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The molecular determinants of muscle progenitor impairment to regenerate aged muscles are currently unclear. We
show that, in a mouse model of replicative senescence, decline in muscle satellite cell-mediated regeneration co-
incides with activation of DNA damage response (DDR) and impaired ability to differentiate into myotubes. Inhi-
bition of DDR restored satellite cell differentiation ability. Moreover, in replicative human senescent fibroblasts,
DDR precluded MYOD-mediated activation of the myogenic program. A DDR-resistant MYOD mutant could
overcome this barrier by resuming cell cycle progression. Likewise, DDR inhibition could also restore MYOD'’s
ability to activate the myogenic program in human senescent fibroblasts. Of note, we found that cell cycle pro-
gression is necessary for the DDR-resistant MYOD mutant to reverse senescence-mediated inhibition of the myo-
genic program. These data provide the first evidence of DDR-mediated functional antagonism between senescence
and MYOD-activated gene expression and indicate a previously unrecognized requirement of cell cycle progression

for the activation of the myogenic program.
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Age-associated decline in muscle mass, contractile and
metabolic performance, and regenerative ability coincides
with the functional exhaustion of muscle stem (satellite)
cells (MuSCs) (Brack and Rando 2007). Given the tremen-
dous impact that global decline in muscle function has on
organismal aging and life span, a great effort is currently
directed toward elucidating pathways and networks that
contribute to the progressive impairment of MuSCs in
aged muscles and can be targeted by pharmacological in-
terventions. Studies in the last decade have revealed
that both intrinsic and extrinsic mechanisms contribute
to the impairment of MuSC regenerative potential during
aging (Conboy et al. 2005; Carlson et al. 2008; Sacco et al.
2010; Chakkalakal et al. 2012; Bentzinger and Rudnicki
2014; Bernet et al. 2014; Cosgrove et al. 2014; Price et al.
2014; Sinha et al. 2014; Sousa-Victor et al. 2014; Tierney
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et al. 2014). While some of these studies have established
a correlation between aging, replicative senescence, and
functional exhaustion of muscle regeneration, the molec-
ular link between age-related MuSC impairment and cel-
lular senescence remains elusive (Madaro and Latella
2015; Sacco and Puri 2015).

In particular, the potential antagonism between replica-
tive senescence and the reduced regeneration ability of
MuSCs has been suggested by previous studies (Sacco
etal. 2010; Sousa-Victor et al. 2014). However, the relative
contributions of senescence-mediated inhibition of the
cell cycle, telomere shortening-induced DNA damage re-
sponse (DDR) (Arnoult and Karlseder 2015), and/or poten-
tial mechanism of senescence-mediated inhibition of
MYOD activity have not been investigated.
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Results

Replicative senescence impairs activation of skeletal
myogenesis

A Duchenne muscular dystrophy (DMD) mouse mutant
lacking the RNA component of telomerase (mdx/mTR)
provides a model of functional exhaustion of muscle re-
generation due to the replicative senescence of telome-
rase-deficient MuSCs (Sacco et al. 2010). Progressive
telomerase shortening is typically achieved by intercross-
ing mdx/mTR®!' to produce second-generation mdx/
mTR%? mice, in which the decline of the regeneration po-
tential of MuSCs coincides with their replicative senes-
cence. We used these mice to investigate whether the
acquisition of a senescence-related phenotype in MuSCs
alters their ability to differentiate into skeletal myotubes.
MuSCs were isolated by fluorescent-activated cell sorting
(FACS) (Gromova et al. 2015) and cultured in growth me-
dium (GM) first and then in differentiation medium (DM)
for three more days (Fig. 1A). Mdx/mTR?-derived MuSCs
displayed a compromised ability to differentiate, as indi-
cated by the defective formation of myosin heavy chain
(MyHC)-expressing myotubes (Fig. 1B,C) and reduced lev-
els of Myogenin expression despite higher MyoD expres-
sion levels (Fig. 1D). Mdx/mTR?-derived MuSCs also
expressed higher levels of the cyclin-dependent kinase
(CDK) inhibitors p21 (Cdknla) and p16 (Ink4a)—typical
markers of cell cycle arrest and replicative senescence
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(Fig. 1D; Salama et al. 2014). Interestingly, in situ staining
of muscles from mdx/mTRS? mice revealed a progressive
increase in the number of cells expressing PAX7 (a MuSC
identification marker) (Seale et al. 2000) that were also
positive for the DNA damage marker H2AX phosphory-
lated in Ser139 (yH2AX), as compared with mdx/mTR®!
mice, at either 2 mo of age (young) or 18-24 mo of age
(old) (Fig. 1E,F). A persistent DDR is typically triggered
in cells undergoing replicative senescence by telomere
erosion (Arnoult and Karlseder 2015). yH2AX-positive nu-
clei have been observed in MuSCs of aged muscles (Sinha
etal. 2014; Zhang et al. 2016) and, in our model, coincided
with an impaired differentiation ability of senescent
MuSCs from mdx/mTR%? mice (Fig. 1B-D).

The increased MyoD expression and decreased levels of
its immediate downstream target gene, Myogenin, in
mdx/mTR%*-derived MuSCs suggests that replicative
senescence could interfere with MYOD-mediated activa-
tion of the myogenic program. To further investigate the
relationship between replicative senescence and activa-
tion of the myogenic program, we exploited the estab-
lished model of MYOD-dependent activation of skeletal
myogenesis in human primary fibroblasts, also referred
to as myogenic conversion (Tapscott et al. 1988; Wein-
traub et al. 1989). This experimental setting is particularly
suited to measure the efficiency of MYOD-dependent
myogenic conversion in human primary fibroblasts as
compared with their progeny undergoing replicative

Figure 1. MuSCs isolated from mdx/mTR
mice display impaired differentiation, up-
regulation of senescence markers, and
DNA damage accumulation through dis-
ease progression. (A) Schematic representa-
tion of a MuSC differentiation experiment.
(B) Immunofluorescence for MyHC (green)
and DAPI (4/,6'-diamino-2-phenylindole)
(blue) in MuSCs isolated from 9.5- to 11-
mo-old mice and induced to differentiate
for 3 d. (C) Differentiation index. (D) Quan-

= titative PCR (qPCR) on isolated MuSCs
= from mdx/TR wild-type (WT), heterozy-
gous (Het), G1, and G2 mice normalized
for GAPDH. (E) Immunofluorescence for
PAX7 (green), yH2AX (red), Laminin
(white), and DAPI (blue) in gastrocnemius
muscles isolated from 2-mo-old (young)
and 18- to 24-mo-old (old) mdx/mTR
mice. (F) Quantification of PAX7- and

DAPI MyHC
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senescence in culture by serial passaging (Hayflick 1984).
A progressive loss of proliferative ability was observed in
human BJ-CRL2522 fibroblasts (BJs) along with the num-
ber of passages, with the large majority of the cells adopt-
ing typical morphological (i.e., flat phenotype) and
biochemical (i.e., spontaneous positivity for B-galactosi-
dase [B-Gal] activity) features of cellular senescence at
population doubling (PD) 42 (Fig. 2A). At this stage, BJs ex-
pressed higher transcript levels of two senescence-associ-
ated genes: P16/INK4a and DCR2 (Fig. 2B; Collado et al.
2005). We therefore compared the ability of MYOD to ac-
tivate the myogenic program in low passage (LP) prolifer-
ating BJs cultured at PD12 versus high passage (HP) BJs in
which replicative senescence was induced by serial
passages (PD42). Similar levels of MYOD protein were de-
tected in LP and HP BJs following ectopic expression of
MYOD by adenoviral infection (Fig. 2C). However, while
MYOD was able to induce Myogenin and MyHC expres-
sion as well as promote the formation of MyHC-ex-
pressing myotubes in LP BJs, once cultured in DM, it
failed to do so in HP BJs (Fig. 2D,E). Of note, elevated glob-
al yH2AX levels were detected in control (data not shown)
as well as MYOD-expressing HP BJs (Fig. 2C), indicating a
correlation between persistent DDR and impaired myo-
genic potential in senescent cells. Indeed, HP BJ resistance
to conversion into MyHC-positive myotubes upon the ec-
topic expression of MYOD coincided with the presence of
yH2AX-positive nuclear foci (Fig. 2E,F). Similarly, human
primary IMR9O0 fibroblasts showed resistance to MYOD-
mediated conversion (Supplemental Fig. S1) upon under-
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going replicative senescence (PD55). Since the process of
replicative senescence occurs gradually, being preceded
by prereplicative senescence, we sought to monitor the
ability of MYOD to convert fibroblasts once delivered at
specific time points along with the transition toward sen-
escence during serial passaging of BJs. We observed a pro-
gressive reduction of MYOD's ability to activate muscle
gene expression throughout PD18-PD25 that culminated
with a drastic inhibition at PD42 (Fig. 2G,H). These data
indicate that the progressive acquisition of replicative
senescence in fibroblasts coincides with activation of
DDR and a proportional resistance to MYOD-mediated
activation of the myogenic program.

The correlation between resistance to MYOD-mediated
conversion and persistent activation of DDR in senescent
human fibroblasts is reminiscent of a previously described
differentiation checkpoint by which muscle gene expres-
sion is transiently inhibited in muscle cells exposed to
genotoxic stress via Tyr30 phosphorylation in MYOD by
DNA damage-activated nuclear ABL kinase (Puri et al.
2002; Simonatto et al. 2011, 2013). Indeed, the active
(autophosphorylated) form of ABL was detected in nuclei
of senescent fibroblasts, which also displayed yH2AX nu-
clear foci; conversely, unphosphorylated ABL was detect-
ed almost exclusively in the cytoplasm of LP BJs, which do
not exhibit DDR (Supplemental Fig. S2A,B). Similar to
senescent fibroblasts, myoblasts from aged individuals
showed reduced proliferation potential (Supplemental
Fig. S3A,B) and nuclear expression of P16 (Supplemental
Fig. S3C,D)—two hallmarks of cellular senescence not

C Figure 2. The resistance of human fibro-
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MyHC, and Tubulin in LP and HP BJs in-
fected with mock (Ctr) and MYOD adeno-
viruses exposed to DM for 72 h. (E)
Immunofluorescence for MyHC (red),
YH2AX (green), and DAPI (blue) in LP and
HP BJs expressing MYOD and exposed to
DM for 72 h. (F) Quantification of the per-
centage of MyHC-positive/yH2AX-nega-
tive (white bars) and MyHC-positive/
yH2AX-positive nuclei (black bars). (G)
gRT-PCR for Myogenin (MYOG) and
MCK in BJs at PD12, PD25, and PD42 Ctr-
and MYOD-infected and shifted to DM for
48 h. (H) Immunoblot for MyHC, P16, and
Tubulin in MYOD-expressing BJs at PD12,
PD18, PD35, and PD42 shifted to DM for
48 h. Bar, 50 pm.
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observed in myoblasts from young controls. Moreover, we
observed a concomitant activation of DDR, as shown by
the presence of nuclear foci positive for the DNA damage
marker 53BP1 (Supplemental Fig. S3E) and nuclear
accumulation of active ABL (Supplemental Fig. S3F) that
correlated with an impaired ability to differentiate into
myotubes (Supplemental Fig. S3E-G). In contrast, skeletal
myoblasts from young individuals did not show 53BPI-
positive foci or phosphorylated ABL and could differentiate
into MyHC-positive myotubes (Supplemental Fig. S3E-G).

The functional antagonism between cellular senescence
and differentiation is mediated by DDR via ABL-
dependent phosphorylation of MYOD

To determine the contribution of ABL signaling to the re-
sistance of senescent fibroblasts to MYOD-mediated con-
version, we compared the ability of wild-type MYOD
versus the ABL phosphorylation-resistant MYOD/Y30F
mutant (Puri et al. 2002) to convert LP or HP BJs. Wild-
type MYOD or MYOD/Y30F was expressed at comparable
levels in BJs (Fig. 3A). While both wild-type MYOD and
MYOD/Y30F converted LP BJs into MyHC-positive myo-
tubes with comparable efficiency, only the MYOD/Y30F
mutant could convert HP BJs, which were otherwise resis-
tant to wild-type MYOD (Fig. 3B,C). Indeed, the MYOD/
Y30F mutant, but not wild-type MYOD, was able to in-
duce the expression of MYOGENIN and MyHC in HP BJs
(Fig. 3D,E). Of note, nuclei of MyHC-positive myotubes

Senescence antagonizes myogenesis

derived from MYOD/Y30F-converted HP BJs retained
yH2AX-positive foci (Fig. 3F,G), which indicates persistent
unrepaired DNA damage and DDR that can potentially
lead to genomic instability. Indeed, these myotubes
exhibited an increase in morphological nuclear abnor-
malities, including micronucleation, macronucleation,
nuclear fragmentation, deformation, or polylobulation
(Supplemental Fig. S4A,B), which have been associated
previously with genomic instability (Yang et al. 2015).

The ability of MYOD/Y30F to recover myogenic
conversion in senescent cells coincides with the
activation of cell cycle-associated genes

To further determine the differences in the transcription
profiles that underlie the different phenotypes observed
upon ectopic expression of wild-type MYOD versus the
MYOD/Y30F mutant in HP BJs, we performed genome-
wide transcriptome analysis by RNA sequencing (RNA-
seq). We performed the analysis in LP and HP BJs express-
ing either wild-type MYOD or the MYOD/Y30F mutant
after 36 h of culture in DM post-infection in order to
capture early differences in gene expression associated
with reversal of senescence-mediated repression of myo-
genesis by the MYOD/Y30F mutant (see Fig. 3A-E). A
comparison of the transcriptional changes induced by
wild-type MYOD and the MYOD/Y30F mutant in LP
BJs revealed a substantial overlap of up-regulated (3011
transcripts) and down-regulated (2306 transcripts) genes
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(Supplemental Fig. S5A,B). Of note, more than approxi-
mately half of differentially expressed genes were shared
with wild-type MYOD-expressing LP IMR90 fibroblasts
(Supplemental Fig. S5A,B), indicating common transcrip-
tional perturbations induced by MYOD in two distinct
types of LP human primary fibroblasts. Common up-regu-
lated genes were enriched in skeletal muscle-specific tran-
scripts (Supplemental Fig. S5A), while common down-
regulated genes were enriched in transcripts implicated
in cell migration, cell death, and cell communications
(Supplemental Fig. S5B). Within the differentially ex-
pressed genes, functional analysis by upstream prediction
showed an enrichment of downstream targets of muscle-
specific transcriptional activators (including myogenic
basic helix-loop-helix [bHLH] and MEF2 factors) (Puri
and Sartorelli 2000), cell cycle regulators (e.g., the retino-
blastoma gene product RB1) (Sellers and Kaelin 1996), and
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muscle-specific microRNA (the myomiR miR-1) (Supple-
mental Fig. S5C; Horak et al. 2016). Gene ontology also re-
vealed the induction of common genes associated with
skeletal myogenesis and myofiber-specific activities (Sup-
plemental Fig. S5D).

When expressed in HP BJs, both wild-type MYOD and
MYOD/Y30F showed unique clusters of up-regulated
genes compared with mock-infected HP BJs (Fig. 4A).
Because of the unique ability of MYOD/Y30F to resume
the myogenic program in senescent fibroblasts, we focused
on the genes that were up-regulated in MYOD/Y30F and
not in wild-type MYOD. Most of these genes were en-
riched in the categories related to cell proliferation and cy-
tokinesis (Fig. 4A). We then further searched for those
genes that are repressed by cellular senescence (i.e.,
down-regulated in HP BJs as compared with LP BJs) and
whose expression was recovered by MYOD/Y30F in HP
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Figure 4. MYOD)/Y30F-specific modulation of gene expression in HP fibroblasts. (A, top) Venn diagram representing the genes common
or uniquely up-regulated in HP BJs ectopically expressing wild-type MYOD (WT) or MYOD/Y30F (Y30F) compared with HP control mock
BJs (Ctr). (Bottom) Functional comparison of the genes up-regulated only in HP BJs expressing wild-type MYOD (green) or MYOD/Y30F
(blue) based on Ingenuity Pathway Analysis (IPA [Qiagen, http://www.giagen.com/ingenuity]; shown at the left). The Y-axes represent the
z-score. (B) List of genes up-regulated only in HP BJs ectopically expressing MYOD/Y30F compared with HP control mock BJs (Ctr) that are
in common with genes down-regulated in HP control mock BJs compared with LP control mock BJs. (C) University of California at Santa
Cruz Genome Browser screen shot of MYOD ChIP-seq on the FOXM1 gene. (D) Gene ontology of differentially expressed genes in HP BJs

overexpressing MYOD/Y30F as compared with wild-type MYOD.
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BJs. We identified a cluster of genes with this pattern of ex-
pression, and among them we found FOXM1—a gene that
counters senescence by promoting cell cycle progression
(Anders et al. 2011; Khongkow et al. 2014). Interestingly,
ChIP-seq (chromatin immunoprecipitation [ChIP] com-
bined with high-throughput sequencing) data from
MYOD-converted LP IMR90 fibroblasts (A Dall’Agnese
and PL Puri, unpubl.) suggest that MYOD may directly ac-
tivate FOXM1 transcription by binding Ebox sequences on
the FOXM1 promoter (Fig. 4C). Gene ontology of all differ-
entially expressed genes in HP BJs overexpressing MYOD/
Y30F as compared with wild-type MYOD further identi-
fied activation of genes implicated in cell proliferation,
skeletal muscle differentiation, and DNA repair (Fig. 4D).
Among the genes involved in cell cycle activation, we no-
ticed several putative FOXMI1 targets (such as CENPE,
TOP2A, and PLK1) and observed an enrichment of genes
implicated in G1/S and G2/M transitions (Fig. 4C; Supple-
mental Fig. S6). Again, ChIP-seq data from MYOD-con-
verted LP IMR90 fibroblasts show MYOD binding at
Ebox sequences near the transcription start site (Supple-
mental Fig. S7) of the large majority of genes differentially
expressed in HP BJs expressing MYOD/Y30F.

These results indicate that MYOD/Y30F’s ability to res-
cue myogenic conversion in senescent fibroblasts is asso-
ciated with a reversal of classical signatures of senescence,
leading to resumption of the cell cycle. This evidence also
suggests a general model by which transitioning through
the cell cycle is a necessary event for the activation of
the differentiation program in muscle progenitors. This
model is consistent with MYOD expression typically re-
stricted to activated proliferating MuSCs (Day et al.
2009) and the previously reported association of MYOD
with transcriptional activation of S-phase genes (Zhang
et al. 2010). Of note, the ability of MYOD to promote
cell cycle progression is in apparent conflict with the pre-
viously reported cell cycle arrest properties of MYOD
(Crescenzi et al. 1990; Sorrentino et al. 1990). However,
it should be noted that MYOD'’s ability to impose cell cy-
cle arrest has been so far observed in proliferating condi-
tions. To clarify this issue, we evaluated the impact of
MYOD on cell cycle in proliferating versus quiescent
mouse and human fibroblasts. Mouse 10T1/2 fibroblasts
and human BJs were either cultured in serum-containing
proliferation medium or induced to quiescence by serum
starvation for 48 h. Wild-type MYOD was expressed in
these conditions followed by 4 h of EdU (5-ethynyl-2'-
deoxyuridine) labeling. Supplemental Figure S8, A and B,
shows afivefold to fourfold reduction of EAU incorporation
in quiescent fibroblasts as compared with their proliferat-
ing counterpart. In these conditions, while we observed a
decrease in EdU-positive cells proliferating fibroblasts
upon MYOD expression, the number of EdU-positive cells
increased upon MYOD expression in quiescent fibro-
blasts. We sought to resolve this apparently contradictory
relationship between MYOD-mediated fibroblast conver-
sion and cell cycle activity by directly testing whether
the inhibition of S phase by the DNA polymerase inhibitor
aphidicolin (APH) could counter MYOD-induced myogen-
ic conversion of fibroblasts. Indeed, treatment with APH

Senescence antagonizes myogenesis

could completely prevent EdU incorporation in either
10T1/2 fibroblasts or MYOD-expressing 10T1/2 fibro-
blasts (Supplemental Fig. S8C), and, despite comparable
MYOD protein levels (Supplemental Fig. 8E), this invari-
ably coincided with an inhibition of the activation of
the myogenic program, as revealed by lack of expression
of the downstream MYOD target Myogenin in 10T1/2 fi-
broblasts (Supplemental Fig. S8D,F). Likewise, APH treat-
ment prevented MYOD-mediated conversion also in
human fibroblasts (Supplemental Fig. S8§G-I).

MYOD/Y30F-mediated cell cycle resumption precedes
the ability of senescent cells to differentiate

We further investigated the relationship between MYOD-
mediated activation of the cell cycle and the myogenic pro-
gram by monitoring the EdU incorporation in LP and HP
BJs expressing either wild-type MYOD or the MYOD/
Y30F mutant. While the large majority of LP BJs incorpo-
rated EdU (Fig. 5A,B) and eventually differentiated into
MyHC-positive myotubes (Fig. 5C) upon expression of ei-
ther wild-type MYOD or the MYOD/Y30F mutant, wild-
type MYOD-expressing HP BJs did not incorporate EdU
and could not differentiate into MyHC-positive myotubes
(Fig. 5C). In contrast, a significant proportion of MYOD/
Y30F-expressing HP BJs incorporated EdU (Fig. 5A,B),
and this coincided with the ability of the MYOD/Y30F
mutant to override the inhibition of the myogenic program
in these cells (Fig. 5C). The unique ability of MYOD/Y30F
to reactivate the cell cycle in replicative senescent fibro-
blasts was further demonstrated by the increased frequen-
cy of nuclei positive for the mitotic marker phospho-H3
Ser10 (H3S10) and the up-regulation of the G1-S-phase
marker Cyclin A in HP BJs expressing MYOD/Y30F but
not wild-type MYOD (Fig. 5D,E). To demonstrate that
the transition through the S-phase precedes the activation
of the differentiation program in myogenic progenitors, we
challenged LP and HP BJs expressing either wild-type
MYOD or the MYOD/Y30F mutant with a long exposure
to EdU (24 h) while inducing them to differentiate in
DM. We reasoned that the presence of EdU-positive nuclei
in MyHC-positive myotubes reflects the transition
through the S phase in MYOD-expressing fibroblasts prior
to their differentiation into skeletal myotubes. Indeed, a
large proportion (~60%) of LP BJs, which are competent
to convert into skeletal muscle upon MYOD expression,
displayed EdU-positive nuclei within MyHC-positive
myotubes (Fig. 5F,G). In contrast, HP BJs, which are resis-
tant to wild-type MYOD-mediated myogenic conversion,
did not incorporate EAU (Fig. 5F,G). MYOD/Y30F enforced
this resistance by inducing S phase in these cells, as indi-
cated by the formation of myotubes with EdU-positive nu-
clei (Fig. 5F,G).

Cell cycle progression is required for MYOD/Y30F-
mediated reactivation of the myogenic program
in senescent fibroblasts

To conclusively demonstrate that re-entry into the cell
cycle is a key event required for the activation of the
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Figure 5. The S-phase transition is coupled with the ability of the MYOD/Y30F mutant to bypass the differentiation block imposed by
cellular senescence. (A) Immunofluorescence for MYOD (red), EAU (green), and DAPI (blue) in empty (Ctr) LP and HP BJs and LP and HP BJs
expressing wild-type MYOD (WT) or MYOD)/Y30F (Y30F) exposed to a 16-h EAU pulse 24 h after infection in GM. (B) Quantification of the
percentage of MYOD- and EdU-positive cells. (C) Quantification of the percentage of EdU-positive (white bars) and MyHC-positive (black
bars) nuclei in control (Ctr) LP and HP BJs and BJs expressing wild type or Y30F exposed to a 16-h EdU pulse in GM and then shifted to DM
for 72 h. (D) Quantification of the percentage of H3S10 in LP and HP control, wild-type-expressing, or Y30F-expressing BJs in GM. (E) qRT-
PCR analysis for Cyclin A in LP and HP control, wild-type-expressing, or Y30F-expressing BJs shifted to DM for 24 h. (F) Immunofluores-
cence for MyHC (red), EAU (green), and DAPI (blue) in LP and HP wild-type-expressing or Y30F-expressing BJs shifted to DM plus EdU for
72 h. (G) Quantification of the percentage of EdU-positive nuclei within MyHC-positive myotubes. Bar, 50 pm.

myogenic program in replicative senescent fibroblasts, we
first tested whether preventing the replicative senescence
—Dby ectopically expressing human telomerase (hnTERT)—
was sufficient to enable wild-type MYOD-mediated acti-
vation of the myogenic program in HP BJs. Once expressed
by retroviral infection in presenescent fibroblasts at PD35,
hTERT could prevent the senescence-associated cell
cycle arrest in ~20% of the cells (Fig. 6A). In these cells,
wild-type MYOD leads to Myogenin and MCK expression,
which could not be detected in pBabe control wild-type
MYOD HP BJs (Fig. 6B,C). In a reciprocal strategy, we
showed that MYOD/Y30F’s ability to activate the myo-
genic program in senescent fibroblasts required the cell
cycle activity. Indeed, the S-phase inhibitor APH effec-
tively prevented both S-phase progression (Fig. 6D,E)
and activation of the myogenic program (Fig. 6F-H) in
MYOD/Y30F-expressing HP BJs. Likewise, APH could
block MYOD/Y30F-mediated recovery of the myogenic
program in HP IMROO0 fibroblasts (Fig. 6I-K).
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DDR inhibition restores the myogenic program in wild-
type MYOD-expressing replicative senescent fibroblasts
and mdx/mTR%® MuSCs

Finally, we tested whether inhibiting the senescence-acti-
vated DDR could enable wild-type MYOD to restore the
myogenic program in senescent cells. We first tested
whether soluble compounds that target the kinase activity
of two key components of the DDR signaling to MYOD al-
lowed wild-type MYOD to reverse the inhibition imposed
by senescence in fibroblasts. To this purpose, HP BJs were
exposed to either KuDO, which inhibits the DDR up-
stream activator ATM, or imatinib, which inhibits the ter-
minal DDR effector ABL. Exposure to KuDO effectively
inhibited the formation of yH2AX foci in HP BJs (Fig. 7A),
while exposure to imatinib inhibited the activation of nu-
clear ABL (Fig. 7B). Moreover, treatment with either KuDO
or imatinib could restore wild-type MYOD's ability to ac-
tivate Myogenin (Fig. 7C,D) and MyHC (Fig. 7E)in HP BJs.
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We next exposed mdx/mTR-derived MuSCs to the same
DDR inhibitors. MuSCs were exposed to either KuDO or
imatinib while cultured in GM and then switched to
DM for four additional days without these compounds
(Fig. 7F). Both compounds could reverse the differentiation
block imposed by replicative senescence in mdx/mTR-
derived MuSCs by increasing the formation of MyHC-pos-
itive myotubes as compared with control-treated cells
(Fig. 7G,H). A similar trend could be observed in mdx/
mTR™% and mdx/mTRS! -derived MuSCs but was not
statistically significant (Fig. 7G,H). Either KuDO- or ima-
tinib-treated mdx/mTR*-derived MuSCs showed a high-
er ability to fuse into MyHC-expressing multinucleated
myotubes (Fig. 7I-K) and displayed a reduced number of
yH2AX-positive nuclei (Supplemental Fig. S9).

Of note, the restoration of the myogenic program in
KuDO- or imatinib-treated mdx/mTR%?-derived MuSCs
appeared related to their ability to restore MYOD-mediat-
ed activation of myogenin, as suggested by the increased
expression of myogenin but not Myod (Supplemental
Fig. S10). This effect is consistent with the notion that
senescence inhibits MYOD-mediated activation of mus-
cle gene expression through the DDR.

Discussion

The functional antagonism between replicative senes-
cence and the activation of the myogenic program de-
scribed here provides a potential molecular mechanism
responsible for the impairment of the regenerative poten-

Rel. expression
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Figure 6. Cellcycle transitioningisneeded
to execute the myogenic program. (A-C)
Presenescent fibroblasts at PD35 were in-
fected with pBabe (Ctr) and hTERT (hTR)
retroviruses and then kept in culture for an
additional five PD. (A) Quantification of
the percentage of EdU-positive cells. Myoge-
nin (MYOG) (B) and MCK (C) RNA expres-
sion levels in empty (Ctr) and hTERT
(hTR) BJs expressing MYOD shifted to DM
for 48 h. Representative images of EAU
(red) incorporation (D) and Myogenin ex-
pression (F) by immunofluorescence in HP
BJs expressing the MYOD/Y30F mutant
treated with APH in DM for 24 h. Quantifi-
cation of the percentage of EdU-positive (E)
and Myogenin-positive (G) cells. (H) Myoge-
nin RNA expression levels in HP BJs (Ctr)
and HP BJs expressing the MYOD/Y30F mu-
tant treated with APH in DM for 24 h. (I)
Representative images of Myogenin expres-
sion by immunofluorescence in HP IMR90
fibroblasts expressing the MYOD/Y30F mu-
tant treated with APH in DM for 24 h. (])
Quantification of the percentage of Myoge-
nin-positive cells. (K) Myogenin and
MyHC RNA expression levels in HP
IMR90 fibroblasts (Ctr) and HP IMR90 fibro-
blasts expressing the MYOD/Y30F mutant
treated with APHin DM for 24 h. Bar, 50 pm.
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tial observed in muscles of geriatric mice (Sousa-Victor
et al. 2014). However, an earlier impairment of regenera-
tive potential of aged muscles has been observed even be-
fore geriatric age (Chakkalakal et al. 2012; Bentzinger and
Rudnicki 2014; Bernet et al. 2014; Cosgrove et al. 2014;
Price et al. 2014; Sinha et al. 2014). It is possible that an
initial exhaustion of MuSCs is due to deregulated sym-
metric cell division and is followed by the replicative sen-
escence that impairs the myogenic potential of the
residual pool of MuSCs in geriatric muscles. While correc-
tion of deregulated intracellular networks (such as the p38
or STAT3 signaling) has been shown to reverse age-related
decline of muscle regeneration at pregeriatric stages (Bent-
zinger and Rudnicki 2014; Bernet et al. 2014; Cosgrove
et al. 2014; Price et al. 2014; Tierney et al. 2014), replica-
tive senescence appears to pose an additional barrier —
such as the irreversible cell cycle arrest—to the activation
of the myogenic program. In this regard, it is interesting
that enforcing the reactivation of the cell cycle by
MYOD/Y30F is sufficient to activate the myogenic pro-
gram in senescent cells; however, our data show that the
resulting myotubes continue to exhibit a persistent
DDR and nuclear abnormalities that indicate genomic in-
stability. This finding raises concerns about the potential
detrimental effects of anti-aging treatments aimed at re-
versing cellular senescence, as they might lead to the for-
mation of genetically unstable myofibers with impaired
functions. An alternative approach has been proposed
to prevent MuSC senescence by NAD repletion through
an improvement of mitochondrial function, which is ef-
fective in countering the senescence-associated cell cycle
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arrest and activation of the DDR (Zhang et al. 2016). As
the DDR-resistant MYOD/Y30F mutant overrides senes-
cence-associated inhibition of the myogenic program,
we propose that DNA damage signaling to MYOD is a
critical mediator of the functional antagonism between
replicative senescence and the activation of the myogenic
program. While this signaling mediates a transient inhibi-
tion of the differentiation program in cells exposed to gen-
otoxic stress, until the DNA lesions have been repaired
(the so-called differentiation checkpoint [Puri et al.
2002]), in replicative senescent cells, a persistent activa-
tion of the DDR appears to continuously interfere with
the activation of the myogenic program. We show here
that DDR inhibition in senescent muscle progenitors is
required for formation of terminally differentiated skele-
tal muscles that do not exhibit evidence of unrepaired
DNA damage.

Our data also demonstrate that the senescence-associ-
ated cell cycle arrest provides an insurmountable barrier
to the activation of the myogenic program by wild-type
MYOD, which is otherwise sufficient to promote cell cy-
cle entry and differentiation in conditions of reversible
quiescence, such as in quiescent MuSCs. This finding re-
veals an intimate relationship between DNA replication,
mitosis, and activation of the myogenic program by
MYOD that has not been reported by previous studies.
The relationship between cell cycle progression and acti-
vation of the myogenic program was anticipated by the
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ability of MYOD to directly activate S-phase genes (Zhang
et al. 2010). Additional evidence in support of the impor-
tance of S phase for the activation of the myogenic pro-
gram has also been suggested by Kosak and colleagues
(Neems et al. 2016).

Because of the importance of cell cycle progression for
the transcription of histones, related variants, and chaper-
ons (Gurard-Levin et al. 2014} and given that decreased
histone biosynthesis has been observed in aged MuSCs
(Ivanov et al. 2013; Liu et al. 2013; Rai et al. 2014), we
are tempted to speculate that histone depletion might
contribute to the inhibition of muscle gene expression
in senescent cells, presumably by depleting the nucleo-
somes from histone variants that could favor MYOD ac-
cess to repressive chromatin. In this regard, the observed
unique ability of MYOD/Y30F to restore the expression
of histone variants and chaperons through the cell cycle
activation further suggests that cell cycle-associated re-
covery of an optimal repertoire of histones enables the for-
mation of nucleosomes amenable to MYOD access and
the consequent activation of muscle gene expression.

Materials and methods

Animals

All protocols were approved by the Sanford Burnham Prebys Med-
ical Discovery Institute Animal Care and Use Committee. mdx/



mTR mice were kindly donated by H.M. Blau (Sacco et al. 2010).
Male mice of 2-24 mo of age were used for this study.

Satellite cell isolation

MuSCs were isolated as described previously with minor revi-
sions (Sacco et al. 2008; Gromova et al. 2015). Tibialis anterior,
gastrocnemius, and quadriceps muscles of mice were minced
and subjected to enzymatic dissociation (700 U/mL collagenase)
for 1 h followed by another 30 min of incubation in 100 U/mL col-
lagenase and 2 U/mL dispase. The cells were passed through a 20-
gauge needle 10 times, subsequently filtered through a 70-ym ny-
lon filter, and incubated with the following biotinylated rat anti-
bodies: CD45 (clone 30-F11), CD11b (catalog no. 553309), CD31
(catalogno. 5011513), and Scal (clone E13-161.7) (BD Bioscience).
Streptavidin beads (Miltenyi Biotech) were then added to the cells
together with the antibodies integrin-a,-phycoerythrin (Ablab,
catalog no. R2F2) and CD34-Alexa647 (eBioscience, clone
RAMB34), after which magnetic depletion of biotin-positive cells
was performed. The (CD45"CD11b"CD317Scal™) CD34"inte-
grin-ay population was then fractionated by flow cytometry (BD
FACS Aria) followed by a purity check.

Cell culture and treatments

Primary human BJs were purchased from American Type Culture
Collection and cultured in GM (DMEM supplemented with 10%
FBS, nonessential amino acids). We passaged cells, measuring the
PD until the proliferation rate slowed down and eventually ceased
once cells reached replicative senescence. Muscle differentiation
was induced by incubating cells in DMEM supplemented with 2%
horse serum (DM). We obtained human IMR90 fibroblasts from
the Coriell Institute for Medical Research. IMR90 fibroblasts
were grown in GM (EMEM supplemented with 10% FBS). When
cells were 95%-100% confluent, MYOD was induced with 200
ng/mL doxycycline (Sigma, D3072)in GM for 24 h, and then cells
were differentiated in EMEM supplemented with 2% horse serum
(Gibco, 16050), 1% ITS (Sigma, 12146), and 200 ng/mL doxycy-
cline for 3 d for the DM time point. Medium with doxycycline
was refreshed every 2 d. Muscle differentiation in IMR90 fibro-
blasts was induced in incubating cells in EMEM supplemented
with 2% HS and 1% ITS (Sigma).

To block ATM, we used the ATM kinase inhibitor KU-55933
(Selleckchem) at concentrations of 10 pM in fibroblasts and 5
M in MuSCs isolated from mdx/mTR mice. Pharmacological in-
hibition of the ABL kinase was achieved with imatinib at concen-
trations of 5 uM in fibroblasts and 2.5 uM in MuSCs isolated from
mdx/mTR mice. Fibroblasts were treated with KuDO or imatinib
24 h before DM addition, whereas MuSCs were treated for 2 d be-
fore DM incubation.

To block the cells cycle, LP BJs, 10T1/2 fibroblasts expressing
wild-type MYOD, and HP BJs expressing MYOD/Y30F were
treated with 3.3 pL APH (Sigma) administered upon DM
incubation.

Viral infections

Wild-type MYOD or MYOD/Y30F ectopical expression was
achieved by infecting BJs at different passages with adeno-wild-
type MYOD and adeno-MYOD)/Y30F (or mock [control]) at a mul-
tiplicity of infection (MOI) of 800 for 1 h and then placing them in
GM for 24 h; where indicated, differentiation was induced by in-
cubating cells in DM.

Retroviral infection with retro-pBabe and retro-pLhTERT was
performed in presenescent BJs (PD35). Cells were allowed to pro-
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liferate for additional five PDs and tested for their proliferative ca-
pacity or infected with MYOD and tested for their ability to
express muscle-specific differentiation markers after exposure
to DM for 3 d.

B-Gal staining

BJs were fixed in 4% formaldehyde and incubated at 37°C with-
out CO, with the following solution: 1 mg/mL X-gal (5-bromo-
4-chloro-3-indolyl-b-D-galactopyranoside), 5 mM potassium fer-
rocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2
mM MgCI2 in 40 mM citric acid/sodium phosphate (pH 6.0).
Staining was evident within 24 h.

Immunoblot

Proteins were extracted with RIPA buffer separated on polyacryl-
amide gel and transferred to nitrocellulose filters. The following
primary antibodies were used to detect protein levels: MF 20
(Developmental Studies Hybridoma Bank [DSHB| hybridoma
product by D.A. Fischman) to detect MyHC, Myogenin (F5D;
DSHB hybridoma product by D.A. Fischman), MYOD antibody
(5.8 Dako; Santa Cruz Biotechnology, M-318), Ser139 H2AX
(Millipore, 05-636), P16 (Santa Cruz Biotechnology, C-20), Tubu-
lin (Neo Markers, Ab4), and GAPDH (Santa Cruz Biotechnology,
6C5). Primary antibodies were visualized with the ECL (Amer-
sham) chemioluminescent kit following the manufacturer’s
instructions.

Immunofluorescence

For immunofluorescence, BJs and IMR90 fibroblasts were plated
on glass coverslips and, when indicated, shifted to DM. Single
or double immunofluorescence was performed with the following
primary antibodies: MF20 (DSHB), Myogenin (DSHB), Ser139
H2AX (Millipore, 05-636), P16 (Santa Cruz Biotechnology, C-
20), MYOD (Dako, 5.8), 53BP1 (Novus, NB100-304), H3S10
(Cell Signaling Technology, 9701S), ABL (Calbiochem, Ab3),
and phospho-Y412-ABL (Abcam, ab4717). We used secondary an-
tibodies from Alexa (Life Technologies). DNA synthesis was eval-
uated by EdU incorporation following the manufacturer’s
instructions (Invitrogen). Nuclei were visualized by DAPI (4/,6'-
diamino-2-phenylindole). The images were analyzed with a
LSM5 Pascal Zeiss confocal microscope.

RNA extraction and RT-PCR

Total RNA was extracted with Trizol (Invitrogen), according to
the manufacturer’s instructions. RNA (0.5-1 pg) was retrotran-
scribed using the TagMan reverse transcription kit (Applied Bio-
systems). MuSC total RNA was extracted with miRNeasy
microkit (Qiagen). Twenty nanograms of RNA was retrotran-
scribed using the SuperScript VILO transcription kit (Invitrogen).
Quantitative real-time PCR (QRT-PCR) was performed to analyze
relative gene expression levels using SYBR Green master mix
(Applied Biosystems). Relative gene expression was normalized
for GAPDH or Rplpo expression value and calculated using the
279CT method. Primers sequences are listed in Supplemental Ta-
ble S1.

RNA-seq procedure and data analysis

LP and HP BJs were infected with empty, wild-type MYOD, or
MYOD/Y30F adenoviruses and shifted to DM for 36 h. IMR90
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LP fibroblasts (PD28) expressing wild-type MYOD or not were in-
duced to differentiate for 3 d prior to RNA extraction. Cells were
collected, and RNA was isolated with Trizol. One microgram of
BJ RNA was sent to the Institute of Applied Genomics (Udine, It-
aly) for deep sequencing, while IMR90 RNA was sequenced in
HiSeq 2000 in Dr. Bing Ren’s laboratory. PolyA RNA-seq was per-
formed following Illumina’s kit. Reads were mapped using
TopHat2.1.1 (Kim et al. 2013) with options “—p 8 -g 1 -seg-
ment-length 12 -library-type fr-unstranded” to the Homo sapiens
hgl9 genomes. HTSeq-0.6.1p1 (Anders et al. 2015) with “~stran-
ded=no option” was used to assigned mapped reads to the H. sa-
piens GRCh37.75 genes. Differential expression analysis was
performed using DESeq2. Genes were considered differentially
expressed if P < 0.05 and fold change was <0.54 or >1.83. Ingenuity
Pathway Analysis (IPA [Qiagen, http://www.qiagen.com/
ingenuity]) was used for gene ontology.

Statistical analysis and repeatability of experiments

Statistical significance and P-values were determined using one-
way ANOVA (Figs. 1, 7H), two-way ANOVA (Fig 7L, L,M), and the
two-tailed Student’s t-test (P-value <0.05 [*]; P-value <0.01 [**];
P-value <0.001 [***]; P-value <0.0001 [****]) (Figs. 2-7). Two to
five independent experiments were performed on qRT-PCR,
immunostaining, and immunoblotting in Figures 1-3 and 5;
two independent experiments were performed for hTERT recon-
stitution in Figure 6; and two independent experiments were per-
formed on qRT-PCR and immunostaining in Figures 6 and 7.

Data are available under Gene Expression Omnibus accession
number GSE98136.
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