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ABSTRACT
In addition to multi-nucleated muscle fibres, numerous resident and infiltrating mononuclear cells
populate the muscle compartment. As most epigenetic assays in skeletal muscle are conducted on
whole tissue homogenates, essentially nothing is known about regulatory processes exclusively within
muscle fibres in vivo. Utilizing a novel geneticallymodifiedmousemodel developed by our laboratory, we
(1) outline a simple and rapid workflow for isolating pure myonuclei from small tissue samples via
fluorescent activated cell sorting and extracting high-quality large-fragment DNA for downstream ana-
lyses, and (2) provide information on myonuclear and interstitial cell nuclear CpG DNA methylation via
reduced representation bisulphite sequencing (RRBS) using mice that were subjected to an acute
mechanical overload of the plantaris muscle. In 3-month-old mice, myonuclei are ~50% of total nuclei
in sham and ~30% in 3-d overloaded muscle, the difference being attributable to mononuclear cell
infiltration and proliferation with overload. In purified myonuclei, pathway analysis of hypomethylated
promoter regions following overload was distinct from interstitial nuclei and revealed marked regulation
of factors that converge on themaster regulator of muscle growthmTOR, and on autophagy. Specifically,
acute hypomethylation of Rheb, Rictor, Hdac1, and Hdac2, in addition to a major driver of ribosome
biogenesisMyc, reveals the epigenetic regulation of hypertrophic signalling withinmuscle fibres that may
underpin the long-term growth response to loading. This study provides foundational information on
global myonuclear epigenetics in vivo using RRBS, and demonstrates the importance of isolating specific
nuclear populations to study the epigenetic regulation of skeletal muscle fibre adaptation.
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Introduction

Muscle fibres are multi-nucleated and comprise
the majority of whole muscle tissue volume, but
various resident and infiltrating mononuclear cells
also populate the muscle compartment including
interstitial muscle stem cells (e.g., satellite cells),
endothelial cells, fibrogenic cells, and macro-
phages, among others [1,2]. From a technical per-
spective, the cellular heterogeneity of muscle tissue
and syncytial nature of fibres makes it difficult to
determine the internal molecular machinery regu-
lating muscle cell size in vivo. Nearly all the data at
any level of regulation in muscle in vivo (epige-
netic, mRNA, or protein) come from homogenized
whole tissue samples that contain all resident/infil-
trating cell types as well as blood, which confounds
the interpretation of muscle fibre contributions
[3]. When molecular assays are carried out on

isolated muscle fibres [4–7], various adherent
cells may contaminate the preparation, even if
precautions are taken to remove these cells [8].
Furthermore, the proportion of myonuclei versus
interstitial non-myonuclei may shift due to mono-
nuclear cell proliferation and infiltration after var-
ious perturbations (e.g., injury or exercise), further
obscuring our understanding of regulatory pro-
cesses specific to the muscle fibre. Collectively,
our understanding of the factors mediating muscle
mass specifically within muscle fibres in vivo is
limited.

DNA methylation is an epigenetic modification
that is a crucial regulator of gene expression.
Methylation at CpG sites influences gene transcrip-
tion and ultimately cell phenotype [9]; in broad
terms, promoter and first exon demethylation
enhance gene expression [10,11], while gene body
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hypermethylation downstream of transcription start
sites is complex but usually positively correlates with
gene expression levels and splicing [12,13]. In
humans, acute resistance exercise modifies the
DNA methylome in homogenized skeletal muscle
samples [14–16], but the methylation events specific
to the muscle fibre are not clear. To study the epige-
netic landscape following acute loading stress exclu-
sively within muscle fibres, we employed a novel
genetically modified mouse model developed by
our laboratory which allows for highly specific, indu-
cible, and temporally mediated fluorescent labelling
of myonuclei [17]. After creating a simple and rapid
workflow for purifying myonuclei via fluorescent
activated cell sorting (FACS), we exposed mice
with labelled myonuclei to 3 d of synergist ablation
mechanica overload, which is well established as
a method for inducing pronounced skeletal muscle
adaptation and ultimately hypertrophy [18–20]. We
then analysed high-quality large-fragment DNA from
purified myonuclei as well as interstitial cell nuclei (a
combination of all non-myonuclei generally com-
prised of satellite, endothelial, fibrogenic, and
immune cell nuclei among others) via reduced repre-
sentation bisulphite sequencing (RRBS) to create
a portrait of the DNA methylation landscape in ske-
letal muscle during acute skeletal muscle remodelling.

Results

To illustrate how manually isolating muscle fibres
can result in adherent cell contamination that may
affect downstream molecular analyses, we utilized
a genetically modified mouse model to fluorescently
label satellite cells in vivo [21]. We euthanized the
mouse following labelling, harvested a plantaris
muscle, fixed it at resting length as previously
described by our laboratory [22,23], then teased
apart individual fibres using a light microscope
and fine tweezers [4]. Satellite cells can remain
attached to individual muscle fibres isolated with
this method (Figure 1a), which is consistent with
what has been reported using an enzymatic diges-
tion procedure before downstream molecular ana-
lyses [8]. Furthermore, we observed that other
interstitial cells may decorate individual muscle
fibres after manual dissection (Figures 1a and 1a
inset), further emphasizing the importance of

myonuclear-specific isolation techniques to provide
a more accurate picture of skeletal muscle fibre
epigenetic regulation. We, therefore, turned to our
recently described mouse model for genetically
labelling myonuclei in vivo [17]. This model utilizes
a human skeletal actin promoter (HSA) driving
expression of a reverse tetracycline transactivator
(rtTA) that, only in the presence of doxycycline,
allows for activation of a tetracycline response ele-
ment that regulates transcription of a histone 2B-
green fluorescent fusion protein (TetO-H2BGFP);
we call this mouse HSA-GFP onward. GFP is spe-
cifically localized to myonuclei (Figure 1b), with
myonuclear labelling efficiency >95% and <2% off-
target labelling, as previously reported [17].

Following doxycycline treatment to label resident
myonuclei and a 6-d washout before surgery,
3-month-old HSA-GFP mice were assigned to either
sham or synergist ablation surgery to mechanically
overload the plantaris muscle. Plantaris muscles
from sham and overloaded HSA-GFP mice
(n = 3 per group) were harvested after 3 d and homo-
genized in a physiological buffer (see Methods). After
spiking each sample with propidium iodide (PI) to
label all DNA, nuclei were purified via FACS and
myonuclei (GFP+/PI+), as well as interstitial cell
nuclei (GFP-/PI+), were collected for downstream
analyses (Figure 1c). Figure 1d shows highly purified
myonuclei via cytospin and fluorescent microscopy
following FACS (GFP+, PI+, DAPI+). In sham plan-
tarismuscles (n = 3), 54 ± 13% of all PI-positive events
weremyonuclei (GFP+), whereas 31 ± 9% of all nuclei
were myonuclei following overload (n = 3, p < 0.05)
(Figure 1c). High-quality DNA was extracted using
the method of Begue et al. [4]; DNA fragments in
excess of 40,000 base pairs were obtained via our
preparation (Figure 1e). Using both plantaris muscles
from each mouse (minimum of 20 mg), ~20,000
myonuclei (range 8,864–35,952, variation primarily
due to homogenization efficiency) were obtained
which yielded ~20-40 ng of DNA. Read counts for
RRBS ranged between 11.5 and 21.9million, mapping
efficiency was 32.7–43.1%, bisulphite conversion rate
was 98%, and the correlation for sequence depth
between myonuclear samples was r = 0.91. For tech-
nical reasons, one sham sample was not submitted for
RRBS. To further validate the proportion of myonu-
clei versus interstitial nuclei in unperturbed skeletal
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Figure 1. Workflow for isolating myonuclei from HSA-GFP mice (a) Example of a manually isolated muscle fibre from the plantaris
muscle of a Pax7-tdT mouse that illustrates satellite cells (tdT, red) and adherent mononuclear cells (DAPI, blue) decorating the cell
(phalloidin, green). The inset shows a manually dissected muscle fibre from the plantaris muscle of an HSA-GFP mouse where
myonuclei fluoresce green (GFP+/DAPI+), and adherent cells are labelled blue (DAPI+/GFP-) (b) Immunohistochemical analysis of
a cross-section from an HSA-GFP plantaris showing GFP+ myonuclei (green) within muscle fibre borders (dystrophin, grey), and
interstitial non-myonuclei located outside of dystrophin (blue) (c) FACS data from sham and 3-d overload HSA-GFP plantaris muscles
(n = 3 per group, *p < 0.05) (d) GFP+ myonuclei from an HSA-GFP plantaris that were mounted on a slide using a Cytospin, co-
labelled using DNA stains PI (red) and DAPI (blue), and imaged on a fluorescent microscope (e) DNA quality control analysis showing
large-fragment DNA suitable for reduced representation bisulphite sequencing (RRBS).
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muscle, we re-analysed the four previously published
HSA-GFP plantaris samples of mice of similar age
from Iwata et al. using DAPI/GFP/Dystrophin immu-
nohistochemistry [17] and semi-automated software
(see Figure 1b for a representative image). Consistent
with FACS analyses, 52% of nuclei in muscle were
GFP+ myonuclei on muscle cross-sections (2,499
total nuclei analysed, data not shown).

More than 14,000 CpG sites were differentially
methylated (DM) in myonuclei following overload
(p < 0.05, ≥5x coverage, and >10% DM); 11,210 sites
were hypomethylated and 3,491 sites were hyper-
methylated (Figure 2a). Thus, we infer that CpG
sites mapped in myonuclei from overloaded muscles
were predominantly demethylated. Of the top 3,000
DM CpG sites in myonuclei between sham and
3-d overload (n = 2 sham and 3 overload, p ≤ 0.023
at 14x coverage on average, and ≥38% DM), 655
were hypomethylated sites in promoters (22%) and
84 were hypermethylated (3%). Of DM sites in gene
bodies (i.e., non-promoter regions, intragenic), 1,157
were hypomethylated (39%, 464 exonic, 693 intro-
nic) and 665 were hypermethylated (22%, 244 exo-
nic, 421 intronic). Of the top 3,000 DM sites, 704
were located in CpG islands (24%), and 439 were not
annotated (15%); these un-annotated sites are gen-
erally located between promoter regions and tran-
scription start sites, meaning they are likely
enhancers. The marked differences in methylation
between sham and 3-d overload are illustrated by the
heatmap in Figure 2b.

Pathway analysis on myonuclear DM promoter
regions revealed robust CpG hypomethylation of
phosphatase and tensin homologue (PTEN), phos-
phatidylinositol triphosphate (PIP3), and TP53 (p53)
pathways (Figure 2c). Although PTEN, PIP3, and p53
genes themselves were not DM, constituents of these
pathways influence mechanistic target of rapamycin
(mTOR), a master regulator of skeletal muscle growth
[24,25], and autophagy, a key process in cellular qual-
ity control [26–29]. Specifically, the promoter regions
of Casein kinase 2 beta (Csnk2b), Erb-b2 receptor
tyrosine kinase 4 (Erbb4), Histone deacetylase 1 and
2 (Hdac1 and Hdac2), Ras homolog mTORC 1 bind-
ing (Rheb), and Rapamycin-insensitive companion of
mTOR (Rictor), along with others implicated in
growth were significantly hypomethylated after over-
load (p < 0.05, Figure 2d). Furthermore,Myc, a master
regulator of ribosome biogenesis that increases

translational capacity during muscle hypertrophy
[30–33], was also hypomethylated. The majority of
promoter hypomethylation events in these pathways
were located in CpG islands (23 of 31). Pathway
analysis of the top genes hypermethylated promoters
only showed 2–3 genes per pathway, but the primary
process was related to apoptosis. The complete list of
the top genes hypo- and hypermethylated promoter
regions in myonuclei following overload is in
Supplemental Table 1. Utilizing a more stringent cut-
off for significance (p < 0.01), we still observe many of
the same DM sites in genes within the aforemen-
tioned pathways, including Csnk2b, Hdac2, Rictor,
and Myc (Supplemental Table 2).

The majority of DM CpG sites in myonuclei in
the top 3000 list were located within gene bodies
(exons and introns). Methylation within the gene
bodies can have varied effects, such as increasing
or decreasing gene expression, influencing spli-
cing, regulating alternative promoters, altering
chromatin structure, and/or preventing spurious
transcription initiation, among other functions
[9,34–38]. With these complexities in mind, we
conducted pathway analysis on the top genes
hypo-and hypermethylated intragenic CpG sites
following overload. The major distinct pathways
with hypomethylation in intragenic regions were
MAP kinase and WNT signalling, and by hyper-
methylation were Developmental Biology, Axon
Guidance, NCAM Signalling, and ECM
Organization (p < 0.05). The list of the top genes
hypo- and hypermethylated gene body CpG sites is
found in Supplemental Table 3. Complete pathway
overrepresentation analyses for myonuclear pro-
moter and intragenic methylation are found in
Supplemental Table 4.

To provide insight into the interstitial cell nuclear
methylation landscape with overload, we pooled PI
+/GFP-nuclei from sham (n = 3) and overloaded
muscles (n = 3) into two samples for RRBS (n = 1
sham and n = 1 overload). More than 36,000 CpG
sites were DM in sham versus overloaded interstitial
cell nuclei (p < 0.05, Fisher’s exact test); 12,216 sites
were hypomethylated and 24,649 were hypermethy-
lated. While not a statistical comparison, of the 260
genes with DM promoters within the top 3,000 CpG
sites in sham versus overloaded interstitial cell nuclei
(136 hypomethylated and 124 hypermethylated,
p < 0.05), 18 overlapped (i.e., were in the same
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gene) in myonuclei (9%). Of the 1,403 differentially
methylated intragenic regions in interstitial nuclei,
261 overlapped in myonuclei (19%). Pathway analy-
sis of genes with hypomethylated promoters revealed
adipocytokine signalling, while hypermethylation

was associated with phospholipid metabolism.
Distinct methylation patterns in interstitial cell
nuclei versus myonuclei illustrate the potential con-
tribution of non-myonuclei to whole muscle methy-
lation patterns. The lists of the top genes with DM

Figure 2. Myonuclear CpG methylation analysis (a) Scatterplot showing all differentially methylated (DM) sites in sham versus
3-d overloaded mice (b) Heatmap showing marked differences in global myonuclear methylation between sham (n = 2) and
3-d overloaded plantaris muscles (n = 3, p < 0.05); blue is hypomethylated and red is hypermethylated (c) Pathway analysis of
hypomethylated promoters after 3 d of overload, organized in ascending p-value order from top to bottom (all p < 0.05, top 10
pathways) (d) Promoter CpG methylation levels of genes found in PTEN, PIP3, and p53 pathways, *p < 0.05. Note: Hdac2, Xiap,
Uba52, and Cdk13 had two distinct methylation sites (e) Elevated expression of genes in 3-d overloaded C57BL/6J mice that relates
to myonuclear CpG methylation of genes in the PTEN, PIP3, and p53 pathways, *p < 0.05.
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promoter and intragenic regions in interstitial nuclei
are found in Supplemental Tables 5 and 6.

To evaluate the relationship between myonuclear
CpG DNA methylation patterns and whole muscle
gene expression between sham and 3-d overloaded
mice, we utilized a sham and 3-d overload micro-
array dataset from C57BL/6J mice published pre-
viously by our laboratory [39]. We reasoned that if
a myonuclear DNA promoter was hypomethylated
after 3 d of overload, this could present as elevated
expression of that gene in a whole muscle at that
same time point. Of the top 614 genes with hypo-
methylated promoters after overload in myonuclei,
expression was elevated for 148 of those genes (24%).
Of the 73 genes with hypermethylated promoters, 14
had lower gene expression (19%). The same analysis
in interstitial cell nuclei revealed a similar pattern;
18% agreement with gene expression for hypo-
methylated and 20% for hypermethylated promo-
ters. With the limitation that the gene expression
data came from muscle homogenates in different
mice, these relationships suggest that there is some-
what modest agreement between myonuclear pro-
moter DNA methylation and gene expression from
a numerical standpoint in skeletal muscle at this time
point in response to acute overload. On balance,
many CpG methylation events were at a single site
in a gene promoter region, so any agreement
between methylation and gene expression is note-
worthy. To this point, a single promoter CpG site is
indeed capable of controlling transcription factor
binding and gene expression [40,41]. To determine
whether an increase in gene expression was delayed
following myonuclear hypomethylation during
adaptation, we compared myonuclear promoter
methylation after 3 d of overload to the wholemuscle
transcriptional profile reported at 5 d of overload
[39]. Elevated transcription of 146 genes overlapped
with hypomethylated promoters for those genes
(24%), suggesting that delayed timing may not be
the explanation for transcriptional uncoupling. The
lists of genes with DM promoters and gene expres-
sion that differed in the same direction (up for
hypomethylation and down for hypermethylation
with overload) can be found in Supplemental Table
7. Of the 31 genes that showedmyonuclear promoter
hypomethylation in PTEN, PIP3, and p53 pathways
(see above), Csnk2a2, Gatad2a, Hdac1, Myc,
Pip5k1 c, Rragc, Tmem219, Wrn, and Zfp385a had

elevated gene expression in 3-d overloaded C57BL/
6J mice (p < 0.05, Figure 2e).

Discussion

The current investigation is the first to provide
information on the myonuclear methylome and
how it changes in response to an acute hyper-
trophic stimulus. Pathway analysis of DM sites
derived via RRBS suggests that 3 d of overload
strongly demethylates promoters of mTOR and
autophagy-related genes specifically in myonuclei,
while Myc hypomethylation may influence ribo-
some biogenesis. The 23% lower proportion of
myonuclei after overload is likely the result of
mononuclear cell proliferation and infiltration,
and emphasizes the importance of nuclear-
specific epigenetic analyses in skeletal muscle dur-
ing times of dynamic remodelling, as does the
distinct methylation pattern observed in interstitial
cell nuclei.

CpG hypermethylation of gene promoter regions
silences gene transcription, whereas hypomethyla-
tion enhances it [9,11]. Since this function of methy-
lation is well characterized, we focused on pathway
analysis of genes with DM promoter CpG methyla-
tion throughout the genome using RRBS. Our
approach provides a global picture of the myonuc-
lear methylation landscape in response to an acute
hypertrophic stimulus. Of the top 3,000 DM sites in
the myonuclear genome following mechanical over-
load, 23% were in promoter regions, and of those
promoter CpG sites, 89% were hypomethylated.
Widespread promoter hypomethylation in myonu-
clei after 3 d of overload in mice is congruent with
the acute and chronic methylation response to exer-
cise reported in human muscle biopsy samples
[16,42–45], as is the relative uncoupling of promoter
methylation and gene expression early after exercise
[16,45,46]; however, the specific methylation signa-
ture we report here in myonuclei is unique. Since the
relationship between myonuclear promoter methy-
lation status and whole muscle transcription does
not converge by 5 d of overload, we speculate that
acute myonuclear methylation could signify
a ‘primed’ state of transcriptional readiness [47,48]
that underpins enhanced molecular responsiveness
to chronic stimulation, thereby supporting long-
term hypertrophic adaptation [16]. A primed
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methylation state in myonuclear DNA promoters
may also have meaning in light of the daily oscilla-
tory expression of circadian-controlled genes in ske-
letal muscle [40], given recent advances in our
understanding of this area [49–51], specifically as it
relates to exercise [52–54]. Future experiments
involving myonuclear RNA coupled with DNA
methylation profiling over a protracted time course
may help address the aforementioned possibilities.

The mTOR signalling pathway is considered
a master governor of skeletal muscle hypertrophy
in response to mechanical loading [24,25,55]. In
alignment with the central importance of this signal-
ling cascade for growth, we found that promoter
regions in genes that encode mTOR activators after
3 d of overload were hypomethylated in myonuclei,
suggesting an increased likelihood of transcription.
Specifically, hypomethylation of Rheb and Rictor as
well as Erbb4 could ultimately facilitate mTOR activ-
ity [25,56–59] and contribute to muscle growth. In
human biopsy samples obtained after acute resis-
tance exercise, promoter hypomethylation broadly
associates with ‘cancer’ pathways [45], which are
fundamentally growth pathways that involve
mTOR signalling, and our murine data provide
more detailed and comprehensive information on
these specific processes at the myonuclear level.
Furthermore, mTOR is known to regulate ribosome
biogenesis [60–62], which is emerging as a key facet
of the hypertrophic response to loading [20,30–33].
Hypomethylation ofMycmay also facilitate a robust
induction of ribosome biogenesis [63,64].

In addition to mTOR signalling, genes in the
p53 pathway were differentially methylated, which
points to autophagy regulation [65]. Promoter
regions of the chromatin-modifying enzymes
Hdac1 and Hdac2 as well as Csnk2b were hypo-
methylated after overload, and all are implicated in
skeletal muscle autophagy [26,66,67]. Specifically,
Hdac1/2 [28] and Csnk2b [26] directly regulate
skeletal muscle autophagic flux and mitophagy,
respectively, and protein turnover via autophagy
is an integral process for skeletal muscle mass
maintenance [68–70]. Although autophagy is gen-
erally inhibited by mTOR activation via Ulk1 [71],
it can also occur independently from mTOR dur-
ing exercise [72]. Autophagy is perhaps activated
in a temporal fashion that complements mTOR
signalling, promotes amino acid availability for

anabolism, and facilitates proper protein turnover
during muscle adaptation [73]. Finally, some evi-
dence indicates that gene body methylation is
positively associated with active transcription or
may serve to enhance transcription [9,74]. As
such, gene body hypomethylation of MAPK path-
way constituents simultaneous with hypomethyla-
tion of promoters that affect mTOR activation
could represent pathway integration cross-talk
[75], helping to ensure successful hypertrophic
adaptation to overload.

Our approach for studying myonuclear epige-
netics as well as the data presented herein will serve
as a guide for future epigenetic research in skeletal
muscle, specifically as it relates to the potentially
long-lasting cellular ‘muscle memory’ effects of exer-
cise [16,22,45,76,77]. Evidence for the epigenetic
regulation of mTOR and autophagy via promoter
methylation opens the door for exploration into
new epigenetic therapeutic strategies directed
towards promoting gains in skeletal muscle mass.

Methods/Materials

Ethical Approval All animal procedures were
approved by the IACUC of the University of
Kentucky. Mice were housed in a temperature
and humidity-controlled room, maintained on
a 14:10-h light-dark cycle, and food and water
were provided ad libitum throughout the study.
Animals were sacrificed via a lethal dosage of
sodium pentobarbital injected intraperitoneally,
followed by cervical dislocation.

Experimental Design Female HSA+/–GFP+/– mice
were generated by crossing homozygous human ske-
letal actin reverse tetracycline transactivator (HSA-
rtTA) mice generated by our laboratory [17] with
homozygous Tetracycline response element histone
2B green fluorescent protein mice (TetO-H2B-GFP)
obtained from the Jackson Laboratory (005104, bred
to homozygosity by our laboratory) [78]. All mice
used for experiments were ~3 months of age at the
time of surgery. Mice were treated with doxycycline
in drinking water (0.5 mg/ml with 2% sucrose) as
previously described for 1 week, which results in 90–
95% labelling of myonuclei in the plantaris muscle
and negligible off-target labelling of non-myonuclei
[17]. Following doxycycline treatment, mice were
allowed a 6-d washout, underwent sham surgery or
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synergist ablation overload of the plantaris as
described previously [20], then were euthanized
3 d later. Briefly, synergist ablation overload of
the plantaris involves careful removal of ~50% of
the gastrocnemius/soleus complex while under
anaesthesia, followed by ambulatory cage beha-
viour for 3 d. Sham surgery involved all the
same steps as synergist ablation, only without
the removal of any muscle. In order to generate
a mouse with fluorescent satellite cells, a Pax7-
CreERT2+-tdTomatofl/- (Pax7-tdT) mouse was
generated by crossing a Pax7CreERT2 mouse with
an R26LSL-tdTomato mouse (007909, Jackson
Laboratory). Recombination of the stop cassette
in front of tdT in vivo was accomplished via
intraperitoneal injection of tamoxifen, as pre-
viously described [21].

Fluorescent Activated Cell Sorting (FACS) to Purify
Myonuclei After euthanization via lethal pentobarbi-
tal administration, plantaris muscles were harvested
and processed according to the modified procedure
of Okada et al. [79]. Our pilot experiments revealed
that skeletal muscle homogenization via manual
Dounce as opposed to using a powered wand homo-
genizer produced higher DNA yield (data not
shown). Thus, we proceeded with a manual
Dounce homogenizer for all experiments. Plantaris
muscles were harvested and placed in
a homogenization buffer containing 5 mM PIPES,
85 mM KCl, 1 mM CaCl2, and 5% sucrose supple-
mented with 2x protease inhibitors and 0.25%NP-40
prepared in ddH2O; after the addition of PIPES to
ddH2O during the first step, the solution was titrated
to a pH of 7.2 before the addition of the remaining
chemicals. The tissue was minced in 1 ml of buffer
into very small pieces using scissors, then transferred
to the Dounce homogenizer where nuclei where
liberated using 15 strokes. The muscle suspension
was diluted in 10–15 ml of buffer, and then this
volume was passed through a 70 µm filter atop
a 50 ml conical tube. The crude nuclear suspension
was further diluted with an additional 5 ml of buffer,
passed through a 40 µm filter, then centrifuged for 5
min at 3,000 RPM at 4°C with a swinging-bucket
rotor. The supernatant was then aspirated, the crude
nuclear pellet was re-suspended in 2ml of buffer that
did not contain NP-40, and transferred to a FACS
tube. The entire procedure takes 20–30 min per
sample and can be completed in batches.

The crude nuclear suspension was spiked with
4 µl of propidium iodide (PI, 1 mg/ml stock),
and then subjected to FACS analysis. To prevent
nuclear membrane rupture, we sorted with low
pressure (15 PSI) using a 100 µm nozzle on
a Sony iCyt Cell Sorter System. Muscle from
a control mouse (sucrose-only treated HSA-GFP)
was used to determine background fluorescence
(not shown), and myonuclei were classified as
GFP+/PI+ after elimination of doublets via for-
ward scatter area versus height, and were collected
in 15 ml conical tubes in buffer without NP-40.
GFP-/PI+ nuclei from sham (n = 3) and overload
(n = 3) were collected in a single tube per condition.
An aliquot of myonuclei was mounted on charged
slides using a Cytospin, cover-slipped with DAPI,
and imaged on a Zeiss Axioimager M1 fluorescent
microscope at 20x (see Figure 1d). Myonuclear
suspensions were pelleted at 500 x g for 5 min
using a swinging bucket rotor.

Myonuclear DNA Isolation DNA isolation was
carried out according to the detailed protocol of
Begue et al. with minimal modification [4]. Briefly,
using the QIAamp DNA micro kit (Qiagen), myo-
nuclear pellets were re-suspended in ‘buffer ATL’
supplemented with proteinase K overnight at 56°
C. DNA binding to the column was conducted
using 1 µg of carrier RNA, and washes and cen-
trifugations were carried out according to the
manufacturer’s instructions. DNA was eluted in
20 µl of molecular grade H2O, and was stored at
−80°C until the time of analysis.

Myonuclear Reduced Representation Bisulphite
Sequencing (RRBS) DNA quality assessment and
RRBS were conducted in collaboration with Zymo
Research. Quality and concentration were assessed
using a Fragment Analyser (AATI), and an average
DNA fragment size was generally >40,000 bp.
‘Classic’ RRBS library preparation was performed
by digesting 5 ng of genomic DNA with 30 units of
MspI enzyme (New England BioLabs), and frag-
ments were ligated to pre-annealed adapters con-
taining 5ʹ-methyl-cytosine. Adapter-ligated
fragments ≥50 bp were recovered using the DNA
Clean & Concentrator Kit (Zymo Research,
D4003) and bisulphite-treated using the EZ DNA
Methylation-Lightning Kit (Zymo Research,
D5030). Preparative-scale PCR was performed
and the products were purified again using the
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Clean and Concentrator kit. Paired-end sequen-
cing was performed on an Illumina HiSeq, and
sequence reads from bisulphite-treated libraries
were identified using standard Illumina base-
calling software. Raw FASTQ files were adapter,
filled-in nucleotides, and quality-trimmed using
TrimGalore 0.6.4. FastQC 0.11.8 was used to assess
the effect of trimming and the overall quality of
the data. Alignment to the mm10 reference gen-
ome was performed using Bismark 0.19.0, and
methylated and unmethylated read totals for each
CpG site were collected using the Methylation
Extractor tool. The methylation level of each
sampled cytosine was estimated as the number of
reads reporting a ‘C’, divided by the total number
of reads reporting a ‘C’ or ‘T’. The raw data were
deposited in the NCBI Gene Expression Omnibus
database (GSE144774).

Microarray Analysis of Gene Expression in the
Plantaris Muscle We utilized a publicly available
microarray dataset previously published by our
laboratory that included sham, 3-d overload, and 5-
d overload time points for comparison to myonuclear
RRBS data [39]. Briefly, male C57BL/6J was subjected
to sham, 3-d, or 5-d overload surgery (n = 6 per
group). RNA from right and left plantaris muscles
from mice in each group were pooled (two pools per
time point), and microarrays were conducted at the
University of Kentucky Microarray Core Facility
using Affymetrix mouse gene 1.0 ST chips.

Single Muscle Fibre Isolation and Immunohisto
chemistry (IHC) For single muscle fibre analysis,
whole hindlimbs from a doxycycline-treated HSA-
GFP and tamoxifen-treated Pax7-tdT mouse were
fixed at a 90° angle for 48 h, as previously
described by our laboratory [19,22,23]. Plantaris
muscles were harvested, and muscle fibres were
manually dissected in PBS using a light micro-
scope and fine tweezers [4,5]. Individual muscle
fibres were transferred to a fresh tube containing
PBS and incubated with phalloidin at 1:100 for 2
h in order to visualize F-actin within the muscle
fibres (ThermoFisher A12379 or A12381). Single
muscle fibres were mounted on glass slides using
VectaShield with DAPI (Vector, H-1200), and
visualized using 20x magnification Z-stacks on
a Zeiss AxioImager microsocope. A plantaris mus-
cle from a doxycycline-treated HSA-GFP mouse
was prepared for IHC as previously described

[17]. Briefly, frozen muscle was sectioned, incu-
bated in an antibody against dystrophin overnight
(1:100, Abcam, ab15277), washed with PBS, incu-
bated with the appropriate secondary antibody for
1 h at room temperature, then mounted using
Vectashield with DAPI and imaged at 20x on
a Zeiss microscope (Oberkochen, Germany).
Quantification tools in the Zeiss Zen software
were used to determine DAPI+ and GFP+ nuclei.

Statistics For FACS nuclear proportion data,
unpaired t-tests were performed for sham (n = 3)
versus overload (n = 3), and p was set at <0.05. For
methylation data, an unpaired t-test was performed
for sham (n = 2) versus overload (n = 3) on each CpG
site that had at least 5x read coverage and a 10%
difference in methylation value between groups.
Differential methylation with p < 0.05 was classified
as hyper- or hypo-methylated [4]. For the top 3,000
DM sites across the five myonuclear samples, which
are the data from which our primary conclusions
were derived, average p-value was ≤0.023, average
read coverage was 14x, and DM was ≥38%. Worth
noting is that 37% of CpG sites mapped to promoter
regions in myonuclear DNA were also mapped to
exons, which is likely explained by splice variants of
the given gene, or methylation of the first exon
around the transcription start site that has a similar
effect as promoter methylation [10]; nevertheless, in
instances where promoter and exonic methylation
were mapped, we included it for pathway analysis in
both locations. A Fisher’s exact test was used to detect
differences in methylation between sham and over-
loaded interstitial cell nuclei with p < 0.05. Pathway
analysis was carried out in ConcensusPathDB with
a priori directional data in the overrepresentation
feature, using KEGG, Wikipathway, and Reactome
databases in the mouse module, with a list overlap
of ‘2’ and p < 0.05. Raw counts from the two pools of
plantaris RNA at each time point were used for ana-
lysis, and unpaired t-tests (sham versus 3-d overload
and sham versus 5-d overload) were used to help
discriminate genes that moved in an up or down
direction to be collated with methylation data with
p < 0.05. All data presented as mean ± standard error.
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