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Cellular senescence-mediated
exacerbation of Duchenne
muscular dystrophy
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Duchenne muscular dystrophy (DMD) is a progressive disease characterised by chronic muscle
degeneration and inflammation. Our previously established DMD model rats (DMD rats) have a more
severe disease phenotype than the broadly used mouse model. We aimed to investigate the role

of senescence in DMD using DMD rats and patients. Senescence was induced in satellite cells and
mesenchymal progenitor cells, owing to the increased expression of CDKN2A, p16- and p19-encoding
gene. Genetic ablation of p16 in DMD rats dramatically restored body weight and muscle strength.
Histological analysis showed a reduction of fibrotic and adipose tissues invading skeletal muscle,
with increased muscle regeneration. Senolytic drug ABT263 prevented loss of body weight and
muscle strength, and increased muscle regeneration in rats even at 8 months—the late stage of DMD.
Moreover, senescence markers were highly expressed in the skeletal muscle of DMD patients. In situ
hybridization of CDKN2A confirmed the expression of it in satellite cells and mesenchymal progenitor
cells in patients with DMD. Collectively, these data provide new insights into the integral role of
senescence in DMD progression.

Duchenne muscular dystrophy (DMD) is a X-linked muscular dystrophy caused by DMD mutations. This gene
encodes dystrophin, the structural protein stabilising the plasma membrane of muscle cells, including myofibres
and myocardiocytes'. DMD mutation leads to muscle fragility. Based on the mutation pattern, muscular dystro-
phies with DMD mutations are classified into one of the two types; Duchenne muscular dystrophy, caused by
an out-of-frame DMD mutation, or Becker muscular dystrophy (BMD), caused by an in-frame DMD mutation.
DMD is a severe form of muscular dystrophy and affects 1 in 3500 new-born males. DMD occurs as a result of
non-sense mutation in DMD, and complete loss of dystrophin leads to continuous degeneration of muscle fibres.
Due to muscle weakness and atrophy, patients with DMD typically need wheelchairs by the age of 8-14 years,
and the condition will ultimately lead to respiratory and heart failure?.

Skeletal muscle normally has a high regenerative capacity. Once muscle fibres are damaged, the muscle-
specific stem cells, i.e. satellite cells, are activated and proliferate®. Some proliferated cells reverse their state
back to stem to maintain a satellite cell pool, and the others differentiate into their committed state. The differ-
entiated cells are fused together to form myotubes, whose maturation constitutes newly regenerated myofibres.
However, patients with DMD show impaired muscle regeneration®. Moreover, progressive fatty and fibrous
tissue deposition is observed as the disease advances. Both adipose and fibrous tissues impair skeletal muscle
function®®. Recent studies have identified that both adipose and fibrous tissues in skeletal muscle are derived
from mesenchymal progenitor cells (MPCs), which reside in the interstitial spaces of skeletal muscle’. Acute
muscle damage stimulates the proliferation of MPCs, which promotes satellite cell differentiation and muscle
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«Figure 1. Progressive exacerbation of muscular dystrophy in DMD rats. (a) Representative images of 6-month-
old WT (left panel) and DMD rats (right panel). (b) Body weight comparison of WT and DMD rats of
1-9 months of age (n=6). (¢) Quantification of maximum muscle strength by grip test at the indicated ages of
WT and DMD rats (2 months: WT: n=7, DMD: n=6, 4 months: WT: n=7, DMD: n=7, 6 months: WT: n=8,
DMD: n=12, 8 months: WT: n=4, DMD: n=7, 10 months: WT: n=11, DMD: n=21). (d) Representative HE
stains of TA muscle sections from 6-month-old WT rats and 1- to 10-month-old DMD rats. Scale bar =100 pm.
The following symbols, y, *, #, and (, indicate inflammatory cell infiltration, necrotic myofibres, fibrosis, and
adipogenesis, respectively. (¢) Immunoblotting analysis of perilipin expression in WT and DMD rats. Full-
length blots are presented in Supplementary Figure 6a. (f) Quantification of perilipin protein expression (n=6,
each). (g) Representative Masson Trichrome stains of TA muscle sections from 1- to 10-month-old WT and
DMD rats. Scale bar =100 um. (h) Quantification of Masson Trichrome staining positive area per section
(n=6, each). (i) Immunohistochemical analysis of eMHC in TA muscle sections from WT and DMD rats.
Scale bar=100 pm. (j) Quantification of eMHC positive fibres per section (n=6, each). (k1) Quantification of
(k) Pax7* cells and (1) MyoD* cells of skeletal muscle primary cells from WT and DMD rats (n=6, each). Data
are expressed as mean + SEM except for (b), which is expressed as mean + SD, and were compared by Tukey
Kramer’s test. Different letters indicate statistically significant differences (p <0.05). Progressive decrease of
both Pax7* and MyoD* cells was observed in DMD rats. Significant decrease of the number of MyoD* cells was
observed in DMD rats from 1 month compared to WT, while from 3 months about the number of Pax7* cells.
For (c), (h), (k) and (1), the result of statistical comparison only between the genotypes at each indicated ages
was displayed. When a significant age-related difference was observed by the Tukey-Kramer's test, the + mark
was added beside the legend of the graph. *p <0.05. **p < 0.01. ***p <0.001. N.D. not detected.

regeneration through paracrine factors’. However, under pathological conditions, MPCs differentiate into adipose
and fibrous tissues and inhibit, rather than support, muscle regeneration®’.

Senescence is a state of permanent cell cycle arrest induced by various types of stress, including oxidative
stress'®!!. Although senescence was originally regarded as a process that only occurs in cultured cells, recent
studies have shown the appearance of senescent cells in vivo'?. Senescent cells are distinguished from other non-
proliferating cells by several markers, such as the expression of anti-proliferative molecules (e.g. p16™<4, ARF
and p21)'*'* and the high lysosomal activity of p-galactosidase, termed senescence-associated p-galactosidase
(SA-BGal) activity. Both p16 and ARF proteins are encoded by CDKN2A. CDKN2A is composed of 3 exons
(exonla, exon2, and exon3) whose transcripts generate p16, while the transcript of ARF originates from an
additional exon called exon1p and is spliced to the common exon2, leading to the formation of an alternative
reading frame'®. Therefore, p16 and ARF share no amino acid homology although they share exon2 and exon3.
In humans, ARF is translated into 14 kDa, called p14A%F, while in the case of mice and rats, it is 19 kDa, called
p 1 9ARF15.

Senescent cells cease the cell cycle, and secrete various cytokines, such as interleukin (IL)-6 and transform-
ing growth factor (TGF)-p; this is referred to as the senescence associated secretory phenotype (SASP)'¢'”.
SASP is reported not only in mice, but also in rats and humans'*'8. Senescent cells are reportedly involved in
the exacerbation of various diseases in mice models, such as idiopathic pulmonary disease'?, hepatic steatosis?,
atherosclerosis?, and others?*?. Notably in skeletal muscle, senescence in satellite cells in aged mouse skeletal
muscle causes cell cycle arrest, resulting in a decrease in the number of satellite cells and decline in regenerative
potential in mice?. In addition to satellite cells, we previously found the presence of senescent MPCs in aged
rat skeletal muscle. SASP of senescent MPCs abrogated myoblast fusion, suggesting an inhibitory role in muscle
regeneration in rat'®.

Persistent muscle damage causes chronic inflammation®; this is observed after the increase in skeletal muscle
oxidative stress in patients with DMD?%. As oxidative stress is a cause of senescence, it is plausible that senescence
is induced in the skeletal muscle of patients with DMD. To test this hypothesis, we used rats previously generated
by our group that carry an out-of-frame mutation in Dmd (DMD rats). The most commonly used DMD model
animals are mdx mice, which have an out-of-frame mutation in Dmd. However, mdx mice do not present a severe
disease phenotype, indicative of late stage DMD in humans, and show no, or very little, fibrosis or adipogenesis in
their skeletal muscle?>. Our previous research showed that FO DMD rats exhibited a more severe phenotype than
mdx mice, and represented fibrosis from as early as 12 weeks-old*®. However, the detailed disease progression
of DMD rats is still unknown. In this study, we aimed to investigate the role of senescence in DMD using DMD
rats and patients. Elucidating the involvement of senescence in disease progression could potentially serve as a
novel therapeutic target for DMD treatment.

Results

Exacerbation of dystrophic phenotype in DMD rats. All the animal experiments were performed
using male rats. We previously used the CRISPR/Cas system to generate various strains of rats carrying out-
of-frame mutations in Dmd* in exon3 and exonl6. One of the rats (see mutation pattern in Supplementary
Figure 1a,b) was selected and used to establish a strain of DMD model rats (DMD rats). Immunoblot analy-
sis confirmed the lack of dystrophin in DMD rats (Supplementary Figure 1c). Progressive exacerbation of the
dystrophic phenotype was observed in DMD rats. They showed severe phenotypic traits including rough coats
and kyphosis at 6 months (Fig. 1a). Weekly measurements of body weight showed the progressive decrease in
body mass in DMD rats after the age of 6 months (Fig. 1b). The grip test analysis showed the functional decline
in muscle strength as early as at 1 month, and a further decline was observed until 10 months of age (Fig. 1c).
To assess the histopathology of the skeletal muscle, we performed HE staining of tibialis anterior (TA) muscles
in DMD rats between 1 and 10 months of age (Fig. 1d). Muscle necrosis and inflammation were observed in
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«Figure 2. Senescent satellite cells and mesenchymal progenitor cells were present in DMD rats. (a—c)
Quantification of mRNA levels of senescence markers (p16, p19, and p21) in WT and DMD rat TA muscles
(n=6, each). (d) In situ hybridisation of CDKN2A mRNA using RNAscope on TA muscle sections from
6-month-old WT and DMD rats. Shown are representative images of tissues from WT (top) and DMD rats
(middle) with CDKN2A mRNA appearing as brown dots. Scale bar =50 pm. A higher magnification image from
the dotted area is shown in the bottom frame. Scale bar =10 um. The white arrowheads show the mononucleated
CDKN2A mRNA* cells. (e) Skeletal muscle primary cells from 6-month-old DMD rats were subjected to
CDKN2A mRNA in situ hybridisation using RNAscope before the immunocytochemistry of Pax7, CSPG4,
CD45, and CD31. Scale bar =10 um. White arrowheads indicate DAB signal. White arrows indicate CD45"
or CD31* cells. (f) Quantification of CDKN2A* Pax7* cells per all Pax7"* cells (shown as SC) and CDKN2A*
CSPG4* cells per all CSPG4* cells (shown as MPC) in skeletal muscle primary cells from DMD rats (n=4, each).
Data are expressed as mean + SEM, and were compared by Tukey Kramer’s test. For (a—c), the result of statistical
comparison only between the genotypes at each indicated ages was displayed. When a significant age-related
difference was observed by the Tukey-Kramer's test, the ¥ mark was added beside the legend of the graph.
*p<0.05. **p<0.01. **p<0.001.

1-month-old rats, and muscle damage markers—creatine kinase and urine titin—decreased with age while these
markers were higher until 6 months of age when compared to WT (Supplementary Figure 1d,e). No signal of
perilipin was detected in WT rat skeletal muscle by the western blot analysis. On the other hand, increased
adipogenesis (Fig. 1e,f; Supplementary Figure 6a) and fibrosis (Fig. 1g,h) were observed in 6-month-old DMD
rats, and ultimately resulted in the replacement of skeletal muscle fibres with adipose and fibrotic tissues at
10 months, as would be observed in the late stage of human patients with DMD*?’. Progressive fibrosis was also
evident in the diaphragm (Supplementary Figure 2a), although the respiratory function was maintained at the
same level as in wild-type (WT) rats even at 10 months (Supplementary Figure 2b).

Immunohistochemical analysis of eMHC, which is a marker of regenerating muscle fibre, revealed the pro-
gressive decrease in the number of eMHC* myofibres per section from 6 months (Fig. 1i,j). Since there is no
injury on muscles of WT, we could not detect any eMHC" fibres. Also, we found the progressive decrease of total
number of myofibres and the ratio of eMHC* myofibres with respect to the total number of myofibres (Supple-
mentary Figure 1f,g), suggesting the progressive impairment of muscle regeneration capacity in DMD rat skeletal
muscle. As satellite cells are responsible for skeletal muscle regeneration®?, we performed immunocytochemical
analyses of Pax7 and MyoD, markers of satellite cells, in WT and DMD rat skeletal muscle primary cells. The
quantitative analyses revealed that the proportion of both Pax7 and MyoD positive cells decreased dramatically
from 3 months of age in DMD rat primary cells (Fig. 1k1), suggesting the progressive decrease in the number of
satellite cells in skeletal muscle of DMD rats.

Appearance of senescent cells in DMD rat skeletal muscle. Senescence is a permanent cell cycle
arrest, induced by various genotoxic stressors including oxidative stress''. As chronic muscle damage leads to an
accumulation of oxidative stress, due to persistent inflammation in DMD?**, we hypothesised that senescence
induction in satellite cells as a consequence of oxidative damage may lead to a decrease in their number (Fig. 1k,1)
due to cell cycle arrest. To test this hypothesis, we examined the mRNA expression of senescence markers in WT
and DMD rat TA muscles. The p16, p19, and p21 expression increased with age in DMD rat skeletal muscle
(Fig. 2a—c). To identify the senescent cells in the skeletal muscle, we performed in situ hybridisation of CDKN2A
mRNA on TA muscle sections of DMD rats. CDKN2A encodes p16 and p19, both of which are well-established
senescence markers'>!%. Therefore, rather than designing a probe specifically targeting p16 mRNAs, we used
a probe that covered the region of exonla and common exon2 and 3, to include p19 mRNA detection. Also,
this approach can increase the sensitivity of in situ hybridisation. In situ hybridisation on TA muscle sections
of DMD rats showed the expression of CDKN2A mRNA in mononucleated cells (white arrowheads; Fig. 2d).
SA-BGal staining is also the well-established method to detect senescent cells. However, this method has a risk
of counting macrophages as false positive cells because of their high activity of p-galactosidase® (Supplementary
Figure 3a). To minimalize the number of false positive cells, we excluded leukocytes by MACS separation with
CD45 antibody in WT and DMD rat primary culture. SA-PGal staining in these cells revealed the increase in the
number of SA-BGal* cells in DMD rats compared to WT (Supplementary Figure 3b,c). These results suggest the
senescence induction in DMD rat skeletal muscle.

To identify the cell type of senescent cells, we performed in situ hybridisation of CDKN2A mRNA in DMD rat
primary cells, followed by immunocytochemistry of various cell type-specific markers. We confirmed the signal
of CDKN2A mRNA was not detected in WT rat primary cells (Supplementary Figure 3d). To identify MPCs in
the rats, the widely recognised PDGFRa could not be used as a marker due to an unavailability of appropriate
antibody for immunocytochemistry. We previously identified chondroitin sulphate proteoglycan 4 (CSPG4) as
a specific marker to identify MPCs in rat skeletal muscle®. Thus, CSPG4 was employed as a marker for MPCs
in the present experiment. Interestingly, the CDKN2A mRNA was expressed not only in Pax7* satellite cells,
but also in CSPG4" MPCs (Fig. 2e). Quantitative analysis revealed that, at 6 months, almost 50% of Pax7* cells
and 25% of CSPG4* cells expressed CDKN2A (Fig. 2f). These data suggest that senescence was induced both in
satellite cells and MPCs.

Involvement of cellular senescence in the progression of DMD. Recent studies have shown the
involvement of senescence in the progression of various diseases, such as idiopathic pulmonary disease',
hepatic steatosis?, atherosclerosis?!, and others?>?. Senescent cells not only stop the cell cycle, but also secrete

SCIENTIFIC REPORTS |

(2020) 10:16385 | https://doi.org/10.1038/s41598-020-73315-6



www.nature.com/scientificreports/

a
c d
5 4 - -
2 3
%) 3 8
3 S
o= Py
-5 IS
£0 s
g2 o 2
28 £ :
Lo < T
B~ ) ¥
3 ] o
= = .
@ p167 XPmdy
0 £ g o
0 0.8 1.6 WT DMD
e TA weight (g)

HE staining

—
o]
o

n.s. 5.0

%Pax7+ cells

Relative gene expression / Hprt 3 |

WT DMD WT DMD

0

123 456 7 89
Age (months)
Dmd genotype WT DMD

pi16genotype WT HZ KO WT HZ KO

Perilipin

Ponceau S

37kDa B>

Perilipin / total protein (Q

40

%MassonTrichrome
X" staining* area / section ===

WT DMD

600 -

300

eMHC+ fibres / section

WT DMD

IL-6 TGF-B, IL-1B CTGF MMP2

SCIENTIFIC REPORTS |

(2020) 10:16385 | https://doi.org/10.1038/s41598-020-73315-6



www.nature.com/scientificreports/

«Figure 3. pl16KO ameliorates muscular dystrophy in DMD rats. (a) Representative images of 9-month-old WT,
DMD, and dKO rats. (b) Body weight comparison of WT, DMD, and dKO rats of 1-9 months of age (n=20,
23, 20). (c) The plot of maximum muscle strength and TA muscle weight from 9-month-old pl6**, p16*~, and
p16’/ ~ background WT and DMD rats (n=10, 22, 17, 11, 24, 13). Clustering was performed using r mclust
package. (d) Quantification of maximum muscle strength by grip test in WT, DMD, and dKO rats (n=10, 11,
13). (e) Representative images of HE stains of TA muscles from 9-month-old WT, DMD, and dKO rats. (f)
Immunoblotting analysis of perilipin expression in 9-month-old p16*/*, p16*/~, and p16~'~ background WT and
DMD rats. Full-length blots are presented in Supplementary Figure 6a. (g) Quantification of perilipin protein
expression (n=6, 13, 8, 8, 10, 6). (h) Masson Trichrome stains of TA muscles from 9-month-old WT, DMD,
and dKO rats. (i) Quantification of Masson Trichrome staining positive area per section in 9-month-old p16*/+,
pl6*/~, and p167'~ background WT and DMD rats (n=6, 13, 8, 8, 10, 6). (j) Immunohistochemical analysis of
eMHC in TA muscle sections from 9-month-old WT, DMD, and dKO rats. (k) Quantification of eMHC positive
fibres per section in 9-month-old p16*"*, p16*/~, and p16~'~ background WT and DMD rats (n=6, 13, 8, 8, 10,
6). (Lm) Quantification of (1) Pax7* and (m) MyoD* cells of skeletal muscle primary cells from 9-month-old
pl6**, p16*~, and p16™~ background WT and DMD rats (n=6, 13, 8, 8, 10, 6). (n) Quantification of mRNA
levels of SASP markers (IL-6, TGF-f,, IL-1B, CTGE, and MMP2) in WT, DMD, and dKO rats (n=6, 8, 6). Data
are expressed as mean + SEM except for (b), which is expressed as mean + SD, and were compared by Tukey
Kramer’s test. For (g), (i), (k-m), Tukey Kramer’s test was performed only between WT background groups, or
between DMD background groups. For (g), (i), (k-n), the colour of each bar indicates the genotype as shown in
(c). *p<0.05. ¥*p <0.01. **p <0.001. n.s. not significant; N.D. not detected; scale bar=100 pm.

many cytokines®**%. We previously demonstrated that senescent MPCs in aged skeletal muscle disrupt muscle
regeneration through SASP'®. Thus, the presence of senescent MPCs in DMD rat skeletal muscle would have an
inhibitory role in muscle regeneration. In addition, the presence of CDKN2A positive satellite cells may have a
similar deleterious effect on muscle regeneration, possibly through cell cycle arrest. Therefore, we hypothesised
that reversing senescence by genetic ablation of p16 may lead to recovery of functional satellite cells and MPCs,
and a subsequent improvement in the DMD phenotype. We generated p16 knock-out rats with a CRISPR/Cas
system, and crossed them with DMD rats (XY rats) (Supplementary Figure 4a,b). Western blot analysis
showed the expression of p16 protein in p16*/* XP"4Y rats (DMD rats) while no band was detectable in p16*/*
XY rats (WT rats), which is consistent with the result of the elevated levels of CDKN2A mRNA expression in
DMD rats in Fig. 2a,b (Supplementary Figure 4c). The complete absence of p16 expression was confirmed in
pl67~ XPm4Y rats. Approximately half the amount of p16 compared to p16*/* XY rats was detected in p16*/~
XPmdY rats, whereas none of p16*/*, p16*/~, and p16 ™~ with WT background rats expressed p16 (Supplementary
Figure 4c). The p167/~ XP™4Y rats (p16 and Dmd double knock-out rats; dKO rats) showed a milder phenotype
than DMD rats in fore- and hindlimb paralysis and kyphosis (Fig. 3a). Compared to DMD rats, increased body
mass was evident in dKO rats, though it was not to the same level as WT rats (Fig. 3b). The cluster analysis in
the plot of TA weight and muscle strength from p16*/*, p16*~, and p16™'~ WT rats, and p16*"*, p16*~, and p167/~
DMD rats revealed there were 4 groups, within which almost all rats with WT background were accumulated
in 1 group, and rats with DMD background were divided into 3 groups (Fig. 3c). Almost all DMD rats were in
a group that exhibits lower muscle strength and TA weight. However, dKO rats were mainly located in a group
that showed lower muscle strength but comparable TA weights to WT rats. Also, some of the dKO rats showed
muscle strength similar to WT rats, and their TA weights were even higher than WT rats. Overall, dKO rats
showed greater muscle strength than DMD rats, but it was not completely to the same level as WT rats (Fig. 3d).
Although no significant difference was observed in serum CK activity in DMD background groups (Supplemen-
tary Figure 4d), we observed dramatic improvement of skeletal muscle histology (HE staining) of TA muscle
sections from dKO rats, as indicated by a decrease in adipogenesis and fibrosis compared to DMD rats (Fig. 3e).
These were confirmed by the observations of immunoblot analysis of perilipin (Fig. 3f,g; Supplementary Fig-
ure 6a), and quantification of the Masson Trichrome stained area in TA muscle sections (Fig. 3h,i). These results
suggest the role of senescent cells in the progression of DMD.

Further histological analysis revealed an increase in the number of eMHC positive fibres per section in dKO
rats (Fig. 3j,k). The p16 ablation increased the proportion of Pax7 and MyoD positive cells in dKO rats (Fig. 3L,m),
suggesting the recovery of satellite cells from cell cycle arrest, and improved muscle regeneration. Moreover,
p16 ablation in DMD rats decreased the expression of some SASP factors, including TGF-f,, Connective tissue
growth factor (CTGF), and Matrix metalloproteinase 2 (MMP2) (Fig. 3n).

Although p16 ablation contributes to the amelioration of the dystrophic phenotype, some of the dKO rats
developed rhabdomyosarcoma at over 9 months of age (data not shown). Therefore, a novel approach other than
inhibition of p16 expression is required for the cure of DMD.

Senolytic drug ABT263 inhibits the progression of DMD. Currently, there are no effective drugs
to ameliorate DMD, especially at the late stage of the disease. Based on our above observation that senescent
cells appeared in the skeletal muscle of DMD rats, we focused on the senolytic drug ABT263, which induces
the specific depletion of senescent cells*. Senescent cell removal may not reverse cell cycle arrest in satellite
cells. However, since SASP of senescent MPCs inhibits muscle regeneration'®, decreasing or depleting senescent
cells may lead to inhibition of SASP, resulting in increased muscle regeneration. To test this hypothesis, we
orally administrated vehicle or ABT263 to 8-month-old DMD rats; this age represented the late stage of DMD.
ABT?263 was administered to rats p.o. at 18.75 mg/kg body weight/day for 7 days per cycle, for two cycles with a
2-week interval between them. ABT263 treatment successfully decreased the expression of senescence markers
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«Figure 4. Senolytic drug ABT263 inhibits the exacerbation of muscular dystrophy in DMD rats. (a)
Quantification of mRNA levels of senescence markers (p16, p19, and p21) in vehicle- and ABT263-treated
rats (n=7, 9). (b) In situ hybridisation of CDKN2A mRNA using RNAscope on TA muscle sections from
vehicle- or ABT263-treated rats, with CDKN2A mRNA appearing as red dots. The white arrowheads show
the CDKN2A mRNA* cells. Scale bar =50 um. (c¢) Quantification of the number of CDKN2A mRNA positive
mononucleated cells per section from vehicle- or ABT263-treated rats. (d) Body weight comparison before
and after treatment with vehicle (left panel) or ABT263 (right panel) (n=7, 9). (e) Quantification of maximum
muscle strength by grip test before and after treatment with vehicle (left panel) or ABT263 (right panel) (n=7,
9). (f) Immunoblotting analysis of perilipin expression in vehicle- and ABT263-treated rats. Full-length blots are
presented in Supplementary Figure 6a. (g) Quantification of perilipin protein expression (n=7, 9). (h) Masson
Trichrome stains of TA muscles from vehicle and ABT263-treated rats. Scale bar =100 um. (i) Quantification
of Masson Trichrome staining positive area per section (n=7, 9). (j) Immunohistochemical analysis of eMHC
in TA muscle sections from vehicle- and ABT263-treated rats. Scale bar =100 pum. (k) Quantification of eMHC
positive fibres per section (n=7, 9). (L, m) Quantification of (1) Pax7* cells and (m) MyoD" cells of skeletal
muscle primary cells from vehicle- and ABT263-treated rats (n=7, 9). (n) Quantification of mRNA levels of
SASP markers (IL-6, TGF-p,, IL-1p, CTGE, and MMP?2) in vehicle- and ABT263-treated rats (n=7, 9). Data are
expressed as mean + SEM. The p-value was determined by paired Students ¢ test for (d) and (e), and unpaired
Student’s ¢ test for others. *p <0.05, **p <0.01. n.s. not significant.

pl6, p19, and p21 (Fig. 4a). In situ hybridisation of CDKN2A mRNA on TA muscle sections from vehicle- and
ABT263-treated rats showed that ABT263 treatment decreased the number of CDKN2A* mononucleated cells
(Fig. 4b,c). The vehicle-treated group showed signs of disease progression, such as significant loss of body weight
and decline in muscle strength (Fig. 4d,e). While the ABT263-treated group did not show body weight loss or
decrease in muscle strength (Fig. 4d,e), the histological analysis showed no significant difference in adipogenesis
(Fig. 4f,g; Supplementary Figure 6a) or fibrosis (Fig. 4h,i) between vehicle- and ABT263-treated groups. Immu-
nohistochemical analysis revealed an increase in eMHC positive myofibres (Fig. 4j,k), without an increase in
the number of Pax7* or MyoD" cells (Fig. 41,m). Additionally, quantification of muscle fibre size showed slight
increase of them in ABT treated group (Supplementary Figure 5). These results support our notion that the pres-
ence of senescent cells is deleterious and affects the disease progression of DMD. Although administration of
ABT263 did not increase the number of satellite cells, ABT263 might inhibit the progression of DMD through
improving muscle regeneration, even at a late stage of the disease. ABT263 administration decreased the expres-
sion of some SASP factors (Fig. 4n). However, in contrast to p16 ablation, the decrease was only observed in IL-6,
TGF-B,, and IL-1p expression, while the levels of CTGF and MMP2 were unchanged.

Senescence induction in DMD patients. To investigate whether the appearance of senescent cells is
also observed in patients with DMD, we conducted qPCR analysis of senescence markers in skeletal muscle of
non-DMD control individuals and patients with DMD. Thirty-four patients with DMD, between the ages of 2
and 33, and 10 non-DMD control participated in this study. The expression of p16 was detected only in patients
with DMD from 3 years and older, and no expression was detected in non-DMD control individuals (Fig. 5a). As
for p14 and p21, significantly higher expression was observed in patients with DMD than in non-DMD control
individuals. Also, elevated expression of p14 and p21 were observed from as early as 2 years old (Fig. 5b,c). Alto-
gether, these findings suggest that the appearance of senescent cells also occurs in human patients with DMD,
and senescence was induced from young age. To identify the cell type of senescent mononucleated cells, we
performed in situ hybridisation of CDKN2A mRNA on muscle sections from randomly selected 5 patients with
DMD (Patient Number: 12, 25, 30, 35 and 40) and 3 non-DMD controls (Patient Number: 7, 8 and 9). The exist-
ence of CDKN2A* Pax7* cells and CDKN2A* PDGFRa" cells was observed in all of the sections from patients
with DMD, while not in sections from non-DMD controls. The representative images of CDKN2A™* Pax7+ cells
and CDKN2A* PDGFRa* cells were expressed in Fig. 5d,e. These results suggest the induction of senescence in
satellite cells and MPCs in human patients with DMD.

Discussion

Senescence can be induced by several cell damaging stimuli, such as oncogenic stress, DNA damage stress, and
oxidative stress*. In DMD, the lack of dystrophin causes the degeneration of skeletal muscle, and sustained
leakage of cell cytoplasm into the extracellular milieu triggers innate immune responses, including the binding
of damage-associated molecular pattern (DAMP) molecules to Toll like receptors (TLRs) on innate immune
cells*”. This promotes the generation of reactive oxygen species in inflammatory cells, and thus patients with
DMD show a progressive increase in the level of oxidative stress in their skeletal muscle®’. In patients with
DMD, inflammatory cell infiltration is evident from at least 2 years old, and prolonged inflammation is observed
until the late stages of the disease?”*®. Another study using DMD rats reported on inflammatory cell infiltra-
tion from 2 weeks, which peaked at 8-12 weeks in their skeletal muscle®. In mdx mice, the peak inflammation
was observed as early as 2-3 weeks of age, and this inflammation subsequently decreased by 12 weeks of age’,
suggesting inflammatory cell infiltration in skeletal muscles is more continuous in DMD rats than mdx mice.
Senescence can also be induced by several cytokines, including TNF-a and TGF-p*"*2. Elevated expression of
these cytokines has been detected in the skeletal muscle of patients with DMD***, and inflammatory cells are
considered the main source of these factors*. Altogether, continuous inflammatory cell infiltration observed
in DMD rats and patients with DMD may cause oxidative stress and senescence-inducing cytokine secretion,
ultimately leading to senescence in satellite cells and MPCs. The current results suggest the role of senescence in
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Figure 5. Senescence markers were elevated in human DMD patients. (a—c) Quantification of mRNA levels of senescence markers
(p16, p14, and p21) in non-DMD control individuals and patients with DMD. Individual data from non-DMD control individuals and
DMD patients are expressed as bar graphs (n=10, 35). The grey band behind the graph indicates the mean + SEM value range of the
non-DMD control group. The figure without a grey band indicate that the target gene expression was not observed in the non-DMD
control group. (d,e) Skeletal muscle sections from DMD patients were subjected to in situ hybridisation of CDKN2A mRNA using
RNAscope before immunocytochemical analysis of (d) Pax7 or (¢) PDGFRa with laminin. CDKN2A mRNA appears as brown dots.
Scale bar =10 pm. White arrowheads indicate DAB signal. N.D. not detected.
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the exacerbation of DMD. As senescence was induced in satellite cells and MPCs, the involvement of these cells
in the progression of DMD was suspected.

Regarding the satellite cells, the impaired proliferation and differentiation might be the cause of exacerbation
of DMD. Myoblasts of patients with DMD show decreased myogenic potential*’. Since absence of dystrophin in
satellite cells are reported to lose polarity with impaired asymmetric division, leading to reduction in myogenic
progenitors in mdx mice, absence of dystrophin in DMD rats may also affect myogenic commitment of satellite
cell in cell intrinsic way*%. Considering that decrease in the number of MyoD* cells was observed in DMD rats
from 1 month of age while there was no significant difference in the number of Pax7* cells between WT and
DMD rats at 1 month of age, it is suggested that the impaired myogenic commitment of satellite cells already
apparent before the senescence induction. In addition to this cell intrinsic impairment, senescence induction
might cause the exacerbation of DMD. A previous report showed the artificial ablation of telomerase in mdx
mice led to a more severe phenotype than in normal mdx mice, caused by impaired proliferation and a progres-
sive reduction in the number of satellite cells with age*. There is also another report showing the slight decrease
in telomere length in mdx mice diaphragms, in which relatively severe phenotype is observed, compared to TA
muscles®. Since telomere shortening is one of the causes of senescence, these data might represent the effect of
senescence in satellite cells in the dystrophic muscle milieu. Senescence in satellite cells in aged muscle causes a
decrease in self-renewal, leading to a depletion of the skeletal muscle satellite cell pool and subsequent impaired
regeneration®. Furthermore, satellite cells in aged mouse skeletal muscle show a decreased proportion of MyoD*
cells after muscle injury, indicating less activation of satellite cells®. Moreover, DNA damage signalling-mediated
senescence in myogenic cells inhibits the myogenic program®'. Overall, the age-associated decrease in the num-
ber of satellite cells and defects in muscle regeneration observed in DMD rats and patients with DMD might be
attributed to the impaired proliferation and differentiation of satellite cells.

As for MPCs, secreted factors might be involved in the exacerbation of DMD. A recent study has shown that
MPCs contribute to satellite cell pool maintenance. Long term in vivo depletion of MPCs using a PDGFRa-Cre
system decreased the number of satellite cells, suggesting a role of MPCs in satellite cell pool maintenance®. Our
previous research suggested that the SASP of senescent MPCs abrogates myoblast fusion'®. Recently, another
group showed the decreased secretion of Wisp-1 in MPCs from aged mice mediates the age-related decline in
muscle regeneration through the inhibition of self-renewal and myogenic commitment of satellite cells®*. Moreo-
ver, MPCs isolated from fibrotic dystrophic muscle show higher secretion of MMP14 and Bone morphogenetic
proteinl (BMP1), which exert their effects as activators of TGF->*. Active TGF-p is not only a crucial mediator
of fibrogenesis®, but also works as an inhibitor of satellite cell proliferation, activation, and differentiation®**".
Taken together, in DMD, senescence induction in MPCs may lead to altered cytokine expression, which inhib-
its satellite cell pool maintenance and/or the myogenic differentiation program. In the present study, ABT263
administration improved the muscle regeneration capacity without an increase in the number of satellite cells.
Considering the expression of senescence markers was decreased by ABT263 administration, apoptosis was
induced in senescent satellite cells and MPCs. This should decrease the total number of satellite cells, while
the number of satellite cells was not changed between the treatments. From the mechanism mentioned above,
elimination of senescent MPCs might canceled the inhibitory effect of proliferation on satellite cells, which might
compensate the decrease of the satellite cell number. Furthermore, improved muscle regeneration capacity by
the ABT263 administration might also be attributed to the killing of senescent MPCs, which might reduce the
deleterious effect of SASP on myogenic commitment.

In our research, we identified that both p16 ablation and ABT263 administration decreased the expression
of some SASP factors in the skeletal muscle. However, the change in expression pattern is different between the
treatments. Previous studies have shown that senolytic drug treatment successfully decreased the expression
of SASP factors in vivo!**%-%. In contrast, the effect of pl6 ablation on the expression of SASP factors is rather
controversial. Some reports have shown that p16 ablation decreased the expression of SASP factors and renders
the amelioration of the intervertebral disc degeneration and renal tubulointerstitial injury®-$2. However, other
report has shown that genetic inactivation of p16 does not affect the SASP phenotype or the progression of the
disease®. Additionally, a previous report showed that cells induced to senesce by the overexpression of p16 do
not acquire SASP despite the other hallmarks of senescence®, suggesting that p16 is not the direct regulator of
SASP, and its role in the inhibition of SASP is context dependent. In our experiments, although ABT263 treatment
decreased the expression of IL-6, TGF-f,, and IL-1, it did not change the expression of CTGF and MMP2, which
pl6 ablation did. Since mesenchymal fibroblasts secrete both CTGF and MMP2%>¢, we cannot exclude the pos-
sibility that p16 ablation does not affect the SASP and the decreased levels of these two cytokines is attributed to
the ameliorated fibrosis in dKO rats. Further investigation to clarify the effect of p16 ablation on SASP is required.

Our results demonstrated that successful depletion of mononucleated senescent cells by ABT263 adminis-
tration increased the muscle regeneration capacity, and thus inhibited the progression of DMD, suggesting the
potential application of ABT263 as the therapeutic drug for DMD. Currently, there is no definitive treatment
for DMD; while steroids are standardly used to treat DMD, they have severe immune modulatory side effects.
Recently, exon skipping and viral vector-based approaches have become the most advanced form of treatments
for DMD. However, these treatments have limited efficacy, as well as the potential to induce adverse immune
responses®” . Moreover, exon skipping is only applicable to certain patients because of its dependency on the
mutation pattern in DMD. In our experiments, we discovered that senescence might be a novel treatment target
for DMD. Inhibiting the expression of p16 ameliorated the severity of DMD, but increased the risk of carcino-
genesis. Senolytic drug treatment inhibited the progression of DMD even in the late stages of the disease. As
senolytic drugs do not depend on immune-modulation or genetic background, these may overcome the disad-
vantages of steroid and exon skipping treatments. In addition, senolytic drugs do not need to be continuously
present in the systemic circulation. For example, the single administration of a combination drug of dasatinib
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and quercetin, other senolytic treatment, every two weeks extends both the health- and life-span in aged mice®,
indicating that senescence development might take more than 2 weeks in aged mice. In our experiments, the
expression of senescence markers was very low in the DMD rats at 1 month of age, comparable level to that in
the age-matched WT rats, in spite of the chronic inflammation. Another group using DMD rats revealed inflam-
matory cell infiltration from 2 weeks*; hence, senescent cell development may take more than 2 weeks in DMD
rats. These results suggest that intermittent administration might be effective to treat DMD which reduces the
risk of side-effects. Taken together, senolytic drugs show potential application in DMD treatment, which will
elicit fewer adverse side-effects and benefit more patients than alternative genetic approaches. However, the
present study has a limitation that there are no experiments of ABT263 administration to WT rats. Previous
studies have demonstrated that there are no apparent side effects of ABT263 when treated to WT mice in their
brain® or hematopoietic cells’>. However, the possible side effects should still be further investigated in skeletal
muscle. Also, the dosage and time of administration to DMD rats should be further explored before proposing
its possible employment in therapeutic protocols in human patients with DMD.

In our research, the expression pattern of senescence markers was different between the rats and humans.
Senescence is typically induced by ARF-p53-p21 pathway and/or the p16-pRB pathway. However, the pathways
by which cells become senescent are cell-type specific, and species specific’’. Considering DMD rats have high
levels of p16 while patients with DMD exhibit high expression of p14A%F and p21, senescence induction path-
way is different between the species in skeletal muscle. However, further studies are needed to investigate the
mechanism of senescence induction both in rats and humans.

In conclusion, our data demonstrate that senescence mediates the exacerbation of DMD. As our data suggests
the induction of senescence in patients with DMD, targeting senescent cells may serve as a potential novel treat-
ment approach. Other forms of muscular dystrophies, such as Merosin deficient congenital muscular dystrophy
type 1A (MDC1A) or BMD, also manifest chronic muscle fibre degeneration and inflammation’"”?, from which
we can assume that senescence plays a role. Our study offers new insight into the integral role of senescent cells
in the progression of DMD and provides a basis for the development of novel therapies for patients with DMD
and other muscular dystrophies.

Materials and methods

Patients and donors. Biopsy or autopsy samples of patients with DMD were used for the experiments,
courtesy of Drs. Nishino and Ogasawara from the National Center of Neurology and Psychiatry. These trials
were approved by the University-wide Ethics Review Committee of the University of Tokyo (19-322) and the
Ethics Committee of the National Center of Neurology and Psychiatry (A2019-031) and have been performed
in accordance with the ethical standard laid down in an appropriate version of the 2013 Declaration of Helsinki.
The experiments were conducted with the informed consent of the patients, and their parents, where applica-
ble. Thirty-four patients with DMD, between the ages of 2 and 33, participated in this study. Dystrophin gene
mutations were identified in 23 patients, and the remaining patients were diagnosed as DMD without genetic
testing, through exhibiting typical clinical signs and sections of their biopsy or autopsy samples had a lower
immunoreactivity to dystrophin protein (Supplementary Table). Non-DMD control biopsies were from indi-
viduals in whom neuromuscular disease was suspected, but did not show any sign of histological pathology on
their skeletal muscle sections.

Animals. We chose to use the previously established?® DMD rat model, carrying mutations in exon3 and
exonl6 (Supplementary Figure 1a) in Dmd, because it has a more severe disease phenotype and is more repre-
sentative of the late-stage DMD in humans than the broadly used mouse model. X°"X female rats were mated
with wild-type (WT) adult male rats to generate male WT rats and DMD rats, which were used for experiments.
Animals were maintained under controlled environmental conditions, at 23 °C, with a light/dark (12/12 h) cycle
(lights on at 0800), and 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 (P18-125) by the Institutional Animal Care and Use Committee of the University of Tokyo.

Generation of p16KO rats with the CRISPR/Cas system.  The choice of target sites and the construc-
tion of Cas9 mRNA or gRNAs were performed according to previously published methods®. Five-week-old
female Wistar-Imamichi rats were superovulated by intraperitoneal injection of 25 IU equine chorionic gonado-
tropin (eCG) followed by 25 IU human chorionic gonadotropin (hCG) at intervals of 48 h and mated with male
WT rats. Around 20 h post-hCG injection, zygotes were collected, and approximately 4 pL of a mixture of 10 pg/
mL gRNAs and 10 pg/mL Cas9 mRNA was injected into each zygote using a micro-injector (Narishige, Tokyo,
Japan). After 2 h incubation in M16 medium, zygotes were transferred into the oviductal ampullas of 8-week-
old pseudopregnant rats. After birth, 1-2-mm tips of the tails were obtained from the new-born rats and used
for genomic DNA extraction. PCR was performed to confirm the deletion in the target gene. The primers used
for PCR were as follows; forward, 5'-CAC TGA ATC TCC GAG AGG AAG G-3'; reverse, 5-ATT ACC TGG
GGT ATA CAT TTC ATG C-3'. PCR products were purified by agarose gel electrophoresis and subsequently
sequenced as previously reported®. To exclude the effect of off-target, we mated the FO p16~/~ rats with WT rats
further than F6. The male p167/~ XP™Y rats were generated by crossing p16*/~ XP"X rats with p16*/~ XY rats.
Male littermates, p16*'* XY, p16*/~ XY, p167/~ XY, p16** XP"?Y, and p16*/~ XP"¥Y, were used as controls.

Grip test. Forelimb strength (kg) was determined using a grip strength metre (Melquest, Toyama, Japan).
Tails of rats gripping a T-shaped bar, which was connected to a monitoring devise, were pulled horizontally and
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the maximum value was recorded. In 10 serial times of pulling, the maximum forelimb muscle strength was used
as the value for muscle strength.

Histological analyses. Frozen sections (7-8 um thick) of Tibialis anterior (TA) muscles and paraffin-
embedded sections of diaphragm were prepared transversely and subjected to histological analyses. The sections
were used for haematoxylin and eosin (HE), Masson’s trichrome staining, and immunostaining.

For immunostaining, cryosections were fixed with 4% paraformaldehyde, blocked with 5% normal goat
serum in phosphate-buffered saline (PBS), and incubated overnight at 4 °C with anti-eMHC primary antibodies
(1:100, mouse, clone F1.652; Developmental Studies Hybridoma Bank, Iowa City, IA, USA). The following day,
the sections were washed and incubated for 1 h with Histofine Simple stain Rat MAX-PO (Nichirei Biosciences
Inc., Tokyo, Japan). After the DAB reaction, nuclei were counterstained with haematoxylin. Photographs were
acquired using a fluorescence microscope (BX51, Olympus, Tokyo, Japan) equipped with a digital camera (DP73,
Olympus).

For the immunohistochemical analysis of human muscle tissues, biopsied or autopsied samples were cryosec-
tioned, fixed with 4% paraformaldehyde, blocked with 5% normal donkey serum in PBS, and incubated overnight
at 4 °C with anti-Pax7 (1:100, mouse, clone P3U1; Developmental Studies Hybridoma Bank) or anti-PDGFRa
(2.5 pg/mL; AF-307-NA; R&D, Minneapolis, MN, USA) along with anti-laminin (1:100, rabbit, Sigma, St Louis,
MO, USA) primary antibodies. The following day, samples were incubated with AlexaFluor-conjugated second-
ary antibodies (1:500; Jackson Immunoresearch Laboratories, West Grove, PA, USA) for 1 h, and nuclei were
counterstained with Hoechst 33258.

For the quantification of myofibre size, we used CellProfiler (version 3.1.8) and Fiji (version 2.0.0-rc-69/1.52p).
Briefly, from the image of Masson’s trichrome staining, we extracted the area of red stained myofibres using
CellProfiler. Each myofibres were identified as particles in Fiji, and the minimum feret diameter was calculated.

Isolation of rat skeletal muscle primary cells. Protocols for isolating primary cells from skeletal mus-
cles were described previously”. Briefly, rats were euthanised by CO, inhalation, and their quadriceps femoris
muscles were subsequently separated from the associated fat and connective tissue. After isolation, they were
hand-minced, and digested for 1 h at 37 °C with 1.25 mg/mL protease (from Streptomyces griseus, type XIV;
Sigma). Cells were separated from myofibre fragments through differential centrifugation and plated on both
poly-L-lysine- and fibronectin-coated plates. Cells were cultured in Dulbecco’s modified Eagle medium (Gibco,
Life Technologies, Palo Alto, CA, USA) containing 10% foetal bovine serum, 100 U/mL penicillin, 100 mg/mL
streptomycin, and 50 mg/mL gentamicin for 2 days before use in the experiments.

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 (detailed below) at 4 °C. The following day, they were incubated with AlexaFluor-conjugated sec-
ondary antibodies (1:500; Invitrogen, Carlsbad, CA, USA) for 1 h, and nuclei were counterstained with Hoe-
chst 33258. The Pax7* and MyoD" cells were counted in 5 randomly selected fields at 10x the objective of a
fluorescence microscope (BX50, Olympus). Photographs were acquired using the BX50 fluorescence micro-
scope equipped with a digital camera (DP70, Olympus). Mean pixel measurements were obtained using Image]
software (v1.47; National Institutes of Health, Bethesda, MD, USA). The number of Pax7* or MyoD* cells was
counted using an Image]J plugin provided by Computer Vision Group in University of Freiburg, which enabled
deep learning-based analysis with U-net’®. AWS amazon cloud p2.xlarge instance was used as a remote cloud
GPU computer. Several images were annotated manually as training data, and used for finetuning. After optimi-
sation, all images were analysed by the finetuned model.

The following primary antibodies were used: anti-Pax7 (1:200, mouse, clone P3U1; Developmental Studies
Hybridoma Bank), anti-MyoD (1:200, mouse, clone 5.8A; Novocastra, Newcastle upon Tyne, UK), anti-CSPG4
[1:50, mouse, clone 5C12, produced in our laboratory”], anti-CD45 (1:100, mouse, clone OX-1; BD Biosciences,
Franklin Lakes, NJ, USA), and anti-CD31 (1:100, rabbit, RB-10333-P0; Funakoshi, Tokyo, Japan).

Immunoblotting. Frozen TA muscle sections were lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1%
NP-40, 0.5% Na-deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 150 mM NaCl, 2 mM EDTA, and 50 mM
NaF), and the protein extracts were subsequently separated on SDS-polyacrylamide gels. After the electropho-
resis, proteins were electroblotted onto polyvinylidene fluoride membranes, followed by staining with Ponceau
S staining solution (0.1% (w/v) Ponceau S in 5% (v/v) acetic acid). Then, membranes were blocked with 5%
skimmed milk/PBS for 1 h. Perilipin, p16, and dystrophin protein were detected by staining with anti-perilipin
antibody (1:1000, rabbit, #3470; Cell Signaling Technology, Danvers, MA, USA), anti-p16 antibody (1:4000,
rabbit, ab211542; Abcam, Cambridge, UK), and anti-dystrophin antibody (1:400, rabbit, ab154168, detecting
aa3650 to C-terminus; Abcam), respectively, followed by incubation with anti-rabbit IgG horseradish peroxi-
dase-labelled second antibody (1:8000, goat, 111-035-144; Jackson ImmunoResearch Laboratory). Bands were
visualised using an ECL western blotting analysis system (GE Healthcare Life Science, Buckinghamshire, UK).

Reverse transcription-PCR (RT-PCR). Protocols for RNA extraction or quantitative RT-PCR were
described previously'®. Briefly, total RNA was extracted from rat frozen TA muscle sections with TRIzol Reagent
(Invitrogen) and human cryosectioned biopsy samples, and cDNA was synthesised using a Super Script II kit
(Invitrogen). Quantitative RT-PCR (qPCR) was performed on a Light Cycler 2.0 (Roche Diagnostics, Roche,
Basel, Switzerland), using a Thunderbird SYBR qPCR Mix (TOYOBO, Osaka, Japan). For qPCR, the following
primer sets were used for the rat samples (with an annealing temperature of 60 °C in all cases): p16: forward,
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5-TTC ACC AAA CGC CCC GAA CA-3'; reverse, 5'-CAG GAG AGC TGC CAC TTT GAC-3'; p19: for-
ward, 5'-GTG TTG AGG CCA GAG AGG AT-3'; reverse, 5'-TTG CCC ATC ATC ATC ACC T-3'; p21: for-
ward, 5-GAC ATC TCA GGG CCG AAA-3'; reverse, 5'-GGC GCT TGG AGT GAT AGA AA-3'; IL-6: forward,
5'-CCT GGA GTT TGT GAA GAA CAA CT-3'; reverse, 5-GGA AGT TGG GGT AGG AAG GA-3'; TGF-pI:
forward, 5'-CCT GGA AAG GGC TCA ACA C-3';reverse, 5-CAG TTC TTC TCT GTG GAG CTG A-3'; IL-1p:
forward, 5'-TGT GAT GAA AGA CGG CAC AC-3'; reverse, 5'- CTT CTT CTT TGG GTA TTG TTT GG-3';
CTGF: forward, 5'- GGT GAC CTA GAG GAA AAC ATT AAG A-3'; reverse, 5'-CCG GTA GGT CTT CAC
ACT GG-3"; MMP2: forward, 5'-CAC CAC CGA GGA TTA TGA CC-3'; reverse, 5-CAC CCA CAG TGG ACA
TAG CA-3', and hypoxanthine-guanine phosphoribosyltransferase (Hprt): forward, 5-GAC CGG TTC TGT
CAT GTC G-3; reverse, 5'-ACC TGG TTC ATC ATC ACT AAT CAC-3'". The following primer sets were used
for the human samples (with an annealing temperature of 60 °C in all cases): p16: forward, 5'-CTG CCC AAC
GCA CCG AAT AG-3'; reverse, 5'-CAC GGG TCG GGT GAG AGT-3'; pl4: forward, 5'-CTA CTG AGG AGC
CAG CGT CTA-3'; reverse, 5'-CTG CCC ATC ATC ATG ACC T-3'; p21: forward, 5'-CCG AAG TCA GTT CCT
TGT GG-3'; reverse, 5'-CAT GGG TTC TGA CGG ACA T-3', and Hprt: forward, 5'-TGA CCT TGA TTT ATT
TTG CAT ACC-3'; reverse, 5'-CGA GCA AGA CGT TCA GTC CT-3'". The expression of each gene was analysed
using the crossing-point method.

In situ hybridisation of CDKN2A mRNA. For in situ hybridization of CDKN2A mRNA on freshly fro-
zen rat TA sections, human cryosectioned biopsy samples, and rat skeletal muscle primary cells, we used the
RNAscope Kit (RNAscope 2.5HD Reagent kit Brown or Red; Cosmo Bio Co. Ltd.; Tokyo, Japan). Briefly, mus-
cle sections or cells were fixed with 4% PFA/PBS for 15 min, endogenous peroxidase activity was quenched
with RNAscope Hydrogen Peroxide (Cosmo Bio), which was followed by incubation with RNAscope Protease
4 (Cosmo Bio) for 30 min. For cells, cells were incubated with RNAscope Protease 4 for 10 min, followed by
incubation with 0.1% Triton/PBS to permeabilise cell membranes. Then, the samples were hybridised with
RNAscope Probe-Rn-CDKN2A (for rat samples; Cosmo Bio) or RNAscope Probe-Hs-CDKN2A (for human
samples; Cosmo Bio) for 2 h, and signals were amplified with AMP1 to 6 (Cosmo Bio). After the DAB or Fast
red reaction, nuclei were counterstained with haematoxylin for rat TA sections while others were counterstained
with Hoechst 33258. To identify the cell type of CDKN2A mRNA" cells in skeletal muscle primary cells, we per-
formed immunocytochemistry for Pax7, CSPG4, CD45, and CD31 after the in situ hybridisation.

SA-BGal staining. We performed SA-BGal staining using kit (Cell Signaling; cat. no. 9860). Briefly, skeletal
muscle primary cells were isolated from 3-months-old WT and DMD rats as described above. To exclude the
leukocytes including macrophages, we performed MACS separation using CD45 microbeads (Miltenyi Biotec;
Bergisch Gladbach, Germany). After elimination of leukocytes, cells were fixed for 10 min with fixation buffer,
followed by 15 h incubation in staining solution at 37 °C.

Administration of ABT263. DMD rats were treated with vehicle (ethanol: polyethylene glycol 400: Phosal
50 PG (standardised phosphatidylcholine (PC) concentrate with at least 50% PC and propylene glycol; Phos-
pholipid Gmbh, Cologne, Germany) at 1:3:6), or ABT263 (in ethanol: polyethylene glycol 400: Phosal 50 PG at
1:3:6). The body weight of the rats was measured daily, and ABT263 was administered to rats p.o. at 18.75 mg/kg
body weight/day for 7 days per cycle, for two cycles with a 2-week interval between them.

Creatine kinase activity. Creatine kinase activity in the sera of DMD rats and their age-matched WT rats
(from 3 to 10 months of age) was evaluated using the Fuji Drychem system (Fuji Film Medical Co. Ltd.; Tokyo,
Japan).

Urine titin. Urine samples were obtained from 1- to 11-month-old WT and DMD rats. Urinary titin was
measured using a Titin-N Fragment Assay ELISA Kit (Immuno-Biological Laboratories Co. Ltd., Fujioka, Japan),
as previously described”. Urinary creatinine (Cr) concentrations were measured using an assay kit (LabAssay
Creatinine, Wako Pure Chemical Industries, Ltd., Osaka, Japan).

Measurement of respiratory function. The respiratory function of DMD rats and their age-matched
WT rats (from 6 to 10 months of age) was measured with a FinePoint Pulmonary Function Testing (PFT) system
(Primetech, Tokyo, Japan). Conscious rats were placed in a box with a whole-body plethysmography system, and
the respiratory parameters were recorded for 30 min. Among these data, we chose approximately 30 s when rats
were sleeping, to calculate mean Tidal volume breathing (TVD).

Statistical analyses. The unpaired two-tailed Student’s ¢ test was used to examine statistical differences
between two groups. For the experiment to assess the effect of ABT263 on body weight and muscle strength,
the p-value was determined using a paired two-tailed Student’s ¢ test. For the experiment to assess the effect
of ABT263 on myofibre size, the p-value was determined using Wilcoxon rank sum test. Tukey Kramer’s test
was used for multiple group comparisons. For Figs. 1¢,h,k]1, 2a—c, and Supplementary Figure 1d,e, the result of
statistical comparison only between the genotypes at each indicated ages was displayed. When a significant age-
related difference was observed by the Tukey-Kramer’s test, the + mark was added beside the legend of the graph.
P-values less than 0.05 were considered statistically significant. Data are presented as mean + SEM except for the
data of body weights, which are presented as mean + SD.
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