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Abstract

Pharmacological treatment of Duchenne muscular dystrophy
(DMD) with histone deacetylase inhibitors (HDACi) is currently
being tested in clinical trials; however, pre-clinical studies indi-
cated that the beneficial effects of HDACi are restricted to early
stages of disease. We show that FAPs from late-stage mdx mice
exhibit aberrant HDAC activity and genome-wide alterations of
histone acetylation that are not fully reversed by HDACi. In partic-
ular, combinatorial H3K27 and/or H3K9/14 hypo-acetylation at
promoters of genes required for cell cycle activation and progres-
sion, as well as glycolysis, are associated with their downregula-
tion in late-stage mdx FAPs. These alterations could not be
reversed by HDACi, due to a general resistance to HDACi-induced
H3K9/14 hyperacetylation. Conversely, H3K9/14 hyper-acetylation
at promoters of Senescence Associated Secretory Phenotype (SASP)
genes is associated with their upregulation in late-stage mdx FAPs;
however, HDACi could reduce promoter acetylation and blunt SASP
gene activation. These data reveal that during DMD progression
FAPs develop disease-associated features reminiscent of cellular
senescence, through epigenetically distinct and pharmacologically
dissociable events. They also indicate that HDACi might retain
anti-fibrotic effects at late stages of DMD.
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Introduction

Duchenne muscular dystrophy (DMD) is a fatal genetic disease

caused by lack of dystrophin (dys) expression (Hoffman et al, 1987;

Muntoni et al, 2003). Genetic correction by restoration of dys expres-

sion with gene therapy approaches (Chamberlain & Chamberlain,

2017; Min et al, 2019; Verhaart & Aartsma-Rus, 2019) is predicted

to recover the biochemical and functional integrity of the

dystrophin-associated protein complex (DAPC) (Ervasti, 2006) and

thereby protect myofiber sarcolemma stability post-contraction

(Lapidos et al, 2004). However, a variety of “secondary” pathogenic

events caused by dys deficiency can contribute to DMD progression

(Constantin, 2014; Garbincius & Michele, 2015; Bhat et al, 2017;

Morikawa et al, 2017; Hardee et al, 2021; Rugowska et al, 2021)

and might persist even after gene therapy. Targeting these DMD-

associated “secondary” events might therefore be necessary to

achieve complete and long-lasting therapeutic recovery in DMD

patients.

Among the “secondary” events caused by dys deficiency, patho-

genic activation of specific sub-populations of muscle resident

cells is emerging as key event in DMD progression (Serrano &

Mu~noz-C"anoves, 2017; Cappellari et al, 2020). Recent works have

lent further support to the activation of “secondary” pathogenic

responses in cell types that do not express dys, by showing alter-

ations of the transcriptional profiles in various muscle-resident cell

types from mdx muscles, in addition to myonuclei and MuSCs

(Juban et al, 2018; Malecova et al, 2018; Tidball et al, 2018;

Chemello et al, 2020; Kim et al, 2020).

Pharmacological strategies that target the pathogenic activation

of muscle-resident cell types in DMD include the current standard

treatment with steroids (Quattrocelli et al, 2021), as well as novel
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interventions with epigenetic drugs, such as histone deacetylate

inhibitors (HDACi) (Consalvi et al, 2011). The therapeutic potential

of HDACi for DMD has been shown by multiple lines of evidence,

including preclinical (Minetti et al, 2006; Consalvi et al, 2013) and

early clinical studies (Bettica et al, 2016), and is currently under

evaluation in clinical trials with DMD boys (https://clinicaltrials.

gov/ct2/show/NCT03373968). Studies in mdx mice—the DMD

murine model—have shown that the beneficial effects of HDACi are

restricted to the early stages of disease progression (Mozzetta et al,

2013; Saccone et al, 2014). This loss of beneficial effects observed

in DMD mouse models at late stages of disease suggests that devel-

opment of a disease-associated resistance might limit the efficacy of

HDACi in late-stage DMD patients. Among muscle-resident cells,

fibro-adipogenic progenitors (FAPs) have been implicated as central

cellular effectors of DMD progression and key targets of the benefi-

cial effects of HDACi in mdx mice (Mozzetta et al, 2013; Saccone

et al, 2014). FAPs support muscle-stem cell-mediated repair in

acutely injured muscles, but turn into cellular effectors of fibrotic

and adipogenic degeneration of muscles exposed to conditions of

chronic damage, such as DMD and other neuromuscular disorders

(Joe et al, 2010; Uezumi et al, 2010, 2011; Mozzetta et al, 2013;

Saccone et al, 2014; Lemos et al, 2015; Kopinke et al, 2017; Madaro

et al, 2018; Malecova et al, 2018; M"azala et al, 2020). We have

previously shown that in mdx mice at early stages of disease FAPs

can promote muscle stem cell (MuSC)-mediated compensatory

regeneration and are susceptible to both HDACi-mediated enhance-

ment of their pro-regenerative activity and inhibition of their fibro-

adipogenic potential (Mozzetta et al, 2013; Saccone et al, 2014).

Moreover, recent studies have revealed that exposure to HDACi

promotes the formation and release of pro-regenerative and anti-

fibrotic extra-cellular vesicles (EVs) from FAPs of DMD muscles at

early stages of disease (Sandon!a et al, 2020).

The progressive loss of pro-regenerative potential and response

to HDACi in FAPs from late-stage mdx mice (Mozzetta et al, 2013)

suggests that proportional changes in HDAC activity and related

histone modifications occur in these cells during DMD progression.

However, it remains currently unknown whether HDAC activity is

altered in FAPs of dystrophic muscles and can generate aberrant

profiles of histone acetylation and gene expression; likewise, it is

unknown whether these alterations could be effectively restored by

HDACi at progressive stages of disease progression and what is their

impact on FAP biology.

Results

FAPs of late-stage mdx mice exhibit increased HDAC activity,
altered patterns of histone acetylation and partial response to
HDACi

We measured class I and class II HDAC activity from lysates of FAPs

isolated by FACS (Appendix Fig S1A and B) from hind limb muscles

of mdx mice (or control wild-type (wt) mice) at either early (1.5-

month-old) or late (12-month-old) stages of disease—hereinafter

also referred to as “young mdx FAPs” or “old mdx FAPs”, respec-

tively. Fig 1A illustrates a general and consensual increase in the

activity of all HDAC classes—HDAC I, IIa and I/IIb—observed in

FAPs isolated from mdx mice, as compared to their wt counterpart.

Moreover, while the activity of all classes of HDACs did not change

in FAPs isolated from muscles of wt mice at 1.5 or 12 months of

age, the enzymatic activity of all HDAC classes was increased about

two folds in mdx old FAPs, as compared to mdx young FAPs

(Fig 1A). The progressive increase in enzymatic activity observed in

in FAPs of mdx, but not wt, mice during aging suggests that deregu-

lation of HDAC activity does not occur as a consequence of chrono-

logical aging, but is a disease-associated event. A 15 day treatment

with the pan HDACi Trichostatin A (TSA), which we have previ-

ously reported to exert histological and functional beneficial effects

in young mdx mice (Minetti et al, 2006), could reduce class I HDAC

enzymatic activity with a comparable efficacy in mdx FAPs from

▸Figure 1. Differential patterns of HDAC activity and gene expression in FAPs during DMD progression and treatment with HDACi.

WY: young wild type; WO: old wild type; YC: young mdx control; YT: young mdx in vivo treated with TSA for 15 days; OC: old mdx control; OT: old mdx in vivo treated
with TSA for 15 days.
A Graphs showing the enzymatic activity of class I (left panel), class IIa (middle panel), and class I/IIb (right panel) HDACs performed in FAPs isolated from WY, WO, YC,

YT, OC and OT mice.
B Cartoon illustrating the experimental strategy. Mdx mice at 1.5 months (young) and 12 months (old) of age were treated with TSA or its vehicle of control for

15 days. At the end of the treatment, FAPs were isolated by FACS from hindlimb muscles to perform H3K9/14ac and H3K27ac ChIP-seq and RNA-seq.
C Heatmap for H3K9/14ac ChIP-seq signal in the experimental conditions described in B).
D NGS plot showing H3K9/14ac comparative patterns in the experimental conditions described in B).
E Heatmap for H3K27ac ChIP-seq signal in the experimental conditions described in B).
F NGS plot showing H3K27ac comparative patterns in the experimental conditions described in B).
G Upset graph showing the intersection size (in black) between the differentially acetylated loci for H3K9/14ac (in blue) in the experimental conditions described in B).

The top 10 intersections are shown.
H Upset graph showing the intersection size (in black) between the differentially acetylated loci for H3K27ac (in blue) in the experimental conditions described in B).

The top 10 intersections are shown.
I Heatmap showing 2 clusters of DE genes identified across all the experimental conditions described in B). Gene expression is represented as z-score calculated across

the rows.
J Gene Ontology performed on cluster 1 (left panel) and cluster 2 (right panel) genes.
K Heatmap showing the differential expression levels by log2 Fold Change for representative genes of cluster 1 and cluster 2 in the RNA-seq comparisons of YT vs. YC,

OC vs. YC and OT vs. OC FAPs.

Data information: In (A) data are presented as average ! SEM (n = 4, biological replicates); (°) indicates statistical analysis by Student’s t-test in the comparison against
WY, °°°°P ≤ 0.0001, ns = not significant; (*) indicates statistical analysis by Student’s t-test in the comparison against YC, **P ≤ 0.01, ***P ≤ 0.001 ****P ≤ 0.0001; (†)
indicates statistical analysis by Student’s t-test in the comparison against OC, †P ≤ 0.05, ††††P ≤ 0.0001; (#) indicates statistical analysis by one-way ANOVA,
####P ≤ 0.0001.
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either stage (Fig 1A, left panel). By contrast, class IIa HDAC activity

was drastically inhibited (about 10 fold reduction) by TSA in young

mdx FAPs, whereas it was only reduced by half in old mdx mice

(Fig 1A, middle panel). Finally, class I/IIb HDAC activity was

moderately inhibited by TSA in young mdx FAPs and minimally

affected in old mdx FAPs (Fig 1A, right panel). These results show

that HDAC activity increases in FAPs of mdx muscles along with

disease progression, and that exposure to TSA could reduce the

enzymatic activity of class I and II HDAC at both stages, albeit with

a progressive reduction in efficacy at late stages that was propor-

tionate to the increased HDAC activity observed in old mdx FAPs.

As HDAC activity controls histone acetylation, we next sought to

determine whether the different levels of HDAC activity detected in

FAPs from muscles of mdx mice at the two stages of disease

(namely, 1.5- or 12-month-old mdx mice) could generate different

profiles of genome-wide distribution of histone 3 (H3) acetylation at

lysines 9/14 (H3K9/14ac) and lysine 27 (H3K27ac)—two major

histone modifications associated with a chromatin conformation

permissive for gene expression (Zentner & Henikoff, 2013; Tessarz

& Kouzarides, 2014). We also investigated the effect of HDACi on

these histone acetylation patterns, by exposing mdx mice to TSA, as

described above. In parallel, we performed RNAseq analysis, in

order to monitor the transcriptional output of FAPs in the same

experimental conditions. Figure 1B illustrates the experimental

strategy. ChIP-seq experiments with anti-H3K9/14ac and H3K27ac

antibodies revealed distinct profiles of histone acetylation in FAPs

isolated from hind limb muscles of young (1.5 month) or old

(12 month) mdx mice, either untreated or treated with TSA for

15 days (Fig 1C–F). Global analysis of the cumulative genomic

distribution of ChIP-seq peak signals for these histone modifications

showed that H3K9/14ac was largely biased toward gene promoters,

while H3K27ac signal was distributed between gene promoters (one

half) and intronic or distal intergenic elements that typically harbor

enhancers (Appendix Fig S1C). This signal is consistent with the

enrichment of H3K27ac typically observed at active enhancers and

promoters (Hnisz et al, 2013; Zentner & Henikoff, 2013; Tessarz &

Kouzarides, 2014). Slightly increased genome-wide levels of H3K9/

14ac were observed at gene promoters of old mdx FAPs, as

compared to young mdx FAPs (Fig 1C and D, middle panel). Inter-

estingly, TSA treatment increased H3K9/14ac signal at gene promot-

ers in young mdx FAPs (Fig 1C and D, left panel), while did not

significantly alter the global H3K9/14ac levels at gene promoters in

old mdx FAPs (Fig 1C and D, right panel). Conversely, a dramatic

loss of H3K27 acetylation at both gene promoters and outside was

observed in old mdx FAPs, as compared to their younger counter-

part (Fig 1E and F, middle panel). TSA treatment could recover

global H3K27 acetylation in old mdx FAPs (Fig 1E and F, right

panel) to levels comparable to those of young mdx FAPs (Fig 1F,

compare middle and right panels). By contrast, TSA decreased

H3K27ac signal in young mdx FAPs inside and outside gene promot-

ers (Fig 1E and F, left panel).

Combinatorial intersection of differentially acetylated loci in

FAPs across all experimental conditions for both histone modifi-

cations shows that the large majority of the H3K9/14ac peaks

detected was induced by TSA in young mdx mice, with more than

half of them specific for this condition (Fig 1G). Most of the remain-

der H3K9/14ac peaks induced by TSA in young mdx FAPs coincided

with H3K9/14 hyperacetylated loci in old mdx FAPs, with a subset

of them also coinciding with H3K9/14 hypoacetylated loci induced

by TSA in old mdx FAPs (Fig 1G). This pattern of combinatorial

intersections identifies a putative common subset of gene promoters

regulated by H3K9/14 acetylation in both young and old mdx FAPs,

whereby common hyperacetylated loci detected in TSA-treated

young mdx FAPs and untreated old mdx FAPs coincided with loci

hypoacetylated in response to TSA treatment in old mdx FAPs. This

specific combination suggests that TSA might differentially affect

the H3K9/14ac status of a common subset of gene promoters in

FAPs throughout DMD progression. Interestingly, another subset of

H3K9/14 hyperacetylated loci uniquely detected in old mdx FAPs

coincided with hypoacetylated loci in TSA-treated old mdx FAPs

(Fig 1G), further indicating that reversal of H3K9/14 hyperacetyla-

tion at gene promoters paradoxically occurs in old mdx FAPs. By

contrast, TSA-mediated H3K9/14 hyperacetylation in old mdx FAPs

was a rare event and mostly occurred at loci that were also hyper-

acetylated by TSA in young mdx FAPs (Fig 1G). These data suggest

that along with the disease progression in mdx mice, FAPs might

develop resistance to HDACi-induced H3K9/14 hyperacetylation,

while becoming vulnerable to HDAC-mediated reduction of H3K9/

14ac signal at hyperacetylated loci in old mdx FAPs. Conversely, the

most dominant combinatorial patterns of H3K27ac included the

hypoacetylation at gene loci in old mdx FAPs, with about half of

these loci in which H3K27 hyperacetylation was recovered by TSA

(Fig 1H). The other half included loci that were also hypoacetylated

in young mdx FAPs treated with TSA or loci uniquely detected in

old mdx FAPs, in which H3K27ac signal was not recovered by TSA

(Fig 1H). This pattern shows that the reduction of H3K27ac in old

mdx FAPs can be recovered by TSA at certain loci, but not at others,

thereby indicating that old mdx FAPs develop partial resistance to

HDACi-mediated H3K27 hyperacetylation. Interestingly, in young

mdx FAPs TSA could only reduce H3K27ac, both at unique loci and

at loci that were also hypoacetylated in old mdx FAPs (Fig 1H).

HDACi modulate different patterns of gene expression in FAPs of
mdx mice at different stages of disease progression

The alterations of the genome-wide histone acetylation profiles

detected in FAPs of mdx mice at different stages of disease and in

response to TSA predict that consensual alterations in gene expres-

sion profiles could also occur in mdx FAPs in the same experimental

conditions. We therefore performed RNAseq to analyze the gene

expression profile of FAPs isolated from the same experimental

conditions described above (illustrated in Fig 1B). Differentially

expressed (DE) genes between young and old mdx FAPs were

almost equally distributed between up- or downregulated genes

(Appendix Fig S2A, middle panel; Appendix Fig S2B). Likewise,

TSA induced a similar number of up- and downregulated DE genes

in young mdx FAPs (Appendix Fig S2A, left panel; Appendix Fig

S2B). In contrast, TSA preferentially dowregulated gene expression

in old mdx FAPs (Appendix Fig S2A, right panel; Appendix Fig

S2B). Combinatorial intersection of DE genes in FAPs across all

experimental conditions revealed that the large majority of them

was accounted by genes either uniquely up-regulated or downregu-

lated in old mdx FAPs, as compared to their young counterpart;

however, while the expression of a proportion of genes upregulated

in old mdx FAPs was recovered by TSA-mediated repression, only

the expression of very few genes that were downregulated in old
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mdx FAPs was recovered by TSA-mediated activation (Appendix Fig

S2C). Overall, TSA-modulated genes in young and old FAPs did not

show any relevant overlap, suggesting that HDACi modulate dif-

ferent patterns of gene expression in dystrophic FAPs at different

stages of disease, as also predicted by their acetylation profiles.

Heatmap of top DE genes across all experimental conditions

revealed specific patterns of gene expression that could discriminate

2 major clusters of DE genes during FAP transition from an early to

a late stage of disease progression in mdx mice, as well as their dif-

ferential response to TSA (Appendix Fig S3 and Fig 1I). Gene ontol-

ogy analysis identified specific biological processes for each of these

clusters of DE genes. Cluster 1 included a subset of genes whose

expression was induced by TSA in young mdx FAPs, but was

repressed, and was not recovered by TSA, in old mdx FAPs

(Appendix Fig S3 and Fig 1I). Gene ontology assigned these genes

to processes related to activation of cell proliferation and migration

(Fig 1J). These genes encode cell cycle activators, such as cyclins

and cyclin-dependent kinases, histone variants, components of the

cytoskeleton as well as activators of glycolysis (Appendix Fig S3

and Fig 1K). Cluster 2 included a subset of genes whose expression

increased in old mdx FAPs, as compared to young mdx FAPs;

however, TSA treatment could downregulate the expression of these

genes to levels comparable to those observed in young mdx FAPs

(Appendix Fig S3 and Fig 1I). Gene ontology analysis indicates that

this cluster was enriched in genes implicated in regulation of extra-

cellular matrix (ECM), response to hypoxia and inflammation, as

well as cytokine-mediated signaling pathways (Fig 1J). Indeed,

these genes encode several ligands and receptors for activation of

intracellular signaling as well as downstream nuclear transcription

factors implicated in ECM remodeling, fibrosis and inflammation

(Appendix Fig S3 and Fig 1K).

Altered patterns of H3K9/14ac and H3K27/14ac at promoters of
genes implicated in cell cycle arrest and activation of SASP in
FAPs of late-stage mdx mice

We next performed an integrated analysis of ChIPseq and RNAseq

datasets generated across all experimental conditions to identify

specific patterns of histone acetylation and gene expression that

could discriminate young from old mdx FAPs and their different

ability to respond to TSA. Specific patterns of histone acetylation

were associated to the expression levels of the nearest gene

("1,500/+500 bp distance from the TSS). This analysis revealed

two major trends, one consisting of genes that were upregulated in

old mdx FAPs and marked by H3K9/14 hyperacetylation at their

promoters, another consisting of genes that were downregulated in

old mdx FAPs and marked by H3K27 hypoacetylation (Appendix Fig

S4A). Gene ontology revealed that upregulated genes marked by

H3K9/14 hyperacetylation were enriched in genes belonging to clus-

ter 2 (Appendix Fig S3 and Fig 1I–K) and implicated in ECM remod-

eling (e.g., TGFbeta signaling) and cytokine-mediated signaling

pathways (e.g., TNFalpha or NFkB signaling) (Appendix Fig S4B).

Figure 2A illustrates examples of increased H3K9/14ac levels at

promoters of representative genes that were upregulated in old mdx

FAPs, such as the components of pro-fibrotic TGFbeta signaling,

Smad3, Tgfb2 and Tgfbi (Transforming Growth Factor Beta

Induced), (Fig 2A). The upregulation of these representative genes

and the increased levels of H3K9/14ac at their promoters in old mdx

FAPs, as compared to young mdx FAPs, was validated by indepen-

dent qPCR (Fig 2B) and ChIP-qPCR (Fig 2C) analyses, respectively.

Interestingly, genes upregulated in old mdx FAPs and marked by

promoter H3K9/14 hyperacetylation were also enriched in aging

process and negative regulation of cell cycle (Appendix Fig S4B).

Conversely, genes downregulated in old mdx FAPs and marked by

H3K27 hypoacetylation showed enrichment for biological processes

related to activation of cell cycle progression, DNA replication and

mitosis (Appendix Fig S4C). Figure 2D shows examples of H3K27

hypoacetylation at promoters of representative downregulated genes

in old mdx FAPs, such as the cell cycle activators E2F1, Cdk4, and

Check2 (Fig 2D). The downregulation of these genes and the

decreased levels of H3K27ac at their promoters in old mdx FAPs, as

compared to young mdx FAPs, were independently validated by

qPCR (Fig 2E) and ChIP-qPCR (Fig 2F) analyses, respectively. These

data suggest that FAPs at late stages of DMD progression exhibited

some transcriptional features of cellular senescence, such as global

activation of secretory pathways and cell cycle arrest. Accordingly,

▸Figure 2. Integrative analysis of ChIP- and RNA-seq data reveals pathological features reminiscent of cellular senescence in old mdx FAPs.

YC: young mdx control; OC: old mdx control.
A Acetylation tracks for H3K9/14ac ChIP-seq (on the left) and corresponding FPKM values by RNA-seq (on the right) for representative genes in YC and OC FAPs.
B Graphs showing RNA levels for the representative genes shown in (A) measured by qPCR.
C Graphs showing the H3K9/14 acetylation levels for the representative genes shown in (A) measured by ChIP-qPCR.
D Acetylation tracks for H3K27ac ChIP-seq (on the left) and corresponding FPKM values by RNA-seq (on the right) for representative genes in young and old mdx FAPs.
E Graphs showing RNA levels for the representative genes shown in (D) measured by qPCR.
F Graphs showing the H3K27 acetylation levels for the representative genes shown in (D) measured by ChIP-qPCR.
G Representative images of the EdU staining in freshly isolated YC and OC FAPs following EdU in vivo exposure for 3 days (EdU in red/DAPI in blue). Scale bar = 25 lm.
H Graph showing the percentage of EdU-positive cells for the staining shown in (G).
I Representative images of the LMNB1 staining in freshly isolated YC and OC FAPs (LMNB1 in green/DAPI in blue). Scale bar = 25 lm.
J Graph showing the relative quantification of LMNB1 fluorescence intensity normalized for nuclei number, in the staining shown in (I).
K Graph showing the relative expression of Lmnb1 in YC and OC FAPs measured by qPCR.
L Representative images of the cH2AX and KI-67 staining in freshly isolated YC and OC FAPs (cH2AX in green/KI-67 in red/DAPI in blue). Scale bar = 10 lm.

Magnification in the insert (scale bar = 3 lm) shows cH2AX-positive CCF in OC FAPs.
M Graph showing the percentage of cells positive for cH2AX-positive CCF, for the staining shown in (L).
N Graph showing the percentage of cells positive for KI-67 for the staining shown in (L).
O Graph showing the relative expression of Ki67 in YC and OC FAPs measured by qPCR.

Data information: All data are presented as average ! SEM (n = 3, biological replicates); (*) indicates statistical analysis by Student’s t-test, *P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001, ****P ≤ 0.0001.
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flow cytometry analysis revealed a drastic decrease of cells progress-

ing through S/G2 phases in old mdx FAPs, as compared to young

mdx FAPs. (Appendix Fig S4D and E). Likewise, a drastic decrease

of EdU incorporation was observed in old mdx FAPs, as compared

to the young counterpart, upon a 3 days in vivo exposure to EdU

(Fig 2G and H). Furthermore, old mdx FAPs exhibited two

additional features of cellular senescence, such as decreased levels

of LaminB1 (LMNB1) (Fig 2I–K) and increased formation of cyto-

plasmic chromatin fragments (CCF) positive for the DNA damage

marker cH2AX that inversely correlated with the expression of the

marker of cell cycle activity Ki67 (Fig 2L–O). Old mdx FAPs also

exhibited decreased number of apoptotic cells (Appendix Fig S4F
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and G), consistent with the decreased susceptibility to apoptosis of

cells upon cell cycle withdrawal.

The transcriptional and biological features reminiscent of cellular

senescence observed in FAPs from late-stage mdx mice prompted an

interest to determine whether old mdx FAPs indeed undergo cellular

senescence. To this end, we initially sought to compare the changes

in the transcriptional profile of old mdx FAPs, as compared to old

mdx muscle satellite cells (MuSCs), which have been reported to

undergo senescence in previous studies (Sacco et al, 2010; Zhang

et al, 2016; Latella et al, 2017; Tichy et al, 2017; Chen et al, 2020).

We also used macrophages isolated from muscles of mdx mice at

the same stages of disease, as a control cell types. We compared

RNAseq datasets from these cells and Gene set enrichment analysis

(GSEA) revealed that both FAPs and MuSCs (but not macrophages)

of late-stage mdx mice exhibited activation of common secretory

patterns implicated in Senescence Associated Secretory Phenotype

(SASP) and related multiple inflammatory responses (Fig 3A, left

panel, and B; Appendix Fig S4H), including the pro-inflammatory

cytokine IL-6, which is a typical component of SASP (Appendix Fig

S4H and J). Interestingly, these transcriptional features of SASP

appeared to be specifically associated to disease progression in mdx

mice, rather than being a consequence of chronological aging, as

they were not observed in MuSCs and FAPs isolated form age-

matched wild-type mice (Fig 3A, right panel). Notably, only MuSCs

from late-stage mdx mice expressed specific features of cellular

senescence (Fig 3A and C, Appendix Fig S4I), including the upregu-

lation of the conventional senescence marker p16 (Cdkn2a), which

was also found upregulated in MuSCs isolated from wild-type geri-

atric mice, as control (Fig 3D). By contrast, the other senescence-

associated cell cycle inhibitor p21 (Cdkn1a) was upregulated in both

old mdx FAPs and MuSCs (Fig 3E). Furthermore, old mdx FAPs did

not exhibit activation of beta-galactosidase, which was instead

induced in old mdx MuSCs, as well as in MuSCs isolated from geri-

atric mice or human IMR90 fibroblasts induced to undergo replica-

tive senescence, a controls (Fig 3F and G). Finally, a drastic drop in

cell number was observed in both old mdx FAPs and MuSCs

(Fig 3H; Appendix Fig S4K). Thus, although both MuSCs and FAPs

from mdx mice at late stages of disease share common features of

senescence, only MuSCs exhibited the conventional markers of

cellular senescence, such as upregulation of p16 expression and

beta-galactosidase activity.

HDACi downregulate SASP genes by reducing promoter H3K9/
14ac in late-stage mdx FAPs

Although cellular senescence is traditionally considered irreversible,

once established (Gorgoulis et al, 2019), recent evidence demon-

strates that individual biological features of senescence could be

reversible (Sinha et al, 2014; Bussian et al, 2018). Thus, we sought

to evaluate whether the epigenetic and transcriptional patterns

exhibited by old mdx FAPs were reversed, at least partly, by the

exposure to the HDACi TSA. In this respect, HDACi have been

reported to either promote or counter cellular senescence, depend-

ing on the cell type and experimental context (Vizioli et al, 2020).

We first evaluated whether TSA could reverse the upregulation of

SASP genes in old mdx FAPs. Indeed, the RNAseq expression

patterns of cluster 2, which is enriched in SASP genes, shows a

consensual downregulation of gene expression levels in FAPs

isolated from old mdx mice treated with TSA (Fig 1I–K;
Appendix Fig S3 – right panel). TSA-mediated downregulation of

SASP genes invariably coincided with reduction of H3K9/14ac at

their promoters, as shown by representative genes implicated in a

variety of SASP-related biological processes, including fibrosis (e.g.,

TGFb-Smad signaling), inflammation (NFkB and p38 signaling) and

other components of cytokine- or growth factor-activated pathways,

such as IL6, FGF and BMP signaling (Fig 4A; Appendix Fig S5A).

The downregulation of these genes and the decreased levels of

H3K9/14ac at their promoters in response to TSA were indepen-

dently validated by qPCR (Fig 4B) and ChIP-qPCR (Fig 4C) analy-

ses, respectively. Consistently, immunofluorescence analysis of

muscle sections shows that FAPs (identified as CD90 expressing

interstitial cells- Appendix Fig S5B and C) from old mdx mice exhib-

ited the activation of NFkB cascade (as measured by nuclear accu-

mulation of the phosphorylated active form of p65 sub-unit) (Fig 4D

and E), p38 pathway (as measured by nuclear accumulation of

phosphorylated-p38 alpha kinase) (Fig 4F and G) and TGFb signal-

ing (as measured by nuclear accumulation of phospho-Smad2/3)

(Fig 4H and I). Treatment with TSA invariably reduced the activa-

tion of all these signaling pathways (Fig 4D–I).

HDACi fail to recover promoter hyperacetylation and expression
of cell cycle genes in late-stage mdx FAPs

Conversely, TSA could not resume the expression of genes downreg-

ulated in old mdx FAPs and represented in cluster 1, which is

enriched in genes implicated in the activation of cell cycle progres-

sion (e.g., cyclins, cdks, histones, E2F family members) as well as

glycolysis (Fig 1I-K; Appendix Fig S3 – left panel). The common

epigenetic features that accompanied the downregulation of these

genes during the transition of FAPs from young to old mdx mice

was the reduced promoter H3K9/14ac, often in combination with

reduced H3K27ac (Fig 5A; Appendix Fig S6A). While TSA could

increase H3K9/14 promoter acetylation and expression of cell cycle

genes in young mdx FAPs, it failed to recover promoter H3K9/14

hyperacetylation and to resume the expression of these genes in old

mdx FAPs (Fig 5A and Appendix Fig S6A and B), as also measured

by qPCR and ChIPqPCR analysis at representative genes, such as

Hist1h2ae, Cdk1 and CyclinA2 (encoded by Ccna2) (Fig 5B and C).

Consistently, the percentage of proliferating cells detected by flow

cytometry analysis of Ki-67 expression – a nuclear protein expressed

throughout the cell cycle progression, except G0 and early G1

phases – was slightly reduced in old mdx FAPs, as compared to

young mdx FAPs (Fig 5D and E – see also Fig 3F;

Appendix Fig 4G); however, while TSA could double the percentage

of Ki-67-positive FAPs in young mdx mice, old mdx FAPs did not

resume the cell cycle in response to TSA treatment (Fig 5D and E).

Accordingly, the total number of FAPs was decreased in old mdx

mice, as compared to their young counterpart; however, TSA treat-

ment could not increase FAP number at either stage (Fig 5F). The

lack of increase in FAP number upon TSA treatment of young mdx

mice is apparently in contrast with the increased number of prolifer-

ating FAPs detected in TSA-treated young mdx mice. We argue that

this discrepancy could be accounted by the increased length of G1-S

phase progression observed in TSA-treated young mdx FAPs, due to

the activation of a G1/S phase checkpoint by TSA reported by others

in several cell types (Gui et al, 2004) and confirmed by our RNAseq
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Figure 3. Comparative analysis of FAPs and MuSCs show a different pattern of senescence features.

WY: young wild type; WO: old wild type; WG: geriatric wild type; YC: young mdx control; OC: old mdx control.
A Heatmap showing the normalized enrichment score (NES) measured by GSEA analysis of the listed pathways for FAPs, MuSCs, and Macrophages (MAC) RNAseq in the

comparison of OC vs. YC (on the left) and for FAPs and MuSCs in the comparison of WO vs. WY (on the right). GSEA results were filtered for significance by FDR q-
value ≤ 0.25.

B GSEA enrichment plots for gene expression profiles of YC and OC FAPs (on top) and MuSCs (on bottom) against the SASP gene list used in A).
C GSEA enrichment plots for gene expression profiles of YC and OC FAPs (on top) and MuSCs (on bottom) against the Cellular Senescence gene list used in A).
D Graph showing the relative expression of Cdkn1a Cdkn2a in WY, WO, WG, YC, and OC FAPs and MuSCs, measured by qPCR.
E Graph showing the relative expression of Cdkn1a in WY, WO, WG, YC, and OC FAPs and MuSCs, measured by qPCR.
F Graph showing the quantification of b-Gal-positive cells in WY, WO, WG, YC, and OC FAPs and MuSCs compared to late passage IMR90 senescent cells as positive

control (SEN) measured by flow cytometry analysis.
G Representative plots of b-Gal 488 fluorescence distribution in YC and OC FAPs and MuSCs and IMR90-SEN cells (in red) compared to their Fluorescence Minus One

(FMO) negative control (in black).
H Graph showing the total number of FAPs and MuSCs available in YC and OC single mice.

Data information: All data are presented as average ! SEM (n = 3, biological replicates, in D-G; n = 4, biological replicates, in H); (*) indicates statistical analysis by
Student’s t-test in the comparison against WY, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001; (†) indicates statistical analysis by Student’s t-test in the comparison against YC,
†P ≤ 0.05, ††P ≤ 0.01, †††P ≤ 0.001, ††††P ≤ 0.0001; (#) indicates statistical analysis by one-way ANOVA, #P ≤ 0.05; (§) indicates statistical analysis by two-way ANOVA,
§§P ≤ 0.01, §§§§P ≤ 0.0001.
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analysis (see Fig 6B). These data indicate that old mdx FAPs are

withdrawn from the cell cycle, a biological feature that is typically

associated with an impairment in migratory ability. We therefore

analyzed the effect of TSA on FAP migration in young vs. old mdx

mice, by a cell migration assay in vivo, using FAPs isolated from

young or old mdx mice, treated or not with TSA for 15 days. Imme-

diately after isolation, FAPs were labelled with PKH67-488 dye and

transplanted into the proximal part of the gastrocnemius muscle of

young mdx mice. 5 days post-injection the number of PKH67-488-

positive cells detected in the proximal and distal sections from the

injection site were counted by flow cytometry analysis, as readout

of their migratory ability. Figure 5 G and H shows that only FAPs

isolated from TSA-treated young mdx mice were able to migrate

from the proximal injection site to the distal section of
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Figure 4.
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gastrocnemious muscles (Fig 5G and H), indicating that old mdx

FAPs are refractory to TSA-induced migration. Finally, the observa-

tion that the expression of several glycolytic genes, including Eno3

(the muscle-specific isoform of beta-enolase), was repressed in old

mdx FAPs and could not be resumed by TSA, which otherwise

upregulates these genes in young mdx FAPs (Appendix Fig S3 and

S6B), prompted an interest to analyze the ability of FAPs to activate

glycolysis in our experimental conditions. Activation of glycolysis

could be observed only in FAPs isolated from young mdx mice

treated with TSA (Fig 5I). Given the functional interdependence

between glycolysis and activation of cell cycle during stem cell acti-

vation, and because cell cycle progression and DNA replication

favor nuclear reprograming (Ryall et al, 2015), it is likely that the

resistance of old mdx to resume expression of cell cycle and glyco-

lytic genes prevents full epigenetic reprogramming by HDACi.

Selective activation of Ox-Phos genes by HDACi via increased
promoter H3K27ac in late-stage mdx FAPs

Overall, these data reveal a general trend of loss of response to

HDACi-mediated activation of gene expression in old mdx FAPs,

despite these cells retained the ability to dowregulate gene expres-

sion (e.g., SASP genes) in response to HDACi. This trend is further

revealed by a gene ontology analysis of comparative gene expres-

sion patterns in FAPs across our experimental conditions, in a

graphical representation whereby the size of the bubbles accounts

for the number of genes found to be involved in the GO term

(Fig 6A). This analysis shows that TSA could both inhibit and

promote a variety of cellular processes in young mdx FAPs;

however, in old mdx FAPs, TSA activity was only inhibitory toward

the biological processes induced in FAPs during DMD progression

(Fig 6A). Among them, we noted various processes implicated in

fibrosis (e.g., remodeling of extracellular matrix) as well as extracel-

lular exosome formation/secretion. IPA analysis also documented

the general trend of inhibition of gene expression by TSA in old

mdx mice, with the notable exception of a cluster of TSA-induced

genes (cluster 3) implicated in oxidative phosphorylation (Ox-Phos),

TCA cycle, electron transport and mitochondrial biogenesis (Fig 6B;

Appendix Fig S7A and B). The dominant epigenetic feature of these

genes was the H3K27 hypoacetylation at their promoters that

accompanied their downregulation in old mdx FAPs, as compared

to young mdx FAPs (Fig 6C–E; Appendix Fig S7C). TSA could

◀ Figure 4. HDACi reduce the activation of SASP-related signaling pathways in old mdx FAPs.

YC: young mdx control; YT: young mdx in vivo treated with TSA for 15 days; OC: old mdx control; OT: old mdx in vivo treated with TSA for 15 days.
A Acetylation tracks for H3K9/14ac and H3K27ac ChIP-seq (on the left) and corresponding FPKM values by RNA-seq (on the right) for representative genes in YC, YT, OC,

and OT FAPs.
B Graphs showing RNA levels for the representative genes shown in (A) measured by qPCR.
C Graphs showing the H3K9/14 acetylation levels for the representative genes shown in (A) measured by ChIP-qPCR.
D Representative images of the phospho-NFkB staining in FAPs (pNFkB-p65 in red/CD90 in green/Laminin in grey/DAPI in blue) on tibialis anterior muscle transversal

section of YC, YT, OC, and OT mice; Scale bar = 25 lm.
E Box plot showing the percentage of pNFkB-p65-positive FAPs in the staining shown in (D).
F Representative images of the phospho-p38 staining in FAPs (pP38 in red/CD90 in green/Laminin in grey/DAPI in blue) on tibialis anterior muscle transversal sections

of YC, YT, OC, and OT mice. Scale bar = 25 lm.
G Box plot showing the percentage of pP38-positive FAPs in the staining shown in (F).
H Representative images of the phospho-SMAD2/3 staining in FAPs (pSMAD2/3 in red/CD90 in green/Laminin in grey/DAPI in blue) on tibialis anterior muscle transversal

sections of YC, YT, OC and OT mice. Scale bar = 25 lm.
I Box plot showing the percentage of pSMAD2/3-positive FAPs in the staining shown in (H).

Data information: In (B, C) data are presented as average ! SEM, in (E, G, I) the central band of the boxplot shows the median, the box extends from the 25th to 75th

percentiles, whiskers are down to the minimum and up to the maximum value (n = 3, biological replicates); (*) indicates statistical analysis by Student’s t-test in the
comparison against YC, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; (†) indicates statistical analysis by Student’s t-test in the comparison against OC, †P ≤ 0.05,
††P ≤ 0.01, †††P ≤ 0.001, ††††P ≤ 0.0001; (#) indicates statistical analysis by one-way ANOVA, #P ≤ 0.05, ##P ≤ 0.01, ###P ≤ 0.001 ####P ≤ 0.0001.

▸Figure 5. FAPs from old mdx mice develop resistance to HDACi-mediated activation of cell cycle.

YC: young mdx control; YT: young mdx in vivo treated with TSA for 15 days; OC: old mdx control; OT: old mdx in vivo treated with TSA for 15 days.
A Acetylation tracks for H3K9/14ac and H3K27ac ChIP-seq (on the left) and corresponding FPKM values by RNA-seq (on the right) for representative genes in YC, YT, OC,

and OT FAPs.
B Graphs showing RNA levels for the representative genes shown in (A) measured by qPCR.
C Graphs showing the H3K9/14 acetylation levels for the representative genes shown in (A) measured by ChIP-qPCR.
D Representative dot-plots of the flow cytometry analysis of KI-67 PE-Cy7 to monitor proliferating YC, YT, OC, and OT FAPs.
E Boxplot showing the percentage of KI-67+ FAPs analyzed in (D).
F Boxplot showing the total number of FAPs in the same experimental conditions described in (D).
G Representative dot-plots showing the flow cytometry analysis of FAP migration assay. YC, YT, OC, and OT FAPs were labeled with PKH67-488 and analyzed in the

proximal (top panel) and distal (bottom panel) sections from the injection site in YC mice.
H Stacked bar chart showing the relative percentage of PKH67-488+ FAPs detected in the proximal (blue) and the distal (red) sections for the same experimental

conditions described in (G).
I Histogram showing the level of glycolysis measured by Seahorse as extracellular acidification rate (ECAR) after glucose administration to YC, YT, OC and OT FAPs.

Data information: In (B, C) data are presented as average ! SEM (n = 3, biological replicates); in (E, F) the central band of the boxplot shows the median, the box
extends from the 25th to 75th percentiles, whiskers are down to the minimum and up to the maximum value (n = 4 biological replicates); In (H, I) data are presented as
average ! SEM (n = 4, biological replicates); (*) indicates statistical analysis by Student’s t-test in the comparison against YC, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001, ns = not significant; (#) indicates statistical analysis by one-way ANOVA, ##P ≤ 0.01, ###P ≤ 0.001 ####P ≤ 0.0001; (§) indicates statistical analysis by
two-way ANOVA, §§§§P ≤ 0.0001.
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recover promoter H3K27 hyperacetylation and transcription of these

genes in old mdx FAPs (Fig 6C; Appendix Fig S7C). Independent

qPCR and ChIPqPCR analysis of representative genes—Ndufa4, Cycs

and Cox6—confirmed their downregulation (Fig 6D) and consen-

sual reduction of H3K27ac promoter levels (Fig 6E) in old mdx FAPs

and their rescue by TSA treatment (Fig 6D and E). These gene

expression patterns were paralleled by coherent changes in mito-

chondrial activities, with a general trend of reduction of oxygen

consumption rate (basal respiration) and ATP production in old

mdx FAPs, which was recovered by TSA, albeit not to the levels

observed in TSA-treated young mdx FAPs (Appendix Fig S7D and

E). Finally, mitosox staining detected an increased production of

superoxide in old mdx FAPs, as biproduct of dysfunctional mito-

chondrial oxidative phosphorylation, that was reverted by the expo-

sure to TSA (Appendix Fig S7F and G). Interestingly, the expression

of mitochondrial genes was not significantly induced by TSA in

young mdx FAPs (Fig 6C–E; Appendix Fig S7C). This suggests that

full metabolic reprogramming of young mdx FAPs is induced by

TSA by a mechanism distinct from TSA-mediated upregulation of

Ox-Phos genes in old mdx FAPs, which results in a slightly increase
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C
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Figure 6.
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of oxidative phosphorylation that might be sufficient to restore mito-

chondrial dysfunction (Appendix Fig S7D–G).

Discussion

The results shown here revealed that FAPs of mdx mice undergo

extensive epigenetic and transcriptional changes during disease

progression, leading to two main distinctive biological features—cell

cycle arrest and SASP—that discriminate late from early-stage FAPs.

Although cell cycle arrest and SASP are well-known features of

cellular senescence (Gorgoulis et al, 2019), old mdx FAPs did not

exhibit conventional hallmarks of cellular senescence, such as beta

galactosidase expression and upregulation of the cyclin-dependent

kinase inhibitors 2A (cdkn2a) p16. Indeed, the cell cycle arrest

observed in old mdx FAPs appears to be caused by a failure to acti-

vate the expression of genes implicated in cell cycle progression and

DNA synthesis, rather than by the upregulation of p16, as typically

observed in cellular senescence. Moreover, SASP activation in old

mdx FAPs entails the upregulation of genes encoding for growth

factors, cytokines, and other secreted proteins implicated in the

regulation of muscle regeneration, inflammation, and ECM remodel-

ing. Some of these genes were already expressed at low levels in

young mdx FAPs, and when induced at moderate levels by HDACi

some of these genes could promote environmental signals condu-

cive to muscle regeneration—for example, transient inflammation

and ECM changes that favor MuSC migration and proliferation. In

old mdx FAPs, the simultaneous upregulation and persistent expres-

sion of all these genes ultimately leads to fibrosis and inflammation,

which negatively impact MuSC-mediated regeneration. Thus, the

activation of SASP observed in old mdx FAPs reflects changes in

magnitude of transcription of a large collection of genes implicated

in regeneration, inflammation, and ECM remodeling.

Previous studies indicated that transient cellular senescence

could promote regeneration of skeletal muscle upon acute injury

(Chiche et al, 2017) or in response to exercise (Saito et al, 2020).

Conversely, progressive accumulation of senescent cells during

chronological aging (Sousa-Victor et al, 2014; Chen et al, 2020) or

upon telomere deficiency (Sacco et al, 2010) impairs the regenera-

tive potential of skeletal muscles. We show here that epigenetic and

transcriptional features reminiscent of senescence appeared in FAPs

from mdx mice as disease progresses. These features were indepen-

dent on chronological aging and were associated with dysregulated

HDAC activity and genome-wide changes of histone acetylation

occurring during disease progression. Treatment with the HDAC

inhibitor TSA could inhibit SASP gene activation, by decreasing

H3K9/14 acetylation, but did not reverse epigenetic and transcrip-

tional alterations at cell cycle and glycolytic genes. This evidence

indicates that during DMD progression FAPs develop resistance to

HDACi-induced H3K9/14 hyperacetylation, while remaining vulner-

able to HDACi-mediated repression of H3K9/14 acetylation. These

data reveal a hitherto unappreciated development of disease-

associated features reminiscent of senescence in FAPs of DMD

muscles through epigenetically distinct and pharmacologically

dissociable events.

Interestingly, cell cycle arrest and activation of SASP in old mdx

FAPs were sustained by opposite patterns of histone acetylation.

Cell cycle arrest and inhibition of glycolysis were associated with

global hypoacetylation at promoters of repressed genes implicated

in cell cycle progression, DNA synthesis, and activation of glycoly-

sis. These events are likely accounted by the aberrant activation of

HDACs. Indeed, transcriptional repression of these genes was part

of a trend of genome-wide H3K27 hypoacetylation in old mdx

FAPs that coincided with a general increased HDAC activity and

could not be reversed by HDACi. Conversely, activation of SASP

genes in old mdx FAPs was sustained by promoter H3K9/14 hyper-

acetylation and occurred within a trend of H3K9/14 hyperacetyla-

tion that was not reversed by HDACi at genome-wide level;

however, HDACi could fully repress the activation of SASP genes,

by promoting selective H3K9/14 hypoacetylation at their promot-

ers. The genome-wide increase in H3K9/14ac observed in old mdx

FAPs is in apparent conflict with the increased HDAC activity.

Likewise, the reduction of H3K9/14ac observed at promoters of

SASP genes in FAPs of late-stage mdx mice exposed to TSA

appears at odd with the expected ability of HDACi to promote

hyperacetylation. We argue that these paradoxical effects are likely

accounted by the ability of HDACi to target multiple acetylation-

dependent and independent events (Wang et al, 2009; Greer et al,

2015; Sanchez et al, 2018; Vaid et al, 2020) as well as by the

complexity of HDACi activity in vivo. Indeed, the final outcome of

the systemic exposure of FAPs to HDACi depends on both direct

and indirect effects, with the latter likely being generated by

signals derived from other muscle-resident cell types that are

simultaneously exposed to HDACi. This is particularly relevant for

experiments that require long-term exposure to HDACi, as the

treatment of mdx mice with TSA. Hence, it is likely that the overall

effects of HDACi on genome-wide histone acetylation and tran-

scriptional output in mdx FAPs is determined by modulation of the

◀ Figure 6. HDACi recover mitochondrial oxidative phosphorylation in old mdx FAPs.

YC: young mdx control; YT: young mdx in vivo treated with TSA for 15 days; OC: old mdx control; OT: old mdx in vivo treated with TSA for 15 days.
A Bubble plots showing the Gene Ontology analysis of RNA-seq performed by DAVID in YT versus YC FAPs (left panel), OC versus YC FAPs (middle panel) and OT versus

OC FAPs (right panel). The size of the bubbles accounts for the number of genes found to be involved in the GO terms. The top 4 GO terms for each comparison are
reported in the table at the bottom.

B Heatmap showing a selection of canonical pathways predicted by IPA in comparative analysis of YT versus YC FAPs, OC versus YC FAPs and OT versus OC FAPs.
C Acetylation tracks for H3K9/14ac and H3K27ac ChIP-seq (on the left) and corresponding FPKM values by RNA-seq (on the right) for representative genes in YC, YT, OC,

and OT FAPs.
D Graphs showing RNA levels for the representative genes shown in (C) measured by qPCR.
E Graphs showing the H3K27 acetylation levels for the representative genes shown in (C) measured by ChIP-qPCR.

Data information: In (D, E) data are presented as average ! SEM (n = 3, biological replicates), (*) indicates statistical analysis by Student’s t-test in the comparison
against YC, *P ≤ 0.05, **P ≤ 0.01, ns = not significant; (†) indicates statistical analysis by Student’s t-test in the comparison against OC, †P ≤ 0.05, ††P ≤ 0.01; (#)
indicates statistical analysis by one-way ANOVA, #P ≤ 0.05, ##P ≤ 0.01, ####P ≤ 0.0001.

ª 2022 The Authors EMBO reports 23: e54721 | 2022 13 of 19

Silvia Consalvi et al EMBO reports



heterotypic interactions that FAPs establish with muscle-resident

cell types. Conceivably, the senescence-associated features

observed in late-stage mdx FAPs might result from functional inter-

actions with other muscle-resident cells implicated in DMD patho-

genesis; in turn, FAP-derived SASP can promote the survival or

expansion of other cell types that contribute to DMD progression.

Therefore, the permanent cell cycle arrest and SASP observed in

FAPs at late stages of DMD should be considered as disease-

associated features of senescence induced by pathogenic signals

released from DMD muscles, rather than conventional features of

cell-autonomous activation of cellular senescence. This contention

is also supported by the observation that cell cycle arrest and acti-

vation of SASP could be already observed in FAPs of mdx mice

older than 5 months, but could not be detected in FAPs of aged

(older than 2 years) wild-type mice (preprint: Cutler et al, 2020).

Overall, the ability of HDACi to promote either moderate and

reversible activation of specific SASP genes in young mdx FAPs or

global repression of the SASP genes in old mdx FAPs appears a

major determinant of the different therapeutical effects of HDACi at

early vs. late stages of DMD progression. In particular, the global

repression of SASP genes by HDACi in old mdx FAPs might account

for the resistance to the pro-regenerative effects of HDACi observed

at late stages of disease, but also indicates that HDACi might retain

anti-fibrotic and anti-inflammatory effects at late stages of DMD.

This therapeutic “trade off” is consistent with a general trend of old

mdx FAPs toward a resistance to HDACi-mediated activation of gene

expression and release of other secretory signals implicated in

muscle regeneration (Fig 6A and B), including release of pro-

regenerative EVs (Sandon!a et al, 2020).

The differential effects of HDACi observed in young vs. old mdx

FAPs were associated with their ability to activate cell cycle, glycoly-

sis as well as Ox/Phos metabolism in young, but not old, mdx FAPs.

Dysfunctional mitochondrial metabolism has been previously

reported in mdx FAPs and correlates with an increased adipogenic

potential (Reggio et al, 2020). Although HDACi could induce the

expression of Ox/Phos genes in old mdx FAPs, this effect was not

sufficient to activate basal mitochondrial respiration and ATP

production at the extent observed in young mdx FAPs exposed to

HDACi (Fig 6 and Appendix Fig S7). Given the intimate link

between cell cycle progression, mitochondrial activity, acetyl-coA

metabolism and availability of acetyl groups for histone acetylation

(Ryall et al, 2015; Etchegaray & Mostoslavsky, 2016), it is possible

HDACi-mediated activation of cell cycle and mitochondrial activities

in young mdx FAPs enable histone hyperacetylation at promoters of

genes required for pro-regenerative activities. Conversely, reduced

availability of mitochondria-derived acetyl-CoA in old mdx FAPs

might limit their ability to respond to HDACi with an increased

hyperacetylation at gene promoters. Nonetheless, the HDACi-

mediated activation of Ox/Phos genes in old mdx FAPs and repres-

sion of SASP genes could be functionally associated, by the suppres-

sion of oxidative stress, as recently proposed in models of cellular

senescence (Vizioli et al, 2020).

Overall, our data provide evidence that cell cycle arrest and SASP

are two senescence-associated biological features that limit the

response to HDACi in old mdx FAPs. However, their pharmacologi-

cal dissociation by HDACi (repression of SASP, without reactivation

of cell cycle) suggests that HDACi can exert anti-fibrotic and anti-

inflammatory effects also at late stages of DMD progression.

Materials and Methods

Animals and in vivo treatments

Mice were bred, handled, and maintained according to the standard

animal facility procedures and the internal Animal Research Ethical

Committee in agreement to the Italian Ministry of Health approved

experimental protocols and the ethics committee of the Fondazione

Santa Lucia (FSL) approved protocols.

Normal wild-type C57/BL6 and C57Bl6 mdx mice were

purchased from Jackson Laboratories. Wild-type C57/BL6 were

sacrificed at 1.5, 12 and 30 months of age (respectively defined

young, old, and geriatric wt mice). C57Bl6 mdx mice at 1.5 and

12 months of age (respectively defined young and old mdx mice)

were treated before the sacrifice for 15 days with daily intra-

peritoneal injections of Trichostatin A, TSA (0.6 mg/kg/day;

#T8552, Sigma), dissolved in saline solution or in saline alone as

vehicle control (CTR).

For Edu assay, 20 lg/kg body weight EdU (#C10351, Invitrogen)

was administered by intra-peritoneal injection in young and old

mdx mice 3 days before the sacrifice and FAPs isolation.

For the migration assay, FAPs isolated from young or old mdx

mice treated or not with TSA were stained with PKH67-488

(#MINI-67, Sigma) immediately after isolation by FACS and

injected (20 ll at the concentration of 5000 cells/ll) in the proxi-

mal part of the gastrocnemius from the foot-paw of young mdx

mice. Mice were sacrificed 5 days postinjection. Gastrocnemius

was harvested and cut in half to obtain proximal and distal

sections from the injection site. PKH67-488+ FAPs were detected

by flow cytometry.

FACS isolation of cells

Muscle-resident cells were isolated from wild-type C57/BL6 and

C57Bl6 mdx mice at the end of the treatments immediately after the

sacrifice. Hind limb muscles for each mouse were minced and put

into a 15 ml tube containing 4 ml of digest solution in HBSS

(#24020-091,GIBCO) with 2 mg/ml Collagenase A (#10103586001,

Roche), 2.4 U/ml Dispase II (#04942078001, Roche), 10 ng/ml

DNase I (#11284932001, Roche) for 90 min at 37°C. Cells were fil-

tered through 100 lm, 70 lm and 40 lm cell strainers (#08-771-19,

#08-771-2, #08-771-1, BD Falcon) and resuspended in 0.5 ml of

HBSS containing 0.2% w/v BSA and 1% v/v Penicillin–Strepto-
mycin for the staining of cell surface antigens 30 min on ice. The

following antibodies were used: CD45-eFluor 450 (1:50, #48-0451-

82, eBiosciences), CD31-eFluor 450 (1:50, #48-0311-82, eBio-

science), Ter119-eFluor 450 (1:50, #48-5921-82, eBiosciences),

Itga7-649 (1:500, #67- 0010-01, AbLab), Sca1-FITC (1:50, 5981-82,

eBioscience) or Sca1-APC/Fire 750 (1:100, #108145, Biolegend),

F480-PE (1:50, #14-4801-81, Thermo Fisher) and CD11b-PECy7

(1:200, #552850, Biosciences).

Cells were finally washed and resuspended in 1 ml of HBSS

containing 0.2% w/v BSA and 1% v/v Penicillin–Streptomycin.

Fibro-adipogenic progenitors were purified as Ter119"/CD45"/

CD31"/Itga7"/Sca1+ cells; MuSCs were purified as Ter119"/CD45"/

CD31"/Itga7+/Sca1" cells; Macrophages were purified as Ter119+/

CD45+/CD31+/F480+/CD11b+ cells. Cells were isolated using a Beck-

man Coulter MoFlo Legacy high-speed cell sorter. Purity check after
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cell sorting was performed by flow cytometry (CytoFLEX, Beckman

Coulter) and showed purity ≥ 98%.

Flow cytometry analysis

Hind limb muscles were digested and the cells were stained with

antibodies for cell surface antigens as previously described in the

FACS protocol.

For FACS purity check, freshly sorted cells were analyzed by

flow cytometry and showed purity ≥ 98%. For visualizing cell avail-

ability, the same volume (500 ll) of cells derived from muscle

digestion of single young and old mdx mice was acquired for a fixed

time window of 180 s by flow cytometry analysis. For CD90 expres-

sion analysis, cells from muscle digestion of mdx mice were stained

or not (Fluorescence Minus One -FMO) with CD90PE-Cy7 (#140309,

Biolegend). For cell cycle analysis, Propidium Iodide (PI) DNA stain-

ing was performed (5 ll of PI and 2.5 ll of RNAse in 500 ll of PBS,
30 min at 37°C in the dark). For apoptosis analysis, Click-iT. Plus

TUNEL Assay (Alexa FluorTM 594 dye, #C10618, Thermo Fisher) was

performed following manufacturer indications. For senescence anal-

ysis, Cellular Senescence Detection Kit – SPiDER-ßGal (#SG03-10,

Dojindo) was used following manufacturer indications. For cell

cycle activation analysis, staining with Ki-67 PE/Cy7 (#652426,

Biolegend) was used. For migration assay, total FAPs were detected

as Sca1-APC/Fire 750-positive cells (1:100, #108145, Biolegend) and

injected FAPs were discriminated as PKH67-488+ cells. Cell suspen-

sions were acquired using a CytoFLEX LX flow cytometer (Beckman

Coulter) and data were analyzed using FlowJo software (BD Bios-

ciences).

HDAC enzymatic activity assay

Histone deacetylate activity was evaluated by using different fluoro-

genic substrates specific for class I, class IIa or class I/IIb HDACs

(Heltweg et al, 2004). The assay was performed as previously

described (Lemon et al, 2011). Briefly, freshly isolated FAPs were

suspended in PBS (pH 7.4) containing 0.5% Triton X-100, 300 mM

NaCl and protease/phosphatase inhibitor cocktail (Thermo Fisher

Scientific) and sonicated prior to clarification by centrifugation.

Protein concentrations were determined using a BCA Protein Assay

Kit (Thermo Fisher Scientific). Extracts were diluted into PBS buffer

in 100 ll total volumes in 96-well plate (8 lg FAPs protein/well).

Substrates were added (5 ll of 1 mM DMSO stock solution), and

the plates were returned to the 37°C incubator for 3 h. Then, devel-

oper/stop solution was added (50 ll per well of PBS with 1.5%

Triton X-100, 3 lM TSA, and 0.75 mg/ml trypsin), with additional

20’ incubation at 37°C. To detect fluorescent signal Glowmax

(Promega) instrument with excitation and emission filters of

360 nm and 460 nm, respectively was used. Background signals

from buffer blanks were subtracted.

MitoSOX assay

Freshly isolated FAPs were plated in culture media (BIO-AMF-2,

Biological Industries) at high density (3,000 cells, in 96-well dishes).

After 24 h FAPs were treated with MitoSOX reagent (Red Mitochon-

drial Superoxide Indicator, Thermo Fisher, #M36008) and Hoecst

33342 solution (Thermo Fisher, #62249) following the manufacturer

protocols. Images were acquired using Zeiss LSM 800 confocal

microscope and quantified using ImageJ software.

Real-time cell metabolic analysis

Mitochondrial function and glycolysis rate were determined using a

Seahorse XF96e Analyzer (Seahorse Bioscience – Agilent, Santa

Clara CA, USA). FAPs, 10,000 per well, were plated on cell tak (2 lg
per well; Corning) coated Seahorse 96-well utility plate, centrifuged

at 1,100 rpm for 10 min at room temperature and held at 37°C in a

CO2-free incubator for 45 min prior to testing.

Mitochondrial function was assessed through a Cell Mito Stress

test. Growth medium was replaced with XF test medium (Eagle’s

modified Dulbecco’s medium, 0 mM glucose, pH = 7.4; Agilent

Seahorse) supplemented with 1 mM pyruvate, 10 mM glucose and

2 mM L-glutamine. The test was performed by measuring at first the

baseline oxygen consumption rate (OCR), followed by sequential

OCR measurements after injection of oligomycin (1 lM), carbonyl

cyanide 4- (trifluoromethoxy) phenylhydrazone (1 lM) and Rote-

none (0.5 lM) + Antimycin A (0.5 lM) to obtain the key parame-

ters of the mitochondrial function including basal respiration and

ATP-linked respiration.

The rate of glycolysis was determined by measuring the rate of

extracellular acidification (ECAR). Cells were cultured and

pretreated as previously described. The growth medium was

replaced with XF test medium (Eagle’s modified Dulbecco’s

medium, 0 mM glucose, pH = 7.4; Agilent Seahorse) supplemented

with L-glutamine (1 mM). ECAR was repeatedly evaluated after the

injection of glucose (10 mM), oligomycin (1 lM) and 2D Glucose

(50 mM) respectively, in each well.

XF96 data were calculated using the algorithm described and

used by the Seahorse software package.

Immunofluorescence

For immunofluorescence on muscle sections, tibialis anterior

muscles were snap-frozen in liquid nitrogen-cooled isopentane and

then cut transversally with a thickness of 8 lm. Cryosections were

fixed in 4% PFA for 10 min and permeabilized with 0.25% Triton

for 15 min at RT. Muscle sections were blocked for 1 h with a solu-

tion containing 4% BSA (#A7030, Sigma) in PBS and then incubated

with primary antibodies O.N. at 4°C. Antibody binding was revealed

using secondary antibodies coupled to Alexa Fluor 488, 594, or 647

(Invitrogen). Sections were incubated 5 min with DAPI in PBS for

nuclear staining, washed in PBS, and mounted with glycerol 3:1 in

PBS. The primary antibodies used for immunofluorescences were:

rabbit anti-Laminin (1:400, #L9393, Sigma), rabbit anti-Phospho-

NFjB p65 (1:1,000, #3033, Cell Signalling,), rabbit anti-Phospho-

p38 MAPK (1:1,000, #4511, Cell Signalling), rabbit anti-Phospho-

Smad2 (Ser465/467)/Smad3 (Ser423/425) (1:1,000, #8828, Cell

Signalling) CD90 (1:100, #NB100-65543, Novus Biologicals).

For immunofluorescence on FAPs, freshly isolated cells were

seeded by cytospin (1,000 rpm for 5 min at room temperature) on

slides and immediately fixed. Immunofluorescence protocol for

LMNB1 (1:50, #sc-6216, Santa Cruz) was the same used for muscle

sections. For EdU incorporation staining was performed following

the manufacturer’s instructions (#C10351, Invitrogen). For cH2AX/
KI67 staining, FAPs were seeded in growth media for 24 h in order
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to allow cytoplasm flattening and CCF visualization. Immunofluo-

rescence staining was performed as previously by using the primary

antibodies: Ser139 H2AX (1:80, Millipore, #05-636) and Ki67 (1:500,

#ab15580, Abcam).

Images were acquired using Zeiss LSM 800 confocal microscope

and quantified using ImageJ software.

RT–qPCR

Total RNA was extracted from freshly isolated FAPs using TRIzol

and 0.5–1 mg were retro-transcribed using the Taqman reverse tran-

scription kit (Applied Biosystems). Real-time quantitative PCR was

performed to analyze relative gene expression levels using SYBR

Green Master mix (Applied Biosystems) following manufacturer

indications. Relative expression values were normalized to the

housekeeping gene GAPDH.

Primers sequences are available in Appendix Table S1.

ChIP

C57Bl6 mdx mice (1.5- and 12-month-old) were treated or not with

TSA for 15 days and FAPs were freshly isolated by FACS. DNA

was double-crosslinked to proteins with 37% formaldehyde

(Sigma) at a final concentration of 1%. After incubation for

10 min, glycine was added to give a final concentration of 0.125 M

for 5 min. Cells were washed twice with PBS and resuspended in

Nuclei Lysis buffer (50 mM Tris-HCl pH 8.1; 10 mM EDTA; 1%

SDS and protease inhibitors) for 1 h at +4°C. Chromatin was soni-

cated to obtain fragments of around 200–300 bp and then diluted

1:10 in IP Dilution buffer (0.01% SDS; 1.1% Triton X-100; 1.2 mM

EDTA; 16.7 mM Tris–HCl pH 8.1; 167 mM NaCl). Chromatin

extracts were immunoprecipitated overnight on rotating platform

at 4°C with anti-H3K27ac (#8173S, Cell Signaling), anti-H3K9/14ac

(#C15410005, Diagenode) and normal rabbit IgG (#sc2027, Santa

Cruz) as a negative control. For each immunoprecipitation, 10 ll
of antibody were used for 100 lg of chromatin. Antibody-bound

chromatin was incubated with 50 ll of magnetic beads (G-protein

magnetic Beads, Invitrogen) 2 h on rotating platform at 4°C. Chro-
matin was washed twice with Low Salt buffer (0.1% SDS, 1%

Triton, 2 mM EDTA; 20 mM Tris pH 8, 150 mM NaCl), High Salt

buffer (0.1% SDS, 1% Triton, 2 mM EDTA; 20 mM Tris pH 8,

500 mM NaCl), Lithium Buffer (0.25 M LiCl; 1% NP40; 1% deoxy-

cholate; 1 mM EDTA; 10 mM Trish pH 8) and TE. Bound DNA

fragments were eluted in IP Elution Buffer (1% SDS; 1 mM EDTA;

10 mM Trish pH 8) at 65°C for 15 min and the crosslink was

reversed by incubation at 65°C overnight. Proteins were enzymati-

cally digested with proteinase K, 2 h at 37°C, and finally, DNA was

extracted with phenol–chloroform. Real-time quantitative PCR was

performed using SYBR Green Master mix (Applied Biosystems)

following manufacturer indications. Acetylation levels were

normalized as percentage of input.

Primers sequences are available in Appendix Table S1.

RNA-seq

RNA was harvested from freshly isolated FAPs, MuSCs, and Macro-

phages using TRIzol reagent (#T9424, Sigma) and 1 µg (100 ng/ll)
was sent to IGA (Istituto di Genomica Applicata, Udine) for RNA

sequencing using Illumina TruSeq Stranded Total RNA kit Ribo-Zero

GOLD on Illumina Hiseq2500 platform.

RNA sequencing analysis was performed mapping more than 20

millions of reads for each sample to the Mus Musculus GRCm38.78

genome using TopHat 2.0.9. Read count was performed with HTSeq-

0.6.1p1. Mapped reads were analyzed with R-studio (R version 3.5.2)

using DESeq2 to obtain differentially expressed (DE) genes with

normalized RPKM, p-value, padjusted and log2fold change values.

Genes were considered differentially expressed for padjusted < 0.1.

DE genes were visualized by Heatmaps, MA plots (generated with

DESeq2) and Violin plot (generated with Prism 8.0).

Deseq2 differential genes were analyzed for overlap between

datasets using the Intervene tool with default parameters. The

matrix of overlaps was generated in R 3.5.2 and uploaded in the

intervene shiny app (https://asntech.shinyapps.io/intervene/) and

the Upset graph was generated.

Clusters were manually curated from the total RNA-seq heatmap.

For gene ontology DE genes (P-adj < 0.1) were uploaded in https://

david.ncifcrf.gov and the most relevant GO terms were manually

selected. Results were processed in the R package GOplot for the

bubble plots. The associated gene expression heatmap was gener-

ated by manually selecting the most relevant genes for each biologi-

cal category from David Gene Ontology. Heatmaps and histograms

were generated in GraphPad prism 8.0.

QIAGEN Ingenuity Pathway Analysis (IPA) was performed as

comparative analysis of the multiple experimental groups filtering DE

genes for P-adj < 0.1. A selection of significant canonical pathways

(P < 0.1) was shown as heatmap generated in GraphPad prism 8.0.

Gene set enrichment analysis (GSEA) was performed by

weighted enrichment statistic using the following official lists avail-

able in the GSEA download section (http://www.gsea-msigdb.org/

gsea/index.jsp):

Gobp_Cellular_Senescence

Gobp_Tumor_Necrosis_Factor_Superfamily_Cytokine_Production

Hallmark_Tnfa_Signaling_Via_Nfkb

Hallmark_Tgf_Beta_Signaling

Hallmark_Il6_Jak_Stat3_Signaling

Hallmark_Reactive_Oxygen_Species_Pathway

GSEA analysis for Senescence Associated Secretory Phenotype

was performed using the list of SASP genes (Copp"e et al, 2010) fil-

tered for mouse genes.

Gsea results for each comparison were filtered for FDR

q-value < 0.25.

ChIP-seq

FAPs were isolated by FACS from 10 C57Bl6J mdx male mice for

each experimental condition:

1.5- and 12-month-old mdx mice treated or not with TSA for

15 days. Chromatin Immunoprecipitation was performed on freshly

isolated FAPs following the same protocol described in ChIP. About

20 ng of immunoprecipitated DNA was sent to IGA (Istituto di

Genomica Applicata, Udine) for ChIP-sequencing on Illumina Hise-

q2500 platform.

For ChIP-seq analysis more than 30 millions of reads were

aligned to the genome using bowtie-0.12.7 alignment software.
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Duplicated reads were removed using samtools1.3. Regions of

H3K9/14ac and H3K27ac occupancy were determined using macs2

with a FDR < 0.001 and an ExtSize of 147. Input DNA of each

sample was used as the control of the Peak Calling. BlackList

regions of the murine genome (ENCFF547MET.bed) were excluded

using bedtools software. Significant peaks revealed by macs 2 were

further filtered using a threshold of macs_score > 100. Peaks were

then processed with Homer to have more than 80 tags. ChIP-seq

signal was visualized using NGSplot (heatmaps and average plots)

and ChIP-Seeker (genomic distribution).

For differential peak calling, a BedSum file, containing the

regions to compare, was generated merging and sorting the two bed

files of the samples of interest using bedtools. The same bed files

were processed in tagDir using the Homer makeTagDirectory

command. Differentially acetylated regions were generated compar-

ing the BedSum file to either tagDir using Homer getDifferen-

tialPeaks command with a fold change > 1.1.

Homer differential peaks were analyzed for overlapping regions

using the Intervene tool with default parameters. The matrix of

overlaps was uploaded in the intervene shiny app (https://asntech.

shinyapps.io/intervene/) and the Upset graph was generated.

For integration of differential ChIP-seq peaks with RNAseq, bed

files generated by Homer or Intervene were intersected with a bed

file containing all the promoter locations of mm10 using BedTools

intersect. Peaks on the promoters were filtered in R 3.5.2 with tran-

scripts significantly modulated (Padj < 0.1) by RNA-seq.

Bed files of differential ChIP-seq peaks and RNAseq were analyzed

for overlapping regions using the Intervene tool with default parame-

ters. The matrix of overlaps was uploaded in the intervene shiny app

(https://asntech.shinyapps.io/intervene/) and the Upset graph was

generated. For the visualization of the genes of interest, ChIP and

RNA-seq bam files were uploaded in IGV and the graphic was

normalized with the group auto scale option. Coverage signal was

used for ChIP-seq and FPKM value was used for RNA-seq.

Statistical analysis

Data are presented as mean ! SEM. Comparisons between two groups

were made using the student’s t-test. Comparisons between three or

more groups were made using one-way ANOVA when considering

only one independent variable. Comparisons between three or more

groups were made using two-way ANOVA when considering the effect

of two factors on a dependent variable.

Significance is defined as *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,

****P ≤ 0.0001 or analogously for other symbols indicated in the

figure legends.

Statistical analysis was performed in PRISM 8.0 (GraphPad Soft-

ware).

Data availability

The datasets and computer code produced in this study are available

in the following databases:

# RNA-Seq data: Gene Expression

Omnibus GSE189824 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE189824).

# Chip-Seq data: Gene Expression

Omnibus GSE189823 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE189823).

Expanded View for this article is available online.
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