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Reduced Dnmt3a increases Gdf5 expression with
suppressed satellite cell differentiation and impaired
skeletal muscle regeneration
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ABSTRACT: DNA methylation is an epigenetic mechanism regulating gene expression. In this study, we observed that
DNA methyltransferase 3a (Dnmt3a) expression is decreased after muscle atrophy. We made skeletal muscle—specific
Dnmt3a knockout mice (Dnmt3a-KO mice). The regeneration capacity after muscle injury was markedly decreased in
Dnmt3a-KO mice. Diminished mRNA and protein expression of Dnmt3a were observed in skeletal muscles as well as
in satellite cells, which are important for muscle regeneration, in Dnmt3a-KO mice. Dnmt3a-KO satellite cell showed
smaller in size (Iength/area), suggesting suppressed myotube differentiation. Microarray analysis of satellite cells
showed that expression of growth differentiation factor 5 (Gdf5) mRNA was markedly increased in Dnmt3a-KO mice.
The DNA methylation level of the Gdf5 promoter was markedly decreased in Dnmt3a-KO satellite cells. In addition,
DNA methylation inhibitor azacytidine treatment increased Gdf5 expression in wild-type satellite cells, suggesting
Gdf5 expression is regulated by DNA methylation. Also, we observed increased inhibitor of differentiation (a target of
Gdf5) mRNA expression in Dnmt3a-KO satellite cells. Thus, Dnmt3a appears to regulate satellite cell differentiation
via DNA methylation. This mechanism may play a role in the decreased regeneration capacity during atrophy such as
in aged sarcopenia.—Hatazawa, Y., Ono, Y., Hirose, Y., Kanai, S., Fujii, N. L., Machida, S., Nishino, L., Shimizu, T.,
Okano, M., Kamei, Y., Ogawa, Y. Reduced Dnmt3a increases Gdf5 expression with suppressed satellite cell differ-
entiation and impaired skeletal muscle regeneration. FASEB J. 32, 000-000 (2018). www.fasebj.org
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Epigenetic events contribute to skeletal muscle remodel-
ing in a variety of physiologic and pathophysiologic con-
ditions (1). DNA methylation occurs as 5-methylcytosines
mainly at cytosine-guanine dinucleotides, so-called CpG
sites, and such methylation is a well-studied epigenetic
mechanism for transcriptional regulation (2, 3). Generally
DNA methylation of the gene promoter is correlated with
transcriptional repression (2, 3). Genomic DNA methyl-
ation patterns are established by the actions of the de novo
methyltransferases DNA methyltransferase 3a (Dnmt3a)
and Dnmt3b, and are maintained by the methyltransferase
Dnmt1 (4). DNA methylation has long been known to be
involved in muscle formation. Treatment of fibroblasts
with the DNA methylation inhibitor 5-azacytidine caused
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muscle differentiation (5). On the other hand, deletion of
Dnmtl in skeletal muscles is reported to reduce the dif-
ferentiation capacity of myogenic cells (6). Expression of
Dnmt3a mRNA is relatively high in skeletal muscles (7).
Also, denervation in skeletal muscles decreased expression
of Dnmt3a (8), suggesting that Dnmt3a plays a role in skel-
etal muscle physiology /pathophysiology, such as atrophy.

Muscle atrophy is associated with aging (sarcopenia)
and chronic unloading (such as immobilization with
casts), as well as nerve injury (denervation). During atro-
phy, the muscle regeneration capacity after injury (e.g.,
falling, trauma, or extreme exercise) is known to be de-
creased (9-11). However, the mechanism involved is
largely unknown. Satellite cells, the resident stem cells of
adult skeletal muscles, are critical for regeneration (9),
supplying myonuclei for homeostasis, hypertrophy, and
replication (12). Satellite cell growth and differentiation are
controlled by numerous secreted proteins, such as bone
morphogenic protein (Bmp) and growth differentiation
factor (Gdf), which form a family of proteins that share the
characteristic features of the TGF-B family (13). Bmp/Gdf
is known to activate gene expression of Id (inhibitor of
differentiation or DNA binding) and suppress muscle
differentiation (12). Previously, we examined the role of
Bmp signaling in regulating satellite cell function. Block-
ade of Bmp signaling promoted and Bmp4 inhibited
myogenic differentiation of satellite cells. Collectively,
these findings suggest that Bmp signaling suppresses
satellite cell differentiation (12).

Expression of Gdf5/Bmp14 was shown to be regulated
by DNA methylation at the promoter (14). Increased
growth differentiation factor 5 (Gdf5) may suppress sat-
ellite cell differentiation and reduce muscle regeneration.
In this study, we used mice with ablation of Dnmt3a in
skeletal muscles and satellite cells, and attempted to clarify
the role of DNA methylation in muscle function.

MATERIALS AND METHODS
Denervation of skeletal muscle

For the denervation model, a 4- to 5-mm section of sciatic nerve in
the hind limb of wild-type (WT) mice was removed. After 14 d,
skeletal muscle was collected.

Plaster cast

Plaster casts of mice were performed as previously described
(15). The hind limb skeletal muscles of WT mice (9 wk old, male)
were immobilized (unloaded) by a plaster cast. After 11 d, skel-
etal muscles were collected.

Real-time quantitative PCR analysis

Total RNA was prepared using TRIzol (Thermo Fisher Scientific,
Waltham, MA, USA). cDNA was synthesized from 500 ng of total
RNA using ReverTra Ace quantitative PCR (qQPCR) RT MasterMix
with gDNA Remover (Toyobo, Osaka, Japan). mRNA expression
levels were measured on an ABI Prism 7000 (Thermo Fisher
Scientific) system using Thunderbird SYBR qPCR Mix (Toyobo).
The primers used are shown in Supplemental Table 1.

2 Vol.32 March 2018

The FASEB Journal - www.fasebj.org

Dnmt3a-KO mice

We used a Cre-loxP recombination system to generate skeletal
muscle-specific Dnmt3a knockout mice (Dnmt3a-KO). Dnmt3a-
flox mice, originally generated in Massachusetts General Hos-
pital (Boston, MA, USA), were provided by the Riken BRC
through the National Bio-Resource Project of Mext, Japan.
Briefly, mice in which exon 19 of Dnmt3a was flanked by loxP
sites (16) were crossed with transgenic mice expressing Cre
recombinase specifically in skeletal muscles using the human
a-actin promoter (17). In addition to crossing mice homozygous
for the Dnmt3a lox allele with Cre transgene (heterozygous) mice,
mice homozygous for the Dnmt3a lox allele were crossed with
mice without the Cre transgene. Genotyping of the Dnmt3a lox
allele was performed as previously described (16), and the Cre
transgene was detected with the following PCR primers: 5'-
CGCCGCATAACCAGTGAAAC-3" and 5-ATGTCCAATT-
TACTGACCG-3'. Offspring of these crosses, Dnmt3a’™/f
with Cre (Dnmt3a-KO) and Dnmt3a’>/ 8% without Cre (WT),
were used for experiments.

Western blot analysis

Western blot analysis was performed as previously described
(15) using anti-Dnmt3a (H-295; Santa Cruz Biotechnology, Dal-
las, TX, USA) and anti-GAPDH (C14C10; Cell Signaling Tech-
nology, Danvers, MA, USA).

Histologic analyses

Skeletal muscles were frozen in liquid nitrogen—cooled iso-
pentane. Transverse serial sections were prepared and stained
with hematoxylin and eosin (HE), modified Gomori trichrome, or
NADH stain, as previously described (18).

Glucose and insulin tolerance tests

Glucose tolerance tests and insulin tolerance tests were per-
formed as previously described (15).

Muscle regeneration after cardiotoxin-induced
muscle injury

Mice were injected with 50 or 100 pl of 10 uM cardiotoxin (CTX;
C9759; Sigma-Aldrich, St. Louis, MO, USA) into the tibialis an-
terior or gastrocnemius muscle. Two weeks after injection, mice
were humanely killed by cervical dislocation to collect muscle
samples.

Immunostaining of skeletal muscles and
satellite cells

Skeletal muscles were dissected and stained for collagen type I
(red), laminin (red), and myosin heavy chain (MyHC; green).
Nuclei were counterstained with DAPI (blue) (Southern Bio-
tech, Birmingham, AL, USA). Immunocytochemistry of satel-
lite cells and isolated single fibers was performed as previously
described (12). Antibodies and suppliers are as follows: mouse
anti-MyHC (MF20) (R&D Systems, Minneapolis, MN, USA),
rat anti-laminin a2 (Alexis, San Diego, CA, USA), goat anti-
collagen type I (Southern Biotech), anti-Pax7 (Santa Cruz Bio-
technology), and anti-myogenin (F5D) (DSHB, Iowa City, IA,
USA).
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Primary satellite cell isolation and culture

Adult (8-12 wk old) male mice were humanely killed by cervical
dislocation, and the extensor digitorum longus (EDL) muscles
were isolated and digested in type I collagenase as previously
described (19). Satellite cells were obtained from isolated myo-
fibers by trypsinization in a 0.125% trypsin—-EDTA solution for
10 min at 37°C. Satellite cells were cultured in growth medium
(GlutaMax DMEM; Thermo Fisher Scientific) supplemented with
30% fetal bovine serum, 1% chicken embryo extract, 10 ng/ml
basic fibroblast growth factor, and 1% penicillin—streptomycin.
Myogenic differentiation was induced in differentiation medium
(GlutaMax DMEM supplemented with 2% horse serum and 1%
penicillin-streptomycin) (19).

Fluorescent reporter mice (Rosa-stop-YFP mice) of
Cre expression

The Rosa-stop-YFP mouse is a reporter system that expresses
yellow fluorescent protein (YFP) only in cells expressing Cre
recombinase and their daughter cells. It was created by inserting
YFP cDNA preceded by a loxP flanked “stop” sequence into
the ubiquitously expressed ROSA26 locus (20). Mice with the
Cre transgene driven by the a-actin promoter were crossed
with fluorescent reporter mice (Rosa-stop-YFP mice). Mus-
cle fibers were isolated as previously described (12). Satellite
cells were stained with the cell marker Pax7. Mouse anti-
Pax7 was used for immunostaining. Pax7-positive cells on
muscle fibers from actin-Cre /Rosa-YFP floxed mice emitting
a strong YFP signal were considered to be satellite cells with
an active Cre system.

Analysis of cell proliferation

In experiments measuring cell proliferation, the Click-iT Plus
5-ethynyl-2'-deoxyuridine (EdAU) Alexa Fluor 488 Flow Cytom-
etry Assay Kit (Thermo Fisher Scientific) was used as per the
manufacturer’s instructions. EAU stock solution (10 mM) was
added to the culture up to a 10 pM final concentration and
subsequently cultured for an additional 6 h. Immunostained
myofibers and plated myoblasts were viewed on an inverted
laboratory microscope with LED Illumination Leica DM IL
LED. Digital images were acquired with a Leica DFC3000 G
system using Leica LAS Image Overlay 4.6 software (Leica,
Wetzlar, Germany), optimized, and assembled into figures
using Image] software (Image Processing and Analysis in
Java; National Institutes of Health, Bethesda, MD, USA;
http://imagej.nih.gov/).

cDNA microarray analysis

RNA was isolated from satellite cells from Dnmt3a-KO or WT
mice. Each sample was labeled with cyanine 3-CTP using the
Low Input Quick Amp Labeling Kit (Agilent Technologies, Santa
Clara, CA, USA) and hybridized to the Agilent whole mouse
genome (4 X 44 K) microarray. Signal detection and data analysis
were performed as previously described (21).

Functional annotation analysis in genes regulated
by Dnmt3a-KO

We conducted pathway analysis using the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database resource with
Database for Annotation, Visualization and Integrated Dis-
covery (DAVID), which is a Web application providing a
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comprehensive set of functional annotation tools to understand
the biologic meaning of a large list of genes (21). A list of gene
symbols that showed changed expression in satellite cells
of Dnmt3a-KO mice was submitted, and a significant over-
representation of the KEGG pathway was detected (21).

Gdf5 protein concentration analysis

Concentrations of Gdf5 in culture medium, which was pre-
cipitated with trichloroacetic acid and dissolved in water, were
measured by an ELISA kit (mouse GDF-5 DuoSet; R&D Systems).

Bisulfite DNA methylation analysis

Genomic DNA was isolated by a standard procedure using
proteinase K treatment. Bisulfite DNA methylation analysis was
performed as previously described (22). PCR amplification of the
genes of interest was performed using the following specific
primers: Gdf5 forward: TTTTAGGAGGTGGAGGTGAAAATT,
reverse: ACTTATATAAAACTAAAAAATTTTTCCAAAAA;
intracisternal A particle (IAP) forward: TTGATAGTTGTGTT-
TTAAGTGGTAAATAAA, reverse: AAAACACCACAAACC-
AAAATCTTCTAC. QUMA (a Web-based quantification tool for
methylation analysis) (http://quma.cdb.riken.jp/) (23) was used for
bisulfite sequencing analysis of CpG methylation. Representative
data of 3 independent experiments with similar results are shown
in the figures.

Treatment of satellite cells by DNA methylation
inhibitor 5-azacytidine

Satellite cells were isolated from the EDL of WT mice (8 wk old,
male). After isolation, satellite cells were cultured for 6 d. On day
4, 5-azacytidine was treated with medium (5 ug/ml). On day 6,
satellite cells were replated and cultured in differentiation me-
dium containing 5 pg/ml 5-azacytidine for 1 d.

Gdf5 recombinant protein

Satellite cells were cultured in growth medium for 6 d,
replated, and cultured in differentiation medium containing
10 or 100 ng/ml Gdf5 recombinant protein (Peprotech,
Rockyhill, NJ, USA) for 2 d.

Genomewide analysis of DNA methylation

Microarray-based integrated analysis of methylation by iso-
schizomers analysis, a genomewide analysis of DNA methyl-
ation using a gene array and methylation-sensitive restriction
enzymes, was performed as previously described (22). Briefly,
genomic DNA from the two samples was digested using the
methylation-sensitive Hpall and methylation-insensitive MsplI,
followed by adaptor ligation and PCR amplification. Ampli-
fied DNA from 1 sample was labeled with Cy3 and the other
with Cyb5; further, they were cohybridized in the gene arrays
containing 41,332 probes. The difference in the Hpall/Mspl
signal was used to determine the degree of methylation (22).

Statistical analyses

Sample sizes were not based on power calculations. No animals
were excluded from analyses. Statistical comparison of two
groups was performed by Student’s 2-tailed unpaired Student’s ¢
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test or a 1-way analysis of variance followed by Tukey’s post hoc
test for more groups. Data were checked for normality and equal
variances between groups. A value of P < 0.05 was considered to
be significant, and significance was indicated as *P < 0.05, **P <
0.01, and ***P < 0.001. The number of animals in each experiment
is stated in the respective figure captions. All in vitro experiments
were replicated 2 to 4 times, and the main animal experiments
were conducted twice.

RESULTS

Decreased Dnmt3a mRNA expression in
multiple skeletal muscle atrophy models

Histochemical analysis (HE staining) of the atrophied
skeletal muscles from different mouse models (de-
nervation, plaster cast, and aging) demonstrated a re-
duction in muscle fiber size (Supplemental Fig. 1). We
examined the mRNA expression levels of DNA meth-
yltransferases (Dnmtl, Dnmt3a, and Dnmt3b), and his-
tone methylases (Ehmtl, Ehmt2, and Ezh2) in skeletal
muscles of multiple atrophy models by qPCR. Dnmt3a
mRNA expression was decreased in all atrophy models
(denervation, plaster cast, and aging), while expression
levels of Dnmtl, Dnmt3b, and histone methylases were
not significantly altered (Fig. 1A-C). A previous study
showed a decrease in Dnmt3a protein expression in
muscle after denervation (8). Also, our Western blot data
revealed a decrease in Dnmt3a protein expression in an
aging-caused muscle atrophy (Supplemental Fig. 2).
Thus, Dnmt3a may play a role in skeletal muscle biology.

Creation of mice with deletion of Dnmt3a
specifically in skeletal muscles

To examine the role of Dnmt3a in skeletal muscles, we
produced skeletal muscle-specific Dnmt3a knockout
(Dnmt3a-KO) mice. We used a Cre-loxP recombination
system of transgenic mice expressing Cre recombinase
using the human a-actin promoter. A typical genotyping
result is shown in Fig. 2A. In skeletal muscles of Dnmt3a-
KO mice, Dnmt3a mRNA expression was reduced to
~10% of WT levels (Fig. 2B). On the other hand, mRNA
expression of Dnmt3a was not decreased in other tissues
(Fig. 2B). We then confirmed decreased Dnmt3a protein
expression in skeletal muscles, but not the liver (Fig. 2C).
Expression of Dnmtl and Dnmt3b mRNAs did not differ
between WT and Dnmt3a-KO mice in skeletal muscles
(Fig. 2D). The a-actin promoter driving the Cre transgene
in our Dnmt3a-KO mice acts after birth (17). Indeed, de-
creased Dnmt3a mRNA expression was not observed in
the whole embryo at E13.5 or in the hind limbs (containing
skeletal muscles) at E18.5 of Dnmt3a-KO mice (data not
shown).

Skeletal muscles of Dnmt3a-KO mice
appear normal

We did not observe gross morphologic differences be-
tween Dnmt3a-KO and WT mice. Body and tissue weights
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(including of the gastrocnemius and quadriceps muscles,
liver, and white adipose tissue) did not differ between
WT and Dnmt3a-KO mice (Fig. 3A), and there were no
gross structural abnormalities in skeletal muscle tissue
sections stained with HE (Fig. 3B). Similarly, addi-
tional histologic analyses using modified Gomori tri-
chrome and NADH staining did not reveal marked
differences in skeletal muscles of Dnmt3a-KO mice
compared to WT mice (Fig. 3C, D). We also did not
observe signs of muscle degeneration in Dnmt3a-KO
mice. Moreover, Dnmt3a-KO mice have a similar ca-
pacity to WT mice for glucose metabolism in skeletal
muscles (Fig. 3E, F).

Suppressed regeneration of skeletal muscles
in Dnmt3a-KO mice

DNA methylation is known to be involved in muscle cell
differentiation (5). Thus, we focused on a condition where
the activity of muscle cell (satellite cell) differentiation is
high, such as muscle regeneration. During atrophy,
Dnmt3a expression is decreased and muscle regeneration
is impaired (9) (Supplemental Fig. 3). We then injected
CTX in skeletal muscles of Dnmt3a-KO mice to activate
satellite cells. Centronuclear cells, which appear during
muscle regeneration (24), were observed in muscle sec-
tions from WT mice after CTX injection (Fig. 3G), in-
dicating normal regeneration. In muscle samples from
Dnmt3a-KO mice, centronuclear cells were surrounded by
more stromal cells (Fig. 3G). Collagen type I, a marker
of fibrogenesis, was observed in skeletal muscles of
Dnmt3a-KO mice after CTX injection (Fig. 3H), in-
dicating impaired regeneration. Laminin and MyHC
staining showed that muscle fiber size was smaller in
Dnmt3a-KO mice than in WT mice, followed by CTX
injection (Fig. 3H). We quantified the cross-sectional
area of the muscle fibers containing centralized nuclei (a
feature of nascent myofibers) using laminin/DAPI
staining. Fibers with centralized nuclei were smaller
in Dnmt3a-KO mice than in WT mice (Fig. 3H). More-
over, the decrease in muscle mass after CTX injec-
tion was larger in Dnmt3a-KO mice than in WT mice
(Fig. 3I), also indicating suppressed regeneration in
Dnmt3a-KO mice.

Deletion of Dnmt3a in satellite cells from
Dnmt3a-KO mice

Next, we examined whether Dnmt3a is deleted in satel-
lite cells. Thus, we examined the expression of Dnmt3a in
satellite cells isolated from Dnmt3a-KO mice. We ob-
served a marked decrease in Dnmt3a mRNA in Dnmt3a-
KO satellite cells compared to WTs (Fig. 44), as well as
reduced Dnmt3a protein expression (Fig. 4B), while
neither Dnmt1 nor Dnmt3b mRNA levels differed sig-
nificantly between genotypes (Fig. 4A). We also ob-
served Cre mRNA expression in Dnmt3a-KO satellite
cells (Fig. 4A).

To our knowledge, there are no reports that the a-actin
promoter is active in satellite cells. We next examined
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whether a-actin promoter-driven Cre is functional in sat-
ellite cells in vivo using a reporter system (20). Almost all
Pax7-positive satellite cells in muscle fibers from a-actin-
Cre/Rosa-YFP floxed mice emitted strong YFP fluores-
cence, indicating that the a-actin promoter was active
in satellite cells (Fig. 4C). This suggests that the Cre-loxP
system works successfully in satellite cells derived
from Dnmt3a-KO mice in vivo. A genomewide analysis of
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DNA methylation using a gene array (microarray-based
integrated analysis of methylation by isoschizomers
analysis) showed a reduction in the extent of DNA
methylation in several gene regions in the satellite cells of
Dnmt3a-KO mice (Supplemental Table 2), confirming
that the Dnmt3a deletion is indeed functional. Thus,
Dnmt3a-KO mice show Dnmt3a deletion in satellite cells
as well as in skeletal muscles.
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Cell morphology in satellite cells of
Dnmt3a-KO mice

Because Dnmt3a is absent in satellite cells obtained
from Dnmt3a-KO mice (Fig. 4A, B), we compared the
phenotype of satellite cells isolated from Dnmt3a-KO
mice with that of satellite cells isolated from WT mice.
The morphology of the satellite cells obtained from
Dnmt3a-KO mice appeared distinct from those of WT
mice in vitro (Fig. 5A). To determine the phenotype
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of the satellite cells from Dnmt3a-KO mice, we per-
formed immunostaining of the cell-stage markers. Cell
proliferation (assessed by Edu incorporation in Pax7-
positive—satellite cells; Fig. 5B) and myogenin staining
[a commitment marker of myocyte (25), Fig. 5C], were
similar between Dnmt3a-KO and WT cells. Mean-
while, Dnmt3a-KO cells had a decreased number of
nuclei in the myotubes (myonuclei) (Fig. 5D, E), sug-
gesting that the fusion index is lower in Dnmt3a-
KO than in WT cells. Cell length of MyHC-positive
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Figure 3. Skeletal muscle-related phenotype of Dnmt3a-KO mice. A) Dnmt3a-KO (16-18 wk old, males) and age- and sex-
matched WT littermates were allowed ad libitum access to food. Whole body weight and weights of liver, white adipose tissue
(WAT), and skeletal muscles (gastrocnemius, quadriceps) are shown; n = 3 each group. B-D) Histologic analysis of skeletal
muscles of WI' and Dnmt3a-KO mice. Structure of muscle cross sections was analyzed by histologic staining; HE (B), modified
Gomori trichrome (C), and NADH (D) staining. There were no marked structural differences between Dnmt3a-KO and WT mice
skeletal muscles. E, ) Glucose tolerance test (F£) and insulin tolerance test (/) showed similar glucose metabolism between

(continued on next page)
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Figure 4. Decreased expression of Dnmt3a in g — S0kDa
satellite cells from Dnmt3a-KO mice. Satellite 2 " 3 —  J0kDa
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Dnmt3a-KO mice and WT littermates. Satellite S . e
cells were then cultured in growth medium for % k-
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Dnmt3a-KO mice by qPCR; n = 3—4 each group.
B) Protein levels of Dnmt3a and control Gapdh C
in satel_lite cells derived from Dnmt3a-KO an'd Non-muscle cells Muscle cells
WT mice; n = 2 each group. C) Schematic
diagram of fluorescent reporter mice (Rosa26-
stop-YFP) system (top). In absence of Cre I_l I_.
expression (nonmuscle cells), YFP does not - Cre — - Cre —
emit fluorescence signals because of stop a-actin a-actin
codon in front of gene. In presence of Cre promoter promoter
expression (muscle cells), stop codon is re- Cre
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myotubes was shorter in Dnmt3a-KO than WT cells delayed in Dnmt3a-KO compared to WT cells. As
(Fig. 5D, E). In addition, the MyHC-positive myotube myotube formation was delayed (smaller cell area)
area per microscopic field was smaller (Fig. 5D, E), in Dnmt3a-KO cells, muscle regeneration was likely
suggesting myogenic differentiation was impaired or impaired.

WT and Dnmt3a-KO mice. G) Skeletal muscles of WT and Dnmt3a-KO mice were injured by injection of CTX. After 2 wk, skeletal
muscles were stained with HE. Representative images of stained muscles cross sections are shown; n = 6 each group. H) Skeletal
muscles were stained for collagen type I (red), laminin (red), and MyHC (green). Nuclei were counterstained with DAPI (blue).
Separate cohort of animals (» = 8) from those used in G was used. Cross sectional area (CSA) of representative muscle fibers with
centralized nuclei (a feature of nascent myofibers) from each group, obtained after laminin/DAPI staining, is shown in graph;
n = 3. I) Muscle weight (2 wk after CTX injection) was measured. Same samples as used in H; n =5 each group. Data represent
means = SEM. ¥*P < 0.05 (unpaired, 2-tailed Student’s ¢ test).
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Figure 5. Morphology and immunohistochemistry in satellite cells from Dnmt3a-KO mice. A) Microscopic bright field view.
Satellite cells isolated from EDL of Dnmt3a-KO mice and WT littermates. Cells were cultured in growth medium for 6 d and in
differentiation medium for 3 d, and morphology was observed microscopically. Typical pictures are shown; n = 3 per group. B)
Satellite cells were cultured in growth medium for 3 d. Immunostaining of Pax7 (red) in Dnmt3a-KO and WT satellite cells, and
Edu (green) incorporation per Pax7-positive cell during cell proliferation are shown. Nuclei were stained with DAPI (blue). C, D)
Satellite cells were cultured in growth medium for 6 d, replated with cell number matching, and in differentiation medium for 2
d. C) Immunostaining of myogenin (red) in myotubes from Dnmt3a-KO and WT satellite cells. Ratio of myogenin-positive cells

(continued on mext page)
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TABLE 1. Microarray analysis of satellite cells derived from Dnmt3a-KO and WT genes showing > 2-fold increase in Dnmit3a-KO compared to

W -derived satellite cells

KO/WT, d
Gene Description 2 4 5 6
Gdf5 Growth differentiation factor 5 (Gdfb) 7.1 6.9 6.1 3.9
LOCI00045886 Hypothetical protein LOC100045886 (LLOC100045886) 4.3 3.0 3.4 2.4
Tchh Trichohyalin (Tchh) 4.3 3.0 2.3 2.4
Gm3866 Hypothetical protein LOC100042484 (LOC100042484) 3.1 3.8 3.7 4.0
2200002D01Rik RIKEN cDNA 2200002D01 gene (2200002D01Rik) 2.5 2.2 4.7 2.7
Zmynd17 Zinc finger, MYND domain containing 17 (Zmynd17) 2.3 2.5 2.2 2.2
Svop SV2 related protein (Svop) 2.2 5.5 2.7 2.4
Ctxn3 Cortexin 3 (Ctxn3) 2.0 2.0 2.2 2.1

Satellite cells were isolated from the EDL of Dnmt3a-KO mice and age- and sex-matched WT littermates. After isolation, satellite cells were
cultured in growth medium for 5 d, replated with cell number matching, and cultured in differentiation medium for 2, 4, 5, and 6 d. Satellite cells
were collected and global gene expression analyzed by microarray. List of up-regulated genes (more than 2-fold compared to WT mice) in all

samples.

Gdf5 expression in satellite cells of
Dnmt3a-KO mice

To examine gene expression changes in satellite cells
derived from Dnmt3a-KO mice, we performed micro-
array analysis. The list of genes showing a >2-fold in-
crease in Dnmt3a-KO compared to WT-derived satellite
cells is shown in Table 1. Expression of growth differ-
entiation factor 5 (Gdf5)/bone morphogenic protein
14 (Bmp14) mRNA was most markedly increased in
satellite cells derived from Dnmt3a-KO mice compared
to WT mice. Because Gdf5 is the most markedly up-
regulated gene in satellite cells of Dnmt3a-KO mice, we
focused on Gdf5. We observed increased Gdf5 mRNA
expression in satellite cells of Dnmt3a-KO mice by
qPCR (Fig. 6A). The list of genes that were up-regulated
more than 1.3-fold is shown in Supplemental Table 3.
Furthermore, we performed bioinformatics analysis to
understand the function of these listed genes. In the list
of up-regulated genes, we detected the TGF-f signaling
pathway (Table 2). Because Gdf5 belongs to the TGF-3
superfamily, these data also support our focus on Gdf5
as an important factor for the Dnmt3a-related pheno-
type. In addition, we confirmed the mRNA expression
of the receptors for Gdf5 in the satellite cells (Supple-
mental Fig. 4). Moreover, the Gdf5 protein concentra-
tion was higher in the medium of satellite cell cultures
from Dnmt3a-KO mice than that of WT mice, as mea-
sured by ELISA (Fig. 6B), suggesting that reduced
Dnmt3a expression enhances Gdf5 protein expression
and secretion.

DNA methylation level of Gdf5 gene promoter
in satellite cells of Dnmt3a-KO mice

Generally DNA methylation of the gene promoter is cor-
related with transcriptional repression (2, 3). The human

GDF5 promoter was reported to be regulated by DNA
methylation. The proximal promoter region of the GDF5
gene (from —0.5 to 0 kb relative to the transcription start
site) in particular is thought to strongly regulate gene ex-
pression (14). Supplemental Fig. 5A presents a schematic
representation of the mouse Gdfs promoter with CpG
positions. A homology search between the human GDF5
and mouse Gdf5> promoter at —0.5 kb showed high ho-
mology and included most CpG sequences (Supplemental
Fig. 5B). We then compared the DNA methylation level of
the Gdf5 promoter in satellite cells derived from Dnmt3a-
KO and WT mice. Interestingly, bisulfite analysis
revealed much lower DNA methylation of the Gdf5
promoter in satellite cells derived from Dnmt3a-KO
mice compared to WT mice (Fig. 6C, D), whereas the
IAP region remained methylated in satellite cells of
both Dnmt3a-KO and WT mice (Fig. 6C, E). Deletion of
Dnmt3a did not reduce DNA methylation non-
specifically in satellite cells. We then treated WT sat-
ellite cells with 5-azacytidine, a DNA methylation
inhibitor (5). Treatment with 5-azacytidine increased
the expression of Gdf5 mRNA but did not affect the
expression of other, unrelated genes such as those of
ribosomal 36B4 and muscle pyruvate kinase (Fig. 6F).
Thus, DNA methylation appears, at least in part, to be
involved in the regulation of Gdf5 expression in satel-
lite cells.

Gene expression in satellite cells of
Dnmt3a-KO mice

The list of genes down-regulated to <0.5-fold in
Dnmt3a-KO compared to WT-derived satellite cells by
microarray analysis is shown in Table 3. The mRNA
expression levels of the mature muscle marker pro-
teins [i.e., myosin heavy chain (Myh)6, Myh7 (26), and

per nucleus is shown in graph. D) Immunostaining of MyHC (red) in myotubes from Dnmt3a-KO and WT satellite cells. E)
Nucleus number of myotube (myonuclei), myotube length, and ratio of MyHC-positive area per microscopic field are shown.
More than 100 myotubes per well were counted in random fields; » = 6 (6 individual wells). Data represent means * SEM.
#P < 0.01, #*P < 0.001 (unpaired, 2-tailed Student’s ¢ test).
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Figure 6. Increased expression of Gdfb and decreased DNA methylation level of Gdf5 promoter in satellite cells from Dnmt3a-KO
mice. A) Expression of Gdfs mRNA in satellite cells from Dnmt3a-KO mice, analyzed by qPCR; n = 3—4 each group. B) Protein
level of Gdf5 in culture medium of satellite cells from Dnmt3a-KO mice, measured by ELISA; n = 3 each group. C) Bisulfite
analysis of Gdf5 promoter and IAP region in satellite cells from Dnmt3a-KO or WT mice. D, E) Quantification of bisulfite data
shown in C. D) Gdf5, E) IAP; n= 3 each group. F') mRNA expression of Gdfb, 36B4, and pyruvate kinase muscle (PKM) in satellite
cells from WT mice in presence of DNA methylation inhibitor 5-azacytidine. G) Differential expression of representative genes
identified by microarrays was confirmed by qPCR; n = 3 each group. Data represent means * seMm. *P < 0.05, **P < 0.01,

##%P < 0.001 (unpaired, 2-tailed Student’s ¢ test).

fibroblast growth factor receptor 4 (FGFR4) (27)], were
reduced in satellite cells derived from Dnmt3a-KO mice
compared to WT mice. qPCR of individual genes con-
firmed the microarray results. Expression levels of
Myh6, Myh7, and FGFR4 were reduced in satellite cells
derived from Dnmt3a-KO mice compared to WT mice
(Fig. 6G). In addition, we observed increased mRNA
expression of Id4 (Fig. 6G), a target gene of Gdf5 and
inhibitor of muscle cell differentiation (12). The list of

REDUCED Dnmt3a INCREASES Gdf5 EXPRESSION

genes down-regulated to <0.7-fold in Dnmt3a-KO
compared to WT-derived satellite cells is shown in
Supplemental Table 4. After performing bioinformatics
analysis of the down-regulated genes, we detected a
tight junction pathway which may reflect changes in the
morphology of the satellite cells from Dnmt3a-KO mice.
These data suggest that differentiation was suppressed
in satellite cells of Dnmt3a-KO mice compared to WT
mice.
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TABLE 2. Pathway analysis

Pathways P Benjamini
Hippo signaling pathway 0.013 0.26
pb3 signaling pathway 0.075 0.61
TGF-B signaling pathway 0.095 0.55

Compared with WT cells, up-regulated (more than 1.3-fold).

Effect of Gdf5 recombinant protein on gene
expression in WT satellite cells

As shown in Fig. 7A, the addition of recombinant Gdf5
protein to the culture medium of WT satellite cells reduced
myotube formation. Gdf5 treatment affected neither cell
proliferation, assessed by Edu incorporation (Fig. 7B), nor
the number of myogenin-positive cells (Fig. 7C). Nucleus
number per myotube (myonuclei, fusion index) decreased
with Gdf5 treatment (Fig. 7D, E). Length and area of
MyHC-positive myotubes decreased in Gdf5-treated cells
(Fig. 7D, E), suggesting suppressed differentiation. Fur-
thermore, the mRNA expression level of Id4 was increased
and Myh6 was reduced (Fig. 7F). This is consistent with
increased Id4 and decreased Myh6 mRNA expression in
satellite cells of Dnmt3a-KO mice with increased Gdf5
mRNA expression. These data suggest that Gdf5 sup-
presses satellite cell differentiation by increasing Id ex-
pression. Together, phenotypes of Dnmt3a-KO cells (Fig.
5) and Gdf5-treated WT cells (Fig. 7) were similar. Thus,
Dnmt3a-KO may cause the effects that are at least in part
mediated by Gdf5.

DISCUSSION

During atrophy, such as sarcopenia and unloading,
muscle regeneration capacity after injury is decreased
(9-11). We observed decreased muscle regeneration

by denervation (Supplemental Fig. 3). This decreased
muscle regeneration capacity is believed to interfere
with muscle mass recovery after injury and lead to
impaired muscle function as well as more severe sar-
copenia with lower quality of life (28). We present a
plausible model for the decreased regeneration ca-
pacity of atrophied skeletal muscles involving down-
regulation of the DNA methyltransferase Dnmt3a in
satellite cells and ensuing up-regulation of Gdf5/
Bmp14, as well as suppression of satellite cell differ-
entiation. It is better to analyze DNA methylation
levels and /or Dnmt3a expression in satellite cells from
aged or other atrophy models. However, it is techni-
cally difficult because isolation of skeletal muscles and
culturing satellite cells in a dish may change their
features; for example, loss of connection with extra-
cellular signals causes atrophy. These issues remain to
be solved.

Differences in Gdf5 promoter methylation
level between satellite cells and skeletal
muscles of Dnmt3a-KO mice

Under normal conditions, we did not observe gross mor-
phologic differences in skeletal muscles between Dnmt3a-
KO and WT mice. The DNA methylation level of the Gdf5
promoter was lower in satellite cells of Dnmt3a-KO mice
than in WT mice, while in whole skeletal muscles, Gdf5
promoter methylation did not differ between Dnmt3a-KO
and WT mice (data not shown). Indeed, in skeletal mus-
cles, expression of Gdf5 was very low in both WT and
Dnmt3a-KO mice; Gdf5 expression was not significantly
increased in skeletal muscles of Dnmt3a-KO mice, which is
consistent with the unchanged DNA methylation level
(data not shown).

A global search of methylation differences was ana-
lyzed using a methylation-sensitive enzyme (Hpall, rec-
ognizing the CCGG sequence) (22). We observed 23

TABLE 3. Genes down-regulated to <0.5-fold in Dnmt3a-KO compared to W1-derived satellite cells by microarray analysis

KO/WT, d

Gene Description 2 4 5 6
LOC674761 Similar to B myosin heavy chain (LOC674761) 0.2 0.3 0.5 0.2
Myh7 Myosin, heavy polypeptide 7, cardiac muscle, 3 (Myh7) 0.3 0.3 0.4 0.1
Myh6 Myosin, heavy polypeptide 6, cardiac muscle, o (Myh6) 0.3 0.4 0.4 0.4
Capno Calpain 6 (Capn6) 0.3 0.4 0.4 0.5
Dnmi3a DNA methyltransferase 3A (Dnmt3a) 0.4 0.2 0.2 0.2
Gm608 Predicted gene 608 (Gm608) 0.4 0.4 0.4 0.2
B3galt5 UDP-Gal:betaGIcNAc B 1,3-galactosyltransferase, polypeptide 0.4 0.3 0.5 0.2

5 (B3galth)
Fgfrd Fibroblast growth factor receptor 4 (Fgfr4) 0.5 0.3 0.4 0.4
Emid2 EMI domain containing 2 (Emid2) 0.5 0.4 0.4 0.5
ENSMUST00000111103 Collagen a-1 (XXVI) chain Precursor (EMI domain-containing 0.5 0.4 0.5 0.4

protein 2) (Emilin and multimerin domain-containing

protein 2) (Emu2)
Gipbp8 GTP-binding protein 8 (putative) (Gtpbp8) 0.5 0.5 0.5 0.4

List of down-regulated genes (<0.5-fold compared to WT mice) in all samples. Numbers show fold changes in gene expression. Expression of
Dnmt3a was reduced in Dnmt3a-KO compared to WT cells in all samples. Moreover, expression of Gdfb was increased in Dnmt3a-KO compared

to WT cells in all samples.
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Figure 7. Effect of recombinant Gdf5 in satellite cells from WT mice. A) Satellite cells isolated from WT mice were cultured in
differentiation medium containing 100 ng/ml Gdf56 recombinant protein for 2 d; photos are representative of bright field
images. B) Satellite cells were cultured in growth medium for 2 d, then cultured in same medium containing 10 ng/ml Gdf5
recombinant protein for 24 h. Immunostaining of Pax7 (red) in Gdf5-treated WT satellite cells and Edu (green) incorporation
during proliferation of cells are shown. Nuclei were stained with DAPI (blue). Ratio of Edu incorporation per Pax7-positive cells
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probes (genes) for skeletal muscles (data not shown) and
155 probes (genes) for satellite cells (Supplemental Table 2)
that were markedly less methylated in Dnmt3a-KO mice
than in WT mice. Thus, Dnmt3a deletion in skeletal mus-
cles as well as satellite cells is functional. Among the 155
genes in satellite cells, most were not markedly less
methylated in skeletal muscles (Supplemental Table 2).
Namely, Dnmt3a target genes appear different between
skeletal muscles and satellite cells.

Expression of receptors for Gdf5

The known receptors of Gdf5 are Acvr2a, Acvr2b,
Bmprlb, and Bmpr2 (29). Bmprlb has a high affinity for
Gdf5 (29). According to the BioGPS database, contain-
ing information on tissue/cell expression patterns of
specific mRNAs (http://biogps.org/), Acvr2a, Acvr2b,
Bmprlb, and Bmpr2 are expressed in skeletal muscles.
Indeed, we observed expression of these receptors in
satellite cells as well as in skeletal muscles (Supple-
mental Fig. 4). Moreover, expression levels of all Gdf5
receptors did not differ between Dnmt3a-KO and
WT mice. Thus, Gdf5 is likely to act as an autocrine
signal for satellite cells via these receptors to suppress
differentiation.

Regulation of endogenous
Dnmt3a expression

In the present study, we observed a marked reduction
in Dnmt3a expression in skeletal muscles in the atrophy
model used. One question that remains unanswered is
the molecular mechanism underlying the down-
regulation of Dnmt3a expression in the atrophy
mouse model. It has been reported that Dnmt3a is re-
duced in the brain (hippocampus and cortex) of aged
mice (30). Moreover, Dnmt3a expression is activated by
neuronal activity, and partially through the nuclear
calcium signaling-dependent pathway (30). In the case
of skeletal muscles, calcium ions enter the muscle cells
during muscle contraction, which is caused by motor
neuron stimulation (31). Stimulation of motor neurons
may be important for maintaining Dnmt3a expression
in skeletal muscles. Indeed, in our preliminary experi-
ment, treatment with a calcium ionophore significantly
increased the expression of Dnmt3a mRNA in C2C12
myoblast cells (data not shown); thus, during muscle
atrophy, such as denervation and aging (there is a de-
cline in the number of neuromuscular junctions) (32),
Dnmt3a expression may decrease as a result of de-
creased calcium signaling. Elucidation of the regulation
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Figure 8. Schematic diagram of summary. In satellite cells,
decreased Dnmt3a lead to decreased DNA methylation of Gdf5
promoter and increased Gdf5> expression. This released Gdfb
suppresses differentiation of satellite cells. As a result, muscle
regeneration, caused by injury, is suppressed in Dnmt3a-KO
mice.

of Dnmt3a expression is an interesting area of research
and a focus of our future studies.

Comparison with other studies concerning
role of Dnmt3a in skeletal muscles

A few previous studies have examined the role of Dnmt3a
in skeletal muscles and satellite cells. Tajrishi et al. (8) re-
ported that overexpression of Dnmt3a in skeletal muscles
suppressed FGF-inducible 14 (Fn14) gene expression and
increased the DNA methylation level at the Fnl4 pro-
moter. They also reported that denervation of WT mice
decreased Dnmt3a expression and increased Fn14 mRNA
expression (8). In our Dnmt3a-KO mice, we did not ob-
serve increased Fn14 mRNA expression either in skeletal
muscles or satellite cells (data not shown). Thus, knockout
of Dnmt3a in this study and overexpression of Dnmt3a in
skeletal muscles show different effects on the Fn14 gene
(8). Satellite cell-specific knockout of Dnmt3a using the
Pax7 promoter to drive a Cre-estrogen receptor fusion
protein resulted in decreased DNA methylation at the p57/
Kip2 (Cdknlc) gene, a negative regulator of cell pro-
liferation, and increased its expression (33). These results,
showing a reduced skeletal muscle regeneration capacity

are shown. C, D) Satellite cells isolated from WT mice were cultured in differentiation medium containing 10 ng/ml Gdf5
recombinant protein for 2 d. C) Immunostaining of myogenin (red) in myotubes from Gdf5-treated WT satellite cells. Ratio of
myogenin-positive cells is shown. D) Immunostaining of MyHC (red) in myotubes from Gdfb-treated WT satellite cells. E)
Nucleus number of myotube (myonuclei), myotube length, and ratio of MyHC-positive area per microscopic field. More than
100 myotubes per well were counted in random fields; n = 3 (3 individual wells). ) mRNA expression was analyzed by qPCR.
Cell samples were as used in A; n = 3 per group. Data represent means * sem. *P < 0.05, *#*P < 0.001 (unpaired, 2-tailed

Student’s ¢ test).
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(33), are consistent with our study. While we observed
decreased methylation levels of the p57/Kip2 promoter
region in the global search of methylation differences
(Supplemental Table 2), we did not observe increased
p57/Kip2 mRNA expression in the satellite cells of our
Dnmt3a-KO mice (data not shown). There was no
difference in the satellite cell proliferation rate be-
tween WT and Dnmt3a-KO mice as accessed by an
EdU assay (Fig. 5B). This difference could result from
the subtle culture conditions or the use of different
promoters for Cre expression, as this would affect the
timing and location of expression.

CONCLUSIONS

We summarize our results and conclusions in Fig. 8. On
the basis of the Dnmt3a-KO data, in satellite cells, de-
creased Dnmt3a leads to decreased DNA methylation
of the Gdf5 promoter. Loss of Dnmt3a causes desup-
pression of the Gdf5 promoter, resulting in increased
Gdf5 expression and enhanced secretion. This released
Gdf5 binds to its receptors on satellite cells and sup-
presses their differentiation. Decreased Dnmt3a and
increased Gdf5 can explain, at least in part, the delayed
or impaired regeneration and recovery of skeletal
muscle mass after injury during atrophy including

aging.
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