemical analysis of MHC
revealed that myotubes in skeletal muscle primary cells
cocultured with 2G11 cells contained a higher number
of nuclei than myotubes formed by muscle cells that
were cultured alone (i.e., cultured without any other
cells) (Fig. 5A, B) and showed an increased fusion
index (Fig. 5C). Interestingly, no myotube formation
was observed in skeletal muscle primary cells cocultur-
ed with PMS-2G11 cells (Fig. SA—C). We suspected
that this abrogation of myotube formation was due to
reduced myogenic potential in the skeletal muscle
primary cells. Accordingly, we performed immunocyto-
chemical analysis of Pax7 and MyoD, which are
markers of undifferentiated proliferating satellite cells,
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Figure 4. Adipogenic differentiation ability was decreased in PMS-2G11 cells. (A) Immunocytochemical
analysis of PPARy in 2G11 and PMS-2G11 cells treated with or without bFGF. Arrowheads: PPARy" cells. Scale bar: 100
pm. (B) Quantification of PPARy" cells. Data are expressed as means+SE (n=3); ***P<0.001. (C) Immunocytochemical
analysis of perilipin in 2G11 and PMS-2G11 cells treated with or without bFGF. Arrowheads: perilipin® cells. Scale bar:
100 pum. (D) Quantification of perilipin® areas. Distinct letters (a, b) indicate statistically significant differences (P<0.05).
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Figure 5. SASP of PMS-2G11 cells abrogated myotube formation. (A) Immunocytochemical analysis of MHC in skeletal
muscle primary cells cultured alone or cocultured with 2G11 or PMS-2G11 cells. Arrowhead: MHC" myotube. Scale bar: 100 um. (B)
Distribution of multinucleated myotubes of differentiated skeletal muscle primary cells cultured alone or cocultured with 2G11 or
PMS-2G11 cells. Upper panel: relative numbers of myotubes containing specified numbers of nuclei. White and red arrowheads:
median values of the number of nuclei per myotube, cultured alone and cocultured with 2G11 cells, respectively. Lower panel: plot
showing relative cumulative percentages of myotubes, based on the data shown in the upper panel. Black and red lines: myotubes
cultured alone and cocultured with 2G11 cells, respectively. (C) Fusion index of differentiated skeletal muscle primary cells,
quantified as the percentage of the number of nuclei in myotubes (>2 myonuclei) relative to the total number of nuclei in a field.
Data are expressed as means+SE (n=4); **P<0.01. (D-F) Quantification of Pax7" cells (D), MyoD" cells (E), and myogenin® cells (F) of
skeletal muscle primary cells cultured alone or cocultured with 2G11 or PMS-2G11 cells. Data are expressed as meanszSE (n=4).
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and myogenin, a marker of differentiated myoblasts:
Following coculture with PMS-2G11 cells, the
proportion of Pax7- and MyoD-positive cells was in-
creased (Fig. 5D, E) although there was no remarkable
difference in the number of nucleus (Supplementary
Fig. 2). Myogenin expression in myoblasts was un-
altered as compared with the levels in cells cultured
alone or cocultured with 2G11 cells (Fig. 5F). These
results suggest that neither proliferation nor differen-
tiation but the fusion of myogenic precursor cells was
strongly inhibited by soluble factors secreted from
PMS-2Gl11 cells.

Repression of myomaker (MYMK) expression did
not cause the abrogation of myotube formation

MYMK, a transmembrane protein specifically
expressed in skeletal muscle cells, has been shown to
play a central role during myoblast fusion into
myotubes [25]. Here, MYMK expression was signi-
ficantly downregulated only in the skeletal muscle
primary cells that were cocultured with PMS-2G11 cells
(Fig. 6A). This raised the possibility that the reduction
in MYMK expression was responsible for the observed
abrogation of myotube formation (Fig. 5A), and to test
this, we transfected the MYMK open reading frame
(ORF) mRNA into skeletal muscle primary cells
cultured alone or cocultured with PMS-2G11 cells. As a
control, we transfected cells with GFP mRNA. As
reported previously, MYMK overexpression success-
fully promoted the fusion of the skeletal muscle primary
cells cultured alone (Fig. 6B, C). However, forced
expression of MYMK could not rescue the SASP-
mediated inhibition of myotube formation (Fig. 6B, C).
These results suggest that SASP-mediated abrogation of
myotube formation does not occur directly through the
repression of MYMK expression.

DISCUSSION

In this study, we demonstrated that senescent cells were
present in the interstitial space in aged skeletal muscle,
in a position corresponding to that of MPCs. Senescent
MPC-clone 2Gl11 cells showed a loss of their
fibro/adipogenic potential, but strongly inhibited
myotube formation by abrogating the fusogenic potential
of skeletal muscle progenitor cells through SASP.

Our results suggest that SASP factors secreted from
senescent MPCs function in regulating the fusogenic

potential of myoblasts, although not by directly
inhibiting MYMK expression. Several molecules are
involved in the fusion of myoblasts (e.g., TGFp, Wnt-
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Figure 6. Forced expression of downregulated protein myomaker (MYMK) did not rescue abrogated myotube formation.
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nuclei in myotubes (>2 myonuclei) relative to the total number of nuclei in a field. Data are expressed as meanszSE (n=3); *P<0.05.
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signalling molecules, and Rho-family GTPases), and
TGFP plays an inhibitory role in myoblast proliferation/
fusion. Previously, TGFB-stimulated Smad4 activation
was reported to inhibit both the proliferation and the
fusion of C2C12 myoblasts, an immortalised myoblast
cell line derived from mice [26], and TGFP was further
shown to inactivate RhoA, a critical regulator of myo-
genic fusion that belong to the Rho-GTPase family [27].
Furthermore, Wnt signalling also contributes to
myoblast fusion: Wnt3a, one of the Wnt ligands,
enhances C2C12 myoblast fusion [28], whereas
oxidative stress-induced senescence in human fibroblast
stimulates the oversecretion of the Wnt antagonist
SFRP1 [29]. Because our data suggest that TGFp is
secreted through SASP, TGFp or (potentially) secreted
SFRP1 might be involved in the abrogation of myotube
formation.

Exosomes, which are small extracellular vesicles, could
also represent attractive candidate regulators that cause
the abrogation of myotube formation reported here:
Senescent cells have been demonstrated to not only
secrete cytokines, but also show increased secretion of
exosomes [30]. Exosomes have emerged as potent
genetic-transfer agents consisting of membrane-derived
particles in which miRNAs are included, and the
delivery of these factors through the fusion of exosomes
with the cell membrane is recognised to influence
homeostasis in several organs, including skeletal muscle
[31]. Our data indicated that SASP mediated the
repression of MYMK expression, which has been
reported to be regulated by myogenic transcription
factors (MyoD and myogenin) or certain miRNAs [32];
however, the SASP of PMS-2G11 cells here did not
suppress MyoD and myogenin expression in skeletal
muscle primary cells, which suggests that these
transcription factors might not represent candidate
SASP-dependent regulators of MYMK expression. In
avian skeletal muscle, miR-140-3p inhibits MYMK
expression and is involved in myotube formation [32],
which raises the possibility that PMS-2G11 cells secrete
miRNAs that function in the downregulation of
MYMK. Moreover, certain miRNAs regulate the
fusogenic potential of myoblasts. MyD8S, a key adaptor
protein for IL-1R and Toll-like receptors that was
recently found to modulate myoblast fusion [33], is
targeted by miR-203, and this results in the
downregulation of MyD88 expression [34]; miR-15a
and miR-16 were shown to repress the expression of
Wnt3a [35]; and the miRNA-23b cluster was reported to
inhibit the expression of Smad4 [36]. Although the
precise underlying mechanism remains unknown,
senescent MPCs might repress the fusogenic potential
of myoblasts through either cytokines such as TGFP and
SFRP1 or exosomes.

Senescence can be induced by various types of stress,
including DNA damage stress, oxidative stress, and
oncogenic stress [2]. These senescence-inducing signals
typically activate the p53-p21 pathway and/or the p16-
pRB pathway [2], and although these pathways interact
with each other, they can independently induce
senescence. However, the stimuli that induce pl6
expression remain to be investigated; oxidative stress
stimulates p16 expression in certain cell types [37], but
this is not unfailingly the case [38]. The process by
which cells become senescent is assumed to involve
cell-specificity [2], and our results demonstrated that
whereas both p21 and p16 were upregulated in aged rat
skeletal muscle, p53 and p21 were upregulated in
senescent 2G11 cells. Moreover, pl6 was previously
shown to be upregulated in senescent satellite cells in
the skeletal muscle of old mice [10]. These findings
potentially suggest that senescence is induced mainly
through the p16-pRB pathway in satellite cells, whereas
MPCs senesce mainly through the p53-p21 pathway,
and that the combined accumulation of senescent MPCs
and satellite cells leads to the upregulation of both p16
and p21 in the skeletal muscle in aged rats.

Our results demonstrated a decrease in the
fibro/adipogenic differentiation of PMS-2G11 cells.
Regarding adipogenic differentiation, we suspected that
adipogenesis in PMS-2G11 cells might be diminished
due to two potential reasons: one, loss of PMS-2G11-
cell response to bFGF stimulation; and two, complete
loss of the adipogenic potential of PMS-2G11 cells. Our
data revealed that 2G11 cells can differentiate into
adipocytes without bFGF pretreatment, although the
differentiation rate was lower than that in the case of
bFGF-treated cells. Because the PMS-2G11 cell
cultures completely lacked adipogenic cells regardless
of bFGF treatment, we conclude that PMS-2G11 cells
lose their adipogenic potential. Intriguingly, senescence
induction in 2G11 cells triggered stress-fibre formation
although the fibrogenic potential of these cells was
attenuated. Senescence induction not only arrests the
cell cycle, but also causes the morphological change by
which senescent cells exhibit a flat and broad shape.
Previously, oxidative stress-induced senescence in
human diploid fibroblasts was shown to provide the
cells with an enlarged morphology due to stress-fibre
formation [39]. Moreover, the activation of Racl and
Cdc42, both of which regulate stress-fibre formation,
was reported to be associated with morphological
changes in senescent cells [40]. Similar mechanisms
might underlie stress-fibre formation in PMS-2Gl11
cells. Stress fibres link cells to the extracellular matrix
(ECM) through focal adhesions and play a role in
constricting the ECM [41]. Because aged muscle shows
a decline in force transmission due to the muscle
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stiffness caused by alterations in ECM components
[42], stress-fibre formation in senescent MPCs might
participate in diminishing muscle strength in sarcopenia
by regulating the contractile ability of the ECM and
thus muscle stiffness.

In conclusion, our data suggest that senescent MPCs
lack fibrogenic and adipogenic potential, but are in a
state completely different from that of undifferentiated
progenitors in that senescent MPCs strongly suppress
the fusogenic potential of skeletal muscle progenitor
cells. Because muscle regeneration capacity declines in
sarcopenia [9, 10], previous studies have focused
mainly on satellite cells. However, our results provide
new insights indicating a potentially integral role of
senescent MPCs in the decline of regenerative potential
or muscle atrophy, and thus senescent MPCs could
emerge as a potent treatment target in sarcopenia.

MATERIALS AND METHODS
Ethics statement

Investigation has been conducted in accordance with the
ethical standards and according to the Declaration of
Helsinki and according to national and international
guidelines and has been approved by the authors'
institutional review board.

Animals

Adult male rats (8—20 weeks old) of Wistar Imamichi
strain were purchased from the Institute for Animal
Production (Ibaraki, Japan) and maintained in our
laboratory until 18 months of age under controlled
environmental conditions: 23 °C, with a 12/12-h
light/dark cycle (lights on at 0800). Food and water
were provided ad [libitum. All animal experiments
performed in this study were in accordance with the
Guide for the Care and Use of Laboratory Animals of
the University of Tokyo and were approved by the
Institutional Animal Care and Use Committee of the
University of Tokyo.

Histological analyses

Frozen sections of TA muscles were prepared
transversely using a cryostat. The sections were used for
SA-BGal staining and immunohistochemistry.

For immunostaining, cryosections were fixed with 4%
paraformaldehyde, blocked with 5% normal goat serum
in phosphate-buffered saline (PBS), incubated overnight
with primary antibodies (described below) at 4 °C, and
washed and then incubated for 1 h with AlexaFluor-
conjugated secondary antibodies (1:500; Invitrogen,

Carlsbad, CA, USA). Nuclei were counterstained with
Hoechst 33258. Photographs were acquired using a
fluorescence microscope (BXS51, Olympus, Tokyo,
Japan) equipped with a digital camera (DP73,
Olympus).

The primary antibodies used were anti-laminin (1:100,
rabbit polyclonal; Sigma, St. Louis, MO, USA), anti-
vyH2AX (1:1000, rabbit polyclonal; Abcam, Cambridge,
UK), anti-vimentin (1:100, rabbit polyclonal; Cell
Signaling, Danvers, MA, USA) and anti-CSPG4 (1:50,
mouse, clone 5C12, produced in our laboratory [20]).

SA-BGal staining

For SA-BGal staining in fresh skeletal muscle
cryosections, we used an SA-BGal Staining Kit (Cell
Signaling; cat. no. 9860) with a 10-min fixation
followed by 24-h incubation in the staining solution at
37 °C. For SA-BGal staining in cells, we incubated the
cells for 15 h in the staining solution at 37 °C. SA-BGal"
cells were counted in 5 randomly selected fields by
using the 20x objective of a fluorescence microscope
(BX50, Olympus).

Cells

The rat MPC clone 2G11 [19] was maintained by
culturing in Dulbecco’s modified Eagle medium
(DMEM; Gibco, Life Technologies, Palo Alto, CA,
USA) containing 10% foetal bovine serum (FBS), 100
U/mL penicillin, 100 pg/mL streptomycin, and 50
pg/mL gentamicin (‘10% FBS/DMEM’) on poly-L-
lysine- and fibronectin-coated multi-well culture plates
and culture dishes.

Isolation of rat skeletal muscle progenitor cells

Procedures for isolating progenitor cells from skeletal
muscles were described previously [41]. Briefly, 2-
month-old rats were euthanised through CO, inhalation,
and then their hind-limb muscles were separated from
the associated fat and connective tissue, hand-minced
using scissors, and digested for 1 h at 37 °C with 1.25
mg/mL protease (from Streptomyces griseus, type XIV;
Sigma). Cells were separated from muscle-fibre
fragments and tissue debris through differential
centrifugation and plated on poly-L-lysine- and
fibronectin-coated plates in 10% FBS/DMEM. This
procedure yielded >95% of the myogenic cells from
muscle samples [42].

Senescence induction in 2G11 cells

To induce cell senescence, 2G11 cells were treated with
10% FBS/DMEM containing 600 uM H,O, for 2 h.
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After incubation for 4 days, the cells were trypsinised
and split at a 1:2 ratio, and then once more treated with
10% FBS/DMEM containing 600 uM H,0, for 2 h and
cultured for another 4 days.

Coculture of skeletal muscle progenitor cells with
2G11 and PMS-2G11 cells

We plated 2G11 or PMS-2G11 cells in the lower wells
of 24-well polyester Transwell-Clear plates (Corning
Inc., Corning, NY, USA), and plated skeletal muscle
progenitor cells on the upper inserts. After 3 days of
coculture, the skeletal muscle progenitor cells on the
upper inserts were analysed.

Induction of
differentiation

fibrogenic and adipogenic

For fibrogenic differentiation, cells were cultured with
10% FBS/DMEM containing 10 ng/mL TGFf (R&D
Systems, Minneapolis, MN, United States; cat. no. 240-
B) for 3 days.

For adipogenic differentiation, cells were cultured for 2
days in adipogenic differentiation medium (ADM),
which consisted of 10% FBS/DMEM containing insulin
(1 pg/mL), dexamethasone (0.1 pg/mL), isobutyl-
methylxanthine (27.8 pg/mL), and troglitazone (10 uM)
(kindly provided by Daiichi-Sankyo Co. Ltd., Tokyo,
Japan). Subsequently, the medium was replaced with
10% FBS/DMEM containing insulin and troglitazone
and the cells were cultured for another 2 days. At 1 day
before ADM culturing, the cells were treated with 10%
FBS/DMEM containing 10 ng/mL bFGF.

Immunocytochemistry

For immunostaining, cells were fixed with 4%
paraformaldehyde, blocked with 5% normal goat serum
in PBS containing 0.1% Triton X-100 (Sigma), and
incubated overnight with primary antibodies (described
below) at 4 °C and then for 1 h with AlexaFluor-
conjugated secondary antibodies (1:500; Invitrogen).
Nuclei were counterstained with Hoechst 33258. The
yH2AX', PPARy’, MHC', Pax7, MyoD", and
myogenin’ cells were counted in 5 randomly selected
fields by using the 20x objective of a fluorescence
microscope (BX50, Olympus), and the nuclei in MHC"
multinucleated myotubes were also counted similarly.
The fusion index was calculated as the percentage of the
number of nuclei in myotubes (>2 myonuclei) relative
to the total number of nuclei in a field. To quantify
perilipin areas, 5 fields were randomly selected using
the 20x objective of a fluorescence microscope (BX50,
Olympus). Photographs were acquired using the BX50
fluorescence microscope equipped with a digital camera

(DP70, Olympus). Mean pixel measurements were
obtained using Imagel (ver.1.47; National Institutes of
Health, Bethesda, MD, USA).

The following primary antibodies were used: anti-
vyH2AX (1:1000, rabbit polyclonal; Abcam), anti-
PPARy (1:100, mouse, clone E-8, sc-7273; Santa Cruz
Biotechnology, Dallas, TX, USA), anti-Pax7 (1:100,
mouse, clone P3U1; Developmental Studies Hybridoma
Bank, lIowa City, IA, USA), anti-MyoD (1:200, mouse,
clone 5.8A; Novocastra, Newcastle upon Tyne, UK),
anti-myogenin  (1:200,  mouse, clone  F5D;
Developmental Studies Hybridoma Bank), anti-MHC
(1:400, mouse, clone MF-20; Developmental Studies
Hybridoma Bank), anti-perilipin  (1:500, rabbit
polyclonal; Cell Signaling), anti-a-SMA (1:400, mouse,
clone 1A4; Sigma), anti-GFP (1:500, rabbit polyclonal;
Medical and Biological Laboratories Co., LTD,
Nagoya, Japan) and anti-Flag (1:100, mouse, clone M2;
Sigma).

Immunoblotting

Cells were lysed in sample buffer (0.5 M Tris-HCL, 10%
glycerol, 1% SDS, and 10% 2-mercaptoethanol), and
then protein extracts were separated on SDS-
polyacrylamide gels and electroblotted onto
polyvinylidene fluoride membranes, which were
blocked with 5% skimmed milk/PBS to prevent
nonspecific staining. 0-SMA was detected by staining
with anti-o-SMA antibody (1:4000) and horseradish
peroxidase-labelled second antibody (1:50000, goat,
115-035-003; Jackson ImmunoResearch Laboratory,
West Grove, PA, USA) and then visualising the stained
bands with an ECL western blotting analysis system
(GE Healthcare Life Science, Buckinghamshire, UK).
As a loading control, the same amounts of samples were
electrophoresed on the gels and stained with a
Coomassie Brilliant Blue staining solution (0.1%
Coomassie Brilliant Blue R-250, 50% methanol, and
10% acetic acid).

Reverse transcription-PCR (RT-PCR)

Total RNA was extracted from cultured cells or
cryosectioned TA muscles by using TRIzol Reagent
(Invitrogen), and cDNA was synthesised using a Super
Script I kit (Invitrogen). Quantitative RT-PCR (qPCR)
was performed on a Light Cycler 2.0 (Roche
Diagnostics, Roche, Basel, Switzerland) with the
Thunderbird SYBR ¢PCR Mix (TOYOBO, Osaka,
Japan). For qPCR, the following primer sets were used
(with an annealing temperature of 60 °C in all cases):
pl6: forward, 5'-TTC ACC AAA CGC CCC GAA CA-
3’; reverse, 5'-CAG GAG AGC TGC CAC TTT GAC-
3" p19: forward, 5'-GTG TTG AGG CCA GAG AGG
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AT-3"; reverse, 5'-TTG CCC ATC ATC ATC ACC T-
3'; p21: forward, 5'-GAC ATC TCA GGG CCG AAA-
3" reverse, 5'-GGC GCT TGG AGT GAT AGA AA-3;
p53: forward, 5-AGA GAG CAC TGC CCA CCA-3’;
reverse, 5'-AAC ATC TCG AAG CGC TCA C-3'; Ctgf:
forward, 5'-GGT GAC CTA GAG GAA AAC ATT
AAG A-3'; reverse, 5'-CCG GTA GGT CTT CAC ACT
GG-3’; Collal: forward, 5'-TGC TTG AAG ACC TAT
GTG GGT A-3"; reverse, 5-AAA GGC AGC ATT
TGG GGT AT-3"; Acta2: forward, 5'-TGC CAT GTA
TGT GGC TAT TCA-3'; reverse, 5'-ACC AGT TGT
ACG TCC AGA AGC-3"; IL-6: forward, 5'-CCT GGA
GTT TGT GAA GAA CAA CT-3'; reverse, 5'-GGA
AGT TGG GGT AGG AAG GA-3’; TGFp;: forward,
5'-CCT GGA AAG GGC TCA ACA C-3'; reverse, 5'-
CAG TTC TTC TCT GTG GAG CTG A-3"; CCL2:
forward, 5-CGT GCT GTC TCA GCC AGA T-3';
reverse, 5'-GGA TCA TCT TGC CAG TGA ATG-3’;
MYMK: forward, 5'-GAT GCT TCG CTT CTT CTT
TGA-3'; reverse, 5'-AGC CTT CTT GTT GAC CTT
GG-3'; and hypoxanthine-guanine phosphoribosyl-
transferase (Hprt): forward, 5'-GAC CGG TTC TGT
CAT GTC G-3'; reverse, 5'-ACC TGG TTC ATC ATC
ACT AAT CAC-3'. The expression of each gene was
analysed using the crossing-point method.

Transfection of mRNAs

The ORF of MYMK cDNA was tagged by Flag
sequence at 3° end and subcloned into pGEM®-T Easy
Vector (Promega), and the mRNA was generated using
a MAXIscript'™ T7 transcription kit (Thermo Fisher
Scientific, Waltham, MA, USA) and then poly-A tailed
(Thermo Fisher Scientific). The ORF of GFP cDNA
was amplified with the T3 promoter region included at
the 5-end, and the mRNA was generated using a
mMESSAGE mMACHINE® T3 kit (Thermo Fisher
Scientific) and then poly-A tailed. The mRNAs were
transfected using Lipofectamine™ MessengerMAX™
Reagent (Thermo Fisher Scientific). Delivery efficiency
was almost 90% about GFP, and 60-70% about
MYMK, which was confirmed by the immunocyto-
chemistry of GFP and Flag. The representative picture
was shown in Supplementary Fig. 3.

Statistical analysis

Data are expressed as means=SE. Unpaired ¢ tests and
two-way analysis of variance followed by the Tukey-
Kramer test were used to evaluate statistical differences
between groups. For the distribution of myotubes,
median values were compared using the Wilcoxon rank-
sum test. P<0.05 was considered statistically
significant.

AUTHOR CONTRIBUTIONS

HS, participated in the study design, performed the
experiments, analysed the data, and wrote the
manuscript. KY, participated in the study design and
manuscript preparation and oversaw this study. NT,
TM, and MN contributed reagents and provided helpful
suggestions.

CONFLICTS OF INTEREST
All authors declare no competing financial interests.
FUNDING

This study was supported by the Japan Society for the
Promotion of Science KAKENHI Grants 15K 14883 and
16H05041 to KY.

REFERENCES

1. Hayflick L, Moorhead PS. The serial cultivation of
human diploid cell strains. Exp Cell Res. 1961;
25:585-621.
https://doi.org/10.1016/0014-4827(61)90192-6

2. Campisi J, d’Adda di Fagagna F. Cellular senescence:
when bad things happen to good cells. Nat Rev Mol
Cell Biol. 2007; 8:729-40.
https://doi.org/10.1038/nrm2233

3. Liu Y, Sanoff HK, Cho H, Burd CE, Torrice C, Ibrahim
JG, Thomas NE, Sharpless NE. Expression of
p16(INK4a) in peripheral blood T-cells is a biomarker
of human aging. Aging Cell. 2009; 8:439-48.
https://doi.org/10.1111/j.1474-9726.2009.00489.x

4. Davalli P, Mitic T, Caporali A, Lauriola A, D’Arca D.
ROS, Cell Senescence, and Novel Molecular
Mechanisms in Aging and Age-Related Diseases. Oxid
Med Cell Longev. 2016; 2016:3565127.
https://doi.org/10.1155/2016/3565127

5. Mufioz-Espin D, Serrano M. Cellular senescence: from
physiology to pathology. Nat Rev Mol Cell Biol. 2014;
15:482-96. https://doi.org/10.1038/nrm3823

6. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch
C, Gottdiener J, Seeman T, Tracy R, Kop WJ, Burke G,
McBurnie MA, and Cardiovascular Health Study
Collaborative Research Group. Frailty in older adults:
evidence for a phenotype. J Gerontol A Biol Sci Med
Sci. 2001; 56:M146-56.
https://doi.org/10.1093/gerona/56.3.M146

7. Mauro A. Satellite cell of skeletal muscle fibers. J
Biophys Biochem Cytol. 1961; 9:493-95.
https://doi.org/10.1083/jcb.9.2.493

WWWw.aging-us.com

AGING



10.

11.

12.

13.

14.

15.

16.

17.

Relaix F, Zammit PS. Satellite cells are essential for
skeletal muscle regeneration: the cell on the edge
returns centre stage. Development. 2012; 139:2845—
56. https://doi.org/10.1242/dev.069088

Chakkalakal JV, Jones KM, Basson MA, Brack AS. The
aged niche disrupts muscle stem cell quiescence.
Nature. 2012; 490:355-60.
https://doi.org/10.1038/nature11438

Sousa-Victor P, Gutarra S, Garcia-Prat L, Rodriguez-
Ubreva J, Ortet L, Ruiz-Bonilla V, Jardi M, Ballestar E,
Gonzalez S, Serrano AL, Perdiguero E, Mufioz-Canoves
P. Geriatric muscle stem cells switch reversible
quiescence into senescence. Nature. 2014; 506:316—
21. https://doi.org/10.1038/nature13013

van der Meer SF, Jaspers RT, Jones DA, Degens H.
Time-course of changes in the myonuclear domain
during denervation in young-adult and old rat
gastrocnemius muscle. Muscle Nerve. 2011; 43:212—
22. https://doi.org/10.1002/mus.21822

Roth SM, Martel GF, lvey FM, Lemmer JT, Metter EJ,
Hurley BF, Rogers MA. Skeletal muscle satellite cell
populations in healthy young and older men and
women. Anat Rec. 2000; 260:351-58.
https://doi.org/10.1002/1097-
0185(200012)260:4<350::AID-AR30>3.0.C0O;2-6

Wagers AJ, Conboy IM. Cellular and molecular
signatures of muscle regeneration: current concepts
and controversies in adult myogenesis. Cell. 2005;
122:659-67.
https://doi.org/10.1016/j.cell.2005.08.021

Dennison EM, Sayer AA, Cooper C. Epidemiology of
sarcopenia and insight into possible therapeutic
targets. Nat Rev Rheumatol. 2017; 13:340-47.
https://doi.org/10.1038/nrrheum.2017.60

Visser M, Pahor M, Taaffe DR, Goodpaster BH,
Simonsick EM, Newman AB, Nevitt M, Harris TB.
Relationship of interleukin-6 and tumor necrosis
factor-a with muscle mass and muscle strength in
elderly men and women: the Health ABC Study. J
Gerontol A Biol Sci Med Sci. 2002; 57:M326-32.
https://doi.org/10.1093/gerona/57.5.M326

Mann CJ, Perdiguero E, Kharraz Y, Aguilar S, Pessina P,
Serrano AL, Mufioz-Canoves P. Aberrant repair and
fibrosis development in skeletal muscle. Skelet
Muscle. 2011; 1:21. https://doi.org/10.1186/2044-
5040-1-21

Joe AW, Yi L, Natarajan A, Le Grand F, So L, Wang J,
Rudnicki MA, Rossi FM. Muscle injury activates
resident fibro/adipogenic progenitors that facilitate
myogenesis. Nat Cell Biol. 2010; 12:153-63.
https://doi.org/10.1038/ncb2015

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Uezumi A, Fukada S, Yamamoto N, Takeda S, Tsuchida
K. Mesenchymal progenitors distinct from satellite
cells contribute to ectopic fat cell formation in
skeletal muscle. Nat Cell Biol. 2010; 12:143-52.
https://doi.org/10.1038/ncb2014

Uezumi A, Ito T, Morikawa D, Shimizu N, Yoneda T,
Segawa M, Yamaguchi M, Ogawa R, Matev MM,
Miyagoe-Suzuki Y, Takeda S, Tsujikawa K, Tsuchida K,
et al. Fibrosis and adipogenesis originate from a
common mesenchymal progenitor in skeletal muscle.
J Cell Sci. 2011; 124:3654-64.
https://doi.org/10.1242/jcs.086629

Nakano S, Nakamura K, Teramoto N, Yamanouchi K,
Nishihara M. Basic fibroblast growth factor is pro-
adipogenic in rat skeletal muscle progenitor clone,
2G11 cells. Anim Sci J. 2016; 87:99-108.
https://doi.org/10.1111/asj.12397

Murakami Y, Yada E, Nakano S, Miyagoe-Suzuki Y,
Hosoyama T, Matsuwaki T, Yamanouchi K, Nishihara
M. Establishment of bipotent progenitor cell clone
from rat skeletal muscle. Anim Sci J. 2011; 82:764-72.
https://doi.org/10.1111/j.1740-0929.2011.00907.x

Takeuchi S, Nakano S, Nakamura K, Ozoe A, Chien P,
Yoshihara H, Hakuno F, Matsuwaki T, Saeki Y,
Takahashi S, Yamanouchi K, Nishihara M. Roles of
chondroitin sulfate proteoglycan 4 in
fibrogenic/adipogenic differentiation in skeletal
muscle tissues. Exp Cell Res. 2016; 347:367-77.
https://doi.org/10.1016/j.yexcr.2016.08.023

Takegahara Y, Yamanouchi K, Nakamura K, Nakano S,
Nishihara M. Myotube formation is affected by
adipogenic lineage cells in a cell-to-cell contact-
independent manner. Exp Cell Res. 2014; 324:105—
14. https://doi.org/10.1016/].yexcr.2014.03.021

Stolzing A, Scutt A. Age-related impairment of
mesenchymal progenitor cell function. Aging Cell.
2006; 5:213-24. https://doi.org/10.1111/j.1474-
9726.2006.00213.x

Millay DP, O’Rourke JR, Sutherland LB,
Bezprozvannaya S, Shelton JM, Bassel-Duby R, Olson
EN. Myomaker is a membrane activator of myoblast
fusion and muscle formation. Nature. 2013; 499:301—
05. https://doi.org/10.1038/nature12343

Han D, Zhao H, Parada C, Hacia JG, Bringas P Jr, Chai
Y. A TGFB-Smad4-Fgf6 signaling cascade controls
myogenic differentiation and myoblast fusion during
tongue development. Development. 2012; 139:1640—
50. https://doi.org/10.1242/dev.076653

Meriane M, Charrasse S, Comunale F, Gauthier-
Rouviére C. Transforming growth factor B activates
Racl and Cdc42Hs GTPases and the JNK pathway in

WWWw.aging-us.com

AGING



28.

29.

30.

31.

32.

33.

34.

35.

36.

skeletal muscle cells. Biol Cell. 2002; 94:535-43.
https://doi.org/10.1016/50248-4900(02)00023-0

Pansters NA, van der Velden JL, Kelders MC,
Laeremans H, Schols AM, Langen RC. Segregation of
myoblast fusion and muscle-specific gene expression
by distinct ligand-dependent inactivation of GSK-3p.
Cell Mol Life Sci. 2011; 68:523-35.
https://doi.org/10.1007/s00018-010-0467-7

Elzi DJ, Song M, Hakala K, Weintraub ST, Shiio Y. Wnt
antagonist SFRP1 functions as a secreted mediator of
senescence. Mol Cell Biol. 2012; 32:4388-99.
https://doi.org/10.1128/MCB.06023-11

Lehmann BD, Paine MS, Brooks AM, McCubrey JA,
Renegar RH, Wang R, Terrian DM. Senescence-
associated exosome release from human prostate
cancer cells. Cancer Res. 2008; 68:7864-71.
https://doi.org/10.1158/0008-5472.CAN-07-6538

Nakamura Y, Miyaki S, Ishitobi H, Matsuyama S,
Nakasa T, Kamei N, Akimoto T, Higashi Y, Ochi M.
Mesenchymal-stem-cell-derived exosomes accelerate
skeletal muscle regeneration. FEBS Lett. 2015;
589:1257-65.
https://doi.org/10.1016/j.febslet.2015.03.031

Luo W, Li E, Nie Q, Zhang X. Myomaker, regulated by
MYOD, MYOG and miR-140-3p, promotes chicken
myoblast fusion. Int J Mol Sci. 2015; 16:26186—-201.
https://doi.org/10.3390/ijms161125946

Hindi SM, Shin J, Gallot YS, Straughn AR, Simionescu-
Bankston A, Hindi L, Xiong G, Friedland RP, Kumar A.
MyD88 promotes myoblast fusion in a cell-
autonomous manner. Nat Commun. 2017; 8:1624.
https://doi.org/10.1038/s41467-017-01866-w

Wei J, Huang X, Zhang Z, Jia W, Zhao Z, Zhang Y, Liu X,
Xu G. MyD88 as a target of microRNA-203 in
regulation of lipopolysaccharide or Bacille Calmette-
Guerin induced inflammatory response of macro-
phage RAW264.7 cells. Mol Immunol. 2013; 55:303—
09. https://doi.org/10.1016/j.molimm.2013.03.004

Bonci D, Coppola V, Musumeci M, Addario A, Giuffrida
R, Memeo L, D’Urso L, Pagliuca A, Biffoni M, Labbaye
C, Bartucci M, Muto G, Peschle C, De Maria R. The
miR-15a-miR-16-1 cluster controls prostate cancer by
targeting multiple oncogenic activities. Nat Med.
2008; 14:1271-77. https://doi.org/10.1038/nm.1880

Rogler CE, Levoci L, Ader T, Massimi A, Tchaikovskaya
T, Norel R, Rogler LE. MicroRNA-23b cluster
microRNAs regulate transforming growth factor-
beta/bone morphogenetic protein signaling and liver
stem cell differentiation by targeting Smads.
Hepatology. 2009; 50:575-84.
https://doi.org/10.1002/hep.22982

38.

39.

40.

41.

42.

43.

44.

. Parrinello S, Samper E, Krtolica A, Goldstein J, Melov S,

Campisi J. Oxygen sensitivity severely limits the
replicative lifespan of murine fibroblasts. Nat Cell
Biol. 2003; 5:741-47.
https://doi.org/10.1038/ncb1024

Itahana K, Zou Y, Itahana Y, Martinez JL, Beausejour C,
Jacobs JJ, Van Lohuizen M, Band V, Campisi J, Dimri
GP. Control of the replicative life span of human
fibroblasts by p16 and the polycomb protein Bmi-1.
Mol Cell Biol. 2003; 23:389-401.
https://doi.org/10.1128/MCB.23.1.389-401.2003

Chen QM, Tu VC, Catania J, Burton M, Toussaint O,
Dilley T. Involvement of Rb family proteins, focal
adhesion proteins and protein synthesis in senescent
morphogenesis induced by hydrogen peroxide. J Cell
Sci. 2000; 113:4087-97.

Cho KA, Ryu SJ, Oh YS, Park JH, Lee JW, Kim HP, Kim
KT, Jang IS, Park SC. Morphological adjustment of
senescent cells by modulating caveolin-1 status. J Biol
Chem. 2004; 279:42270-78.
https://doi.org/10.1074/jbc.M402352200

Castella LF, Buscemi L, Godbout C, Meister JJ, Hinz B. A
new lock-step mechanism of matrix remodelling
based on subcellular contractile events. J Cell Sci.
2010; 123:1751-60.
https://doi.org/10.1242/jcs.066795

Wood LK, Kayupov E, Gumucio JP, Mendias CL, Claflin
DR, Brooks SV. Intrinsic stiffness of extracellular
matrix increases with age in skeletal muscles of mice.
J Appl Physiol (1985). 2014; 117:363-69.
https://doi.org/10.1152/japplphysiol.00256.2014

Yamanouchi K, Nakamura K, Takegahara Y, Nakano S,
Nishihara M. Ex vivo bupivacaine treatment results in
increased adipogenesis of skeletal muscle cells in the
rat. Anim Sci J. 2013; 84:757-63.
https://doi.org/10.1111/asj.12112

Tatsumi R, Sankoda Y, Anderson JE, Sato Y, Mizunoya
W, Shimizu N, Suzuki T, Yamada M, Rhoads RP Jr,
lkeuchi Y, Allen RE. Possible implication of satellite
cells in regenerative motoneuritogenesis: HGF
upregulates neural chemorepellent Sema3A during
myogenic differentiation. Am J Physiol Cell Physiol.
2009; 297:C238-52.
https://doi.org/10.1152/ajpcell.00161.2009

WWWw.aging-us.com

760

AGING



SUPPLEMENTARY MATERIAL

yYH2AX / vimentin / Hoechst

YH2AX / CSPG4 / Hoechst

Supplementary Figure 1. Senescence was induced in
mesenchymal progenitor cells in old rat skeletal muscle. (A)
Immunohistochemical analysis of yH2AX and vimentin in TA muscle
sections from young and old rats. White arrowhead: both yH2AX and
vimentin positive cell. Scale bar: 100 um. (B) Immunohistochemical
analysis of yH2AX and CSPG4 in TA muscle sections from young and old
rats. White arrowhead: both yH2AX and CSPG4 positive cell. Scale bar:
100 pm.
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Supplementary Figure 2. The total number of nucleus in skeletal muscle primary cells was
not affected by the coculture with PMS-2G11 cells. (A-B) Quantification of the total number of
nucleus in the skeletal muscle primary cells cultured alone or cocultured with 2G11 or PMS-2G11 cells in
the immunohistochemistry of Pax7 (A) and MyoD (B) conducted in Fig. 5D and 5E. Data are expressed as
means*SE (n=4); distinct letters (a, b) indicate statistically significant differences (P<0.05).

www.aging-us.com 762 AGING



GFP
with no cell

a

with PMS-2G11

FLAG

with no cell

a

with PMS-2G11

o

+GFP

+MYMK

Supplementary Figure 3. Successful Delivery of the mRNA of GFP and MYMK.
Immunocytochemical analysis of GFP and Flag was performed in skeletal muscle primary
cells 24 hours after transfected with GFP or MYMK and cultured alone or cocultured
with PMS-2G11 cells. Arrowhead: GFP+ cell or Flag+ cell. Scale bar: 100 um.
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