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Summary

Organismal homeostasis and regeneration are predicated on committed stem cells which can 

reside for long periods in a mitotically dormant but reversible cell cycle arrest state defined as 

quiescence. Premature escape from quiescence is detrimental as it results in stem cell depletion, 

with consequent defective tissue homeostasis and regeneration. Here, we report that Polycomb 

Ezh1 confers quiescence to murine muscle stem cells (MuSCs) through a non-canonical function. 

In the absence of Ezh1, MuSCs spontaneously exit quiescence. Following repeated injuries, the 
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MuSC pool is progressively depleted resulting in failure to sustain proper muscle regeneration. 

Rather than regulating repressive histone H3K27 methylation, Ezh1 maintains gene expression of 

the Notch signaling pathway in MuSCs. Selective genetic reconstitution of the Notch signaling 

corrects stem cell number and re-establishes quiescence of Ezh1−/− MuSCs.

Graphical Abstract

eTOC

Feng et al. report that Ezh1 maintains murine muscle stem cell quiescence by regulating 

expression of the Notch signaling pathway.

Introduction

Adult somatic stem cells (ASCs) replace lost tissue through cell division, thereby ensuring 

tissue homeostasis 1. Muscle resident ASCs (satellite cells or Muscle Stem Cells, MuSCs) 

confer homeostatic and regenerative properties to skeletal muscle 2-7. Otherwise quiescent, 

MuSCs become alerted or activated in response to wounding or exercise and undergo 

cell division, giving rise to either daughter progeny that returns to quiescence or muscle 

progenitors which, after expansion, differentiate and fuse into new or preexisting muscle 

fibers 8-13. In a remarkable experiment, transplantation of a single MuSC was shown to 

generate tens of thousands of cells contributing to muscle fibers 14. Inability to ensure an 

appropriate balance between quiescence and activation results in defective regulation of 

several ASCs, including neuronal 15, hematopoietic 16, and MuSCs 17-19.

Return to quiescence requires that chromatin domains be re-established after mitosis 20. This 

process entails correct repositioning of repressive histone post-translational modifications 
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that are epigenetically inherited to prevent inappropriate gene activation 21. The Polycomb 

repressive complex 2 (PRC2), composed of core subunits Ezh2/Ezh1, Suz12, and Eed, 

initiates deposition and maintenance of the repressive H3K27me3 histone mark 22-26. Ezh2 

safeguards MuSCs transcriptional identity and proliferation 27,28, regulates proliferation of 

epidermal progenitors 29, B and T cell development 30 31, specification and differentiation of 

cerebellar and cortical neurons 32 33. Ezh2 and other PRC2 subunits also control the fates of 

human and mouse embryonic stem cells 34-37, intestinal progenitors 38, hematopoietic stem 

cells 39, germ cells 40, and additional cell types 41. Consistent with its role in re-establishing 

H3K27me3 chromatin domain after mitosis, Ezh2 is expressed in proliferating cells and 

is undetectable in quiescent MuSCs 27,42. Instead, Ezh1 is preferentially expressed in non-

proliferative cells 43, suggesting distinct functions of the two paralogs. The cellular context 

and genetic program determine whether Ezh1 represses or activates gene expression 43-53

Here, we report a role for Polycomb group Ezh1 in MuSCs biology. In contrast to its paralog 

Ezh2, which is required for expansion of muscle progenitors 27,28, Ezh1 maintains MuSCs 

quiescence. In the absence of Ezh1, MuSCs are spontaneously activated but then fail to 

sustain proper regeneration. This phenomenon is associated with impaired quiescence and 

increased propensity of Ezh1−/− MuSCs to differentiate. Defective return to quiescence is 

cell-autonomous as transplanted Ezh1−/− MuSCs do not efficiently re-occupy their niche 

after injury. Mechanistically, Ezh1 controls the Notch pathway and ciliogenesis, which 

are both impaired in Ezh1−/− MuSCs. In keeping with these findings, selective genetic 

reconstitution of the Notch signaling in MuSCs corrects MuSCs number and ciliogenesis, 

and re-establishes Ezh1−/− MuSCs quiescence.

RESULTS

Ezh1 is enriched in freshly isolated MuSCs

Comparison of RNA-seq from freshly FACS-isolated and 48hr-activated MuSCs 54 revealed 

enrichment of Ezh1, Pax7, Spry1 and Notch3 transcripts in freshly isolated MuSCs and 

of Ezh2, MyoD, the glycolytic enzyme Pkm, and the initiation factor Eif4a1 in activated 

MuSCs (Supplemental Figure S1A,B). We evaluated in vivo Ezh1 and Ezh2 expression 

during muscle regeneration in single cell RNA-seq (scRNA-seq) datasets obtained from 

MuSCs isolated from tibialis anterior (TA) muscles of uninjured or 60hr-post injured mice 
55. Ezh1 expression was highest in MuSCs of unperturbed muscles (0hr), progressively 

declining in 60hr-post injury MuSCs. In contrast, Ezh2 transcripts, lowly expressed in 

MuSCs of unperturbed muscles, gradually increased in MuSCs derived from injured 

muscles, coinciding with increased expression of Myogenin (Supplemental Figure S1C). 

Mining published datasets 56, we evaluated expression of Ezh1 and other PRC2 and PRC1 

subunits in aged MuSCs. Aged MuSCs lose their ability to retain quiescence and are 

primed for differentiation 57 58. Consistent with increased H3K27me3 levels 59, aged MuSCs 

display increased expression of Ezh2 and Eed. Instead, Ezh1 and Suz12 are reduced in 

aged MuSCs. PRC1 subunits Bmi1 and Pcgf1 are also differentially expressed in young and 

aged MuSCs (Supplemental Figure S1D). Thus, the two Polycomb paralogs Ezh1 and Ezh2 

display mirrored expression patterns, with Ezh1 prevailing in freshly isolated young MuSCs 

and Ezh2 in activated or aged MuSCs.
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Ezh1 regulates the transcriptome of MuSCs

To investigate the impact of Ezh1 on gene transcription, we FACS-purified MuSCs from 

the hindlimbs of littermate wild-type (WT) or Ezh1−/− mice (Supplemental Figure S1E,F) 

and profiled their transcriptomes by RNA-seq. Transcripts corresponding to 365 and 418 

genes were either up- or down-regulated in Ezh1−/− MuSCs (Supplemental Table S1). 

Transcripts enriched in Ezh1−/− MuSCs are related to RNA metabolism, ribonucleoprotein 

complex biogenesis, receptor tyrosine kinase signaling (RTK), and the ERK1/ERK2 cascade 

(Figure 1A,C). RNA biogenesis is rapidly initiated at the earliest steps of MuSC activation 
55,60,61, and ERK1/ERK2 and RTK signaling promote MuSC activation and cell cycle 

entry 62-64. Transcripts corresponding to muscle proteins troponins (Tnnc2, Tnnt3), actin 

(Acta1), myosin (Mylpf), and muscle creatine kinase (Ckm) were enriched in Ezh1−/− 

MuSCs (Figure 1C and Supplemental Table S1). Of the 365 transcripts up-regulated in 

Ezh1−/− MuSCs, only 7 were up-regulated in Ezh2−/− MuSCs 28 (Supplemental Table S1), 

indicating distinct functions of the two Ezh paralogs. Expression of the Polycomb target 

cyclin-dependent kinase inhibitor Cdkn2a (p16-INK4A-ARF), which is increased in Ezh2−/− 

MuSCs 27 28, was unmodified in Ezh1−/− MuSCs (Supplemental Table S1).

Genes whose expression was reduced in Ezh1−/− MuSCs regulate unfolded protein response 

(UPR), DNA damage response, cell cycle, and regulation of cellular responses to stress 

(Figure 1B,C and Supplemental Table S1). Transcripts of numerous heat shock proteins 

(HSPs), which are highly enriched in freshly isolated MuSCs 65, were decreased in 

Ezh1−/− MuSCs (Supplemental Table S1). HSPs maintain stem cell proteostasis by acting 

as chaperones 66,67. Expression of DNA repair and response to stress genes was also 

diminished in Ezh1−/− MuSCs (Supplemental Table S1). MuSCs repair DNA double-strand 

breaks more efficiently than their committed progeny and are relatively resistant to apoptosis 
68. Transcripts for effectors and targets of the Notch pathway, required to maintain MuSC 

quiescence, basal lamina assembly, and adhesion 69 70 71 72, were reduced in Ezh1−/− 

MuSCs (Figure 1C and Supplemental Table S1). More specifically, Rbpj, Notch1, Notch3, 

and the Notch targets Hey1, Hes1, Chd15, and Serinc5 73 were decreased in Ezh1−/− 

MuSCs (Figure 1C and Supplemental Table S1). We wished to evaluate to which temporal 

activation state the Ezh1−/− MuSCs transcriptome most closely resembles. To this end, 

we compared transcripts enriched or depleted in Ezh1−/− MuSCs with those of MuSCs 

immediately fixed in situ, freshly isolated and fixed after 3 (T3-T0, early activation) or 

5 (T5-T0, later activation) hours 60 (Supplemental Table S2). This analysis revealed that 

44% of up-regulated and 56% of down-regulated transcripts in Ezh1−/− MuSCs were also 

increased and decreased in early activated (T3-T0) MuSCs, respectively. The percentage 

of shared transcripts decreased to 31% for up-regulated and to 50% for down-regulated 

genes in later activated T5-T0 MuSCs. Focusing on transcripts modulated in a 2 hr 

interval (T5-T3), Ezh1−/− and T5-T3 MuSCs shared only 0.08% up-regulated and one down-

regulated transcript (0.002%) (Supplemental Table S2). Overall, this analysis indicates that a 

substantial amount of transcriptional changes occurring in Ezh1−/− MuSCs are also observed 

in early activated MuSCs (T3-T0) and are lost when MuSCs are activated for additional 

time (T5-T3). Ezh1, Notch3, Hes1, Hey1, and Chd15 transcripts were also reduced in early 

activated T3-T0 MuSCs compared to fixed (quiescent) MuSCs 60. To gauge single-cell level 

transcription and MuSCs heterogeneity, we FACS-isolated MuSCs from WT or Ezh1−/− 
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mice and performed scRNA-seq. Unsupervised clustering of WT and Ezh1−/− MuSCs 

returned three adjacent yet distinct cell clusters: i) shared by WT and Ezh1−/− MuSCs 

(WT+Ezh1−/−); ii) specific to WT MuSCs; and iii) specific to Ezh1−/− MuSCs (Ezh1−/−) 

(Figure 1D, top panel). Transcript analyses identified the top differentially expressed genes 

between the WT and Ezh1−/− clusters (Figure 1E). Transcripts that were decreased in the 

Ezh1−/− cluster included: Pax7, a transcription factor expressed in MuSCs 74 and activated 

by Notch signaling 75 (Figure 1F); Spry, an RTK inhibitor required to return to quiescence of 

self-renewing MuSCs 76 (Figure 1F); and Meg3, a long noncoding RNA expressed in freshly 

isolated MuSCs 65 58, and regulating muscle development 77 (Figure 1F). On the other 

hand, transcripts that were enriched in the Ezh1−/− cluster included ribosomal 60S protein 

transcripts Rpl29 and Rpl38 and 40S Rsp25, which are up-regulated in activated MuSCs 54 

(Figure 1F). Single-cell expression datasets were pseudotemporally ordered to monitor the 

transitions between different MuSC developmental states. This analysis revealed that cells 

hosted in the shared WT+Ezh1−/− cluster retained the most undifferentiated transcriptome. 

Instead, the Ezh1−/− cluster hosted MuSCs with transcriptomes with the farthest progression 

towards differentiation compared to other clusters (yellow, Figure 1D, bottom panel). This 

analysis revealed that cells with shared WT and Ezh1−/− transcriptomes display very subtle 

transcriptional differences. Overall, these data indicate that Ezh1 controls expression of 

genes involved in several important pathways that regulate MuSCs biology and suggest its 

role in maintaining transcriptional MuSC quiescence.

Ezh1 confers quiescence by restraining MuSCs activation and differentiation

When quiescent MuSCs are activated, they increase their cell size and RNA content, 

accumulate MyoD protein, and are prone to enter the S-phase of cell cycle 55,78-80. We 

therefore compared these parameters between WT and Ezh1−/− MuSCs and found that 

Ezh1−/− MuSCs had increased cell size and RNA content (Figure 2A,B and Supplemental 

Figure S2A). Using time-lapse microscopy, we observed that MuSCs isolated from Ezh1−/− 

mice completed their first cell division before those isolated from WT mice (Figure 2C and 

Supplemental Figure S2B). A higher percentage of myofiber-associated Ezh1−/− MuSCs 

incorporated the thymidine analog EdU, indicating that they had entered S-phase, as 

compared to WT MuSCs (Figure 2D). Activated MuSCs express both Pax7 and MyoD 

proteins, while quiescent MuSCs accumulate only Pax7 protein 79. Immunofluorescence 

staining revealed a lower percentage of MyoD−/Pax7+ MuSCs, and a higher percentage of 

MyoD+/Pax7+ MuSCs in Ezh1−/− myofibers (Figure 2E). In addition, we isolated primary 

myoblasts from WT or Ezh1−/− mice, cultured them in conditions favoring growth and 

antagonizing differentiation, and analyzed their transcriptomes by scRNA-seq. We found 

that Myogenin, a marker of cell differentiation, was expressed in 18% of WT myoblasts 

and in 42% of Ezh1−/− myoblasts (Figure 2F). Together, these data indicate that Ezh1−/− 

myoblasts are more likely to differentiate.

MuSCs contribute to myonuclear accretion in homeostatic conditions 3 4. We 

wished to ascertain whether MuSCs might spontaneously enter S-phase in uninjured 

mice and, for this, we lineage-traced MuSCs by crossing tamoxifen-inducible 

Pax7CreERT2 81 with ROSA26STOP-Sun1-GFP mice 82. In these mice, individual 

MuSCs can be identified and quantified by expression of the nuclear membrane-
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bound Sun1-GFP fusion protein. Tamoxifen-treated Pax7CreERT2;ROSA26STOP-sun1-GFP 

or Pax7CreERT2; ROSA26STOP-Sun1-GFP; Ezh1−/− mice were peritoneally injected with 

EdU for 14 consecutive days, after which hindlimb muscle sections were obtained 

and processed for GFP and EdU staining. The percentage of GFP+/EdU+ double-

positive cells doubled in Pax7CreERT2; ROSA26STOP-Sun1-GFP; Ezh1−/− compared to 

Pax7CreERT2;ROSA26STOP-Sun1-GFP WT muscle (Figure 2G), indicating increased in vivo 
spontaneous activation of Ezh1−/− MuSCs. Overall, these findings indicate that Ezh1−/− 

MuSCs prematurely exit quiescence and undergo early activation.

Ezh1 does not influence histone H3K27me3 in MuSCs

Ezh1 promotes H3K27methylation 43,83. To assess whether Ezh1 contributes to H3K27me3 

in quiescent MuSCs in vivo, muscle cross-sections were obtained from littermate WT 

or Ezh1−/− mice and MuSCs identified by Pax7 and H3K27me3 co-immunostaining. No 

obvious difference in MuSC H3K27me3 staining intensity was noted (Supplemental Figure 

S3A). Similarly, immunoblotting of cell extracts derived from WT or Ezh1−/− MuSCs 

revealed no apparent differences in H3K27me3 levels (Supplemental Figure S3B). Ezh2 

is not detectable in quiescent MuSCs 27 42 and we did not detect increase of Ezh2, 

Suz12, or Eed transcripts in Ezh1−/− MuSCs, compared to WT MuSCs (Supplemental 

Figure S3C and Supplemental Table S1), ruling out a compensatory role of other PRC2 

subunits in maintaining H3K27me3 levels in Ezh1−/− MuSCs. Since immunofluorescence 

and immunoblotting assays do not distinguish chromatin-bound from soluble histones, we 

evaluated chromatin-associated H3K27me3 histones by ChIP-seq (Supplemental Figure S3 

and Supplemental Table S3). Non significant changes in either genome-wide distribution or 

enrichment of H3K27me3 were observed with comparable percentage of H3K27me3 peaks 

occurring at TSS (which were selected to identify their cognate genes), intergenic, or other 

genomic regions of WT and Ezh1−/− MuSCs. The nucleotide composition of H3K27me3-

occupied regions was also comparable in WT and Ezh1−/− MuSCs (Supplemental Figure 

S3D,E). H3K27me3 signal at Polycomb-target homeotic (Hox) genes was similar and Ckm 
and Tnnt3 genes retained comparable H3K27me3 in WT and Ezh1−/− MuSCs (Supplemental 

Figure S3F). Overall, these results indicate that Ezh1 deletion does not affect H3K27me3 in 

MuSCs.

Ezh1 controls chromatin accessibility and compaction

Ezh1 favors chromatin compaction independently of its methyltransferase activity 43. 

Probing the chromatin state by ATAC-seq revealed that Ezh1−/− MuSCs had increased 

chromatin accessibility, compared to WT MuSCs (Figure 3A,B). Quiescent MuSCs are 

characterized by highly dense and compacted heterochromatin that can be visualized by 

transmission electron microscopy (TEM) 42,84. To evaluate whether increased chromatin 

accessibility in Ezh1−/− MuSCs was accompanied by visibly reduced chromatin compaction, 

we prepared ultra-thin muscle sections of WT or Ezh1−/− mice and analyzed them by TEM. 

Ezh1−/− muscle sections hosted MuSCS with reduced condensed heterochromatin compared 

to WT sections (Figure 3C). As increased chromatin accessibility is often associated with 

increased gene expression, we correlated ATAC-seq and RNA-seq datasets from WT and 

Ezh1−/− MuSCs. Increased chromatin accessibility in Ezh1−/− MuSCs occurred at promoter 

regions of genes with increased gene expression (Figure 3D, red dots). Genes up-regulated 
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in Ezh1−/− and in activated MuSCs displayed increased chromatin accessibility in both 

Ezh1−/− MuSCs and activated MuSCs 85 (Supplemental Table S2). Surprisingly, genes 

with decreased expression were also more accessible in Ezh1−/− MuSCs (Figure 3D, blue 

dots). Thus, while confirming observations obtained in other experimental systems that 

Ezh1 regulates chromatin accessibility and compaction 43 86, our findings indicate that in 

MuSCs chromatin changes caused by Ezh1 deletion do not unequivocally correlate with 

gene expression and may be more related to higher-order structure than function.

Muscle regeneration is impaired in the absence of Ezh1

Mice lacking Ezh1 (https://www.informatics.jax.org/allele/MGI:4941012) are viable, fertile, 

and healthy 44. Indeed, the skeletal muscles of Ezh1−/− mice were histologically 

indistinguishable from those of WT mice. Muscle fiber cross-sectional area, number of 

MuSCs (Pax7+), macrophages (F4/80+), fibro-adipogenic progenitors (FAPs) (Pdgfra+), and 

collagen deposition were comparable in uninjured WT and Ezh1−/− mice (Supplemental 

Figure S4A-E). We reasoned that assessing potential differences between WT and Ezh1−/− 

mice may require actively engaging MuSCs. To this end, TA muscles of WT or Ezh1−/− 

mice were injured with notexin (NTX) and collected after twenty-eight (28) days. The 

myofiber cross-sectional area (CSA) of NTX-injected Ezh1−/− mice was comparable to 

that of WT mice (Supplemental Figure S5A). However, the number of Pax7+ cells was 

decreased in NTX-injected Ezh1−/− mice (Supplemental Figure S5B). This suggested that 

Ezh1−/− MuSCs may be partially defective in re-establishing the stem cell pool. Thus, we 

performed an additional NTX injection (28 days post-1st injury) and collected regenerating 

muscles at either 3 or 28 days post-2nd injury (Figure 4A). MuSCs reach their proliferation 

zenith three (3) days post injury (dpi), and initiate to differentiate and start reacquiring 

quiescence approximately seven (7) dpi. Twenty-eight (28) dpi most MuSCs are quiescent 
87 88. At 3 days post-2nd injury, regenerating MuSCs were FACS-isolated and analyzed 

by scRNA-seq. Unsupervised clustering of MuSCs obtained from either WT or Ezh1−/− 

mice were compared to transcriptomes of FACS-isolated MuSCs and primary myoblasts 
55 using a pipeline that correlates single-cell transcriptomes with reference transcriptomic 

data sets and improves inference iteratively 89. Differentially-expressed genes in quiescent 

MuSCs, proliferating myoblasts (PM), and differentiating myocytes (DM) in the reference 

set 55 were identified and unbiasedly correlated with the transcriptomes of WT or Ezh1−/− 

MuSC scRNA-seq clusters. Clusters of FACS-isolated regenerating MuSCs from WT or 

Ezh1−/− mice shared transcriptomes with proliferating myoblasts of the reference set (Figure 

4B, PM, grey). In addition, MuSCs isolated from regenerating Ezh1−/− mice formed a 

subcluster, which was not observed in WT regenerating MuSCs, expressing transcripts 

present in differentiating myocytes of the reference set (Figure 4B, DM, red). These findings 

prompted us to investigate MuSC quiescence, activation, and differentiation properties by 

immunostaining muscle sections with Pax7, MyoD, and Myogenin antibodies. At 3 days 

post-2nd injury, muscle sections revealed that Pax7+ cells were decreased while MyoD+ and 

Myogenin+ cells were increased in Ezh1−/− mice (Figure 4C-E), indicating activation and 

premature differentiation of Ezh1−/− muscle progenitors. At 28 days post-2nd injury, the 

number of Pax7+ cells was decreased by approximately 40% and the muscle cross-sectional 

area was significantly reduced in Ezh1−/− mice (Figure 4F,G). Centrally located myonuclei 

and infiltrating macrophages (F4/80+) were not increased (Supplemental Figure S5C-D) 

Feng et al. Page 7

Dev Cell. Author manuscript; available in PMC 2024 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.informatics.jax.org/allele/MGI:4941012


while, consistent with regenerating defects 90, number of FAPS and collagen deposition 

were increased in Ezh1−/− mice (Supplemental Figure S5E-F). Neither Cdkn2a (p16-

INK4A-ARF) nor apoptosis was increased in regenerating Ezh1−/− MuSCs (Supplemental 

Figure 5G,H). These findings indicate that, while dispensable for development, Ezh1 is 

required for muscle regeneration.

Ezh1−/− MuSCs fail to efficiently return to the niche

We sought to determine whether transcriptional dysregulation observed in Ezh1−/− 

MuSCs was translated in cell-autonomous regenerative defects in vivo. To trace 

the fate of MuSCs, we injected Pax7CreERT2;ROSA26STOP-Sun1-GFP or Pax7CreERT2; 

ROSA26STOP-Sun1-GFP;Ezh1−/− mice with tamoxifen to activate GFP expression, FACS-

isolated GFP+ cells and then immediately transplanted them into NTX pre-injured TA 

muscles of immunodeficient NRG mice (Figure 5A,B). The transplanted mice were allowed 

to recover for 28 days, reinjured, and analyzed 28 days post 2nd-injury. This protocol 

was designed to permit transplanted MuSCs to undergo two rounds of injury/regeneration, 

a condition under which Ezh1−/− mice displayed overt regenerative defects (Figure 4). 

Muscle sections were obtained and transplanted MuSCs identified by nuclear membrane 

GFP (nGFP) reactivity. Approximately a month after injury, proliferation ceases and MuSCs 

either differentiate into new or pre-existing myofibers or return to quiescence, express Pax7, 

and occupy their niche under the basal lamina 76,87. To determine grafting efficiency and the 

percentage of transplanted MuSCs that returned to quiescence, we immunostained muscle 

sections with a Pax7 antibody and enumerated Pax7+/nGFP+ cells. While the overall number 

of nGFP+ cells was comparable, transplanted Ezh1−/− MuSCs nGFP+ contributed only 

one-third of Pax7+/nGFP+ cells located under the basal lamina, compared to transplanted 

WT MuSCs. A higher percentage of Ezh1−/− Pax7−/nGFP+ cells were observed to reside 

in the myofibers compared to WT Pax7−/nGFP+ cells (Figure 5C). No nGFP+ cells were 

observed in the interstitium. These results indicate that, while Ezh1−/− MuSCs retain 

grafting capability, they fail to return to their niche efficiently.

Ezh1 targets the Notch pathway and cilium genes

Expression of members of the Notch pathway is decreased in Ezh1−/− MuSCs (Figure 1 

and Supplemental Table S1). Hes1, a Notch target, was reduced in regenerating Ezh1−/− 

MuSCs (Figure 6A). We monitored Notch activity in primary myoblasts employing a Notch 

reporter construct. Transcriptional activity of the Notch reporter was significantly decreased 

in Ezh1−/− myoblasts (Figure 6B). Reduced Notch reporter activity may be directly or 

indirectly related to the absence of endogenous Ezh1. To differentiate between primary 

and secondary effects, we reintroduced Ezh1 in Ezh1−/− myoblasts and observed that 

expression of exogenous Ezh1 could restore the Notch reporter activity. Since H3K27me3 

was not modified in Ezh1−/− MuSCs (Supplemental Figure S3), we also tested whether 

expression of Ezh1 deleted of the catalytic SET domain (Ezh1ΔSET) could rescue the Notch 

reporter activity in Ezh1−/− myoblasts. Indeed, Ezh1ΔSET expression was as effective as 

full length Ezh1 in restoring Notch activity (Figure 6B). To further evaluate whether Ezh1 

may directly regulate expression of the Notch pathway in MuSCs, we performed chromatin 

immunoprecipitation with either control IgG or Ezh1 antibodies followed by quantitative 

PCR (ChIP-qPCR) at regulatory regions of members of the Notch pathway downregulated in 
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Ezh1−/− MuSCs. The Ezh1 antibody that we used specifically recognizes Ezh1 and not Ezh2 
47,48. Ezh1 binding was detected at: i) the Hes1 promoter, in a region occupied by Rbpj 73, 

ii) the Hey1 promoter 91, and iii) an intronic regulatory region of Notch3 92 (Figure 6C).

Transcripts involved in cilia formation are highly enriched in quiescent and decline 

in activated MuSCs 60. Expression of several cilium genes was decreased in Ezh1−/− 

MuSCs, including Arl13b, IFT88, Bbs7, CEP170, and CEP350 (Supplemental Table S1). 

Cilium dismantling induces premature MuSCs activation, reduces MuSCs self-renewal, and 

increases Myogenin expression 93 94-97. These phenomena were also observed in Ezh1−/− 

MuSCs (Figure 4). We interrogated Ezh1 binding at selected cilium genes and found that 

Ezh1 occupies both the Arl13b and the IFT88 genes (Figure 6D). These findings suggested 

a potential regulatory role of Ezh1 on cilium formation or maintenance. Therefore, we 

used Pax7, Arl13b, and acetylated α-tubulin antibodies to identify ciliated MuSCs (Figure 

6E). Muscle sections of either resting or regenerating Ezh1−/− mice had a lower percentage 

of ciliated MuSCs compared to WT (Figure 6F). This phenomenon was also evident in 

myofiber-associated MuSCs, with Ezh1−/− myofibers displaying fewer ciliated MuSCs than 

WT when assessed immediately after isolation (t0) or after being cultured for 72 hrs (t72) 

(Figure 6G). The primary cilium is the central organelle for the transduction of Hedgehog 

(Hh) signaling pathway in vertebrates 93,98. Sonic Hh promotes Smoothened (SMO) to enter 

the cilium, thereby relieving repression of the Gli transcription factors 99. To probe for Hh 

signaling, we used the small molecule SMO agonist SAG1.3 100. Gli1, Gli2, and Ptch1 

expression was reduced in Ezh1−/− MuSCs. SAG1.3 treatment of WT MuSCs promptly 

activated Gli1, Gli2, and Ptch1 but failed to fully restore their expression in Ezh1−/− MuSCs 

(Figure 6H). Overall, these findings indicate that Ezh1 may regulate expression of members 

of the Notch pathway and of critical components of the primary cilium in MuSCs.

NICD rescues the loss of MuSCs and re-establishes MuSCs ciliation in Ezh1−/− mice

Impaired expression of the Notch pathway in Ezh1−/− MuSCs, rescued Notch reported 

activity by exogenously provided Ezh1 in Ezh1−/− myoblasts, and binding of Ezh1 at 

genomic regulatory regions of Notch downregulated genes prompted us to evaluate whether 

Ezh1 may directly control Notch targets. To this end, we transfected a Notch reporter 

luciferase construct (multimerized CBF1-luc) with Notch intracellular domain (NICD) and 

Ezh1 expression vectors into C2C12 myogenic cells. Following proteolytic cleavage, the 

Notch intracellular domain (NICD) translocates to the nucleus and activates gene expression 
101-103. As expected, NICD activated the Notch reporter construct. Increasing amounts of 

transfected Ezh1 expression vector progressively augmented NICD-mediated transactivation 

of the Notch reporter (Figure 7A,B). Ezh1 harbors a hidden, partially disordered acidic 

transactivation domain capable of interacting with the p300 acetyltransferase and activating 

gene expression 104. We tested whether endogenous Ezh1 and p300 proteins may 

interact in cell extracts derived from C2C12 cells and found that p300 antibodies co-

immunoprecipitated Ezh1 and, reciprocally, Ezh1 antibodies co-immunoprecipitated p300 

(Figure 7C). These findings encouraged us to test whether re-establishing defective Notch 

signaling in MuSCs may correct the Ezh1−/− phenotype. Tamoxifen-inducible Pax7CreERT2; 

ROSA26STOP-NICD-GFP mice expressing NICD and GFP were crossed with either WT 

or Ezh1−/− mice (Figure 7D). The resulting mice were treated with tamoxifen, injured 
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twice and then analyzed at 28 days post-2nd injury. In contrast to Ezh1−/− mice, which 

displayed a reduced number of Pax7+ and Pax7+/Arl13b+ cells (Figure 4C and Figure 6D), 

muscle sections derived from WT Pax7CreERT2; ROSA26STOP-NICD-GFP or Pax7CreERT2; 

ROSA26STOP-NICD-GFP; Ezh1−/− mice revealed comparable numbers of Pax7+ and Pax7+/

Arl13b+ cells (Figure 7 E,F). Hes1 expression, which was reduced in Ezh1−/− MuSCs 

(Figure 1 and Figure 6), was restored in Pax7CreERT2; ROSA26STOP-NICD-GFP; Ezh1−/− 

mice (Figure 7G). Cross-sectional area could not be evaluated as NICD overexpression 

interferes with muscle regeneration 75,105. EdU incorporation and MyoD expression, which 

were increased in Ezh1−/− MuSCs (Figure 2 H,I), were comparable in myofiber-associated 

MuSCs of Pax7CreERT2; ROSA26STOP-NICD-GFP and Pax7CreERT2; ROSA26STOP-NICD-GFP; 

Ezh1−/− mice (Figure 7H,I). Thus, re-establishing Notch signaling in Ezh1−/− MuSCs mice 

restored the number of MuSCs, corrected their ciliation defects, and prevented premature 

MuSCs activation.

Discussion

Multiple regulatory layers safeguard cell quiescence 106. Redundant mechanisms preserving 

quiescence may be critical for tissues and organs with few long-lived adult stem cells, such 

as skeletal muscle and brain, to shield them from unintended cell activation and consequent 

depletion. Dysregulation of such mechanisms results in defective stem cells. For instance, 

while old neuronal stem cells are refractory to activation, MuSCs are spontaneously 

activated during aging, accounting for the loss of MuSCs observed in old mice and 

elderly individuals 15,57,58,107-109. The balance between cell quiescence and activation is 

a finely-tuned process that depends on transcriptional and epigenetic regulators, non-coding 

RNAs, translational modifications, metabolic switches, and local and systemic cues control 

the balance between cell quiescence and activation 19,110-112. Polycomb group proteins 

participate in this regulation by exerting multiple functions. Genetic deletion of the PRC2 

Phf19 subunit increases identity and quiescence of hematopoietic stem cells (HSCs) 113 

whereas ablation of PRC2 Ezh1 impairs self-renewal and induces HSCs senescence 114. 

Ezh1 repression also favors generation of iPSC-derived T cells 115. These findings indicate 

that both protein complex composition and cellular environment are critical determinants of 

PRC2 activity 116. Even within the same cell type (i.e., HSCs), Ezh1 can either repress 

or activate transcription of distinct sets of genes 86. These contrasting transcriptional 

properties may be reconciled by the observation that Ezh1 and Ezh2 each contain a locked 

and buried partially disordered acidic transcriptional activation domain (TAD) capable of 

activating gene expression. The SANT1-Binding Domain (SBD) of Ezh1 displays lower 

binding affinity to the SANT1 domain compared to that of Ezh2, making the Ezh1 TAD 

potentially more accessible for the binding to active transcriptional machineries 47,104. 

PRC2 Ezh2 inactivation in MuSCs impairs their proliferation and derepresses expression 

of non-myogenic lineage genes 27,28. Here, we observed neither proliferation defects nor 

lineage-specific gene derepression in Ezh1−/− MuSCs. Rather, we found that Ezh1−/− 

MuSCs were spontaneously activated and prematurely differentiated both in culture and in 

regenerating mice. H3K27me3, a PRC2 hallmark which is decreased in Ezh2−/− MuSCs 
27,28, was not modified in Ezh1−/− MuSCs. Ezh1 was expressed in quiescent MuSCs 

whereas Ezh2 is only detected in activated MuSCs 27,42. Altogether, their expression profile, 
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distinct epigenetic landmarks, and functional phenotypes indicate that Ezh1 and Ezh2 are 

not redundant and have different functions in MuSCs. Specifically, Ezh1 maintains MuSCs 

quiescence while Ezh2 is required for MuSC activation. We also observed that expression of 

several members of the Notch pathways was reduced in Ezh1−/− MuSCs. Notch signalling 

is required for MuSCs quiescence as abrogation of canonical Notch signaling results in 

spontaneous MuSCs activation and differentiation 70,71. Precocious MuSCs differentiation 

occurs upon germline or conditional deletion of Pax7 117,118, and either Pax7 deletion 

or Notch signaling abrogation leads to loss of MuSCs. Ectopic expression of the active 

intracellular domain of Notch1 rescues the loss of Pax7−/− MuSCs and restores their 

proliferation potential 105. Moreover, both Ezh1 and Notch are reduced in precociously 

differentiating aged MuSCs 56 119. In Ezh1−/− mice, we observed spontaneous MuSCs 

activation and early differentiation with consequent reduction of the number of Pax7+ cells 

and impaired regeneration. The percentage of ciliated Ezh1−/− MuSCs was also decreased. 

Cilium dismantling induces premature MuSCs activation, reduces MuSCs self-renewal, and 

increases Myogenin expression 94,95, effects that were also observed in Ezh1−/− MuSCs. A 

role for the primary cilium in Notch signaling has been reported in epidermal cells 120. In 

endothelial cells, Ezh1 promotes transcription of the Notch ligand Dll4 51 and in zebrafish 

Ezh1 enhances Notch signaling to activate arterial gene expression 121. We cannot formally 

exclude that Ezh1 may regulate MuSCs quiescence and indirectly affect the Notch pathway. 

However, the following observations support a direct role of Ezh1 in the regulation of the 

Notch pathway: i) Ezh1 was found at regulatory regions of Notch signaling members ; 

ii) transfection experiments revealed a coactivatory role of Ezh1 on NICD-mediated gene 

transcription; iii) exogenously supplied Ezh1 could restore expression driven by a Notch 

reporter in Ezh1−/− myoblasts. Furthermore, re-establishing Notch signaling by NICD 

ectopic expression in MuSCs resulted in a comparable increase of total and ciliated Pax7+ 

cells in both WT and Ezh1−/− mice. Notch signaling components are enriched in the primary 

cilia of suprabasal epidermal cells, and differentiation defects in ciliary mutants mice could 

also be rescued by NICD expression 120. Overall, this study reveals a critical role for 

Polycomb Ezh1 in maintaining MuSCs quiescence and is consistent with a non-canonical 

function to Polycomb proteins in the regulation of Notch signalling.

Limitations of the study

The Ezh1−/− mice used in this study are total body knock-out. Even though transplantation 

experiments and selective reconstitution of the Notch signaling indicate a cell autonomous 

role of Ezh1 in MuSCs, we cannot formally exclude the possibility that other cell lineages 

may contribute to the observed phenotypes. Further, the high specificity but low affinity 

of the antibodies used (and the low specificity of commercially available antibodies) have 

precluded an analysis of the genome-wide distribution of Ezh1.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Vittorio Sartorelli (Vittorio.Sartorelli@nih.gov).
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Materials Availability—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the Lead Contact. This study did not generate 

new unique reagents.

Data and Code Availability—Any additional information required to reanalyze the data 

reported in this work paper is available from the Lead Contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Ezh1-null mice (Ezh1−/−) (https://www.informatics.jax.org/allele/MGI:4941012) 

were generated at the Research Institute of Molecular Pathology (IMP, Vienna) by 

Dr. Donal O'Carroll (laboratory of Dr. Thomas Jenuwein) with the help of Dr. 

Maria Sibilia (laboratory of Erwin Wagner), were described in 44, and were obtained 

from Dr. Lothar Hennighausen (NIDDK, NIH). Ezh1−/− mice were backcrossed with 

C57BL/6J more than 6 generations before being bred back to homozygosity. C57BL/6J 

(JAX: 000664); tamoxifen inducible Pax7CreERT2 (JAX: 017763) 81; nuclear membrane 

binding ROSA26STOP-Sun-1-GFP (JAX: 021039) 82 and immunodeficient NRG (NOD-

Rag1null IL2rgnull) (JAX: 007799) mice were imported from the Jackson Laboratory. 

ROSA26STOP-NICD-GFP (JAX: 008159) mice were obtained from Dr. Keisuke (Chris) 

Nagao’s lab (NIAMS, NIH). Pax7CreERT2 and ROSA26STOP-Sun-1-GFP mice were 

intercrossed to generate Pax7CreERT2 ; ROSA26STOP-Sun-1-GFP mice. Pax7CreERT2 ; 

ROSA26STOP-Sun-1-GFP were further intercrossed with Ezh1−/− mice to generate 

Pax7CreERT2 ; ROSA26STOP-Sun-1-GFP; Ezh1−/−mice. For comparative studies, age and sex 

were matched in each setting. Genotyping was done by a TaqMan based genotyping 

approach provided by Transnetyx Inc (http://www.transnetyx.com). Mice were housed in 

a pathogen-free facility and all experiments were performed according to the National 

Institutes of Health (NIH) Animal Care and Use regulations. Housing conditions: 

temperature ~72F (~22°C, 40-60% humidity, 14/10 light/dark daily cycle.

METHOD DETAILS

MuSCs isolation by FACS—A single-cell suspension of MuSCs was prepared as 

previously described (Riparini et al, 2022). Briefly, hindlimb muscles of adult wild-type 

mice (3- to 6-month-old) were mechanically minced and enzymatically digested with 

collagenase II (1000U/ml) for 1 hr at 37 °C in Ham’s F10 containing 10% horse serum. 

The resulting muscle slurry was further digested with a mixture of collagenase II/dispase 

for an additional 30 min at 37 °C. The digested suspension was passed 10 times through 

a 20-gauge needle syringe and the single cell suspension was then filtered with a 40-μm 

cell strainer to eliminate debris. Cells were incubated with the following primary antibodies: 

APC anti-mouse CD31 (BioLegend 102510; 1:100), APC anti-mouse CD45 (BioLegend 

103112; 1:100), Pacific Blue anti-mouse Ly-6A/E (anti-Sca1, BioLegend 108120; 1:100), 

biotin anti-mouse CD106 (anti-VCAM1, BioLegend 105703; 1:50), PE-Cy7 Streptavidin 

(BioLegend 405206; 1:100), PE-α7-Integrin (clone:R2F2, The University of British 

Columbia 53-0010-01, 1:250). 7-AAD (ThermoFisher Scientific A1310, 1:1000) was used 

to identify living cells. MuSCs were identified as CD31−/CD45−/Scal−/VCAM-1+/α7-

Integrin+ events.
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MuSC transplantation—One day before transplantation, NRG mice were injured with 2 

μm notexin solution on the right hindlimb TA/EDL muscles. Approximately 3 X 104 FACS-

isolated MuSCs obtained from either Pax7CreERT2 ; R26-STOP-Sun-1-GFP or Pax7CreERT2 ; 

R26-STOP-Sun-1-GFP; Ezh1−/− mice were resuspended in 100ul of 1xPBS, and transplanted 

by intramuscular injection with a Hamilton syringe into pre-injured TA/EDL muscles of 

each NRG mouse. Transplanted mice were allowed to recover for 28 days under normal 

husbandry. On day 28 after the first injury, the transplanted mice were subjected to another 

round of muscle injury and allowed to recover for additional 28 days, after which they 

were euthanized. The injured/cell transplanted TA/EDL were collected for cryo embedding, 

sectioning and immunofluorescence assay.

MuSCs size measurements and time-lapse microscopy—Immediately after FACS 

isolation, 1-1.5 X 105 MuSCs were seeded onto a Ibidi μ-Slide 8-well plate and incubated 

for 15 min at 37°C. After 15 min, fresh medium was added and cells were immediately 

placed in the IncuCyte S3 Live-Cell Analysis System (Essen BioScience) for phase-contrast 

live image microscopy for 60hr. ImageJ 1.53a was used for the quantification of the 

area (μm2) of individual cells captured every 15 min of incubation in the IncuCyte. 

Non-aggregated single cells were selected for cell size quantification. Cell size was also 

determined by FACS forward scatter (FSC) intensity which is proportional to the diameter of 

the cell 122.

Movies were obtained from WT and Ezh1−/− MuSCs and the time-to-first division was 

manually calculated in individual cells. The “time to first division” was determined to be the 

time point prior to the division into 2 daughter cells.

Primary myoblasts isolation and culture—Primary myoblasts (PM) derived from 

3-4-month-old WT or Ezh1−/− mice were isolated following described methods 123,124. 

Briefly, hindlimbs muscle were dissociated into single cells by enzymatic digestion with 

collagenase II (1000 U/ml) in Ham’s F10 medium, supplemented with 10% horse serum and 

1% penicillin and streptomycin (wash medium) at 37°C for 60 min. Digested muscles were 

then subjected to further digestion with collagenase II (1000 U/ml) and dispase (11 U/ml) 

for 30 min. Cell suspension was then plated on 10 cm plate and incubated overnight at 37° 

C 5% CO2. The following day primary myoblasts were enriched by pre-plating. Suspended 

cells were pre-plated twice for 2hr in 10 cm plate, collected by centrifugation and plated 

in 10 cm collagen coated dish. When cells reached 70-80% confluency, they were removed 

from the plate, using PBS and enriched by pre-plating for 30 min in 10 cm collagen coated 

dish. Suspended cells were then seeded at a density 1 X 104 cells/cm2. Primary myoblasts 

were cultured in medium supplemented with 2.5 ng/ml bFGF.

Mice tamoxifen treatment and in vivo EdU chasing—A solution of 10 mg/mL 

tamoxifen was prepared in corn oil and stored at 4°C. 2 mg (~ 200 μL) tamoxifen 

was delivered intraperitoneally (IP) daily for 5 consecutive days for each mouse. For 

in vivo EdU chasing, after tamoxifen induction, Pax7CreERT2 ; R26-STOP-Sun-1-GFP and 

Pax7CreERT2 ; R26-STOP-Sun-1-GFP; Ezh−/− mice were subjected to EdU IP injection daily for 

14 consecutive days.
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Briefly, EdU was prepared at 20 mg/mL in saline solution and 6 mg EdU (~300 μL) 

was delivered IP daily to each mouse. Mice were sacrificed on day 15, TA/EDL muscles 

were collected and cryo-embedded in OCT in a methylbutane bath. Muscles were further 

sectioned and analyzed by immunofluorescence and confocal imaging.

Muscle injury—Mice were anesthetized in an Isoflurane Scavenging System with 

appropriate pain relief measure (IP injection; 100 μL Buprenorphine (0.3mg/mL) for each 

mouse). One limb was wiped with 70% alcohol pad to sanitize the skin. A small incision 

was introduced around the TA/EDL muscles and 50-100 μL notexin (2 μg/mL) were injected 

into the TA/EDL muscles with an insulin syringe. For a second injury, the mice were 

allowed to recover for twenty-eight (28) days between injuries. Wound clips were applied to 

suture the small skin opening that exposed the TA/EDL muscles and subsequently removed 

at day 3 or 5 post injury.

Muscle dissection, cryo-embedding, and sectioning—The TA/EDL muscles 

obtained from uninjured (resting) or injured mice were processed three, seven or twenty-

eight days after 1st or 2nd rounds of muscle injury. The TA/EDL muscles were dissected, 

snap-frozen in cold methylbutane with OCT cover. Cryo-embedded tissues were mounted on 

a Leica cryostat in transverse direction and sectioned at 10 μm thickness. Cryo-sections 

were collected by adhering to frosted slides (positive charged) and air dried for at 

least 10 min before being processed immediately or stored long term at −80°C. For 

consistency, transverse cross sections 1.8-2.0 mm away from the knee side were collected 

for comparative studies. The details are described in 125.

Single muscle fiber isolation, culture, and EdU chasing—Isolated EDL muscles 

were placed in a 2 mL prewarmed single fiber digestion medium (2.5 mg/mL Collagenase 

type I in DMEM high glucose GIBCO cat. #11995-065) at 33 °C and incubated for 1hr until 

fibers started to disassociate. The muscle was moved to a 6 cm petri dish containing wash 

medium (DMEM high glucose) and gently triturated under a dissecting microscope with a 

heat-polished glass Pasteur pipette treated with horse serum. Single fibers were gradually 

released and collected using a small bore sized Pasteur pipette to a new washing medium 

petri dish. Single fibers were either immediately fixed by 4% PFA or further cultured in 

culture medium (20% FBS, 1% CEE in DMEM) in a 5% CO2 tissue culture incubator. 

60-100 single fibers from 4 mice were quantified. Single fibers were collected 24hr after 

culture and fixed with 4% PFA. For EdU incorporation studies, single fibers were cultured 

for 24hr, incubated with EdU (10mM) at 1:1000 dilution for additional 4hr, collected, and 

fixed with 4% PFA. Fixed muscle fibers were washed with 1x PBS for 5 min three times and 

stored at 4 °C for subsequent immunofluorescence and Click-iT EdU assay. Single fibers for 

studying ciliated Pax7+ cells were cultured for 72hr (t72) and fixed with 4% PFA.

Immunofluorescence of muscle cryo-sections and single fibers—Muscle 

sections on the approximately same axial level were subjected to immunofluorescence with 

antibodies described in Supplemental Materials. A detailed immunofluorescence protocol 

for muscle sections is described in 125. Briefly, muscle sections were fixed with 2% PFA 

for 5 min at room temperature and rinsed with 1x PBST for three times. Samples were 
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incubated with primary antibodies in blocking buffer (1x PBST with 2% BSA and 5% 

NGS), incubated for 1 hour at room temperature or over night at 4°C and rinsed with 1x 

PBST for three times. Secondary antibodies diluted in blocking buffer were applied for 40 

min at room temperature and rinsed with 1x PBST for three times. The sections then were 

fixed with 4% PFA for 10 min, counterstained with DAPI for 10 min, and rinsed with 1x 

PBST for three times. For muscle single fibers, immunostaining was carried out either in a 

12- well tissue culture plate or a 2-well ibidi μ-slide chamber slide. The antibody dilutions 

and development conditions were the same as that of muscle sections, except that washing 

buffer was 1x PBST-H (1x PBST with 5% horse serum). The secondary antibodies were 

chosen according to the primary antibody epitopes and mismatch with different Alexa dyes 

in double or triple immunofluorescence.

TUNEL and EdU Click-iT assay—Apoptosis assays were performed on muscle sections 

immunostained with Pax7 antibody by utilizing Click-iT Plus TUNEL Assay Alexa Fluor 

594 (ThermoFisher cat#: C10618). Briefly, after Pax7 antibody immunofluorescence, 

samples were rinsed with 1x PBST for three time. 200 μL of TdT reaction mix was applied 

on the slide to cover all sections, incubated for 60 min at 37°C and rinsed with 1x PBST 

for three times. 200 μL Click-iT™ Plus TUNEL reaction cocktail was applied, incubated for 

30 min at 37°C. Samples were treated with 4% PFA for 10 min, counter stained with DAPI 

for another 10 min, and mounted for imaging. Detailed cocktail components are described 

in the kit user manual. EdU Click-iT assay (ThermoFisher Cat: C10338) was performed 

on muscle sections of mice injected with EdU for 14 consecutive days and single muscle 

fibers that were incubated with EdU. For muscle sections, after light fixation with 2% PFA, 

the sections were rinsed with 1x PBST for three time. ~200 μL Click-iT reaction cocktail 

was added on each slide to cover all sections, incubated for 30 min at room temperature. 

Slides were rinsed with 1x PBST for three times, post fixed with 4% PFA for 10 min, 

and counterstained with DAPI for 10 min. For single fibers, the EdU Click-iT assay was 

performed following immunostaining of muscle fibers with Pax7 and/or GFP antibodies. 

Briefly, after immunostaining single fibers were placed in a 2-well ibidi μ-slide chamber 

slide with 1x PBST-H which was then replaced with 500 μL Click-iT reaction cocktail. 

Samples were incubated for 30 min at room temperature and rinsed with 1x PBST-H 

for three times and processed. Detailed cocktail components are described in the kit user 

manual.

Fiber Size Analysis, Cell Counting, and Immunofluorescence Quantification—
Muscle cross sectional area (CSA) was automatically identified and calculated by Image Pro 

9.2 software (Media Cybernetics Inc.). Approximately 1,000-1,500 myofibers/mouse were 

quantified (n=3 mice). Pax7+, MyoD+, MyoG+, GFP+, ciliated Pax7+, EdU+ were counted 

manually using Photoshop count tools. Hes1 immunofluorescence intensity was measured 

using ImageJ Fuji.

Collagen Staining—Muscle cryo-sections were rehydrated with ddH20 for 5 min and 

fixed with 4% PFA for 30 min at room temperature. Slides were washed with ddH20 twice. 

Picro Sirius Red Solution (Abcam, Cat# ab150681) was applied to completely cover the 

tissue sections for 60 min at room temperature. Slides were quickly rinsed in 2 changes 
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of acetic acid solution and once in absolute alcohol. Slides were dehydrated in 2 changes 

of absolute alcohol, soaked in Xylene and mounted for bright-field microscopy (ECHO 

Revolve) for imaging.

Imaging—Immunofluorescence images were acquired either on Carl Zeiss LSM780 

confocal microscope or Leica DMR6000 wide field fluorescence microscope (for single 

fibers). For whole section image, the section was scanned by combined Z-stack and tiling 

functions with 5 focal planes on 8x10 tiling field under 20x magnification. The image was 

further projected and stitched into one focal plane, exported as a .tif file for analysis. For 

Pax7+cell counting, the sections were scanned with Z-stack and 4x4 or 3x3 tiling on the 

middle of TA muscle under 20x magnification, the image was further projected and stitched 

into one focal plane and exported. For ciliated Pax7+ cell assays, muscle sections were 

imaged under 100x magnification.

Transmission Electron Microscopy—Mouse hind leg muscles were dissected, rinsed 

with PBS and immersed in fixative (2.5% glutaraldehyde/2% formaldehyde/2 mM CaCl2 in 

0.1 M cacodylate buffer, pH 7.4) and fixed for 1.5 hour. Small blocks (< 1 mm3) were cut 

out, post fixed by 2% OsO4 in 0.1 M cacodylate buffer for pH 7.4 for 2hr and end bloc 
stained in 2% aqueous uranyl acetate overnight. Upon dehydration with series of ethanol 

concentrations and embedding in EMBed-812 (EM Science, Horsham, PA), the blocs were 

flat embedded and resin polymerized for 60hr at 60°C. Ultrathin (80 nm) sections were cut 

parallel to the muscle fibers using Leica EM UC7 microtome. Sections were mounted on 

formvar – carbon coated grids. Samples were viewed and images recorded on Thermo Fisher 

Scientific FEI Tecnai 20 transmission electron microscope operated at 120 kV and equipped 

with AMT XR 81 wide angle camera.

Smoothened agonist (SAG) treatment—Primary myoblasts derived from the 

hindlimbs of 2 to 4 -month-old C56BL/6J wild-type and Ezh1−/− mice were cultured for 

two passages in HAM's F10 supplemented with 2.5 ng/μL of bFGF, 10% horse serum, 

and penicillin and streptomycin (growth medium). Cells were plated at a density of 1000 

cells/cm2 in growth medium with either DMSO or 1uM SAG1.3. After 24hr cells were 

collected for downstream analysis.

Immunoblotting—MuSCs were lysed and their extracts resolved by SDS-PAGE, 

transferred into nitrocellulose membrane and immunoblotted with Ezh1 (Proteintech, 

20852-1-AP) and GAPDH (Cell Signaling, #5174) antibodies. C2C12 cells were co-

transfected with a Notch reporter construct (multimerized CBF1-luc) and plasmids 

expressing NICD1 and Myc-Ezh1. After 48 h, cells were collected in lysis buffer (20mM 

Tris-HCl [pH8.0], 10% glycerol, 150mM NaCl, 5mM MgCl2, 0.1% NP-40, protease 

inhibitors, phosphatase inhibitors). Total protein samples were separated on a NuPAGE 

4-12% Bis-Tris Gel and transferred to a nitrocellulose membrane for immunoblotting 

with Myc (Millipore 05-419), NICD1 (NICD1, Abcam ab 52627), or Tubulin (DSHB 

#E7) antibodies. Cell extracts of primary myoblasts were processed and immunoblotted as 

descrived above for C2C12 cell extracts.
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Immunoprecipitation—C2C12 cells were differentiated for 48hr, and harvested with lysis 

buffer (20 mM Tris–HCl (pH 8.0), 10% glycerol, 150 mM NaCl, 5 mM MgCl2, 0.1% 

NP-40, protease and phosphatase inhibitors). 1 mg of whole cell lysate was incubated with 

mouse IgG (Cell Signaling #5415), anti-Ezh1 antibody (Cell Signaling #42088) or anti-p300 

antibody (Active Motif #61401) and protein G-agarose (for IgG or p300 antibody) or 

protein-A agarose (for Ezh1 antibody) beads. Bound immunocomplexes were captured and 

eluted by heating in LDS sample buffer (Invitrogen), resolved on NuPAGE 4-12% Bis-Tris 

gel (Invitrogen), transferred to nitrocellulose membrane and subjected to immunoblotting 

with either anti-Ezh1 or anti-p300 antibody (1:1,000 dilution).

RT-qPCR—~1 X 105 primary myoblasts from WT or Ezh1−/− mice were collected in 1 

mL TRIzol™ reagent (Thermo Fisher Inc.) and RNA reverse transcribed (RT) with High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Inc.). Real time quantitative 

PCR was performed with SYBR green PCR master mix (ThermoFisher Inc.). Relative 

quantification (fold change) for each gene transcript was calculated by ddCT method, using 

GAPDH as an internal control. The sequences of primers are provided in Supplemental 

Table S2 and STAR methods.

Plasmids, cell line, transient transfection and dual-luciferase assays—
Lipofectamine 3000 (ThermoFisher) was used to transiently transfect a Notch luciferase 

reporter plasmid (multimerized CBF1-luc) 126, mammalian expression vectors pCAGGS-

NICD (Addgene#26891) and pHAN-Myc-Ezh1 47 into C2C12 cells obtained from ATCC 

(CRL-1772). C2C12 cells were cultured in DMEM supplemented with 20% FBS and 

induced to differentiate with DMEM supplemented with 2% horse serum, 1X insulin-

transferrin-selenium. Primary myoblasts derived from either WT or Ezh1−/− mice were 

transfected with multimerized CBF1-luc reporter plasmid and/or pHAN-Myc-full length 

Ezh1 or pHAN-Myc-mutant Ezh1ΔSET expression vectors 47. pcDNA3 plasmid was used to 

normalize the total amount of plasmids in each transfection, and a Renilla luciferase reporter 

was used to calibrate transfection efficiency. Luciferase reporter assay was done using the 

Dual-luciferase reporter assay system (Promega). Firefly luciferase values were normalized 

by cotransfected Renilla luciferase values.

RNA-seq—For transcriptome analysis Illumina RNA libraries were prepared with 

NEBNext Ultra II RNA library preparation kit for Illumina (NEB #E7490) according to 

manufacturer’s instructions. Briefly, 100 ng of total RNA were enriched for poly (A)+ 

mRNA and retrotranscribed. cDNAs were then fragmented and adapters added to each end 

of the fragments. The obtained libraries were amplified, and size selected prior to NGS 

analysis. All libraries were diluted to 3nM and sequenced on an Illumina NovaSeq6000 or 

Illumina NextSeq550 using the following read length: 50bp for Read1, 8 bp for I7 Index, 

and 50 bp for Read2.

RNA-seq analysis—Raw sequencing data were demultiplexed and converted to with 

FastQ with bcl2fastq/2.17.1. After removing adapters using trimgalore/0.4.5 (https://

github.com/FelixKrueger/TrimGalore), the reads were mapped to mm10 using TopHat 2.1.1 
127. Partek Genomics Suite 7.18 (PGS) was used to calculate Reads Per Kilobase per Million 
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mapped reads (RPKM), perform analysis of variance (ANOVA) comparison, perform 

principal component analysis(PCA) and hierarchical analyisis. Downstream analyses were 

performed with customized R program (http://www.R-project.org/). Transcriptomes of 

activated (T3-T0; T5-T0; 5-T3) MuSCs are reported in 60.

scRNA-seq—Single-cell RNA-seq libraries were prepared using the Chromium Single 

Cell 3’ Library & Gel Bead Kit v3.1 (P/N 1000121, 10x Genomics). GEM-RT was 

performed in a C1000 Touch Thermal cycler with 96-Deep Well Reaction Module (Bio-Rad; 

P/N 1851197): 53°C for 45 min, 85°C for 5 min; held at 4°C. Following retrotranscription, 

GEMs were broken, and the single-strand cDNA was purified with DynaBeads MyOne 

Silane Beads. cDNA was amplified using the C1000 Touch Thermal cycler with 96-Deep 

Well Reaction Module: 98°C for 3 min; cycled 12 times: 98°C for 15 s, 63°C for 20 s, and 

72°C for 1 min; 72°C for 1 min; held at 4°C. Amplified cDNA product was purified with the 

SPRIselect Reagent Kit (0.6× SPRI). Indexed sequencing libraries were constructed using 

the reagents in the Chromium Single Cell 3’ Library & Gel Bead Kit v2, The final libraries 

were diluted to 3 nM and sequenced on an Illumina NovaSeq6000 or Illumina NextSeq550 

using the following read length: 28bp for Read1, 8 bp for I7 Index, and 91 bp for Read2.

scRNA-seq analysis—Sequences from the Chromium platform were de-

multiplexed and aligned using CellRanger ver. 3.0.2 from 10x Genomics with 

default parameters (https://support.10xgenomics.com/single-cell-gene-expression/software/

pipelines/latest/what-is-cell-ranger). For clustering, filtering, variable gene selection, 

dimensionality reduction are performed using the Seurat ver.4.1.0 128,129. The detailed 

After cells with fewer than 200 detected genes were excluded, cells with lower 

percentage of UMIs mapped to mitochondrial genes were collected. The UMI counts 

per million were log-normalized for each cell using the natural logarithm. Variable 

genes were selected using the thresholds after calculating the binned values from log 

average expression and dispersion for each gene. The expression level of highly variable 

genes was scaled along each gene, and cell-cell variation in gene expression was 

regressed out by the number of detected molecules, and mitochondrial gene expression. 

The scaled data were projected onto a low-dimensional subspace of PCA (principle 

component analysis) using dimensional reduction. The number of PCA were decided 

through the assessment of statistical plots. To correct for batch effects, datasets were 

integrated with cellranger aggr pipeline (https://support.10xgenomics.com/single-cell-gene-

expression/software/pipelines/latest/using/aggregate). Cells were clustered using a graph-

based clustering approach optimized by the Louvain algorithm with resolution parameters 

and visualized using two-dimensional UMAP (Uniform Manifold Approximation and 

Projection). Clusters identification was established by partitioning cells into distinct groups, 

based on DEGs, and subsequent annotation of each group to a a given cell type based on 

the distribution of specific gene markers. In addition, using the top-n markers based on 

log-fold changing values, we generated an expression heatmap for given cells and genes in 

the clusters.

Single-cell pseudotime analysis—Pseudotime analysis of scRNA (single cell RNA) 

was performed using Monocle v.3.1.0 130-132. First, datasets containing information of cell 
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differentiation were created using cell ids selected through Seurat package. Dimensional 

reduction was perfromed using UMAP method to visualize the dataset, cells were ordered 

by global gene expression levels and visualized by pseudotime. To illustrate trends of 

gene expression across pseudo time, heatmaps were generated to represent gene smooth 

expression curves.

ChIP-qPCR—Freshly FACS-isolated MuSCs (~ 5 X 106) were immediately crosslinked 

in 1% formaldehyde. Cells were then lysed in Farnham buffer (5 mM PIPES pH8.0, 

85 mM KCl, 0.5% NP-40) and subsequently in RIPA buffer (1X PBS, 1% NP-40, 

0.5% sodium deoxycholate, 0.1% SDS). Chromatin was sheared using ME220 AFA 

Focused Ultrasonicator (Covaris). Immunoprecipitation was done by incubating fragmented, 

cross-linked chromatin with coupled magnetic bead (Dynabeads Protein A, ThermoFisher)-

antibody complex. Chromatin derived from ~ 2.5 X 106 MuSCs was immunoprecipiated 

with either control IgG (rabbit IgG, ab172730) or Ezh1 antibody (Ezh1-738) 47. After 

overnight incubation, beads were washed successively in low salt buffer (20 mM Tris-HCl 

pH8.0, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), high salt buffer (20 mM 

Tris-HCl pH8.0, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), LiCl IP wash 

buffer (100 mM Tris-HCl pH7.5, 500 mM LiCl, 1% NP-40, 1% sodium deoxycholated) and 

1X TE (10 mM Tris-HCl pH7.5, 0.1 mM EDTA). All washes were performed at 4°C for 

5 mins. The eluted and purified ChIP DNA was subjected to real-time polymerase chain 

reaction using PowerUp SYBR Green Master Mix (ThermoFisher).

ChIP-seq—2.5-3.5 X 105 MuSCS were FACS-sorted and immediately crosslinked in 1% 

formaldehyde. Crosslinked cells were washed in 1X PBS, lysed in 250uL of RIPA buffer (1× 

PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) and centrifuged at 2,000 rpm for 

5 min. The chromatin fraction was shared by sonication with Covaris ME220. The resulting 

sheared chromatin was immunoprecipitated overnight. Immunoprecipitated DNA was then 

washed with the following buffers: Buffer I (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 2 

mM EDTA, 0.1% SDS, 1% Triton X-100), Buffer II (20 mM Tris-HCl [pH 8.0], 500 mM 

NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), Buffer III (10 mM Tris-HCl [pH 8.0] 

250 mM LiCl, 1% NP-40; 1% sodium deoxycholate, 1 mM EDTA), and Tris-EDTA (pH 

8.0). All washes were performed at 4°C for 3-5 min. Finally, crosslinking was reversed in 

elution buffer (100 mM NaHCO3, 1% SDS) at 65°C overnight. Immuno-precipitated DNA 

fragments were converted in ChIP-seq libraries with the NEBNext Ultra II DNA library prep 

kit for Illumina (New England Biolabs, (#E7645) following the manufacturer’s protocol. 

Libraries were generated from MuSCs pooled from two (2) mice for each genotype per 

each replicate. Two males and two females mice of 12-16 weeks of age per each genotype 

were employed for each replicate (n=2). Final libraries were sequenced on NovaSeq6000 or 

NextSeq550 Illumina instrument using the following read length: 50bp for Read1, 8 bp for 

I7 Index, and 50 bp for Read2.

ChIP-seq analysis—ChIP-seq data were generated using Illumina NovaSeq6000 

and NextSeq550 platforms. FastQ files were generated with ConfigureBclToFastq.pl 

(CASAVA-1.8.2). Adapter sequences were removed using cutadapt (https://

cutadapt.readthedocs.io/en/stable/) and trimmed sequences aligned to the mm10 reference 
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genome using Bowtie/1.1.1 133, allowing two mismatches. Uniquely mapped and non-

redundant reads were used for peak calling with MACS 1.4.2 134 with –p 1e-5 -B -S 

–nomodel or with SICER1.1 with W 200 G 600 FDR 0.05. Bigwig files were generated 

with BedGraphToBigWig 135 and Bedtools/2.19.1 136. Peak intensities were normalized as 

tags per 10 million reads (RP10M) in the original library. For genes identification, peaks 

were assigned to the closest TSS with HOMER/4.10.1. Intergenic H3K27me3 peaks were 

identified after excluding TSS and gene body peaks.

ATAC-seq—1.5-2.5 X 105 MuSCs were sorted in FACS medium and pelleted at 500g 

for 5 min in a 1.5mL Eppendorf tube. To tag and fragment accessible chromatin, cells 

were resuspended in 45uL of Transposition Reaction buffer: 25uL of 2X TD buffer 

(Illumina, Cat# FC-121-1030), 2.5 uL of TD enzyme (Illumina, Cat# FC-121-1030), 0.5uL 

of 1% Digitonin (Promega, Cat# G9441), 17uL of ddH2O. The transposition reaction was 

incubated at 37°C for 30 min with shaking at 300 rpm. Transposed DNA was immediately 

purified using Qiagen MinElute kit (Quiagen, Cat# 28106). DNA fragments were then 

barcoded and amplified by PCR (10–15 cycles based on the amplification curve). Final 

libraries were sequenced on NextSeq550 or NovaSeq6000 Illumina instrument using the 

following read length: 50bp for Read1, 8 bp for I7 Index, and 50 bp for Read2. ATAC-seq 

datasets for activated MuSCs are reported in 85.

ATAC-seq analysis—ATAC-seq data were generated using Illumina Hiseq2500 system. 

FastQ files were generated with ConfigureBclToFastq.pl (CASAVA-1.8.2). FastQ files 

were generated with bcl2fastq/2.17.1. Adapter sequences were removed using cutadapt/3.4 

(https://cutadapt.readthedocs.io/en/stable). ATAC-seq reads from two biological replicates 

for each sample were mapped to mm10 genome using with Bowtie/1.1. 133. Redundant reads 

were removed using FastUniq 137, and customized Python scripts were used to calculate 

the fragment length of each pair of uniquely mapped pair-end reads. The regions of open 

chromatin were identified by MACS 1.4.2 134 with a p-value cutoff of 1.0E-05. Only regions 

called in both replicates were used in downstream analysis. Peak intensities were normalized 

as tags per 10 million reads(RP10M) in the original library. Peaks were assigned to the 

closest TSS with HOMER.

QUANTIFICATION AND STATISTICAL ANALYSIS

Values are presented as the mean ± standard deviation (represented as error bars) of three 

or more biological replicates. The sample size for separate experiment is stated in the 

corresponding figure legend. Statistical significance was tested using the unpaired two-sided 

Student’s t test. Results for which the test returned p-value of 0.05 or less were considered 

significant. Specific statistical parameters employed to analyze sequencing data are indicated 

in “Methods Details” section.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Ezh1 is required to maintain quiescence of muscle stem cells (MuSCs)

• Ezh1-null mice display muscle regenerative defects

• Ezh1 regulates the Notch pathway

• Genetic reconstitution of Notch pathway corrects premature activation of 

Ezh1−/− MuSCs

Feng et al. Page 30

Dev Cell. Author manuscript; available in PMC 2024 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Transcriptomes of wild-type and Ezh1−/− FACS-isolated MuSCs
(A) List of up-regulated and (B) downregulated GO terms in Ezh1−/− MuSCs. (C) Heatmap 

of transcripts differentially expressed (left panel) and RNA-seq tracks of the indicated 

transcripts in WT and Ezh1−/− MuSCs (right panel). (D) scRNA-seq UMAP plot of WT 

and Ezh1−/− clusters (top panel) and heatmap-based pseudotime ordering (bottom panel). 

(E) scRNA-seq heatmap of differentially expressed genes in WT and Ezh1−/− MuSCs. (F) 

Feature plots of the indicated transcripts in UMAP clusters represented in (D). See also 

Figure S1 and Table S1
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Figure 2. Ezh1−/− MuSCs are constitutively activated
(A) Images of WT and Ezh1−/− MuSCs obtained from littermate mice immediately after 

FACS isolation (top panel) and cell size quantification determined by FACS forward scatter 

intensity (bottom panel). (B) UMI counts (left panel) and RNA content quantification 

(right panel) of WT and Ezh1−/− MuSCs. (C) WT and Ezh1−/− MuSCs undergoing 

first cell division determined by time lapse microscopy. (D) Pax7 immunofluorescent 

staining and Edu incorporation of myofiber-associated WT and Ezh1−/− MuSCs cultured 

for 28 hr after dissociation. DAPI identifies cell nuclei. Quantification of Pax7+/EdU+ 

and Pax7+/EdU− MuSCs. Data are represented as mean ± SD (60 single myofibers from 

4 mice), *p-value <0.05. (E) Pax7 and MyoD immunofluorescence staining of myofiber-

associated MuSCs cultured for 24 hr after dissociation. Quantification of Pax7+/MyoD+ and 

Pax7+/MyoD− MuSCs. Data are represented as mean ± SD (60 single myofibers from 4 

mice), *p-value <0.05. (F) scRNA-seq UMAP for Myogenin in WT and Ezh1−/− primary 

myoblasts. 18% of WT primary myoblasts express Myogenin compared to 41.9% of Ezh1−/− 

primary myoblasts. (G). Muscle sections of Pax7CreERT2; ROSA26STOP-Sun1-GFP(WT) or 
Pax7CreERT2; ROSA26STOP-Sun1-GFP; Ezh1−/− (Ezh1−/−) mice intraperitoneally injected with 

tamoxifen and EdU (see Experimental Procedures). Quantification of nGFP+-Edu+ MuSCs/

total nGFP+ cells in WT and Ezh1−/− mice. Data are represented as mean ± SD (n=3 mice), 

*p-value <0.05. See also Figure S2 and Table S2
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Figure 3. Ezh1 compacts MuSC chromatin
(A) ATAC-seq heatmaps of WT or Ezh1−/− MuSCs obtained from littermate mice. Signal 

(log2) is centered −2Kb/+2Kb from the transcriptional start site (TSS). (B) Averaged ATAC-

seq signal densities (read counts per million mapped reads, RPKM) in WT or Ezh1−/− 

MuSCs. (C) Representative transmission electron microscopy (TEM) images of muscle 

sections documenting reduced condensed heterochromatin in quiescent Ezh1−/− MuSCs (left 

panel). Scale bar represents 1 μm. Quantification of heterochromatin percentage in WT or 

Ezh1−/− MuSCs (right panel). Data are represented as mean ± SD (n=3), **p-value <0.01. 

(D) Integrated correlation plot of RNA-seq (y-axis) and promoter accessibility evaluated 

by ATAC-seq (x-axis) of Ezh1−/− /WT MuSCs values. Red dots correspond to genes with 

increased promoter chromatin accessibility and up-regulated transcripts in Ezh1−/− MuSCs. 

Blue dots correspond to genes with increased promoter chromatin accessibility and down-

regulated transcripts in Ezh1−/− MuSCs. Expression is at least 1.3 fold-induction/reduction 

for up-regulated and down-regulated transcripts in Ezh1−/− MuSCs, respectively, with *p-

value <0.05. Both up- and down-regulated genes display increased chromatin accessibility 

(1.5-fold, *p-value <0.05) in Ezh1−/− compared to WT MuSCs. See also Figure S3 and 

Table S3
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Figure 4. Muscle regeneration is impaired in the absence of Ezh1
(A) Scheme indicating muscle injury regimen. NTX, notexin. 28 days-1st are samples 

collected 28 days after first injury; 3 days- and 28 days-2nd are samples collected after 3 

days or 28 days after second injury. (B) scRNA-seq UMAP of WT and Ezh1−/− MuSCs 

FACS- isolated 3 days post-2nd injury, PM (in grey) identifies cells with proliferating 

myoblast transcriptomes and DM (in red) cells with differentiating myocyte transcriptomes 

in the reference set 55. (C) Pax7 and laminin immunostaining of muscle sections obtained 

3 days-2nd injury of littermate WT or Ezh1−/− mice. DAPI indentifies cell nuclei. 

Quantification of Pax7+ cells in WT and Ezh1−/− muscle sections. Four (4) muscle sections 

from the same mouse were analyzed. Data are represented as mean ± SD (n=3 mice), 

*p-value <0.05. (D) MyoD and laminin immunostaining of muscle sections obtained 3 

days-2nd injury of WT or Ezh1−/− mice. DAPI indentifies cell nuclei. Quantification of 

MyoD+ cells in WT and Ezh1−/− muscle sections. Four (4) muscle sections from the same 

mouse were analyzed. Data are represented as mean ± SD (n=3 mice), **p-value <0.01. 

(E) Myogenin and laminin immunostaining of muscle sections obtained 3 days-2nd injury 

of WT or Ezh1−/− mice. DAPI indentifies cell nuclei. Quantification of Myogenin+ cells 

in WT and Ezh1−/− muscle sections. Four (4) muscle sections from the same mouse were 

analyzed. Data are represented as mean ± SD (n=3 mice), **p-value <0.01. (F) Pax7 

and laminin immunostaining of muscle sections obtained 28 days-2nd injury of WT or 
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Ezh1−/− mice. DAPI indentifies cell nuclei. Four (4) muscle sections from the same mouse 

were analyzed. Data are represented as mean ± SD (n=3 mice), **p-value <0.01. (G) 

Laminin staining of muscle sections obtained 28 days-2nd injury of WT or Ezh1−/− mice. 

Approximately 1,000-1,500 myofibers/mouse were quantified. Data are represented as mean 

± SD (n=3 mice), *p-value <0.05. Muscle fiber cross sectional area (CSA) quantification 

and percentage of size gropus of WT or Ezh1−/− mice, *p-value <0.05. See also Figure S4, 

S5
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Figure 5. Ezh1−/− MuSCs fail to efficiently return to their niche
(A) Scheme of Pax7CreERT2; ROSA26STOP-Sun1-GFP or Pax7CreERT2; 
ROSA26STOP-Sun1-GFP; Ezh1−/− mice tamoxifen treatment and representative FACS plot 

of nGFP+ cells isolation. (B) Scheme illustrating the transplantation protocol. (C) Nuclear 

GFP (nGFP) and Pax7 immunostating of muscle sections from immunodeficient NRG mice 

transplanted with either WT-nGFP or Ezh1−/−-nGFP MuSCs (upper panel). Quantification of 

transplanted nGFP+ cells, percentages of Pax7−/nGFP+, and Pax7+/nGFP+ cells from WT or 

Ezh1−/− in immunodeficient NRG muscle sections. Data are represented as mean ± SD (n=3 

mice), ns (non significant); **p-value <0.01.
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Figure 6. Ezh1 targets the Notch and cilium pathways
(A) MyoD and Hes1 immunostaining of muscle sections obtained 3 days-2nd injury of 

littermate WT or Ezh1−/− mice. DAPI indentifies cell nuclei (left panel).Quantification 

of Hes1 fluorescence signal in WT and Ezh1−/− muscle sections (right panel). Each 

dot represents fluorescent intensity of a single cell. Data are represented as mean SD 

(n=3 mice), ***p-value <0.001. (B) Relative luciferase activity of primary myoblasts 

isolated from either WT or Ezh1−/− mice and transfected with a Notch reporter construct 

(multimerized CBF1-luc). Ezh1−/− myoblasts were transfected with Myc-tagged full length 

Ezh1 or catalytic-inactive Myc-tagged Ezh1ΔSET expression vector. Data are represented 

as mean ± SD (n=3),** p-value <0.01; *** <0.001, ns (non significant) (left panel). 

Immunoblot of cell extracts derived from Ezh1−/− myoblasts transfected with either Myc-

tagged full length Ezh1 or catalytic-inactive Myc-tagged Ezh1ΔSET expression vector probed 

with anti-Myc and anti-tubulin antibodies (right panel). (C) ChIP-qPCR assay with IgG 

or Ezh1 antibodies at Hes1, Hey1, and Notch3 regulatory regions performed on MuSC 
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chromatin. Location of the DNA primers employed is indicated in reference to the gene 

transcriptional start site (arrow). Data are represented as mean ± SD (n=3), ***p-value 

<0.001, *<0.05. (D) ChIP-qPCR assay with IgG or Ezh1 antibodies at Arl13b and ITF88 

regulatory regions performed on on MuSC chromatin. Location of the DNA primers 

employed is indicated in reference to the gene transcriptional start site (arrow). Data 

are represented as mean ± SD (n=3), *p-value <0.05. (E) Immunostaining of TA muscle 

sections with Pax7, Arl13b and acetylated α-Tubulin antibodies. DAPI identifies cell nuclei. 

(F) Immunostaining of TA muscle sections obtained from either WT or Ezh1−/− mice in 

homeostatic (resting) conditions or 7 days afer NTX injury with Pax7, Arl13b antibodies. 

Quantification of ciliated (Pax7+/Arl13+) MuSCs. Data are represented as mean ± SD 

(n=3 mice), **p-value <0.01. (G) Immunostaining of myofibers isolated from either WT 

or Ezh1−/− mice immediately fixed (t0) or cultured for 72 hr (t72) with Pax7 and Arl13b 

antibodies. Quantification of ciliated (Pax7+/Arl13+) MuSCs. Data are represented as mean 

± SD (n=3), ** p-value <0.01, * <0.05. (H) Relative expression of Gli1, Gli2, and Ptch1 

evaluated by quantitative PCR in WT or Ezh1−/− MuSCs treated with DMSO or SAG1.3. 

Data are represented as mean ± SD (n=3), **p-value <0.01, * <0.05.
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Figure 7. NICD rescues loss of MuSCs and re-establishes MuSCs ciliation in Ezh1−/− mice
Relative luciferase activity of C2C12 cells transfected with a Notch reporter construct 

(multimerized CBF1-luc), a NICD1 expression vector without or with a Myc-tagged 

Ezh1 (+ 100 ng, ++ 200 ng) expression vector. Data are represented as mean 

± SD (n=6), ***p-value <0.001. (B) Immunoblot of transfected C2C12 cells with 

NICD1, Myc, and Tubulin antibodies. (C) C2C12 cell extracts were immunoprecipitated 

with IgG, Ezh1, or p300 antibodies and immunoblotted with either Ezh1 or p300 

antibodies. (D) Scheme illustrating generation of Pax7CreERT2; ROSA26STOP-NICD-GFP 

and Pax7CreERT2; ROSA26STOP-NICD-GFP; Ezh1−/− mice and muscle injury scheme. (E) 

Laminin and Pax7 immunostaining of TA muscle sections from Pax7CreERT2; ROSA26 
STOP-NICD-GFP or Pax7CreERT2; ROSA26STOP-NICD-GFP; Ezh1−/− mice 28 days-2nd injury. 

Data are represented as mean ± SD (n=3 mice), ns (non significant). (F) Pax7 and 

Arl13b immunostaining of TA muscle sections from Pax7CreERT2; ROSA26STOP-NICD-GFP 

or Pax7CreERT2; ROSA26STOP-NICD-GFP; Ezh1−/− mice 28 days-2nd injury. Data are 

represented as mean SD (n=3), ns (non significant). (G) Pax7 and Hes1 immunostaining 

of TA muscle sections from Pax7CreERT2; ROSA26 STOP-NICD-GFP or Pax7CreERT2; 
ROSA26STOP-NICD-GFP; Ezh1−/− mice 28 days-2nd injury. Hes1 fluorescence intensity 

data are represented as mean ± SD (n=3 mice), ns (non significant). (H) Pax7, GDP, 

and EdU immunostaining of myofibers from Pax7CreERT2; ROSA26STOP-NICD-GFP or 
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Pax7CreERT2; ROSA26STOP-NICD-GFP; Ezh1−/− mice. Data are represented as mean ± SD 

(60 single myofibers from 4 mice). Ns (non significant). (I) Pax7, GFP, and MyoD 

immunostaining of myofibers from Pax7CreERT2; ROSA26STOP-NICD-GFP or Pax7CreERT2; 
ROSA26STOP-NICD-GFP; Ezh1−/− mice. Data are represented as mean ± SD (100 single 

myofibers from 4 mice), ns (non significant).
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KEY RESOURCES TABLE

REAGENT or
RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-mouse CD45 BioLegend Cat# 103112

Pacific Blue™ anti-mouse Ly-6A/E (Sca 1) Antibody BioLegend Cat# 108120

PE/Cyanine7 Streptavidin BioLegend Cat# 405206

Biotin anti-mouse CD106 antibody BioLegend Cat# 105703

Tri-Methyl-Histone H3 (Lys27) (C36B11) rabbit mAb Cell Signaling Cat# 9733

Ezh1 rabbit polyclonal (738) Mousavi et al.47 n/a

Ezh1 (D7D5D) rabbit mAb Cell Signaling Cat# 42088S (Lot1)

Ezh1 rabbit polyclonal Proteintech Cat# 20852-1-AP

p300 mAb (Clone NM11) Active Motif Cat# 61401 (Lot# 31420004)

Rb mAb to Notch1 [EP1238Y] Abcam Cat# ab52627 (Lot: 
GR3236292-25)

Anti-Myc tag, clone9E10 EMD Millipore Corp. Cat# 05-419 (Lot#3836418)

E7 anti-beta tubulin Developmental Studies Hybridoma 
Bank

Cat# E7

Rabbit (DA1E) mAb IgG XP(R) Isotype Control Cell Signaling Cat# 3900S (Lot 48)

Mouse (G3A1) IgG1 Isotype Control Cell Signaling Cat# 5415S (Lot 13)

Pax7 mouse monoclonal IgG1 Developmental Biology of Hybridoma 
Bank

Cat# Pax7 supernatant

Pax7 rabbit polyclonal Thermo Fisher Scientific PA1-117

MyoD mouse monoclonal IgG1 Santa Cruz Biotechnology Cat# sc-32758

MyoD rabbit polyclonal Proteintech Cat# 18943-1-AP

MyoG mouse monoclonal IgG1 Santa Cruz Biotechnology Cat# sc-12732

MyoG rabbit monoclonal Abcam Cat# ab124800

Laminin rabbit polyclonal Millipore Sigma Cat# L9393

Cdkn2a (p16) rabbit polyclonal Abcam Cat# ab211542

F4/80 rabbit polyclonal Thermo Fisher Scientific Cat# 28463-1-AP

Pdgfra goat polyclonal R&D Systems Cat# AF1062

Ezh1 Proteintech Cat# 20852-1-AP

Hes1 rabbit monoclonal Thermo Fisher Scientific Cat# MA5-35063

Arl13b rabbit polyclonal Proteintech Cat# 17711-1-AP

a-tubulin mouse monoclonal IgG2b Millipore Sigma Cat# T6793

GFP rabbit IgG fraction Thermo Fisher Scientific Cat# A111222

Goat anti-Mouse IgG1 cross-absorbed secondary antibody, 
Alexa Fluor 488

Thermo Fisher Scientific Cat# A-21121

Goat anti-Mouse IgG1 cross-absorbed secondary antibody, 
Alexa Fluor 555

Thermo Fisher Scientific Cat# A-21127

Goat anti-Mouse IgG1 cross-absorbed secondary antibody, 
Alexa Fluor 647

Thermo Fisher Scientific Cat# A-21240
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REAGENT or
RESOURCE SOURCE IDENTIFIER

Goat anti-Mouse IgG2b cross-absorbed secondary antibody, 
Alexa Fluor 555

Thermo Fisher Scientific Cat# A-21147

Goat anti-Mouse IgG2b cross-absorbed secondary antibody, 
Alexa Fluor 647

Thermo Fisher Scientific Cat# A-21242

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor Plus 488

Thermo Fisher Scientific Cat# A32731

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor Plus 555

Thermo Fisher Scientific Cat# A32732

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor Plus 647

Thermo Fisher Scientific Cat# A32733

Bacterial and Virus Strains

DH5α competent cells Thermo Fisher Scientific Cat# 18265017

Chemicals, Peptides, and Recombinant Proteins

Protein A-Agarose Roche Cat# 11134515001

Protein G-Agarose Roche Cat# 11719416001

Dynabeads Protein G Thermo Fisher Scientific Cat# 10002D

Fibroblast Growth Factor, Basic, Human, Recombinant (rhFGF, 
Basic)

Promega Cat# G5071

Dispase, powder Thermo Fisher Scientific Cat# 17105041

Collagenase, Type II, powder Thermo Fisher Scientific Cat# 17101015

Ham's F-10 Nutrient Mix Thermo Fisher Scientific Cat# 11550043

Tamoxifen Millipore Sigma-Aldrich Cat# T5648

Notexin Accurate Chemical&Scientific Cat# TXL8104-100

Collagenase, Type I, powder Millipore Sigma-Aldrich Cat# SCR103

DMEM High Glucose Thermo Fisher Scientific Cat# 11995

Critical Commercial Assays

Picro Sirius Red Stain Kit (Connective Tissue Stain) Abcam Cat# ab150681

TRIzol Reagent Thermo Fisher Scientific Cat# 15596018

D1000 Screen Tape Agilent Cat# 5067-5582

D1000 Reagents Agilent Cat# 5067-5583

Chromium Next GEM Chip G Single Cell Kit 10X Genomics Cat# 1000120

Chromium Next GEM Single Cell 3' Kit v3.1 10X Genomics Cat# 1000268

Library Construction Kit 10X Genomics Cat# 1000190

NEBNext Ultra™ II DNA Library Prep Kit for Illumina NEB Cat# E7103

NEBNext Ultra™ II RNA Library Prep Kit for Illumina NEB Cat# E7775

NEBNext Poly(A) mRNA Magnetic Isolation Module NEB Cat# E7490

Quant-iT™ PicoGreen™ dsDNA Assay Kits and dsDNA 
Reagents

Thermo Fisher Scientific Cat# P7589

Click-iT Plus TUNEL Assay Alexa Fluor 594 Thermo Fisher Scientific Cat# C10618

Illumina Tagment DNA TDE1 Enzyme and Buffer Kits Illumina Cat# FC-121-1030

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat# 4368813

SYBR green PCR master mix Thermo Fisher Scientific Cat# 4312704
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REAGENT or
RESOURCE SOURCE IDENTIFIER

Lipofectamine 3000 transfection reagent Thermo Fisher Scientific Cat# L3000001

Dual-luciferase reporter assay system Promega Cat# E1910

Insulin-Transferrin-Selenium (ITS-G) (100X) Thermo Fisher Scientific Cat# 41400045

NuPAGE™ 4 to 12%, Bis-Tris, 1.0–1.5 mm, Mini Protein Gels Thermo Fisher Scientific Cat# NP0322BOX

NuPAGE™ LDS Sample Buffer (4X) Thermo Fisher Scientific Cat# NP0007

NuPAGE™ Sample Reducing Agent (10X) Thermo Fisher Scientific Cat# NP0009

Nitrocellulose/Filter Paper Sandwich, 0.45 μm, 8.3 x 7.3 cm Thermo Fisher Scientific Cat# LC2001

Click-iT™ TUNEL Alexa Fluor Imaging Assays for Microscopy 
& HCS

Thermo Fisher Scientific Cat# C10245

Click-iT™ EdU Cell Proliferation Kit for Imaging, Alexa 
Fluor™ 555 dye

Thermo Fisher Scientific Cat# C10338

RNeasy Mini Kit (50) Qiagen Cat# 74104

Deposited Data

RNAseq, ChIPseq, ATACSeq, scRNAseq data This paper GSE219232

RNA-seq data from freshly FACS-isolated and 48 hr-activated 
MuSCs

Ryall et al.54 GSE64379

scRNAseq data from FACS-isolated MuSCs and primary 
myoblasts

Dell'Orso et al.55 GSE126834

Experimental Models: Cell Lines

C2C12 cell line ATCC Cat# CRL-1772

Primary Myoblasts This study N/A

Experimental Models: Organisms/Strains

C57BL/6J mice The Jackson Laboratory Cat# 000664

Tamoxifen inducible Pax7CreERT2 mice The Jackson Laboratory Cat# 017763

Nuclear membrane binding ROSA26STOP-Sun-1-GFP mice The Jackson Laboratory Cat# 021039

ROSA26STOP-NICD-GFP mice The Jackson Laboratory Cat# 008159

Ezh1-null mice (Ezh1−/−) Dr. Lothar Hennighausen (NIDDK, 
NIH)

Research Institute of Molecular 
Pathology, Ezhkova et. al. 29

Pax7CreERT2 ; ROSA26STOP-Sun-1-GFP mice This study N/A

Pax7CreERT2 ; ROSA26STOP-Sun-1-GFP; Ezh1−/−mice This study N/A

Pax7CreERT2; ROSA26STOP-NICD-GFP This study N/A

Pax7CreERT2; ROSA26STOP-NICD-GFP; Ezh1−/− This study N/A

NOD-Rag1null IL2rgnull The Jackson Laboratory Cat# 007799

Oligonucleotides

q-RT-PCR Primer Sequences Thermo Fisher Scientific Supplemental Table S4

Recombinant DNA

8xCBF1-luc (pJH26) Dr. Diane Hayward Johns Hopkins University

pCAGGS-NICD Addgene Cat# 26891

pHAN-Myc-Ezh1 Mousavi et al.47 N/A

pHAN-Myc-Ezh1ΔSET Mousavi et al.47 N/A
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REAGENT or
RESOURCE SOURCE IDENTIFIER

pRL Promega Cat# E2241

Software and Algorithms

Image J FUJI Open platform https://fiji.sc/

Biorender Web based https://www.biorender.com/

Image-Pro 9.2 Media Cybernetics http://microopticalsolutions.com/
media-cybernetics

ZEN 3.5 Blue Edition Carl Zeiss https://www.zeiss.com/
microscopy/en/products/
software/zeiss-zen.html

Adobe Photoshop 2022 Adobe https://www.adobe.com/
products/photoshop.html

GraphPad Prism 9 GraphPad https://www.graphpad.com/
scientific-software/prism/

Trimgalore ver. 0.6.6 N/A https://
www.bioinformatics.babraham.a

c.uk/projects/trim_galore/

TopHat ver.2.1.1 Trapnell et al.127 https://ccb.jhu.edu/software/
tophat/index.shtml

MACS ver.1.4.2 Zhang et al.134 https://pypi.org/project/MACS/
1.4.2/

Bowtie ver. 1.1.1 Langmead et al.133 https://bowtie-
bio.sourceforge.net/index.shtml

CellRanger ver. 3.0.2 10x Genomics https://
support.10xgenomics.com/
single-cell-gene-expression/
software/release-notes/3-0

Seurat v4.1.0 Stuart et al.129 https://cran.r-project.org/web/
packages/Seurat/index.html

Monocle2 Trapnell et al.131 http://cole-trapnell-lab.github.io/
monocle-release/docs/

Monocle3 Cao et al.132 https://cole-trapnell-
lab.github.io/monocle3/

Custom scripts This paper https://doi.org/10.5281/
zenodo.7790116

Other

5 mL Polypropylene Round-Bottom Tube Falcon Cat# 352063

5 mL Polystyrene Round-Bottom Tube with Cell-Strainer Cap Falcon Cat# 352235

20 G BD™ Needle 1 in. single use, sterile BD Biosciences Cat# 305175

BD Luer-Lok tip control syringe, 10-ml BD Biosciences Cat# 309604

Falcon® 40 μm Cell Strainer, Blue, Sterile Corning Cat# 352340

Falcon® 60 mm TC-treated Cell Culture Dish, Sterile Corning Cat# 353002

Falcon® Centrifuge Tubes, Polypropylene, Sterile, Corning®, 
15-ml

VWR Cat# 352196

Falcon® Centrifuge Tubes, Polypropylene, Sterile, Corning®, 
50-ml

Corning Cat# 352070

Falcon® Round-Bottom Tubes, Polypropylene, Corning® VWR Cat# 60819-728

Falcon® Round-Bottom Tubes, Polystyrene, with 35um Cell 
Strainer Cap Corning®

VWR Cat# 21008-948
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REAGENT or
RESOURCE SOURCE IDENTIFIER

Hardened Fine Scissors Fine Science Tools Inc Cat# 14090-09

Student Dumont #5 ForcepsFine Science Tools Inc91150-20 Fine Science Tools Inc Cat# 91150-20

Student Vannas Spring Scissors Fine Science Tools Inc Cat# 91500-09
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