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Abstract

The present study aimed to investigate age-related changes in histone variant H3.3 and its role in the aging process
of mouse tibialis anterior muscle. H3.3 level significantly increased with age and correlated with H3K27me3 level.
Acute exercise successfully upregulated the target gene expression in 8-wk-old mice, whereas no upregulation

was noted in 53-wk-old mice. H3K27me3 level was increased at these loci in response to acute exercise in 8-wk-old
mice. However, in 53-wk-old mice, H3.3 and H3K27me3 levels were increased at rest and were not affected by acute
exercise. Furthermore, forced H3.3 expression in the skeletal muscle of 8-wk-old mice led to a gradual improve-
ment in motor function. The results suggest that age-related H3.3 accumulation induces the formation of repressive
chromatin in the mouse tibialis anterior muscle. However, H3.3 accumulation also appears to play a positive role

in enhancing skeletal muscle function.
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Background

Sarcopenia is an age-related pathogenic condition that
is characterized by the progressive loss of skeletal mus-
cle mass and function. Both intrinsic factors, such as
abnormal secretion, motor neuron loss, mitochondrial
dysfunction, and insulin resistance, as well as and extrin-
sic factors, such as inactivity and low nutrition, underlie
the severe loss of skeletal muscle mass in aged individuals
[1]. While these physiological changes are hallmarks of
the late phase of skeletal muscle senescence, a substantial
loss of skeletal muscle mass is noted at earlier life stages.
Previous studies [2, 3] reported that the decline in skel-
etal muscle mass in men started as early as 40 years. On
the other hand, skeletal muscle mass was more stable in
women, and decreased only slightly among women in the
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higher percentiles. Skeletal muscle aging is a long process
and takes a considerable duration of one’s life span to dis-
rupt the well-coordinated cellular homeostasis. Hence,
skeletal muscle senescence is thought to have a long “pre-
symptomatic state”. It has been hypothesized that the bio-
logical framework that triggers the disruption of cellular
functions is coordinated by both genetic and post-matu-
rity environmental factors during middle age. However,
the precise mechanisms underlying the progression of
the “pre-symptomatic state” in skeletal muscle with age
are poorly understood.

Epigenetic alterations, namely DNA methylation
and histone modifications, are associated with age-
related disorders of the skeletal muscle. Zykovich et al.
[4] reported that DNA hypermethylation is associated
with aging in human skeletal muscle and is pronounced
at loci related to myotube fusion, oxidative phospho-
rylation, and voltage-gated calcium channels. Consist-
ently, Voisin et al. [5] reported differentially methylated
CpG sites in the skeletal muscles of younger and older
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subjects. However, the methylation levels of these CpG
sites in muscles from older subjects approached the
methylation levels of those from younger subjects fol-
lowing exercise training. Furthermore, Antoun et al. [6]
reported that sarcopenia-associated differentially methyl-
ated CpQG sites are enriched in regions with overlapping
sites for H3K27me3 and EZH2 binding motifs. Addition-
ally, treatment with GSK343, an EZH2 inhibitor, report-
edly improved mitochondrial respiration in human
primary myoblasts, and was associated with altered DNA
methylation at related loci. Although these studies indi-
cate a close relationship between DNA methylation and
aging of skeletal muscles, little is known with respect to
changes in histone distribution and modifications in skel-
etal muscles during aging.

Nucleosomes are composed of 147 base pairs of DNA
that are wrapped around a histone octamer comprised
of two copies of the following core histone protein: H2A,
H2B, H3, and H4. Histone H3.3 is a non-canonical vari-
ant of histone H3, and has been reported to play a key
role in myogenic differentiation. Harada et al. [7] demon-
strated that myogenic regulatory factor MyoD-depend-
ent incorporation of H3.3 into skeletal muscle genes in
fibroblasts increased the distribution of histone H3 that
was bivalently modified by H3K4me3 and H3K27me3.
Additionally, they reported bivalent modifications on
H3.3-incorporated skeletal muscle genes prior to embry-
onic skeletal muscle differentiation in mouse embryos.
HIRA is a histone chaperone primarily responsible for
replication-independent incorporation of H3.3 into gene
bodies and regulatory elements [8]. Valenzuela et al. [9]
reported that muscle fibers lacking HIRA expression
exhibited hypertrophy, sarcolemmal perforation, and oxi-
dative damage, which was concomitant with the down-
regulation of the expression of cellular stress-related
genes. This finding suggested that H3.3 incorporation
plays an important role in the susceptibility of muscle fib-
ers to stress-induced degeneration. Furthermore, H3.3
incorporation was reportedly increased in several organs
with increasing age, suggesting tissue-specific patterns
of histone modifications [10]. However, the relation-
ship between H3.3 and tissue aging in skeletal muscles
remains unclear. Therefore, the present study aimed to
investigate age-related changes in H3.3 and its role in the
aging process of mouse skeletal muscle.

Materials and methods

Ethical approval and animal cares

All experimental procedures were conducted follow-
ing the Guide for the Care and Use of Laboratory Ani-
mals of the Matsumoto University (Nagano, Japan). All
experimental procedures were approved by the Animal
Use Committee at Matsumoto University (Approval ID:
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2021-4, 2022-3, 2023-3). All experimental procedures
were also confirmed by ARRIVE guidelines 2.0 (https://
arriveguidelines.org/arrive-guidelines). Male C57BL/6 ]
mice at 7, 31, 52, and 74 weeks of age were purchased
from CLEA Japan (Tokyo, Japan) and used in the pre-
sent study. The mice were acclimated to the experimental
environment for 1 week before being used for the experi-
ments described below. A commercial solid diet (CE-2,
CLEA Japan) and water were supplied ad libitum. Tem-
perature and humidity in the animal room were main-
tained at 23 °C and 40-60%, respectively, with 12:12 h
light—dark cycle.

Experimental design

In Experiment 1, the age-related changes in the histo-
chemical properties, gene expression, and histone modi-
fications in the tibialis anterior muscle were determined
using 8-, 32-, 53-, and 75-wk-old mice (n=3 each). To
minimize the detection of changes caused by non-aging
factors, the minimal number of biological replicates nec-
essary to detect aging effects was used. In Experiment
2, responses of gene expression and histone modifica-
tions to a single bout of exercise were compared between
young (8-wk-old, n=6) and middle-aged (53-wk-old,
n=6) mice. In this experiment, 3 mice were tested for
acute exercise in each age group, as the gene set used in
the present study showed statistically detectable upregu-
lation of gene expression in response to exercise with 3
biological replicates, as previously reported. [11, 12]. In
Experiment 3, the effects of forced H3.3 expression in
skeletal muscles on motor function were examined in
young mice (8-wk-old, n=10).

Acute exercise (experiment 2)

The mice with the age of 8 and 53 weeks were separated
into the control and exercise groups (n=3 each). The
mice in the exercise group were assigned to perform run-
ning exercise for a total of 30 min at a speed of 25 cm/s,
starting at a speed of 15 cm/s, gradually increasing the
speed to 20 cm/s and finally to a speed of 25 cm/s, using
an animal treadmill (Panlab Harvard apparatus, Barce-
lona, Spain). The tibialis anterior muscles were sampled
from both control and exercise groups 2 h after the end
of running exercise. Muscle sampling was performed
immediately after the treatment of carbon dioxide gas.
Each mouse was transferred to an inhalation chamber
and subsequently exposed to an increasing concentration
of carbon dioxide gas. The muscle tissues were cleaned
of excess fat and connective tissue. Muscle samples
were frozen in liquid nitrogen and stored at — 80 °C until
analysis.


https://arriveguidelines.org/arrive-guidelines
https://arriveguidelines.org/arrive-guidelines

Masuzawa et al. The Journal of Physiological Sciences (2024) 74:41

Design and administration of viral vector (experiment 3)
AAV9 was modified to encode mouse histone H3.3A
(gene symbol: H3f3a) at the downstream of ACTA1 pro-
moter (VectorBuilder Japan, Kanagawa, Japan). Thus, the
transfection of this vector provides the skeletal muscle-
specific H3.3 expression. As for the control group, the
H3f3a sequence was replaced with untranslatable 249 bp
sequence (stuffer). The mice at 8-wk-old were separated
into Stuffer and H3.3 groups (n=>5 each). AAV9 vector
was intravenously delivered through the tail vein under
inhalation anesthesia by Isoflurane. Single shot (100 pL)
was performed to administer 8 x 10'* vg per mouse. The
tibialis anterior muscle was sampled at 32-wk-old.

To evaluate the effects of AAV9 vector administration
on other organs, we also tested the comparison between
CMV immediate early enhancer/promoter and ACTA1
promoter to express EGFP reporter (Fig. S1A). CMV
promoter has driven the strong EGFP expression in liver,
lung and kidney 2 weeks after the injection of vector,
which was markedly reduced if ACTA1 promoter was
used. Therefore, ACTA1 promoter was selected to use for
H3.3 expression in the present study.

Rotarod test

Motor function was tested using a rotarod (LE8205, Bar-
celona, Spain) in Experiment 3. Rotarod test was per-
formed every 2 weeks until 30-wk-old. The mice were
placed on the platform before starting the rotation. The
rotation of platform was started at 40 rpm, and the speed
of rotation was increased 4 rpm every 5 s. The latency
(time) to fall was measured for each mouse. The mice
were placed back on the platform immediately after fall.
The test was repeated 5 times, and the mean latency to
fall was calculated in each mouse.

Immunohistochemistry

Cross-sections from the mid portions of the tibi-
alis anterior muscles were cut at 10 pm in a cryostat
(Leica Microsystems, Wetzlar, Germany) maintained
at—20 °C. The sections were fixed in 4% paraformal-
dehyde for 5 min, followed by blocking in 10% goat or
donkey serum diluted in PBS containing 0.1% Triton
X-100 (TPBS) for 20 min. Overnight incubation at 4 °C
with anti-dystrophin (ab15277 or ab129996, Abcam),
anti-pericentriolar material 1 (PCM1) (HPA023370,
Merck), anti-type I myosin heavy chain (MyHC) (BA-
D5, Developmental Studies Hybridoma Bank, Iowa City,
IA), anti-type IIb MyHC (BF-F3, Developmental Stud-
ies Hybridoma Bank), and anti-type Ila MyHC (SC-71,
Developmental Studies Hybridoma Bank). The antibod-
ies were diluted at 1:100 in TPBS containing 1% bovine
serum albumin (BSA). Visualization for the binding site
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of primary antibody was performed using Alexa Fluor
350 (A-21140, Thermo Fisher Scientific, Waltham, MA),
488(A-21121 for mouse immunoglobulin or A-21206 for
rabbit immunoglobulin, Thermo Fisher Scientific), 546
(A-21045 or A-10036, Thermo Fisher Scientific) and 647
(A-31573, Thermo Fisher Scientific) diluted at 1:500 in
TPBS containing 1% BSA for 1 h. The stained sections
were mounted for microscopic analysis using SlowFade
Gold Antifade Mountant with 4,6-diamidino-2-phenylin-
dole (DAPI) (S36938, Thermo Fisher Scientific) to label
nuclei or antifade mounting medium (H-1000, Vector
Laboratories) without nuclear labelling. The images of
whole sections were incorporated into a computer using
All-in-One Fluorescence Microscope system (BZ-X710,
KEYENCE, Osaka, Japan). The exposure time was set
constant among all sections if the pattern to use the anti-
bodies was same.

The muscle fiber phenotype was classified by the fluo-
rescence intensity of each MyHC isoform into type I, Ila
or IIb. The fibers without labelling with these antibod-
ies were classified as type IIx fibers [13]. All muscle fib-
ers were targeted to analyze the fiber phenotype and size
(approximately 2500 fibers per muscle section). Myonu-
clei were counted automatically while the green fluores-
cence channel labelled by the PCM1 and overlapped by
the DAPI using BZ-X Analyser software (KEYENCE).
The area enclosed by dystrophin (muscle fiber size) was
also analyzed in all images.

Western blotting

Total histone was extracted using Epiquik Total Histone
Extraction Kit (Epigentek, Farmingdale, NY). Total his-
tone obtained from 20 mg muscle samples were extracted
in 500 pL lysis buffer packaged in the kit, centrifuged at
12,000g for 5 min at 4 °C, and 300 pL supernatant was
collected and mixed with 90 pL balance buffer packaged
in the kit. The total histone extract was further dissolved
in an equal amount of 2Xx SDS sample buffer (20% glyc-
erol, 12% 2-mercaptoethanol, 4% sodium dodecyl sulfate,
100 mM Tris—HCl, and 0.05% bromophenol blue, pH 6.7)
and boiled for 10 min.

Western blotting was performed as described previ-
ously [12]. The following antibodies were used to detect
each protein: H3.3 (ab176840; Abcam, Cambridge, UK,
1:1000), H3.1/3.2 (61629, Active Motif, Carlsbad, CA,
1:1000), H3K4me3 (9751, Cell Signaling Technology,
Danvers, MA, 1:1000), H3K9me3 (61013, Active Motif,
1:1000), H3K27me3 (9733, Cell Signaling Technology,
1:1000), H3K27ac (8173, Cell Signaling Technology,
1:1000), H3K36me3 (4909, Cell Signaling Technology,
1:1000), and total H3 (4620, Cell Signaling Technology,
1:1000). The antibody-bound protein was detected by
a chemiluminescence method using ChemiDoc Touch
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MP (Bio-Rad, Hercules, CA). The bands were quantified
using image analysis software (ImageJ) (https://image;j.
net/ij/). The protein level was expressed as the integrated
density of the band, which was calculated as the mean
density multiplied by the band area. Finally, the inte-
grated density was compared between the experimental
groups that were applied to the same membrane.

Gene expression

A piece of frozen muscle (10-20 mg) was homogenized
in 1 ml of ISOGEN (NIPPON GENE, Toyama, Japan).
RNA extraction was performed following the manufac-
turer’s instructions. The final pellet of RNA was resus-
pended in ultrapure water. Total RNA from 8-wk-old
mice (n=3) and 75-wk-old mice (n=3) groups in Experi-
ment 1 was combined within each group and used to
construct complementary DNA (cDNA) libraries for
RNA sequencing analysis. RNA-seq analysis was per-
formed through commercial service (Novogene, Chula
Vista, CA). mRNAs were enriched with oligo(dT) beads
and randomly fragmented in the fragmentation buffer,
followed by c¢cDNA synthesis using random hexamers
and reverse transcriptase. After the first-strand synthe-
sis, a custom second-strand synthesis buffer (Illumina,
San Diego, CA) was added along with dNTPs, RNase H,
and Escherichia coli polymerase I to generate the second
strand by nick translation. The final cDNA library was
prepared after purification, terminal repair, A-tailing,
ligation of sequencing adapters, size selection, and PCR
enrichment. The NovaSeq6000 system (Illumina) was
used to obtain reads of 150-bp paired ends. Approxi-
mately 40 million reads for each group were mapped to
the mouse whole genome database using the hisat2 soft-
ware, and the fragments per kilobase of exon per mil-
lion mapped fragments (FPKM) value was calculated for
the exons of all known loci. All FPKM data obtained in
the RNA sequencing analysis are available in Additional
file 1.

For the quantitative analysis of gene expression, Super-
Script VILO Master Mix (Thermo Fisher Scientific) was
used to synthesize cDNA following the manufacturer’s
instructions. Total RNA (800 ng) was incubated with
SuperScript VILO Master Mix at 42 °C for 60 min, fol-
lowed by inactivation of the enzyme at 85 °C for 5 min.
Synthesized ¢cDNA was diluted to 1:100 with ultrapure
dH,O and stored at—20 °C until analysis. Candidates of
target genes that were up- or down-regulated by > 2 folds
at 75-wk-old compared to 8-wk-old (18 upregulated and
17 downregulated genes, Additional file 1) were selected
for gene expression and chromatin immunoprecipita-
tion (ChIP) analysis, and confirmed by quantitative PCR
(qPCR) using the specific primer sets (Additional file 2).
Upregulated (n=15) and downregulated (n=14) genes

Page 4 of 15

were identified as aging-related genes, and targeted to
analyze the gene expression and histone distributions in
Experiment 1 (Fig. S2). Previously described gene set [11]
was used to analyze the gene response to acute exercise
in Experiment 2. These gene sets were also targeted for
the analysis in Experiment 3.

ChIP

Extraction of chromatin-rich extract and chromatin
immunoprecipitation were performed as described pre-
viously [14]. Briefly, muscle segments (20-40 mg) were
homogenized in cooled PBS. After centrifugation at
12,000g, the pellet was fixed in 1% paraformaldehyde
on ice for 10 min followed by quenching in 200 mM
glycine. The pellet was resuspended in lysis buffer and
sonicated using a Sonifier 250 (Branson, Danbury, CT,
USA). For ChIP-qPCR analysis, sonication was repeated
four times, resulting in an average DNA fragment size of
500 bp. After centrifugation at 12,000g, the supernatant
was further gel-filtrated to remove small DNA fragments
and free histones, which did not form nucleosomes,
and stored as the chromatin-rich extract at—80 °C until
analysis.

Chromatin-rich extracts containing equal DNA con-
tent (400 ng) were combined within each group and used
for the ChIP reaction. Chromatin was reacted with anti-
H3.3 (ab176840, Abcam, 1:50), anti-H3.1/3.2 (61,629,
Active Motif, 1:50), anti-H3K4me3 (9751, Cell Signal-
ing Technology, 1:50) or anti-H3K27me3 (9733, Cell
Signaling Technology, 1:50) for 1 h at 4 °C, followed by
a reaction with SureBeads Protein G (1,614,023, for rab-
bit immunoglobulin) or Protein A (1,614,013, for mouse
immunoglobulin) Magnetic Beads (Bio-Rad, Hercules,
CA, USA) for 30 min at 4 °C. Beads were washed and
incubated with proteinase K (Takara Bio, Shiga, Japan)
for 1 h at 65 °C. DNA was extracted and resuspended
in Tris—EDTA buffer and stored at—20 °C. ChIP rec-
tion using same antibody was tested twice to minimize
the differences between reactions, and the yielded DNA
was combined within each group. The level of input DNA
contained in chromatin used for each ChIP reaction was
also tested without any reactions.

qPCR

Quantitative PCR was performed using the StepOne Real
Time PCR System (Thermo Fisher Scientific). THUN-
DERBIRD NEXT SYBR qPCR Mix (TOYOBO, Osaka,
Japan) was used for the PCR, with manufacturer-recom-
mended dilution procedures. Sequences of primer pairs
used for gene expression and ChIP-qPCR analysis are
shown in Additional file 2. To analyze the histone distri-
bution at the transcription start site (TSS), two primer
pairs for ChIP-qPCR were designed at every 500 bp on 1
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<« Fig.1 Age-related changes in histochemical properties of muscle
fibers. Body weight (A) and tibialis anterior muscle weight relative
to body weight (B) at 8, 32, 53, and 75 weeks of age. (C) Typical
stained images of PCM1 (green) +dystrophin (red) + DAPI (blue)
(upper panels), and type | (blue) +lla (green) +1Ib (red) myosin heavy
chains+dystrophin (pink) (lower panels) at 8 and 75 weeks of age.
Myonuclei are indicated by arrowheads. Scale bar=10 pm. Mean
fiber cross-sectional area (CSA) (D), myonuclear number per fiber
(E), distribution of fiber phenotype (F), and CSA of each fiber
phenotype (G) at 8,32, 53, and 75 weeks of age. Data are presented
as the mean + standard deviation (SD);, n=3 in each group

kbp downstream sequence from TSS. As for the exercise-
related genes, previously designed primers which covered
between 1 kbp upstream and downstream from TSS [11].
Since the chromatin obtained in the present study mainly
contained tri-nucleosomes (500 bp peak DNA fragment
size), the sites for the primer design needed to be sepa-
rated by at least 500 bp for non-overlapping analysis.
Quantification of the qPCR results was performed
by normalizing to the cycle threshold (Ct) of the target
amplification, with Gapdh or Rp/31 mRNA as the inter-
nal control for gene expression assay or with the Ct of
respective input ChIP-qPCR (% input). The % inputs
obtained from each locus were averaged for each mouse.
For the presentation of ChIP data, the % input was fur-
ther normalized by the average of all groups in each gene.

Statistical analysis

Statistical analysis was performed using BellCurve for
Excel (Social Survey Research Information, Tokyo,
Japan). Significant difference was examined by one-way
(Experiment 1) or two-way (Experiment 2) ANOVA fol-
lowed by Scheffe’s post hoc test. Student’s unpaired ¢ test
was used to compare the two groups (Experiment 3).
Differences were considered significant at p <0.05. Pear-
son correlation was used to test the significance of the
strength and direction of association between two factors
(Experiment 1 and 3).

Results

Age-related changes in mouse tibialis anterior muscle
First, we examined morphological changes in tibi-
alis anterior muscle fibers as a result of aging using 8-,
32-, 53-, and 75-wk-old mice. Body weight of 32-wk-
old mice was significantly higher than that of 8-wk-old
mice (Fig. 1A), and minor gains in body weight were
observed in the 53- and 75-wk-old mice. Compared to
that in 8-wk-old mice, the relative weight of the tibialis
anterior was maintained in 32-wk-old mice; however,
the same was significantly decreased in 53-wk-old mice
(Fig. 1B). With respect to muscle fiber size, compared
to 8-wk-old mice, muscle fiber size increased signifi-
cantly and reached a peak at 32 weeks (Fig. 1C and D).
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The number of myonuclei decreased significantly after
53 weeks of age, compared to that at 8 weeks of age
(Fig. 1C and E). While type I fibers were not observed
in any age group, the number of type Ila fibers signifi-
cantly decreased after 32 weeks of age (Fig. 1F). In con-
trast, other fiber types (i.e., IIx, IIb, and IIa+IIb) were
not affected by aging (Fig. 1F). Fiber CSA of type IIb
fibers significantly increased between 8- and 32-wk-old,
whereas no significant differences were seen in fiber
CSA of type IIb fibers between 8- and 53- or 75-wk-old
(Fig. 1G). Fiber CSA of other fiber types (i.e., Ila, IIx,
and Ila +1Ib) was not changed with age.

Next, we assessed age-related changes in histone
expression in tibialis anterior muscle fibers. H3.3 lev-
els, relative to the canonical variants H3.1/3.2, were
significantly increased in 32-wk-old mice compared
to that in 8-wk-old mice, and the levels peaked at
53 weeks of age (Fig. 2A and B). Levels of all histone
modifications, except for H3K27me3, decreased with
age (Fig. S3A). H3.3 levels were significantly correlated
with H3K27me3 levels, whereas H3.1/3.2 levels were
significantly correlated with H3K4me3, H3K9me3,
H3K27ac, and H3K36me3 levels (Fig. 2C and S3B).
H3.3 is encoded by two genes, H3f3a and H3f3b. H3f3a
and H3f3b mRNA expression was found to be downreg-
ulated with age, with levels 38% (p=0.0647) and 37%
(p=0.1209) lower, respectively, in 75-wk-old mice com-
pared to that in 8-wk-old mice (Fig. 2D).

Furthermore, we assessed age-related changes in the
expression of genes that were differentially expressed
with age. The expression of the upregulated genes
increased significantly (+45%) at 32 weeks of age
compared to that at 8 weeks of age (Fig. 3A). A fur-
ther increase was observed at 75 weeks of age com-
pared to that at 32 weeks of age (+31%, p<0.05). On
the other hand, the expression of downregulated genes
decreased significantly (—59%) at 32 weeks of age com-
pared to that at 8 weeks of age; however, no change in
expression was noted between 32- and 75-wk-old mice
(Fig. 3B). The results of the distributions of histones
on the upregulated and downregulated genes was pre-
sented together, as both showed the same trend. The
distribution of H3.3 increased significantly (+22%)
at 32 weeks of age compared to that at 8 weeks of age
(Fig. 3C). The distribution of H3.3 further increased
and peaked at 53 weeks of age compared to that at
32 weeks of age (+33%, p<0.05). The distribution of
H3.1/3.2 decreased significantly (—40%) at 32 weeks of
age compared to that at 8 weeks of age, and was main-
tained at low levels at 75 weeks of age (Fig. 3D). Aging
did not affect H3K4me3 distribution (Fig. 3E). On the
other hand, H3K27me3 distribution followed the same
trend as that observed for H3.3 (Fig. 3F).
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Responses to acute exercise

Next, we assessed the effect of acute exercise on epige-
netic regulation of skeletal muscle function of 8- and
53-wk-old mice. We found that following acute exercise,
the expression of the target genes was significantly upreg-
ulated (+57%) in 8-wk-old mice compared to that in the
control group (Fig. 4A). On the other hand, the same was
not observed in 53-wk-old mice following acute exer-
cise. With respect to H3.3 distribution at target loci, a
main effect of exercise (p=0.0352) was observed, but a
stronger main effect of age (p<0.0001) was observed
between 8- and 53-wk-old mice (Fig. 4B). H3K27me3 dis-
tribution increased (3 folds, p<0.05) in 53-wk-old mice
compared to that in 8-wk-old mice (Fig. 4D). Acute exer-
cise stimulated H3K27me3 accumulation at target loci
in 8-wk-old mice compared to that in the control group
(+43%, p<0.05), whereas H3K27me3 distribution was
not affected by acute exercise in 53-wk-old mice. On the
other hand, H3K4me3 distribution was similar between
8- and 53-wk-old mice and was not affected by acute
exercise (Fig. 4C).

Effects of forced H3.3 expression

To investigate the role of age-related increases in H3.3
distribution on skeletal muscle genes, we assessed the
effect of forced H3.3 expression in 8-wk-old mice, as
H3.3 was maintained at low levels in this age group.
Age-associated increase in body weight was signifi-
cantly inhibited in the H3.3 group compared to that in
the Stuffer group (Fig. 5A). The integrated score of the
rotarod test, which was expressed by multiplying the
mean latency to fall by the body weight, was significantly
higher in the H3.3 group than that in the Stuffer group
starting at 20 weeks of age (Fig. 5B). However, no signifi-
cant changes were observed in the muscle weight, fiber
size, myonuclear number, or fiber phenotype of the tibia-
lis anterior muscle after treatment with the ACTA1-H3.3
vector (Fig. 5C-Q).

Although H3f3a and H3f3b mRNA expression was
not affected by treatment with the ACTA1-H3.3 vector
(Fig. 5H), H3.3 protein levels were significantly increased
(+18%) in the H3.3 group compared to that in the Stuffer
group (Fig. 5I). Total levels of H3K4me3 and H3K27me3
were increased following treatment with ACTA1-H3.3
vector in the H3.3 group compared to that in the Stuffer
group (Fig. 5I). The level of H3.3 significantly correlated
with the level of H3K4me3, whereas no correlation was
observed between H3.3 and H3K27me3 levels (Fig. 5I).

Upregulated and downregulated genes identified in
Experiment 1 and exercise-related genes used in Experi-
ment 2 were assessed to analyze the effect of forced H3.3
expression on gene expression and histone distribution.
The expression of downregulated and exercise-related
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genes was significantly decreased (—16% and—13%,
respectively) in the H3.3 group compared to that in
the Stuffer group, whereas the expression of upregu-
lated genes was significantly increased (+7%) in the
H3.3 group than compared to that in the Stuffer group
(Fig. 5]-L). The results of ChIP-qPCR analysis showed an
increase in H3.3 distribution and a decrease in H3.1/3.2
and H3K27me3 distribution at all targeted loci (Fig. 5]
L). Additionally, the distribution of H3K4me3 was signifi-
cantly increased at exercise-related loci.

Discussion

Relationship between skeletal muscle aging and H3.3
Tibialis anterior muscle is one of the muscles that exhibits
significant decline in muscle mass with age [15]. There-
fore, in the present study, we used the tibialis anterior
muscle. It was reported that the tibialis anterior muscle
weight and fiber size were significantly decreased in 2-yr-
old mice compared to adult mice aged 2—6 months [16—
18]. We observed the onset of abnormalities in muscle
mass relative to body weight at 53 weeks of age (Fig. 1B),
indicating that muscle growth decelerated against the
rate of body mass gain. The data obtained in the present
study also agree with previous studies [16, 19] demon-
strating that fiber CSA in the tibialis anterior muscle was
maintained in 13-month-old mice and did not signifi-
cantly decline by 21-24 months, remaining comparable
to that in adult mice aged 3—-6 months. These observa-
tions suggest that the tibialis anterior muscle in middle-
aged to old mice (53- and 75-wk-old in the present study)
is in a pre-atrophic state. Given that myonuclear number
significantly decreased at 53 weeks of age (Fig. 1E), the
loss of myonuclei potentially inhibited additional hyper-
trophy of muscle fibers. Generally, muscle fiber hyper-
trophy is associated with the accretion of myonuclei.
However, it has been reported that a transgenic model
inducing a conditional loss of satellite cells in skeletal
muscle showed successful fiber hypertrophy without an
increase in myonuclei after the ablation of synergists,
indicating that an expansion of the myonuclear domain
can compensate for the lack of myonuclear accretion
during hypertrophy [20, 21]. Since other factors, such as
oxidative stress [22], abnormal autophagy [23], and neu-
romuscular junction disorders [24], also play key roles in
the progression of skeletal muscle senescence, the onset

(See figure on next page.)
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of muscle mass wasting might be caused by a combina-
tion of these factors.

Tibialis anterior muscle is predominantly composed of
type II fibers. It was noted that the number of type Ila
fibers were significantly decreased after 32-wk-old com-
pared to 8-wk-old (Fig. 1F). Previous studies [16—18] also
demonstrated a decrease in type Ila fibers and an increase
in type IIb fibers in mouse tibialis anterior muscle during
aging, supporting the results in the present study. Con-
sidering the fiber size and distribution of type IIb fibers
in the tibialis anterior muscle, the size of type IIb fibers
might be most reflective of total muscle mass, which
peaked at 32 weeks of age. No significant differences were
seen in the CSA of type IIb fibers between 8- and 53- or
75-wk-old (Fig. 1G), suggesting a trend towards decreas-
ing fiber size with age. Therefore, age-related changes
in the mouse tibialis anterior muscle between 8 and
75 weeks old were characterized by a decrease in type Ila
fibers and inhibited growth of type IIb fibers. These phe-
nomena might also cause changes in histone components
and modifications that discussed below.

The results of the present study demonstrated that
H3.3 accumulation increased with age in mouse tibialis
anterior muscle (Fig. 2B). Interestingly, H3f3a and H3f3b
mRNA expression was downregulated or unchanged
with age (Fig. 2D), indicating that age-related H3.3 accu-
mulation was not caused by transcriptional activation.
H3.3 incorporated into nucleosomes might be capable
of escaping breakdown. Since H3.3 is incorporated into
transcriptionally active sites [25], it is speculated that
H3.3 persists as a component of nucleosomes through
the exchange from H3.1/3.2 to H3.3. Age-related increase
in H3.3 accumulation was significantly correlated with
H3K27me3 levels (Fig. 2C). This trend was also observed
at the loci that were transcriptionally upregulated and
downregulated with aging (Fig. 3). H3K27me3 is a het-
erochromatin-associated histone modification that
represses gene transcription [26]. With respect to age-
related changes in gene expression, the decreased expres-
sion of downregulated genes preceded the increased
expression of the upregulated genes during aging (Fig. 3).
These results suggest that chromatin was transformed
into a transcriptionally repressive conformation in asso-
ciation with H3.3 incorporation during aging. How-
ever, the results in the upregulated loci suggested that

Fig. 3 Age-related changes in gene expression and histone distribution of skeletal muscle genes. Genes that were upregulated (n=15) (A)

and downregulated (n=14) (B) at 8, 32, 53, and 75 weeks of age. Data are presented as the relative expression of target mRNA to Rp/37 mRNA.
Target genes were selected by RNA sequencing analysis. Significance of age-related change (8- vs. 75-wk-old) was confirmed in each gene by gPCR
analysis (Fig. S2). Distribution of H3.3 (C), H3.1/3.2 (D), H3K4me3 (E), and H3K27me3 (F) at 8, 32, 53, and 75 weeks of age was assessed by ChIP
analysis. Values are normalized to the average in each gene being taken as 1. Data are presented as the mean = SD on the dot plots
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Fig. 4 Effects of acute exercise on gene expression and histone modifications of skeletal muscle genes in 8- and 53-wk-old mice. The expression
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(D) at these target loci using ChIP analysis. (A) Data are presented as the relative expression of target mRNA to Gapdh mRNA. (A-D) Values are
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post hoc test are shown in the figures, if a significant interaction was detected by two-way ANOVA. * and Tp < 0.05 in main effect of age

and exercise, respectively

transcriptional activation by transcriptional factors was
the primary mechanism regulating the rate of gene tran-
scription, although the epigenetic mechanism is closely
related to responsiveness to transcriptional activation.
We also determined the accumulation of H3.3 and
its correlation with histone modifications in soleus
and masseter muscles of the mice used in Experiment
1 (Fig. S4 and S5). Similar to the tibialis anterior mus-
cle, the level of H3.3 significantly increased with age in
both the soleus and masseter muscles. Soleus and mas-
seter muscles are reportedly less declined with age in
terms of the muscle weight [15], suggesting that H3.3
accumulation positively regulates the muscle mass.
Furthermore, the patterns of histone modifications
were completely different among the types of skele-
tal muscles (Fig. S4 and S5). In mice, soleus muscle is
predominantly composed of type I and Ila fibers [17],
whereas masseter muscle contains more type IIx fibers

(See figure on next page.)

compared to tibialis anterior muscle [27]. The distri-
bution of fiber phenotype and the muscular activity
patterns might be the cause for varying the histone
modifications to H3.3.

Gene responsiveness to exercise is an important func-
tion of skeletal muscles. Shimizu and Kawano [12] dem-
onstrated that both H3K27me3 and H3K4me3 were
prevalent at loci that were transcriptionally responsive
to acute exercise in mouse tibialis anterior muscle. They
also showed that acute exercise further stimulates the
accumulation of these modifications at transcription-
ally upregulated loci, suggesting that H3K27me3 acts as
an active modification associated with H3K4me3. In the
present study, 53-wk-old mice failed to upregulate gene
expression in response to acute exercise, whereas 8-wk-
old mice responded successfully to acute exercise (Fig. 4).
The lower ratio of H3K4me3 to H3K27me3 at rest might
be one of the causes underlying the repression of gene

Fig. 5 Effects of forced H3.3 expression on skeletal muscle of 8-wk-old mice. Age-related changes in body weight (A) and latency to fall

in rotarod test (B) in mice with or without forced H3.3 expression. The values (time) obtained in the rotarod test were averaged in five trials

and were multiplied by the respective body weight (g) to calculate the integrated values. To examine the consequence of changes in the period,
the maximum length of the continuous time points from the end of experiment (30-wk-old) was selected for Student’s unpaired t test. (C)
Typical stained images of PCM1 (green) +dystrophin (red) + DAPI (blue) (upper panels), and type | (blue) +Ila (green) + b (red) myosin heavy
chains+dystrophin (pink) (lower panels) in the Stuffer (left) and H3.3 (right) groups. Myonuclei are indicated by arrowheads. Scale bar=10 um.
(D) Tibialis anterior muscle weight relative to body weight. (E) Mean fiber cross-sectional area (CSA). (F) Myonuclear number per fiber. (G)

Distribution of fiber phenotype. (H) H3f3a and H3f3b mRNA expression. Data are represented as the relative expression of target mRNA to Gapdh
mRNA. (I) Western blot analysis of H3.3, H3.1/3.2, H3K4me3, H3K27me3, total H3 levels (upper images), and the quantification of each protein (bar
graphs). H3K4me3 and H3K27me3 levels were normalized to the respective total H3 levels. X-Y plots show the Pearson correlation between H3.3
and H3K4me3 or H3K27me3. (J-L) Changes in gene expression and the distribution of H3.3, H3.1/3.2, H3K4me3 and H3K27me3 at the upregulated
(J), downregulated (K), and exercise-related (L) genes. Data were presented as the relative expression of target mRNA to Rp/37 mRNA. Values are
normalized to the average in each gene being taken as 1. Data are presented as the mean £ SD on the dot plots. Biological replicates: n=5 in each
group. Bar graph present data from biological replicates, and dot plots present gene-related data



Masuzawa et al. The Journal of Physiological Sciences

(2024) 74:41

Page 11 of 15

A 1 ACTA1-Stuffer ACTA1-H3.3
40
AAVS injection - —
' — ACTA1-Stuffer H3.3 .- -— — e ——
| — ACTA1-H3.3 "
: p=0.0040 HI1/52 - - - — - - -
) 30 ] g ' z
e | HOKIme | o o e
£ ' E R
225{ H3K27me3 e s == e o o - o -
< '
: | o o T S o
20 '
! H3.3 H3K4me3 H3K27me3
15 ' 167 p=0.0425 16
B 8 10 12 14 16 18 20 22 24 26 28 30 ° 5 %‘
® |-
® 3 = -
80001 , AV injection ~ 12 8P 1p{ p000%2 p=0.0043
= AAVS injectior LI Py ST .
k=) ' p=0.0218 8280 = €T
g 5000 : o 28 o |
> ; < o8 Sgo8] _ [=° o %
8 4000 ' ] 2 pa )
= ' © 3
£ 3000 . 04 3CTAI- ACTAL- 04 ACTAI-ACTAT- ~ ACTAI- ACTAT-
kel H Stuffer  H3.3 Stuffer H3.3 Stuffer H3.3
> :
2 2000 ' N
k5 ' 5
= . x4
< 1000 [ . o o |H3K4me3 | H3K27me3
2 ' 88 3
= : £3
0 z8 .
8 10 12 14 16 18 20 22 24 26 28 30 f_;'ﬁ 2 . -
Weeks of age Eg . .
(o] 2 21
[ ACTAt-Stuffer || ACTA1-H33 85 | pmo00er
— — 3,
< 52 25 15 2 25
- Band intensities in histone H3.3 x10°
=
e J Up-geegl::(ed ChIP: H3.3  H3.1/3.2 H3K4me3 H3K27me3
n
£ 157 p=0.0300 27 p=0.0083 p=0.0005 4 p<0.0001
= .
-3 8 . £ .
— g 2 {,’ o E
% £ 101 <y Ao 2
2 a 3 “’ 31 “% AT
+ 2 2
M 205 2
K] k] k]
— [ [ <
+ 114 o« . ¢
0~ ACTAT ACTAT O~ ACTAT- ACTAT- ~ ACTAI- ACTAT-  ACTAI- ACTAT-  ACTAI- ACTAIL-
L L Sluffer * H3.3 Sluffer ~ H3.3 Stuffer ~ H3.3 Stuffer  H3.3 Stuffer ~ 3.3
D G lla 1Ix b la+llb K D°W"g-;gls"a'ed ChIP: H3.3 H3.1/3.2 H3K4me3 H3K27me3
02 60 157 p=0.0003 271 p<0.0001 p=0.0463 ] p<0.0001
e Sy i £ L. $ ’ s -
< © 2 5 . .
z g 40 810 2 oe.
=) 2 & = och . Can .
£ 0.1 s e—e 3 51 P WP "
o < ® ® B o %
3 S 20 oo 205 2 R #
] 5] K 3 ) o
E g & e | -
= * [ A
ACTA1- ACTAI- ACTA1- ACTA1- ACTA1- ACTAI- ACTA1- ACTAI- ACTA1- ACTAT- ACTA1- ACTAI- ACTAI- ACTA1-  ACTAI- ACTAI-  ACTA1- ACTAI-  ACTAI- ACTAT-
Stuffer ~ H3.3 Stuffer ~ H3.3 Stuffer H33 Stuffer H3.3  Siuffer H3.3 Stuffer ~ H3.3 Stuffer ~ H3.3 Stuffer ~ H3.3 Stuffer ~ H3.3 Stuffer " H3.3
E F H H3f3a H3f3b L EXe“gs;l'e':'a‘Ed ChIP: H3.3  H3.1/3.2 H3K4me3 H3K27me3
4000 15 15 15 p<0.0001 2 p<0.0001 Jp<0.0001 p=0.0478 p<0.0001
£ 2 2 : I 5 ’
£ 3000 g . ? T e 2 N 3
= 510 . % 8 1.0 2re 810 fe 2
< = -~ = t s =3 v 3 L4
@3 2000 3 o 2 @ T 1 L S
8] S o o * o B EX o
2 205 £05 £05 £
i 1000 3 © T S}
s o o o .
O ACTAT- ACTAL- 0 AcTat-ACTA O ACTAI-ACTAI- ~ ACTAI- ACTAL- 0" ACTA- ACTAT- O ACTAI-ACTAI- ~ ACTAT-ACTAT. ~ ACTAI-ACTAI-  ACTAT ACTAL-
Stuffer  H3.3 Stuffer  H3.3 Stuffer  H3.3 Stuffer  H3.3 Stuffer  H3.3 Stuffer  H3.3 Stuffer  H3.3 Stuffer  H3.3 Stuffer  H3.3

Fig. 5 (Seelegend on previous page.)



Masuzawa et al. The Journal of Physiological Sciences (2024) 74:41

response to acute exercise in 53-wk-old mice. These find-
ings suggest that age-related H3.3 accumulation causes
epigenetic alterations that repress gene transcription in
skeletal muscle.

Function of H3.3 in skeletal muscle

Age-related changes in epigenetics were partially simu-
lated by forced H3.3 expression in 8-wk-old mice. At
32 weeks of age (end of Experiment 3), H3.3 levels
were successfully increased in the tibialis anterior mus-
cle of mice that were administered ACTA1-H3.3 vec-
tor (Fig. 5I). However, no increase in H3f3a mRNA
expression was observed at this age (Fig. 5H). We also
confirmed that the viral vector persisted in the tibialis
anterior muscle at 32-wk-old (end of Experiment 3) (Fig.
S6). Although the reason for this phenomenon remains
unclear, it is possible that the induction of gene tran-
scription by the ACTA1 promoter was weak. Since the
observed age-related increase in H3.3 levels were not
associated with upregulation of mRNA expression, we
speculated that mechanisms that mediate immediate
degradation of mRNA underlie the observed phenom-
enon. Therefore, the persistence of transcriptional activ-
ity was confirmed at 32 weeks after administration of the
GFP-expressing AAV9 vector at 8 weeks of age (Fig. S1B).
GEP levels at 32 weeks of age (24 weeks after injection)
were significantly enhanced (a sixfold increase) com-
pared to that at 10 weeks of age (2 weeks after injection)
in the tibialis anterior muscle. Similar effects were found
in the soleus, lateral gastrocnemius and masseter muscles
(Fig. S1B), indicating that the production of protein origi-
nating from the viral vector actually increased in skeletal
muscles throughout the body 24 weeks after injection.
Furthermore, to determine the level of transgene induc-
tion, HA-tagged H3.3 was expressed under the control
of the ACTA1 promoter via intramuscular injection of
AAV9 vector into the tibialis anterior muscle (Fig. S7).
The injection of viral vector significantly upregulated the
gene expression of H3f3a. Although the HA tag was suc-
cessfully detected in the muscle injected with the viral
vector, the protein level of H3.3 was not affected. These
results suggest that the ACTA1 promoter exhibits weak
transcriptional activity with respect to endogenous H3.3
in the tibialis anterior muscle. We additionally assessed
the effect of administration of AAV9 vector in 23-wk-old
mice, and the tibialis anterior muscles were sampled at
53 and 75 weeks of age. However, H3.3 levels were not
enhanced at either time point (Fig. S8), suggesting that
the viral vector itself and the promoter activity were not
strong enough to induce H3.3 expression in the skeletal
muscle of adult mice in which the onset of H3.3 accumu-
lation had already occurred.
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Forced H3.3 expression in the skeletal muscle resulted
in gradual improvement in motor function (Fig. 5B), indi-
cating that the enhancement of H3.3 plays a positive role
in skeletal muscle function. Shoji et al. [28] reported that
the latency to fall in the rotarod test gradually decreased
with age, and this decline in motor function might be
explained by an increase in body weight. The results
obtained in the present study showed a significant sup-
pression of age-related body mass gain in the H3.3 group
(Fig. 5A). Therefore, the data are presented as an inte-
grated value that multiplied the latency by body weight.
The fiber CSA of the tibialis anterior muscle in the H3.3
group was slightly smaller (p=0.0738) than that in the
Stuffer group, which was associated with inhibited body
mass gain (Fig. 5E). No changes were observed in the
fiber phenotype distribution due to forced H3.3 expres-
sion (Fig. 5G). Therefore, the improved motor function in
the H3.3 group might not be attributed to morphological
changes in the tibialis anterior muscle fibers. Although
the precise parameters were not determined in the pre-
sent study, metabolic changes leading to the loss of body
mass might be influenced by enhanced H3.3 expression
in skeletal muscles.

Gene expression showed a similar change between
forced H3.3 expression and aging models (Figs. 3A, B,
5] and K). Given that forced H3.3 expression enhanced
motor function, age-related changes in gene expression
might not be the trigger for the decline in skeletal mus-
cle function. The magnitude of change in gene expres-
sion by forced H3.3 expression was more prominent in
the downregulated genes, suggesting that H3.3 incorpo-
ration into nucleosomes plays a repressive role in gene
transcription. However, forced H3.3 expression in 8-wk-
old mice resulted in significant downregulation and dis-
sociation of H3K27me3 at target loci (Figs. 5]-L). This
suggests that H3K27me3 modification is not always
associated with H3.3, and that the upstream pathways
that modify H3K27 are critical factors for these modifi-
cations. H3K4me3 showed a significant correlation with
H3.3 increase by forced expression (Fig. 5I). Indeed, ChIP
analysis demonstrated that the distribution of H3K4me3
was unchanged or upregulated at the target loci (Fig. 5]—
L). Although the precise mechanisms regulating gene
transcription in an epigenetic manner are unclear, an
altered balance between H3K4me3 and H3K27me3
might affect the regulation of gene transcription.

Hypothetical model

Based on the results of the present study, a hypothetical
model for the role of H3.3 in the tibialis anterior mus-
cle of mice during aging is suggested in Fig. 6. Canonical
histone H3.1/3.2 is replaced with non-canonical histone
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muscle, as suggested by the results in Experiments 1 and 2. The left panel shows the effects of forced H3.3 expression in the skeletal muscle

of young mice. Note that H3.3 accumulation is a common result between aging and forced expression, but the role of the H3.3 increase in skeletal
muscle function differs due to its modification pattern. See the Hypothetical model section for more details

H3.3 with age in skeletal muscles. Age-related alterations
in tibialis anterior muscle epigenetics generally result
in a shift toward a transcriptionally repressive state due
to low levels of H3K4me3 and high levels of H3K27me3
(right panel in Fig. 6). In young mice (8-wk-old), forced
H3.3 expression using an AAV vector resulted in an
increase in H3.3 that was modified by H3K4me3, but not
H3K27me3 (left panel in Fig. 6). Although the relation-
ship between transcriptional regulation and the pattern
of histone modifications remains unclear, the histone
modification pattern characterized by high H3K4me3
relative to H3K27me3 might play a positive role in motor
function. These differing effects of H3.3 accumulation
between aging and forced expression models suggest that
the activation of H3K27me3 modifiers is age-dependent
and competes with H3K4me3.

Conclusions

The present study investigated age-related changes in
H3.3 and its role in the aging process of mouse tibialis
anterior muscle. Experiment 1 showed that H3.3 relative
to H3.1/3.2 increased with age and significantly corre-
lated with H3K27me3. An acute exercise test in Experi-
ment 2 revealed reduced gene responsiveness to exercise
in the tibialis anterior muscle of middle-aged mice, where
H3.3 and H3K27me3 were prevalent at exercise-respon-
sive loci. Experiment 3 demonstrated that forced H3.3
expression in the skeletal muscles of young mice resulted
in a gradual improvement in motor function, as assessed
by a rotarod test. These results indicate that H3.3 accu-
mulation alters the chromatin into a repressive state,
although H3.3 accumulation itself plays a positive role in
motor function. It is also suggested that the function of
H3.3 is closely related to its modification pattern.
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