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Abstract 

Lamin A is a component of the inner nuclear membrane that, together with epigenetic 

factors, organizes the genome in higher order structures required for transcriptional 

control. Mutations in the Lamin A/C gene cause several diseases, belonging to the 

class of laminopathies, including muscular dystrophies. Nevertheless, molecular 

mechanisms involved in the pathogenesis of Lamin A-dependent dystrophies are still 

largely unknown. Polycomb group of proteins (PcG) are epigenetic repressors and 

Lamin A interactors, primarily involved in the maintenance of cell identity. Using a 

murine model of Emery-Dreifuss Muscular Dystrophy (EDMD), we showed here that 

Lamin A loss deregulated PcG positioning in muscle satellite stem cells leading to 

de-repression of non-muscle specific genes and p16INK4a, a senescence driver 

encoded in the Cdkn2a locus.  This aberrant transcriptional programme caused 

impairment in self-renewal, loss of cell identity and premature exhaustion of 

quiescent satellite cell pool. Genetic ablation of Cdkn2a locus restored muscle stem 

cell properties in Lamin A/C null dystrophic mice. Our findings established a direct 

link between Lamin A and PcG epigenetic silencing and indicated that Lamin A-

dependent muscular dystrophy can be ascribed to intrinsic epigenetic dysfunctions of 

muscle stem cells.  
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Introduction 

The nuclear lamina (NL) is located in the inner part of the nuclear membrane and is 

made up of a complex network of type V filament proteins, the lamins (1, 2). In 

vertebrates lamin proteins are divided into A and B types, based on sequence 

homologies. A growing body of evidence suggests that lamins are directly involved in 

the functional control of the genome, by organizing its three dimensional positioning 

in the nuclear space, through the association with transcriptionally repressed large 

genomic regions, called Lamina-associated domains (LADs) (3). The crucial function 

of lamins is attested by an entire class of genetic diseases, called laminopathies, 

where specific components of the NL are altered (4). In particular, the study of Lamin 

A/C is gaining an increasing interest for three reasons: i) Lamin A/C plays an 

undisputed role in several cellular processes from mechanotransduction to cell 

differentiation; ii) Lamin A/C has a peculiar intranuclear distribution being present in 

the nucleoplasm as well as in the nuclear periphery (5); iii) Lamin A/C interacts with 

several epigenetic factors, exerting a functional control on transcriptional regulation 

(3, 6). One of the most studied Lamin A/C dependent cellular process is myogenesis 

because mutations in the LMNA gene lead to muscular dystrophies, as in the case of 

Emery Dreifuss Muscular Dystrophy (EDMD) (7). However, epigenetic mechanisms 

involved in lamin-dependent dystrophy are still largely unknown. PcG proteins are 

epigenetic repressors originally discovered for their central roles in development and 

cell differentiation (8) and recently described as functional partners of Lamin A/C (9-

14). In the last years several evidence demonstrated that PcG proteins are involved 

in the regulation of adult stem cells (15, 16), safeguarding cell identity and preventing 

cell fate transition. In multipotent stem cells, PcG proteins ensure the correct balance 

between self-renewal and lineage-specific differentiation, promptly responding to the 

environmental changes. At the molecular level this is achieved through PcG binding 

at bivalent domains, genomic regions containing active and repressive epigenetic 

signatures and a poised RNA polymerase II (17). This epigenetic condition allows a 
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rapid transition from one transcriptional state to another, ensuring the correct 

expression of unique and specific cell lineage genes. Defects in these fine-tuned 

mechanisms lead to lack of cell identity (18) or pathological reprogramming (19). 

Given their key role in regulating stem cells fate decisions and tissue homeostasis, it 

is conceivable that PcG dysfunctions contribute to lamin-dependent, tissue-specific 

human diseases. Here, we examined how the absence of Lamin A/C impacts muscle 

stem (satellite) cells (MuSCs) in vivo, and the role of PcG proteins in lamin muscular 

dystrophy. We found that MuSCs lacking Lamin A/C redistribute PcG-dependent 

histone marks leading to transcriptional upregulation of crucial PcG-target genes, 

such as non-muscle related genes. This leads to lack of MuSC cell identity and 

cellular senescence, determining a premature exhaustion of the muscular stem cell 

niche. Genetic ablation of the PcG-regulated Cdkn2a locus in lamin dystrophic mice 

restores MuSCs defects. 

 

Results 

Lamin A is required to preserve quiescent muscle stem cells (MuSC) pool.  

We analysed the muscle stem cell niche composition in the severe dystrophic Lmna 

Δ8-11 -/- mice (homozygous, hom), together with their unaffected littermates, wild 

type (wt, Lmna Δ8-11 +/+) or heterozygous (het, Lmna Δ8-11 +/-), during dystrophy 

progression at 10, 14, 16 and 19 days after birth. In early stages of post-natal growth 

(d10 and d14) no differences were found in the relative amounts of quiescent (QSCs; 

PAX7+/MYOD-) and activated (ASCs; PAX7+/MYOD+) MuSCs (Figure 1A, 1B and 

S1A) among distinct genotypes. Conversely, starting from d16, an unbalance of 

MuSCs becomes evident in Lmna Δ8-11 -/- muscles, with a decreased proportion of 

QSCs compared to ASCs, mirroring a decline in myofibers cross sectional area 

(CSA) (Figure 1C). Of note, the overall amount of PAX7+ MuSCs was not 

significantly altered across the different genotypes (Figure S1B) and Ki67 staining at 

d19 confirmed that in Lmna Δ8-11 -/- muscles a lower amount of QSCs 
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(PAX7+/Ki67-) is present (Figure S1C). These findings suggested that Lmna Δ8-11 -

/- MuSCs may be deficient in self-renewal capacity. To test this hypothesis, we 

isolated single myofibers at d19 and cultured them for 96h, monitoring their ability to 

give rise to self-renewing PAX7+/MYOD-, activated PAX7+/MYOD+ and 

differentiating PAX7-/MYOD+ cells (Figure 1D and 1E).  In fibers isolated from Lmna 

Δ8-11 -/- muscles, we observed a decrease in the number of self-renewing 

PAX7+/MYOD- cells compared to wt, paralleled by a diminished number of 

differentiating cells (PAX7-/MYOD+) and an increased number of activated satellite 

cells. Immunostaining with the myogenic marker MYOG, involved in later stages of 

differentiation, highlighted a lower number of MYOG+/PAX7- cells in Lmna Δ8-11 -/- 

(Figure 1F and 1G) accompanied by proliferation defects ex vivo (Figure S1D). 

These findings suggest a defect in muscle differentiation, as described in (20), and a 

previously unreported self-renewal impairment. Interestingly, the healthy 

heterozygous Lmna Δ8-11 +/- mice, although not developing muscular dystrophy 

(21), presented an intermediate self-renewal phenotype between wt and 

homozygous Lmna Δ8-11 -/- (Figure 1D and 1E), suggesting that proper Lamin A 

levels are important for MuSCs homeostasis to preserve their self-renewal capacity. 

To further address this, we performed repeated muscle injuries on adult 

heterozygous Lmna Δ8-11 +/- mice, which show less Lamin A at mRNA and protein 

level (Figure S2A and S2B). Analysis of MuSC populations revealed a lower amount 

of QSCs in Lmna Δ8-11 +/- muscles upon repeated injuries (Figure 2A and 2B; 

Injured) and a decline in Pax7+ cells (Figure 2C; Injured), suggesting that Lamin A 

affects MuSCs self-renewal in a dose dependent manner. 

 

Lmna Δ8-11 -/- dystrophic MuSCs display chromatin redistribution of PcG 

dependent signature 

Our recent results showed a Lamin A/C-PcG crosstalk along in vitro myogenesis 

(10). We thus wondered if the altered MuSCs balance observed in Lmna Δ8-11 -/- 
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muscles might be ascribed to aberrant PcG functions. We first performed 

immunostaining of Ezh2, the catalytic subunit of Polycomb Repressive Complex 2 

(PRC2) (Figure S3A) in d19 MuSCs. We fixed MuSCs before FACS-Sorting to 

preserve the nuclear architecture of Lamin A-deficient cells (see methods). We found 

a general intranuclear diffusion of Ezh2 in Lmna Δ8-11 -/- MuSCs, ascertained by 

measuring PcG bodies parameters (22) (Figure S3A, S3B and S3C). We also 

measured Ezh2 expression both in MuSCs and whole muscles (Figure S3D) and we 

analysed Ezh2 protein levels in whole muscles (Figure S3E and S3F). We found no 

major differences between Lmna Δ8-11 +/+ and -/- mice. To further analyse the 

Ezh2 intranuclear distribution in QSCs, we performed triple immunostaining on 

muscle cryosections (Figure S3G and S3H). Ezh2 levels, assessed measuring 

fluorescence intensity, were similar in Lmna Δ8-11 +/+ and -/- MuSCs both in 

PAX7+/Ki67- and PAX7+/Ki67+ cells. Since Ezh2 is hardly detectable in adult 

quiescent satellite cells (23-25), this result suggests that during post-natal growth 

developmental signals might instead contribute to maintain Ezh2 expression in non-

proliferating MuSCs. 

On the other hand, evaluation of the number of PcG bodies on the same sections 

highlighted a decrease in the number of Ezh2 bodies in the mutant (Figure S3I and 

S3J), leading us to conclude that the absence of Lamin A/C does not affect Ezh2 

protein levels but influence its nuclear distribution. To gain further insights into 

possible PcG-dependent transcriptional defects, we performed RNA-sequencing on 

freshly isolated MuSCs at d19, finding 1424 upregulated genes and 1842 

downregulated genes in the Lmna Δ8-11 -/- MuSCs as compared to the wt (Figure 

S4A). Interestingly, performing a Gene Set Enrichment Analysis (GSEA) based on 

differential expression generated after conditional ablation of Ezh2 in MuSCs (24) 

and Lmna Δ8-11 -/- up-regulated genes, we found a significant association between 

the two datasets suggesting that Lamin A absence impairs Ezh2 function (Figure 
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S4B). We also followed the deposition of the Ezh2 dependent H3K27me3 histone 

mark in Lmna Δ8-11 mice by quantitative spike-in ChIP-seq (26) (see additional 

methods, Figure S4C and S4D). Integrative analysis of RNA-seq and ChIP-seq 

revealed that up-regulated genes in Lmna Δ8-11 -/- condition are significantly 

enriched for H3K27me3 targets (identified in wt condition) (Figure 3A). Indeed, 

analysis of H3K27me3 distribution around the Transcription Start Sites (TSS) and 

along the body of genes indicated a decrease of this repressive mark in Lmna Δ8-11 

-/- MuSCs compared to wt (Figure 3B and 3C), which was not accompanied by a 

statistical decrease in H3K27me3 global levels in MuSCs (Figure S5A and S5B) and 

in whole muscle (Figure S5C and S5D). In contrast, a deep analysis of H3K27me3 

ChIP-seq reads coverage in the intergenic genomic regions between the known 

H3K27me3 enrichment peaks interestingly showed a higher average coverage in the 

Lmna Δ8-11 -/- MuSCs compared to wt counterparts (Figure 3D). These results are 

compatible with a diffusion of PcG proteins along the chromatin fibers rather than a 

complete PcG displacement. To identify the PcG targets mostly affected by Lamin A 

deficiency, genes were grouped according to their transcription level in wt MuSCs. 

We thus defined 4 equally sized groups of genes based on expression level quartiles 

(Figure 3E). For each expression category, we reanalysed the H3K27me3 

distribution along the body of genes and the TSS and the percentage of upregulated 

genes in the Lmna Δ8-11 -/- MuSCs (Figure 3E, 3F and S5E). In quartile I we found 

only a small percentage (0.65%) of upregulated genes in Lmna Δ8-11 -/-, suggesting 

that the H3K27me3 decrease/redistribution is not sufficient to activate transcription in 

highly repressed genes (Figure 3F, S5E and S6A). In contrast, quartiles II, III and IV 

are more affected by the diminished H3K27me3 levels in Lmna Δ8-11 -/- (Figure 3F, 

S5E and S6B), showing a percentage of upregulated genes between 5 and 9%. 

Specifically, we noticed that in wt MuSCs, H3K27me3 ChIP-seq signal enrichment 

around the TSS and within the body of genes is progressively lower in quartiles of 
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higher expression, as expected (Figure 3F, III and IV quartiles and S5E). However, 

for Lmna Δ8-11 -/- mice the decrease of H3K27me3 signal inside the gene body is 

relatively less marked than in wt mice, in fact the average enrichment is slightly 

higher. We quantified and confirmed this observation by considering the ratio of 

H3K27me3 ChIP-seq enrichment signal at the TSS and 2.5Kb downstream of the 

TSS, for each gene, in wt and Lmna Δ8-11 -/- mice (Figure S7A), showing that this 

ratio is significantly different for higher expression quartiles (Figure S7B).  

 

Lamin A-dependent PcG redistribution determines de-repression of non-

muscle related bivalent genes  

The altered PcG binding observed in Lmna Δ8-11 -/- MuSCs, prompted us to 

examine more in detail the bivalent genes, a subgroup of PcG targets whose 

expression is more susceptible to variations of PcG occupancy (27). Bivalent genes 

are characterized by the concurrent presence of both H3K27me3 and H3K4me3 

marks around TSS and have an intermediate gene expression state (28). We first 

performed H3K27me3 and H3K4me3 ChIP-seq in wt MuSCs (Figure S8A and S8B) 

and we defined bivalent genes using the parameters described in (17) for the 

H3K4me3 window at TSS (Figure S8C). Then, we tested the association between 

bivalent and up-regulated genes in the Lmna Δ8-11 -/- by means of the Fisher exact 

test. We observed a significant over-representation of bivalent genes among up-

regulated ones in the Lmna Δ8-11 -/- MuSCs (Figure 4A). To gain more insights into 

the biological relevance of deregulated genes in the mutant mice, we performed 

semantic similarity analysis of all GO terms associated with upregulated genes 

(Figure 4B) together with GSEA (Figure S8D and S8E). These analyses showed a 

negative correlation with muscle specification (Figure S8D) together with an 

acquisition of markers related to lipid metabolic processes (Figure 4B and S8E). 

Notably, Fisher exact test analysis highlighted a significant overlap between genes 
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with bivalent promoter and the Lmna Δ8-11 -/- MuSCs up-regulated genes involved 

in adipogenesis (Figure 4C), suggesting that Lamin A is involved in preserving 

MuSCs identity	 by ensuring the correct PcG-mediated transcriptional repression of 

non-muscle genes.  

 

PPARγ  is aberrantly expressed in Lmna Δ8-11 -/- dystrophic MuSCs 

Given this strong association between bivalent reactivation and adipogenesis 

markers (Figure 4C), we analysed different lipid-related GO categories, finding 

among the top GO terms, PPARG (Peroxisome proliferator-activated receptor 

gamma) (Supplementary Table S1). This master transcription factor for adipose cell 

differentiation (29, 30) was found statistically upregulated in Lmna Δ8-11 -/- MuSCs 

(FDR< 0.05). Moreover, PPARG gene is a Polycomb target and has a bivalent 

signature in wt MuSCs (Supplementary Table S1 and Figure S9A). These 

observations prompted us to analyse PPARG transcriptional deregulation. We 

stained muscles with PAX7 and PPARγ to directly test if MuSCs displayed aberrant 

expression of PPARγ in the absence of Lamin A. Strikingly, we found about 10% of 

Lmna Δ8-11 -/- MuSCs that simultaneously express both muscular and adipogenesis 

markers being PAX7+/ PPARγ+ (Figure 5A and 5B). Accordingly, the genomic region 

of the PPARG gene showed a decrease of H3K27me3 enrichment around the TSS in 

the Lmna Δ8-11 -/- MuSCs, accompanied by a transcriptional up-regulation (Figure 

S9B). To evaluate if the aberrant expression of adipogenic genes in MuSCs of 

mutant mice culminate with fatty infiltration we performed an immunofluorescence for 

Perilipin 1, a protein present on the surface of lipid droplets	(31) (Figure 5C and 5D), 

on cryosections of muscles derived from 19 days-old Lmna Δ8-11 mice. We found 

large areas of adipose accumulation between myofibers of LaminA/C +/- and -/- 

muscles, which were instead undetectable in the wt mice. Considering the key role of 

PcG proteins in mediating the formation of chromatin loop structures (32, 33), we 
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reasoned that the loss of H3K27me3 and transcriptional up-regulation of PPARG 

locus could be related to the alteration of chromatin 3D structure. The genome 3D 

architecture is organized in structurally separated Topologically Associated Domains 

(TADs), chromosomal structures that favour intra-domain looping interactions (34). 

TADs can be identified by genome-wide chromosome conformation capture (Hi-C) 

and are largely conserved across different cell types. We verified that the PPARG 

locus is included in a TAD encompassing a region extending also upstream of the 

PPARG locus itself, using high-resolution Hi-C data on mouse embryonic stem cells 

(35) and the 3D Genome Browser (36) (Figure S10). Then, we performed 3D 

multicolor DNA FISH analysis on pre-fixed MuSCs using one BAC probe overlapping 

the PPARG promoter and a second probe annealing at the other TAD border. We 

observed an overlap of the signals from the two regions in the wt Lmna Δ8-11 +/+ 

MuSCs that indicates the presence of a DNA looping in cis (Figure 5E and 5F).  By 

contrast, in Lmna Δ8-11 -/- MuSCs the distance between the signals was higher, 

definitely suggesting the lack of DNA/DNA interaction. Indeed, from the analysis of 

H3K27me3 ChIPseq tracks we noticed in the Lmna Δ8-11 -/- MuSCs a reduction of 

H3K27me3 peaks upstream the PPARG locus (Figure S10). FISH analysis also 

highlighted that in wt the entire genomic region is close to the nuclear periphery 

(Figure 5E and 5G) while in Lmna Δ8-11 -/- is re-located in the nuclear interior, 

suggesting that Lamin A absence interferes with chromatin anchoring to the nuclear 

lamina and PcG dependent DNA conformation.  

 

Lmna Δ8-11 -/- MuSCs undergo premature senescence 

Taken together, these results clearly point towards a role of Lamin A in mediating 

PcG-transcriptional repression in MuSCs to safeguard their identity and regenerative 

capacity. This lack of cell identity and the impairment of self-renewal displayed by 

Lmna Δ8-11 -/- MuSCs are all features reminiscent of the phenotype described for 

Ezh2-null MuSCs (24). Moreover, the impairment in self-renewal and the progressive 
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decline of MuSCs pool are also typical traits of aged MuSCs (37) in which both 

Lamin A/C and PcG proteins play a key role (38, 39). A major cellular mechanism 

that ensures self-renewal and hence the maintenance of the MuSC pool is the 

asymmetric division (40). At the molecular level, in aged mice, the accumulation of 

activated form of P38 (phospho-p38, Ph-P38) and its symmetric distribution in MuSC 

doublets heavily compromise the self-renewal capacity leading to MuSCs functional 

decline (41, 42). To test whether premature exhaustion of quiescent Lmna Δ8-11 -/- 

MuSCs cells could be ascribed to a defective asymmetric division, we stained 

myofibers-associated MuSCs for Ph-p38 after 48h of culture, a timing at which, 19 

days-post-natal myofibers formed MuSCs-derived doublets (Figure 6A). In contrast to 

wt, Lmna Δ8-11 -/- MuSC doublets showed a preferential symmetric distribution of 

ph-p38, quantified by relative fluorescence intensity (Figure 6A and 6B) often 

accompanied by a planar orientation with respect to myofibers (see additional 

methods) (Figure 6C). This highlights problems in asymmetric division, which should 

be instead characterized by apico-basal orientation (43). In line with this result, in 

Lmna Δ8-11 -/- muscle sections we found higher amount of Ph-P38+ (Figure S11A 

and S11B) MuSCs and sign of genomic instability, as measured by increased γH2AX 

DNA repair signal foci (Figure S11C and S11D), not accompanied by apoptosis or 

necrosis as evidenced by Annexin staining (Figure S12A). To test if defective 

asymmetric division is associated to premature senescence we then analysed 

RNAseq to determine if Lmna Δ8-11 -/- MuSCs share the same transcriptional 

signature of MuSCs isolated from aged mice. We performed a GSEA using two 

different RNA datasets from MuSCs of 24 months old mice (25, 44) and Lmna Δ8-11 

-/- up-regulated genes. In line with our hypothesis, we found that 19 days-old Lmna 

Δ8-11 -/- MuSCs present an upregulated transcriptome similar to 20-24-months-old 

MuSCs (Figure 6D and S12B), but different from geriatric 28-32-months-old MuSCs 

(Figure S12C). At the molecular level, the senescence program is supported by 

upregulation of some PcG-regulated Cyclin-dependent Kinase Inhibitors (CDKIs) (45) 



	 13	

as p21, involved in cellular senescence and in cell cycle arrest. p21 maintains the 

viability of DNA damage‐induced senescent cells (46) and aberrant expression of 

p21 has been observed in EDMD derived human myoblasts (47). ChIP-seq and 

RNA-seq analysis of Cdkn1a/p21 locus showed a displacement of Ezh2 from the 

promoter accompanied by an upregulation of p21 transcript in Lmna Δ8-11 -/- 

MuSCs (Figure 6E).  

 

Genetic ablation of Cdkn2a locus partially rescues self-renewal defects in 

Lmna Δ8-11 -/- dystrophic mice.  

To further corroborate our findings, we also analysed the Cdkn2a locus, a PcG target 

primarily involved in muscular senescence (44) (Figure S13A). Two transcripts, 

p16INK4a and p19ARF originate from Cdkn2a locus (48). Interestingly, it has been 

recently reported that p16INK4a expression is a second event, subsequent to p21 

upregulation, in the cellular senescence progression (49). In line with these 

observations, p16INK4a expression is specifically induced in geriatric 28-32-months-old 

MuSCs (not in 24-months-old MuSCs) (44). Moreover, depletion of p16INK4a is 

sufficient to reduce senescence-associated gene expression in geriatric MuSCs. 

RNA-seq and qRT-PCR on 19-days old Lmna Δ8-11 -/- MuSCs did not reveal any 

transcription of p16INK4a in wt or Lmna Δ8-11 -/- (Figure 7A). However, qRT-PCR 

analysis performed in older mice (26 days from birth), revealed higher levels of 

p16INK4a transcript in Lmna Δ8-11 -/- MuSCs and whole muscles compared to the wt 

counterpart (Figure 7A), suggesting a transition during dystrophy progression toward 

geriatric condition. We thus decided to test whether the genetic ablation of Cdkn2a 

locus could reverse Lmna Δ8-11 -/- MuSCs premature aging, by crossing Lmna Δ8-

11 +/- with Cdkn2a -/- mice (50). Analysis performed in Lmna Δ8-11 +/+ background 

showed no differences in the percentage of QSCs and ASCs, nor on CSA, 

suggesting that Cdkn2a is dispensable for post-natal muscle development (Figure 

7B, 7C and 7D; LMNA+/+). On the other hand, Cdkn2a Lmna Δ8-11 -/- mice partially 
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rescued the quiescent MuSC pool and CSA defects observed in the absence of 

Lamin A (Figure 7B, 7C and 7D; LMNA-/-; S13B and S13C) emphasizing that Lamin 

A-dependent muscular dystrophy might be due to progressive MuSCs functional 

decline caused by acquisition of premature aging features. 

 

Discussion 

Lamin A-dependent muscular dystrophy pathogenesis has been classically ascribed 

to nuclear fragility that renders myonuclei more prone to mechanical stress and 

damage imposed by myofibre contraction (4). However, the evidence that Lamin A/C 

is expressed also by MuSCs has led to suggest that satellite cell dysfunction might 

contribute to EDMD progression (51), yet experimental evidence of this hypothesis 

was still lacking. 

Cell fate choice during muscle differentiation is governed by epigenetic factors 

controlling the sequential restriction of transcriptional programs	(52). Any dysfunction 

in this finely tuned epigenetic regulation could lead to impaired or aberrant cell fate 

determination (53). Here, we show that Lamin A/C is indeed crucial to preserve 

MuSCs identity and regenerative capacity. We demonstrate that cell-autonomous 

Lamin A-dependent Polycomb dysfunction leads to MuSCs functional decline, which 

culminate with impaired regenerative capacity and dystrophic phenotype (Figure 1). 

Traditionally, the role of Lamin A/C in muscle differentiation has been considered to 

cause defects in muscle differentiation (54, 55). However, in other conditions, MuSCs 

from Lamin A/C null mice showed a normal ability to differentiate and to form 

myotubes (20, 56). By moving the viewpoint from differentiation to cell identity we 

now propose that in the absence of Lamin A/C, a portion of MuSCs derails from their 

fate affecting the quiescent MuSCs pool. At the molecular level, we described a 

mechanism of Lamin A-dependent deregulation of PcG targets showing the 

spreading of repressive marks along the chromatin fiber (Figure 3), with lack of the 

expected higher order structures and consequent de-repression of bivalent genes 
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(Figure 4, 5 and 8). Recently it has been proposed that PcG domains can have 

distinct size and boundaries characteristics (57): upon differentiation, loci directly 

involved in fate specification lose PcG-mediated looping interactions, allowing new 

active promoter/enhancer interactions. In parallel, other PcG domains, such as the 

Hox clusters, do not change their 3D architecture. Our findings further corroborate 

this hypothesis showing that the stability of PcG-interacting domains correlates with 

PcG occupancy and depends on Lamin A (Figure 5 and 8). PcG dysfunctions drive 

Lmna Δ8-11 -/- MuSCs toward two fates not mutually exclusive (Figure 8): lack of cell 

identity, highlighted by the presence of MuSCs co-expressing muscle and adipogenic 

markers (Figure 4 and 5), and premature senescence, as shown by defects in 

asymmetric division and accumulation of Ph-P38 and γH2AX (Figure 6 and S11). 

These epigenetic alterations determine a progressive decline in MuSCs self-renewal 

that accompanies the muscular dystrophy progression (Figure 1), ultimately leading 

to a geriatric condition characterized by the expression of p16INK4a from Cdkn2a locus 

(Figure 7) (58). Genetic ablation of Cdkn2a locus can recover some muscular 

dystrophy defects of the Lmna Δ8-11 -/- mouse (Figure 7) thus supporting the 

hypothesis that dystrophic and aging muscles share a dysfunction of epigenetic 

mechanisms controlling cell cycle and fate decision of MuSCs. Our findings 

corroborate recent evidence on PcG dysfunction in human disease (19), showing 

that PcG alterations contribute to pathology progression and severity in EDMD. This 

will further stimulate future studies on the role of PcG proteins in the dynamics of 

stem cell niche, when embedded in a pathological environment.   
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Methods 

Animals 

Heterozygous B6.129S1(Cg)-Lmnatm1Stw/BkknJ mice (Lmna Δ8-11 +/-) (21) and 

Cdkn2a +/- mice (50) were used.  

 

Satellite cells extraction, apoptosis evaluation and multiple injuries 

Hind-limb muscle were isolated from sacrificed mice and digested 120 minutes in 2,4 

U/ml of Dispase II (Roche, 04942078001), 2 ug/ml of Collagenase A (Roche, 

1013586001), 0,2 mM CaCl2 (Sigma, C5670), 4 mM MgCl2 (Sigma, M8266), 10 

ng/ml DNase I (Roche, 1014159001) in PBS1X (Euroclone, ECB4004L) at 37°C in a 

water bath. The sample were resuspended in HBSS (Gibco, 14025-050) 

supplemented with 0,1% BSA (Sigma, A7030). Cell suspension was serially filtered 

with 70 (Falcon, 352350) and 40 µm (Falcon, 352340), stained with antibodies 

indicated in supplementary table S2: PB-CD45 1:50, PB-CD31 1:50, PB-Ter119 

1:50, FITC-Sca1 1:50, APC-α7integrin 1:200 and sorted with BD FACS ARIA III for: 

PB-CD45-/ PB-CD31-/ PB-Ter119-/ FITC-Sca1-/ APC-α7integrin+.  

For multiple injury experiment, 20 µl of Cardiotoxin (CTX) 10 µM (Latoxan, L8102) 

were injected in TA muscle each week for 3 weeks. TA muscle was harvested one 

week after the last CTX injection.  

For apoptosis assay we stained MuSCs with Annexin. 15-20K of satellite cells were 

washed in 1 mL cold PBS 1X up, centrifuged 7 minutes at 400g and incubated 20 

minutes at room temperature in the dark with 100 µL Annexin V FITC buffer (FITC 

Annexin V Apoptosis Detection Kit I-ref. 556547). Then, samples were washed with 

500 µL of cold PBS 1X, centrifuged 7 minutes at 400g and incubated 15 minutes at 

room temperature in the dark with 300 µL of cold PBS 1X containing 5 µL of 

Propidium iodide. Samples were analyzed at BD FACS-CANTO (voltage FSC=357, 

SSC=462, medium flow to acquire, 300-400 events/second). 

 

Immunofluorescence 

On muscle sections: Tibialis Anterior (TA) muscles were embedded in Killik (Bio-

Optica, 05-9801), immediately frozen in pre-cooled isopentane (Sigma, 277258) and 

sectioned (Leica CM1850 cryostat) at 8 µm thin. Sections were fixed 20 minutes in 

paraformaldehyde (PFA) 4% (Sigma, P6148) and washed 3x5 minutes in PBS1X 

(Euroclone, ECB4004L). To permeabilize tissues pre-cooled methanol (Sigma, 

322415) at -20°C was added for 6 minutes. Antigen retrieval was performed 2x5 

minutes in hot citric acid 80°C (Sigma, C0759) pH6.0 and washed 2x5 minutes in 
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PBS1X. Sections were blocked 1 h in BSA 4% (Sigma, A7030) followed by 

incubation 45 minutes with FAB mouse fragment 1:100 (Jackson Immuno Research, 

115-007-003)/ PBS1X. Primary antibodies were diluted 1:100 in blocking solution, 

except for pparγ diluted 1:75, and incubated O/N at 4°C. The day after, sections were 

washed 3x10 minutes in PBS1X/0,1% BSA and incubated with secondary antibodies 

in blocking solution 1:200 1h at RT in the dark. Then, sections were washed 3x10 

minutes in 0,1% BSA/PBS1X and incubated 2h at RT with Laminin and Pax7 (1:20). 

After washing 3x10 minutes in PBS1X/0,1% BSA sections were incubated 45 

minutes with Cy5 (1:300) and Biotin (1:500) for Pax7 signal amplification. After 

washing 3x10 minutes in PBS1X, sections were incubated 45 minutes with 

secondary antibodies Cy3-streptavidin (1:1250). The sections were finally washed 

3x10 minutes in PBS1X, stained 5 minutes with dapi (Sigma, D9542), briefly washed 

twice in PBS1X and mounted on slide with a drop of Prolong Antifade (Life P36930).  

On single myofibers: Tibialis Anterior (TA), Soleus (S), Gastrocnemius (G) and 

Exstensor Digitorium Longus (EDL) were isolated from mice and digested 45-50 

minutes in 0,2% collagenase type I (Sigma, C0130)/DMEM (Gibco, 10569010) at 

37°C. 2 rounds of myofibers washes were performed in pre-coated dishes with 20% 

FBS (Gibco, 10500064)/DMEM. Myofibers were let grown in DMEM supplemented 

with 20% FBS, 1% Chicken Embryo extract (Seralab, CE650-DL) and 1% 

Penicillin/Streptomycin (Euroclone, ECB 3001) for 48h or 96h changing the medium 

only after 72h. Myofibers were collected in 2ml tubes pre-coated with 10% 

FBS/PBS1X and fixed 15 minutes with 4%PFA followed by 3 washes in PBS1X. 

Permeabilization was performed 5 minutes with 0,5% Triton X-100 (Sigma, 

93443)/PBS1X followed by 2 washes in PBS1X. Myofibers were incubated 1h in 

blocking solution (10% of FBS/PBS1X). Primary antibodies were incubated in 

blocking solution ON at 4°C. The day after myofibers were washed in 0,25% 

tween/PBS1X twice and incubated 60 minutes with secondary antibodies in blocking 

solution. Fibers were washed in 0,1% tween/PBS1X, incubate 5 min with dapi, briefly 

washed twice in PBS1X and mounted on slide with a drop of Prolong Antifade 

(Thermofisher, P36970). 

On satellite cells: In order to preserve the integrity of chromatin architecture, 

Muscular stem (Satellite) Cells (MuSCs) suspension was fixed in 1% PFA for 9 

minutes and quenched with 125 mM Glycine (Sigma, 8898) before FACS staining 

and sorting. SC cells were placed on pre- Poly-L-lisined coverslips (Sigma, P8920) at 

density of 100.000/mL for 30 minutes at RT. Coverslips were fixed with PFA at 

4%/PBS for 10 minute at RT. Then, cells were washed in 2X5 minutes in 0,05% 

Triton X-100/PBS 1X, permeabilized with 0,5% Triton X-100/PBS1X for 10 minutes 
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and rinsed in PBS 1X. The slides were let in 20% Glycerol (Sigma, G5516)/PBS 1X 

at least 60 minutes followed by 4 round of freeze and thaw: freezed on dry ice (30 

seconds) and thawed in 20% Glycerol/PBS 1X at RT.  Slides were washed 2X5 

minutes in 0,05% Triton X-100 in PBS 1X, 1x5 minutes 0,5% Triton X-100/PBS1X, 

incubated in HCl 0,1M (Sigma, H1758) for 15 minutes and rinsed in PBS 1X.  

Aspecific signals were blocked with 1% BSA/PBS1X for 30 minutes at room 

temperature. Reaction with primary antibodies Ezh2 diluted 1:100 in blocking solution 

was performed 12–16 h at 4°C; Lamin A/C diluted 1:200 in blocking solution was 

performed the day after at room temperature for 2 hour. Secondary antibodies were 

diluted 1:200 in blocking solution for 1 h at room temperature. Washes were done in 

PBS1X. DNA was counterstained with dapi, and glasses were mounted in Prolong 

Antifade. Primary antibodies are listed in supplementary table S2. Secondary 

antibodies were from Jackson Immuno Research: Alexa 488 (711-545-152); Cy5 

1:300 (111-115-144); Cy3-streptavidin (016-160-084); Alexa 594 (711-545-150). 

 

Three-dimensional multicolor DNA FISH  

To produce probes for 3D multicolor DNA FISH we used the following BAC DNA 

clones (BACPAC Resources Program, CHORI): CH29-101F16 (for Pparγ) and 

CH29-555O5 (for the upstream region of Pparγ). 1-3 µg of BAC DNA were labelled 

with dig-dUTP (Roche, 11093088910) (for the upstream region of Pparγ) or cy3-

dUTP (Thermo Fisher Scientific, C11401) (for Pparγ) through nick translation in 50 µl 

of Labelling mix buffer (0.02 mM C-G-A dNTPs: Euroclone, EMR273025, 

EMR274025, EMR272025 respectively, 0.01 mM dTTP Euroclone EMR275025, 0.01 

mM labelled dUTP, 50 mM Tris-HCl pH 7.8, 5 mM MgCl2, 10 mM b-

mercaptoethanol, 10 ng/µl Bovine serum albumin (BSA), 0.05-0.1 U/µl DNA 

Polymerase I (Thermo Fisher Scientific, 18010-017), 0.004-0.001 U/µl Amplification 

Grade DNase I (Sigma, D5307) for 30 min-2 h at 16 °C, to obtain an average probe 

size of 50 bp. Probes were collected by ethanol precipitation, resuspended in 10 mM 

Tris-HCl pH 7.5 and then quantified using a Nanodrop 1000 Spectrophotometer 

(Thermo Fisher Scientific). For a single experiment 100-300 ng of each probe was 

precipitated with 3.5 µg of Mouse Cot-1 DNA (Thermo Fisher Scientific, 18440-016) 

and 20 µg of Deoxyribonucleic acid, single stranded from salmon testes (Sigma, 

D7656), and then resuspended in 6 µl of Hybridization solution (50% formamide pH 

7.0 (FA)/2X SSC/10% Dextran sulfate). Pre-fixed Satellite cells Cells were plated 

directly on poly-L-Lisyned coverslips and fixed with 4% Paraformaldehyde (PFA) in 

1X PBS and TWEEN 20 0.1% (PBS-T) for 10 min at room temperature. During the 
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last minute few drops of 0.5% Triton X-100 in 1X PBS (PBS) were added and then 

cells were washed with 0.01% Triton X-100 in PBS three times for 3 min at room 

temperature. Cells were first permeabilized with 0.5% Triton X-100 in PBS for 10 min 

at room temperature. In order to remove RNA, samples were treated with RNase 

Cocktail Enzyme Mix (Thermo Fisher Scientific, AM2288) for 1 h at 37 °C. Cells were 

subjected to other steps of permeabilization with 20% Glycerol in PBS overnight at 

room temperature, followed by four cycles of freeze and thaw interleaved by soak 

with 20% Glycerol in PBS. Permeabilized cells were washed with PBS three times for 

10 min at room temperature. Cells were then incubated in 0.1 M HCl for 5 min at 

room temperature, followed by a rinse with 2X SSC and then incubated in 50% FA in 

2X SSC for at least 30 min at room temperature. Slides were equilibrated in 2X SSC 

for 2 min, washed in PBS for 3 min and then treated with 0.0025-0.0075% pepsin in 

0.01-0.03 N HCl for 2-4 min at room temperature to eliminate cytoskeleton. Pepsin 

was inactivated with 50 mM MgCl2 in PBS twice for 5 min. Nuclei were post-fixed 

with 1% PFA in PBS for 1 min, washed with PBS for 5 min and with 2X SSC twice, 

and then back to 50% FA in 2X SSC for at least 30 min at room temperature. 

Hybridization solution was loaded on a clean microscopic slide, coverslip with nuclei 

was turned upside down on the drop of hybridization mixture and sealed with rubber 

cement. Samples were denatured for 4 min at 75 °C and leaved to hybridize in a 

metallic box floating in a 37 °C water bath overnight. Samples were washed with 2X 

SSC three times for 5 min at 37 °C and with 0.1X SSC three times for 5 min at 60 °C, 

followed a rinse with 0.2% TWEEN 20 in 4X SSC. Aspecific binding sites were 

blocked with Blocking solution (4% BSA in 4X SSC, 0.2% TWEEN 20) for 20 min at 

37 °C. Samples were then incubated in the appropriate concentration of Streptavidin, 

DyLight 488 Labeled Anti-Digoxigenin/Digoxin (Vector Laboratories, DI-7488) (1:100) 

diluted in Blocking solution for 35 min in a dark and wet chamber at 37 °C. Samples 

were washed with 0.2% TWEEN 20 in 4X SSC three times for 3 min at 37 °C, 

equilibrated in PBS and post-fixed with 2% formaldehyde in PBS for 10 min at room 

temperature. Finally, the 3D-fixed nuclei were washed with PBS three times for 5 min 

at room temperature, counterstained with 1 ng/µl DAPI in PBS for 10 min at room 

temperature and washed with PBS two times for 5 min at room temperature. 

Coverslips were mounted. An Eclipse Ti-E (Nikon Instruments) microscope was used 

to scan the nuclei, with an axial distance of between 0.2-0.25 micron consecutive 

sections. 

 

Histone extraction and Western blot 
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Total proteins were prepared starting from quadriceps muscle. Muscles were 

homogenized on ice with tissue ruptor (Qiagen, 902756) in 1ml of extraction buffer 

(50 mM Tris HCl, pH 7.5, 150mM NaCl, 1 mM EDTA pH 8.0, 0,1% SDS, 1% Np40 

(Sigma, 74385), 0,5% Sodium deoxycholate (Sigma, D6750) 1× protease Inhibitors 

(Roche, 04693132001) 2 mM PMSF (Sigma, 93482), 1 mM NaF (Sigma, s7920); 1 

mM Na3VO4). After 30 minutes in ice 3 pulses of 10 seconds sonication at 30% 

amplitude were performed with Branson digital sonifier 250 to allow dissociation of 

protein from chromatin and solubilization. Extracts were analyzed by SDS-PAGE 

using a 8–10% gel (29:1 acrylamide solution Sigma, 01708). For histone extractions 

approximately 2.000.000 of freshly isolated MuSCs was collected and resuspended 

in 15uL of 0.2 N HCl with 1× protease Inhibitors (Roche, 04693132001) 2 mM PMSF 

(Sigma, 93482), 1 mM NaF (Sigma, s7920); 1 mM Na3VO4) and incubated overnight 

at 4°C with constant rocking. The supernatant was run on 4-12% bis-tris Acrylamide 

gel (Thermo Fisher Scientific, NW04125). 

Primary antibodies are listed in supplementary table S2. 

 

RNA-seq  

Total RNA from freshly isolated satellite cells from 3 mice for each genotype was 

extracted in TRI-Reagent (Sigma, T9424) following the relative guidelines. Libraries 

were prepared using the Illumina TruSeq Stranded Total RNA with Ribo-Zero GOLD 

kit and were quality controlled with an Agilent Bioanalyzer at the Sequencing Facility 

of the Institute of Applied Genomics (IGA, Udine, Italy). 125 bp reads were produced 

using an Illumina HiSeq2500 machine in paired-end mode to reach a sequencing 

depth of about 30 million reads for each sample. RTPCR were performed on total 

RNA extracted from single mouse. Primers sequences: gapdh: 

gtatgtcgtggagtctactgg, tcgtggttcacacccatcac; p16: gtgtgcatgacgtgcggg, 

cagttcgaatctgcaccgtag; p19: gctctggctttcgtgaacatg, tcgaatctgcaccgtagttgag; p21: 

acggaggcagaccagcct, acacagagtgagggctaagg. 

 

ChIP-seq 

For ChIP analysis, satellite cells from pools of 6-9 mice were used and prefixed as 

previously described (Immunofluorescence section). Isolated satellite cells were 

resuspended in SDS buffer (100 mM NaCl, 50mM TrisHCl pH8.1, 5 mM EDTA, 0.2% 

NaN3, 0.5% SDS) and stored at -80°C (100 µL/106 cells). 2-2.5*106 of fixed 

cells/experiment were thawed on ice, resuspended in fresh SDS buffer and 

incubated at 4°C in mild agitation for 3 hours, passing them through a 0.50x16mm 

syringe needle every hour. Solution was then adjusted to IP Buffer composition (100 
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mM Tris pH 8.6, 0.3% SDS, 1.7% Triton X-100, 5 mM EDTA) and cells were 

sonicated with Branson Digital Sonifier to 200 bp fragments. For spike-in 

experiments, a 5% of sheared drosophila chromatin was added to each sample. The 

2% of the total volume from each sample was taken as input chromatin. The 

remaining fragmented chromatin was incubated with 1 mM PMSF (Sigma, 93482) 

and 4 µg of the antibody of interest on a rotating wheel at 4°C overnight. Primary 

antibodies used were: H3K27me3 (Millipore 07-449) and H3K4me3 (Millipore 07-

473). The next day, protein G beads (Life Technology, 1004D) were added (80 µL) 

and samples were incubated for additional 2 hours on the rotating wheel at 4°C. The 

beads were washed with Low Salt solution (150 mM NaCl, 20 mM TrisHCl pH 8.0, 2 

mM EDTA, 0.1% SDS, 1% Triton X-100), High Salt solution (500 mM NaCl, 20 mM 

TrisHCl pH 8.0, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), Low Salt solution and 

then TE NaCl (50 mM NaCl, 10 mM TrisHCl pH8.0, 1 mM EDTA). Crosslinking was 

reversed by incubating the beads at 65°C overnight in Elution buffer (50 mM TrisHCl 

pH 8.0, 10 mM EDTA, 1% SDS). Input chromatin was also decrosslinked in Elution 

buffer overnight at 65°C. The next day, all samples were diluted with one volume of 

TE 10:1, treated with 0.2 ug/mL RNase A (Sigma R6513) for 2 hours at 37°C and 

then with 0.2ug/mL Proteinase K (Sigma P2308) for 2 hours at 55°C. DNA was 

isolated through standard phenol/chloroform extraction, followed by precipitation and 

resuspension in 31 µL of 10 mM Tris-HCl pH 8.0. Before library construction, ChIP 

were validated using the primers: hoxd9 ggataatcgcctaggtgtgactt, 

catctcttcttgcctctctggg and pax7prom gcgaccccctgaggaaaa, 

cgaaaagaagtctccaacgagtatt. Libraries for IP and reference input DNA were created 

for each sample using the automation instrument Biomek FX (Beckman Coulter), 

then qualitatively and quantitatively checked using Agilent High Sensitivity DNA Kit 

(Agilent Technologies, 5067-4627) on a Bioanalyzer 2100 (Agilent Technologies). 

Libraries with distinct adapter indexes were multiplexed and, after cluster generation 

on FlowCell, were sequenced for 50 bases in the single read mode on a HiSeq 2000 

sequencer at the IEO Genomic Unit in Milan. 

 

Real-time PCR analysis 

Total RNA was extracted from satellite cells using Maxwell RSC miRNA tissue kit 

(Promega, AS1460), while total RNA from muscle tissues was extracted using 

TriReagent (Sigma-Aldrich, T9424). 1ug of RNA from each sample was subjected 

to cDNA synthesis using QuantiTect reverse transcription kit (Qiagen, 205313) 

and amplified in the presence of 8 ul of SYBR select master mix (Thermo fisher, 

4472908). Expression was calculated by normalizing on GAPDH and relative to 
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the average of the wild type controls samples. Primer sequences used for 

transcriptional analyses, mouse: mRTP21 5’-acggaggcagaccagcct-3’, 5’-

acacagagtgagggctaagg-3’; mrtezh2 5’-caaatacatgtgcagctttctg-3’, 5’-

atgcctatcctgtggtcacc-3’; mrtpparg 5’-ttgctgaacgtgaagcccatcgag-3’, 5’-

gtccttgtagatctcctggagcag-3’; mrtp16 5’-gtgtgcatgacgtgcggg-3’, 5’-

cagttcgaatctgcaccgtag-3’; mrtp19 5’-gctctggctttcgtgaacatg-3’, 5’-

tcgaatctgcaccgtagttgag-3’; mrtgapdh 5’-gtatgtcgtggagtctactgg-3’, 5’-

tcgtggttcacacccatcac-3’. 

 

Bioinformatics and image analysis 

See additional methods. 

 

Data availability 

The datasets generated during the current study are available in the GEO 

repository with accession number GSE123725. 

 

Statistics 

All the data are represented using Graph Pad prism 6. The sample size (n) is 

described for each experiment in the relative figure legend. Multiple comparison 

between three o more groups were made using one way Anova or two way Anova 

with significance as P value <0,05 (*), P value < 0,01 (**), P value <0,001 (***).  
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Figure 1. Lamin A regulates MuSC self-renewal.

(A) Immunohistochemical staining in Lmna Δ8-11 mice of PAX7 and MYOD markers at the indicated days of post-natal growth (d10-d19). 
Basement membrane of muscle fibers was stained with Laminin. Activated, ASCs (PAX7+/MYOD+) and self-renewing, QSCs 

(PAX7+/MYOD-) MuSCs are shown. Scale bars, 50 μm.  (B) Quantification of MuSCs pool composition in (A); n =3-6 animals per genotype 
(C) Quantification of myofibre size during post-natal growth, evaluated by the Cross Sectional area (CSA). n> 350 fibers, n =3-4 animals per 
genotype. (D) Immunohistochemical staining of single myofibers extracted from Lmna Δ8-11 mice at d19 and cultured 96h. Activated 
(PAX7+/MYOD+), self-renewing (PAX7+/MYOD-) and differentiating (PAX7-/MYOD+) cells are shown. Scale bars, 20 μm. (E) Quantification 
of MuSCs pool composition in (D); n> 50 muscle fibers/ genotype, n= 5-8 animals per genotype. (F) Immunohistochemical staining of single 
myofibers as in (D). PAX7+/MYOG+, PAX7+/MYOG- and PAX7-/MYOG+ cells are shown. Scale bars, 20 μm. (G) Quantification of MuSCs 
pool composition in (F); n> 50 muscle fibers/group, n= 3-5 animals per genotype. B, E, G, Data are mean ± s.e.m. C, Data are box with 
median and whiskers min to max. Statistics by one-way (C) or two-way (B, E, G) analysis of variance (ANOVA) with multiple comparisons. 
* P < 0.05, * * P < 0.01, * * * P < 0.001; wt= Lmna Δ8-11 +/+; het= Lmna Δ8-11 +/-; hom= Lmna Δ8-11 -/-.
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Figure 2. Lamin A levels influence muscle regeneration.

(A) Immunohistochemical staining in adult, injured Lmna Δ8-11 mice of PAX7 and MYOD markers. Basement membrane of muscle fibers 
was stained with Laminin. Activated, ASCs (PAX7+/MYOD+) and self-renewing, QSCs (PAX7+/MYOD-) MuSCs are shown. Scale bars, 100 
μm. (B), Quantification of MuSCs pool composition in (A); n= 3-6 animals per group. (C), Number of Pax7+ MuSCs on 100 fibers for the 
experiment shown in (A). B, C, Data are mean ± s.e.m. Statistics by one-way (C) or two-way (B) analysis of variance (ANOVA) with multiple 
comparisons. Statistical comparisons between controls and injured (B, C) were not shown. 
* * P < 0.01; wt= Lmna Δ8-11 +/+; het= Lmna Δ8-11 +/-.
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Figure 3. Lmna Δ8-11 -/- dystrophic MuSCs display PcG displacement. 

(A) Heatmap reporting log2 ratios of observed over expected (coloured bar) number of genes in the intersections between H3K27me3 

targets identified in Lmna Δ8-11 +/+ mice and the up-regulated genes in Lmna Δ8-11 -/- mice. Fisher Exact Test p-value = 2.38e-05. (B, C, 
D) Average profile of H3K27me3 ChIP-seq signal calculated as the IP/input ratio over annotated mouse genes (B) Average profile of 
H3K27me3 signal around the TSS. (C) Average profile of H3K27me3 signal along the gene body. TES= annotated transcript end. (D) 
Average profile of H3K27me3 signal in regions outside H3K27me3 peaks and outside annotated genes. (E) Normalized expression 

distribution of genes stratified using wt expression level in the 3 biological replicates (see additional methods). Distribution of average log2 

transcripts per million (TPM + 0.1) values is plotted for wt and hom. Data in the box extends from the 25th to the 75th percentiles with the 
median indicated. The upper whisker extends from the hinge to the highest value that is within 1.5 * IQR of the hinge, where IQR is the 
inter-quartile range, or distance between the first and third quartiles. The lower whisker extends from the hinge to the lowest value within 1.5 
* IQR of the hinge. Data beyond the end of the whiskers are outliers and plotted as points. (F) Average profile of H3K27me3 signal (IP/input) 
along the gene body using gene categories as in panel (E). wt= Lmna Δ8-11 +/+; hom= Lmna Δ8-11 -/-.
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Figure 4. Lamin A-PcG-mediated transcriptional repression preserves MuSCs identity.

(A) Heatmap reporting log2 ratios of observed over expected number of genes (coloured bar) in the intersections between bivalent promo-

ters identified in wt satellite cells and the up-regulated genes in Lmna Δ8-11 -/- mice. Fisher's Exact Test p-value = 4.57e-07.  (B) Semantic 
similarity analysis on Gene Ontology terms enriched in up-regulated genes in hom vs wt comparison (FDR < 0.05) with macro-categories 

identified using Revigo webtool. (C) Heatmap reporting log2 ratios of observed over expected number of genes (coloured bar) in the 

intersections between up-regulated genes in Lmna Δ8-11 -/- mice in Pparγ-related GO terms and the bivalent genes identified as above. 
Fisher's Exact Test p-value = 6.73e-06.  wt= Lmna Δ8-11 +/+; hom= Lmna Δ8-11 -/-.
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Figure 5. Deregulation of Pparγ locus in Lmna Δ8-11 -/- MuSCs.

(A) Immunohistochemical staining in Lmna Δ8-11 mice of PAX7 and PPARγ markers at 19 days of post-natal growth. Scale bars, 50 μm. (B) 
Quantification of PPARγ+ MuSCs in (A); n= 4-5 animals per genotype. (C) Immunohistochemical staining in Lmna Δ8-11 muscles of Peripilin 
at 19 days of post-natal growth. Nuclei of muscle fibers were stained with dapi. Scale bars, 25 μm. (D) Quantification of Peripilin staining in 
(C); n= 5 animals per genotype. (E) Representative image of FISH analysis of fixed and sorted MuSCs from Lmna Δ8-11 mice at d19 with 
probes indicated in Supplementary Figure 10. Scale bars, 2 μm. (F) Quantification of FISH probes (represented in Figure S10) distances 
(x-axis) by cumulative frequency distributions (y-axis). Only probes with distance ≤ 0.5μm are reported. n= 1-2 animals per genotype. (G) 
Quantification of FISH probes positioning with respect to the nuclear envelope. B, Data are mean ± s.e.m. D, G, Data are box with median 
and whiskers min to max. B, D, Statistics by two-way analysis of variance (ANOVA) with multiple comparisons. F, G, Comparisons by 
Kolmogorov-Smirnov test. 
* P < 0.05, * * * P < 0.001; wt= Lmna Δ8-11 +/+; het= Lmna Δ8-11 +/-; hom= Lmna Δ8-11 -/-.
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Figure 6. Lmna Δ8-11 -/- MuSCs acquire senescence transcriptional traits. 

(A) Representative image of myofibers-derived MuSCs from Lmna Δ8-11 mice at d19 immunostained for Ph-P38 and PAX7 after 48 h of 
culture. Scale bars, 25 μm. (B) Quantification of asymmetric and symmetric divisions assessed by Ph-P38 distribution as shown in (A). (C) 
Quantification of asymmetric apico-basal division vs symmetric planar divisions. n=46± 6 doublets of MuSCs per genotype, n= 7-9 mice per 
group. (D) GSEA on expression data from old and young mice quiescent satellite cells (25). Up-regulated (log Fold Change – logFC > 1) 

genes in hom vs wt comparison added to Biocarta mouse pathways from gskb R package were used as gene sets (NES = 4.70, FDR < 
10e-4). (E) ChIP-seq of H3K27me3 mark and RNA-seq signal tracks on Cdkn1a/p21 locus. Promoter regions are highlighted by light blue 
rectangles. B, C, Data are mean ± s.e.m. Statistics by two-way analysis of variance (ANOVA) with multiple comparisons. 
* * P < 0.01; * * * P < 0.001. wt= Lmna Δ8-11 +/+; het= Lmna Δ8-11 +/-; hom= Lmna Δ8-11 -/-.
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Figure 7. Cdkn2a genetic ablation restores regenerative capacity of Lmna Δ8-11 -/- dystrophic mice.
 

(A) Transcriptional analysis of p16INK4 and p19ARF at Cdkn2a locus in Lmna Δ8-11 mice MuSCs (left graph) at d19 and d26 days and 
whole muscles (right graph) at d26 days of postnatal growth. Value were normalized on gapdh and compared with the average of wt 
amplification. Nd: not detected. n= 3-10 animals per genotype. (B) Immunohistochemical staining in Cdkn2a/Lmna Δ8-11 mice of PAX7 and 
MYOD markers at d19. Basement membrane of muscle fibers was stained with Laminin. Activated, ASCs (PAX7+/MYOD+) and 
self-renewing, QSCs (PAX7+/MYOD-) MuSCs are shown. Scale bars, 50 μm. (C) Quantification of MuSCs pool composition in (B). n=4-5 
animals per genotype. (D) Quantification of myofibre size, evaluated by the Cross Sectional area (CSA). n= 600 muscle fibers. n=4-5 
animals per genotype. A, C, Data are mean ± s.e.m. D, Data are box with median and whiskers min to max. A, Comparisons by unpaired 
t-test. C, D, Statistics by one-way (D) or two-way (C) analysis of variance (ANOVA) with multiple comparisons.  
* P < 0.05, * * P < 0.01, * * * P < 0.001; wt= Lmna Δ8-11 +/+; hom= Lmna Δ8-11 -/-.
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Figure 8. Lamin A/C-Polycomb crosstalk in Lamin dependent muscular dystrophy. 

In wt MuSCs the Lamin A/PcG interplay sustains the chromatin higher order structure at differentiation loci, ensuring proper spatio-temporal 

gene regulation during muscle differentiation. The absence of Lamin A/C determines PcG displacement and relaxation of PcG-mediated 

higher-order chromatin structure. In Lmna Δ8-11 -/- MuSCs Lamin A/PcG dysfunctional crosstalk causes a lack of cellular identity and 
premature senescence finally leading to an exhaustion of the stem cell niche and infiltration of adipogenic cells. wt= Lmna Δ8-11 +/+; hom= 
Lmna Δ8-11 -/-.
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