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Muscle contraction increases the level of reactive oxygen species (ROS), which has been acknowledged as key
signaling entities in muscle remodeling and to underlie the healthy adaptation of skeletal muscle. ROS inevitably
endows damage to various cellular molecules including DNA. DNA damage ought to be repaired to ensure
genome integrity; yet, how DNA repair byproducts affect muscle adaptation remains elusive. Here, we showed
that exercise elicited the generation of 8-ox0-7,8-dihydroguanine (8-0x0G), that was primarily found in mito-
chondrial genome of myofibers. Upon exercise, TA muscle’s 8-0xoG excision capacity markedly enhanced, and in
the interstitial fluid of TA muscle from the post-exercise mice, the level of free 8-0xoG base was significantly
increased. Addition of 8-0xoG to myoblasts triggered myogenic differentiation via activating Ras-MEK-MyoD
signal axis. 8-Oxoguanine DNA glycosylasel (OGG1) silencing from cells or Oggl KO from mice decreased Ras
activation, ERK phosphorylation, MyoD transcriptional activation, myogenic regulatory factors gene (MRFs)
expression. In reconstruction experiments, exogenously added 8-0xoG base enhanced the expression of MRFs and
accelerated the recovery of the injured skeletal muscle. Collectively, these data not only suggest that DNA repair
metabolite 8-0xoG function as a signal entity for muscle remodeling and contribute to exercise-induced adap-
tation of skeletal muscle, but also raised the potential for utilizing 8-0x0G in clinical treatment to skeletal muscle
damage-related disorders.

1. Introduction however, ROS have been regarded beneficial for muscle adaptation,

including increased angiogenesis, elevated mitochondrial biogenesis

Skeletal muscle remodeling is essential for the maintenance of
muscle homeostasis and physical performance. In mouse and human, the
muscle-remodeling response begins rapidly upon physical exercise,
which generates ROS [1,2], and mitochondria are one of the primary
sources of ROS during skeletal muscle contraction. Physical
exercise-resulted ROS oxidize proteins, lipids and nucleic acids;

and oxidative redox balance [3,4]. Exercise-produced metabolites such
as xenobiotics, peptides, nucleotides, lipids, amino acids, cofactors and
vitamins, carbohydrates have been recognized to act as signaling mol-
ecules [5]. However, how exercise-induced DNA oxidative damage as
well as the repair metabolites impact muscle remodeling in response to
exercise is poorly understood.
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In general, ROS participate in oxidative assaults to DNA, producing
oxidized bases, oxidized sugar fragments, apurinic/apyrimidinic (AP)
sites and strand breaks. DNA lesions should be repaired per the genome
integrity and fidelity ought to be maintained. Among these damages,
base oxidation is predominant, 8-0x0-7,8-dihydroguanine (8-oxogua-
nine, 8-0x0G) is one of the most frequent DNA base lesions due to
guanine’s lowest redox potential out of four bases [6], and it is repaired
by OGGl-initiated base excision repair (BER) in mammalian cells [7].
The excised free 8-0x0G in various human body fluids (plasma, saliva,
urine as well as cerebrospinal fluid) are detectable and has been taken as
the biomarker of oxidative stress [8,9].

The remodeling of skeletal muscle is dependent on myogenic specific
precursor cells, referred to as satellite cells (SCs) [10]. In adult skeletal
muscle, SCs are located between the sarcolemma and basal lamina, and
exist in a quiescent state [10]. Once activated, SCs proliferate and
differentiate, contributing to the repair of existing muscle fibers through
the formation of new myonuclei, a process known as myogenesis.
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Extracellular components in the satellite cell niche regulate SCs fate
[11], and the roles of extrinsic factors in the local microenvironment in
muscle remodeling have received increasing attention [12]. Especially,
redox-sensitive cues (such as cytokines, immune cells, signaling mole-
cules) emerging from the surrounding microenvironment have been
taken as crucial factors for SCs activation [13].

Studies showed that after exercise, OGG1 level/activity in muscle is
increased [14,15], which implies a generation of exercise-induced DNA
oxidative damage and the necessity of removal of 8-0xoG; however,
whether myofiber-released 8-0x0G base functions as a signal molecule in
SC niche, and is exploited to regulate myogenesis and muscle remod-
eling has not been understood. 8-OxoG base, the repair metabolite of the
oxidized guanine lesion, has long been taken as a dull waste to be
excreted, until recently, OGG1-8-0x0G complex was demonstrated to
function as a guanine-nucleotide exchange factor (GEF), inducing acti-
vation of Ras and Rho GTPases [16,17]. Herein, we speculate that ex-
ercise induces 8-0xoG generation in myofiber, and after excised and

Fig. 1. Exercise induces 8-0xoG generation in
mitochondrial DNA, which is gradually released
in pace with rest.

A. Schematic diagram shows experimental design
for the mice exercise process and sample man-
agement. Mice were randomly divided into 4 groups:
1) without exercise (basal), 2) exercise for 40 min, 3)
exercise for 40 min and then rest for 40 min, and 4)
exercise for 40 min and then rest for 100 min. The
exercise procedure is designed as illustrated.

B. Exercise increases the level of 8-0x0G in mito-
chondria. Representative images of tibialis anterior
(TA) cross-sections of mice differently treated as
described above were co-stained with MTCO2 (red),
8-0x0G (green), and DAPI (blue), and are shown at
magnification of x 63 oil objective. Signal intensity of
8-0x0G was measured. The statistical significance was
determined by one-way ANOVA and sidak’s post hoc
testing. Scale bar, 100 pm. (mice, n = 3).

C. Quantitative analysis of the 8-0xoG levels
shown by TA muscle IF staining data from (B).
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released into SC niche, 8-0x0G base enters the activated SCs, triggering
Ras activation, and thereby, augmenting the expression of myogenic
regulatory factors and the force producing targets.

2. Results

2.1. Exercise induces guanine oxidation in mitochondrial DNA in TA
muscle and the release of repair product 8-0xoG

Acute exercise intervention is known to initiate muscle remodeling
and provide systemic health benefits [1,18]. To test our hypothesis, first,
we utilized a well-documented single bout of animal exercise model
with slight modification as described in Methods [19]. Briefly, after 3
days of familiarity with the treadmill, mice were subjected to exercise
for one time (Fig. 1A). Following exercise, mice were immediately
sacrificed or allowed to recover for 40 min or 100 min. Thereafter, the
tibialis anterior (TA) muscle, the major muscle engaged in treadmill
running [20] was rapidly isolated. The tissues were immediately fixed
for immunostaining of 8-0x0G, or subjected to centrifuge for interstitial
muscle fluid collection (Fig. 1A).

An anti-8-0x0G antibody that specifically recognizes 8-0xoG in DNA
duplex was used to perform immunofluorescence microscopy with the
cross sections of TA muscles. Counter-staining of nucleus and mito-
chondrial MTCO2 revealed that 8-0xoG signals were well co-localized
with subsarcolemmal and intermyofibrillar mitochondria, indicating
that 8-0xoG was mainly accumulated in mitochondrial DNA (Fig. 1B).
While the sedentary mice bore a certain level of 8-0x0G, exercise
significantly induced the increase in 8-0xoG content in exercised mice
myofibers, that reached the maximum at 40 min post exercise and then
reduced at 100 min (Fig. 1B and C). We also noticed that 8-0xoG-gener-
ation was related to the type of myofibers that have more mitochondria
content, the typical characteristic of the slow-twitch muscle fibers. Next,
mass spectrometry was performed to determine the level of free 8-0xoG
base in metabolites locally secreted from exercising muscle as described
in Methods. Interstitial fluid samples were rapidly collected from TA
muscles of differently treated mice. Compared with that from the
sedentary mice, the amount of 8-0xoG base in the muscle interstitial
fluid of the mice immediately sacrificed after exercise did not signifi-
cantly increase. However, when the mice were allowed to have a rest,
the amount of 8-0xoG base in the muscle interstitial fluid gradually
increased. Concentrations of 8-0xoG were 2.65 ng/ml (15.8 nM), 3.3 ng/
ml (19.76 nM), 4.24 ng/ml (25.44 nM) and 6.55 ng/ml (39.19 nM)
respectively for sedentary, exercised, 40-min and 100-min rested mice.
The concentration of 8-0xoG in interstitial fluid of the mice having a
100-min rest after exercise was about 2 folds higher compared with that
of the sedentary mice (Fig. 1D). To further confirm the exercise-induced
catalytic activation of Oggl in TA muscle, 8-ox0G-containing probe
cleavage assay was conducted, result showed TA homogenates from the
exercised mice possessed higher capacity to cleave 8-oxoG-containing
probe, compared with that of the sedentary mice (Fig. 1E). Taken
together, data indicated the local release of 8-0xoG by TA muscle is a
rapid response to exercise, suggesting the DNA damage metabolite 8-
0xo0G is a local extracellular metabolite signature of acute exercise.

2.2. 8-Oxo0G elicits a global expression of myogensis-promoting genes

To test whether DNA repair metabolite 8-0xoG originated from
exercised muscle could be essential for myogenesis that controls muscle
remodeling, the immortalized C2C12 myoblasts were first utilized to
mimic SCs differentiation (Supplementary Figs. 1A-1B). To induce
C2C12 differentiation, cell culture was shifted into differentiation me-
dium, and the expression of MyoD, M-cadherin and Myogenin was
determined. The expression of MyoD and M-cadherin reached the
maximum level at day 3, and that of Myogenin peaked at day 4 (Sup-
plementary Fig. 1C). Thus, day 4 in DM was chosen to investigate
whether 8-0x0G plays role in myogenic differentiation. According to the

Redox Biology 61 (2023) 102634

concentration applied in the previous studies [21], cells were exposed to
10 pM of 8-0x0oG (guanine base (G) used as a control). Addition of
8-0x0G but not G significantly increased Myogenin expression at 30 min
(Fig. 2A). This rapid response was consistently observed although the
level of the increase in Myogenin expression was not robust. To test a
cumulative effect of the exposure that might suit a long-term exercise
scenario, 8-0xoG was successively administrated from day 3 to day 5,
and MHC, the functional target of Myogenin, was detected. The result
showed a significant increases in number of MHC positive cells as well as
fused myotubes. Immunofluorescence assay revealed that MHC mainly
accumulated in the multiple-nuclear myotubes (Fig. 2B). The fusion
index of 8-0xoG-treated C2C12 cells, but not that of control cells treated
with guanine, was significantly increased (Fig. 2C). A gradual increase
in MHC expression in response to 8-oxoG addition was verified by
western-blotting (Fig. 2D).

To further address the myogensis-promoting role of 8-0xoG in a
global view, RNA sequencing (RNA-seq) was performed to interrogate
the transcriptomic changes caused by 8-0xoG exposure (from day 3 to
day 5). We found 937 differentially expressed genes (DEGs) between
vehicle- and 8-oxoG-treated cells, among them, 460 up-regulated and
477 down-regulated. The volcano plot showed the distribution of
differentially expressed genes between vehicle- and 8-oxoG-treated cells
(Fig. 3A). The representative genes with high significance are highly
relevant to myoblast differentiation (such as Myog, Mef2c), and asso-
ciated with skeletal muscle functions (such as Tnni2, Myh1, Myh7 and
Myh8) (Fig. 3A). According to GO analysis, up-regulated genes in 8-
oxoG-treated cells were enriched in biological processes related to
muscle contraction, muscle cell development, and muscle organ devel-
opment. This result revealed the activation of development processes in
muscle cells in response to 8-0xoG treatment (Fig. 3B and Supplemen-
tary Figs. 2A-2B). Moreover, according to the KEGG enrichment anal-
ysis, 8-0xoG-induced pathways are highly related to the focal adhesion,
including pathways regulating hypertrophic cardiomyopathy, regula-
tion of actin cytoskeleton pathways (Fig. 3C). Taken together, data of
RNA-Seq not only verified the role of 8-0x0G in Myogenin expression
revealed by RT-qPCR, also suggested that exercise-generated 8-0xoG
metabolite can be regard as a signal entity, globally promoting the
myogenic differentiation of myoblasts.

2.3. 8-Ox0G enhances transcriptional activity of MyoD in myoblasts

During myoblasts differentiation, transcription factor Myogenin is
the target of MyoD, and is an irreversible differentiation marker of
skeletal muscle [22]. We hypothesized that 8-oxoG-triggered signaling
may facilitate MyoD transcriptional programs. To this end, chromatin
immunoprecipitation (ChIP) assay was conducted using C2C12 cells.
The result showed a significant increase (~3.6 folds) in the association
of MyoD with Myogenin promoter in response to 8-0xoG treatment (the
immunoglobulin heavy locus (IgH) served as negative control). An
enhanced binding of MyoD was also observed with promoters of
M-cadherin, MHCIIb and muscle creatine kinase (MCK) (2.0, 1.6 and 3.8
folds, respectively), as well as MCK enhancer (2.8 folds) (Fig. 4A-F). To
validate these results, we performed the Myogenin promoter-driven
Luciferase (Luc) dual reporter assays using MyoD-overexpressing
C3H10T1/2 fibroblasts. Luc activity assay showed 8-0xoG
exposure-induced increase in Myogenin promoter activation compared
with that of control (Supplementary Fig. 3A). Likewise, the mRNA level
of firefly luciferase showed >2.5-fold increase in cells exposed to 8-0xoG
for 30 min (Fig. 4G).

To further affirm that 8-0xoG exposure could enhance MyoD binding
with its consensus motif, EMSA assays were conducted using MCK
promoter-derived MyoD site-containing probe [23]. First, recombinant
protein GST-MyoD, but not GST shifted MCK promoter-derived probe in
a dose-dependent manner (Supplementary Fig. 3B), which could be
diminished by MyoD site mutation (Supplementary Fig. 3B) or competed
out by excess cold probe (Supplementary Fig. 3C), validating the probe
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Fig. 2. 8-Ox0G increases the expression of differ-
entiation markers in C2C12 myoblasts.

A. Exposure of 8-0xoG augments expression of
Myogenin. Cells at day 4 in DM were exposed to 8-
oxoG or guanine (G) at 10 pM, or mock-treated for
different time lengths (0, 15, 30, 45 and 60 min).
Then, RT-qPCR analysis of mRNA level of Myogenin
was carried out. Two-way ANOVA and Tukey’s post
hoc testing was used to calculate the statistical sig-
nificance.

B-D. Exposure of 8-0xoG accelerates myogenic
differentiation. C2C12 myoblasts in DM were suc-
cessively exposed to 8-0xoG (10 pM) or controls from
day 3 to day 5 (once a day), immunofluorescence
staining was conducted at Day 6 to show the expres-
sion of differentiation marker MHC (red), nuclei were
counterstained with DAPI (blue). Scale bar: 100 pm.
Shown are the representative images from three in-
dependent experiments (B). MHC™ cells were counted
and presented as fusion index. One-way ANOVA and
Tukey’s post hoc testing was used to calculate the
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figure legend, the reader is referred to the Web version of this article.)

as the substrate of MyoD. Next, nuclear extracts (NE) from vehicle-,
guanine-, or 8-oxoG-treated cells were subjected to EMSA. Result
showed that 8-0xoG treatment increased the amount of protein-probe
complex (Fig. 4H). To verify the involvement of MyoD in the forma-
tion of the DNA-protein complex, we interfered the expression of MyoD
since the super-shift assay did not work, and the result showed the
complex amount was reduced if MyoD was knock-down. (Fig. 4I).
Moreover, to confirm the existence of MyoD in the protein-probe com-
plex, we performed probe pull-down assay. C3H10T1/2 fibroblasts were
transfected with GFP-MyoD, and then exposed to 8-0xoG for 0, 10, 20,
30 min, and the nuclear extracts were prepared. The result showed that
MCK promoter-derived probe-bound GFP-MyoD gradually increased,
and reached to ~2 folds if the NE was made from cells with 30-min
8-0x0G  exposure (Supplementary Fig. 3D); whereas, src
promoter-derived probe only merely bound with GFP-MyoD (Supple-
mentary Fig. 3E).

Previous studies showed that phosphorylation of MyoD at tyrosine
(Y) 156 promoted the functions of MyoD in muscle differentiation [24].
To verify the role of 8-0xoG in the enhancement of the transcription
activity of MyoD, tyrosine phosphorylation were detected.
Western-blotting analysis showed in response to 8-0x0G treatment, the
phospho-Tyr-MyoD protein level increased from 5 min on, reached the
maximum (more than 3 folds) by 10 min, and then decreased to the basal
level at 20 min (Fig. 4J). To address whether tyrosine phosphorylation of
MyoD attribute to the increase in the transcriptional activity, wild type
(WT) and Y156F/V site mutated MyoD were overexpressed in
C3H10T1/2 fibroblasts, and the cells were exposed to 8-0x0G, luciferase
dual reporter assays were performed. The mRNA level of firefly lucif-
erase was increased >1.6-fold in WT MyoD-expressing cells, which was
not observed in Y156F or Y156V mutated MyoD-expressing cells
(Fig. 4K). Increase in the mRNA level of firefly luciferase induced by
8-0x0G administration was retreated if the binding site of MyoD in
Myogenin promoter was mutated (Fig. 4L). Taken together, these data
indicated that 8-oxoG promote myoblasts differentiation through

é 8-oxoé GAPDH ™ == = e e e e e

statistical significance (C). Every second day after 8-
0xoG exposure, total cell lysates were prepared and
resolved in 10% SDS-PAGE. Western-blotting was
conducted to assess the protein level of MHC, and the
expression of GAPDH was taken as internal control.
Shown are the representative images from three in-
dependent experiments. The band intensity was
quantified by using the Image J software (1.43 V, US
National Institutes of Health). The value of the band
density for vehicle-treated group was taken as 1 (D).
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enhancing the transcriptional program triggered by MyoD.

2.4. Activation of Ras-MEK-MyoD signaling axis by 8-0xoG

Findings over the past years have unambiguously established the key
roles of MAPK pathways in regulation of myogenic program at multiple
stages [24,25]. Thus, we examined the phosphorylation levels of
ERK1/2, p38 and JNK in C2C12 cells exposed to 8-0xoG. Intriguingly, all
these three MAPKs displayed a significant increase in the levels of
phosphorylation although the time kinetics was different. Within 30
min, ERK1/2 and JNK exhibited a pulse of phosphorylation at 15 min;
whereas, p38 phosphorylation manifested a bi-phase pattern in that a
10-min peak was followed by a relatively higher apex shown on 30 min
(Fig. 5A). Nevertheless, EKR1/2 kinase (MEK1/2) inhibitor U0126
markedly blocked 8-oxoG-induced MyoD phosphorylation (Fig. 5B).
Accordingly, 8-0xoG exposure-induced ERK1/2 phosphorylation was
reduced nearly to basal level by U0126 (Fig. 5C). Importantly, phar-
macological inhibition of ERK but not JNK and p38 kinase significantly
suppressed expression of Myogenin mRNA (Fig. 5D).

Activation of small GTPases is the upstream signaling event of MAPK
pathway. Thus, we performed active Ras, Racl/Cdc42 and RhoA pull-
down assay. At day 3 of differentiation, the C2C12 cells were chal-
lenged with 8-0x0G, and the lysates were prepared from cells with 0-, 3-,
6-, 9-, 12-min 8-0x0G exposure. While a rapid and robust increase in the
Ras-GTP level was observed (~3 min), levels of RhoA-GTP and Racl-
GTP were also increased at a later phase, but activated Cdc42 was not
detectable (Fig. 5E-H). Inhibitors of Racl/Cdc42 and RhoA were
applied while C2C12 cells were exposed to 8-0xoG. Western-blotting
showed that ERK1/2 phosphorylation was not reduced under these
conditions (Fig. 5I). However, Ras inhibitor caused a marked decrease in
the phosphorylation of the ERK1/2 (Fig. 5J), suggesting an activation of
MEK1/2 through RasGTPase in 8-0xoG-exposed myoblasts. Collectively,
data strongly support that 8-oxoG function as a signal molecule, trig-
gering Ras-MEK-MyoD axis activation, promoting myogenic
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Fig. 3. RNA sequencing (RNA-seq) analysis identifies the gene expression
profile regulated by 8-oxoG. C2C12 myoblasts in DM were successively
exposed to 8-0xoG (10 pM) or vehicle from day 3 to day 5 (once a day), at Day
6, RNAs were exrtacted, RNA-seq was conducted.

A. Volcano plot showing distribution of differentially expressed genes
between vehicle and 8-0xoG treatment cells. Adjusted p value < 0.05. The
color scheme with upregulation in red, downregulation in blue, and undeter-
mined directionality in gray.

B. Gene ontology (GO) term enrichment analysis for genes that are
differentially expressed between vehicle and 8-0xoG C2C12 cells.

C. KEGG enrichment analysis presented several pathways highly related to stem
cell traits compare vehicle to 8-0xoG. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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differentiation of myoblasts.

2.5. OGG1 is required for the signaling role of 8-0x0G in myogenic
differentiation

8-0x0G functions as a signal ligand, which raises a question as to
what could be its cognate recognizing/binding protein to mediate the
activation of Ras-MEK-MyoD pathway. Studies have substantially
documented that the repair enzyme OGG1 forming complex with the
excised free 8-0x0G base with high affinity, functions as a GEF, trig-
gering downstream cellular signaling via the Ras and Ras homology
family GTPases [16,17]. To investigate whether OGG1 affects myoblasts
differentiation, Oggl expression in C2C12 cells was depleted by siRNA.
Silencing Mthl was taken as the control. The efficiency of siRNA
interference were confirmed (Supplementary Fig. 4A), and then, the
expression of Myogenin in cells with 8-0xoG exposure was assessed.
Results showed that 8-0x0G-induced increase in expression of Myogenin
was significantly eliminated by Oggl silencing, whereas, si-Mth1 had a
negligible effect (Fig. 6A). EMSA analysis further confirmed the decrease
in probe binding of MyoD from the 8-oxoG-treated Oggl knocked down
cells, whereas the Mth1-interfered cells only displayed a slight impair-
ment (Fig. 6B). Moreover, Ras activity was tested, and the result showed
that compare to si-Mth1 and non-targeting si-control, si-Oggl markedly
decreased the level of active Ras (Fig. 6C).

To determine the affinity and the specificity of OGG1 forming a
complex with 8-0x0G, the established MST assay was utilized. As ex-
pected, association of OGG1 with guanine was not detectable, whereas,
the dissociation constant (Kd) values of OGG1 with 8-0xoG and 8-
hydroxyguanosine were 0.7 £+ 0.33 nM and 2.01 £+ 0.31 nM, respec-
tively (Fig. 6D-F). In controls, the interaction of MTH1 with 8-0x0G was
also examined, and the Kd value was about 1.5 fold higher than that of
OGG1 (Supplementary Figs. 4B-4C). Taken together, these results sug-
gest that OGG1 bind with 8-0xoG and mediate Ras-MEK-MyoD activa-
tion in myogenic differentiation.

2.6. 8-OxoG-triggered signaling is impaired in Oggl knockout mice

To further validate the role of OGG1 in muscle remodeling, Oggl
knock-out (KO) mice were utilized in exercise. First, WT and Oggl KO
mice were subjected to a 7-day exercise, and after the last bout of
running (40 min), the TA muscles were collected, and the 8-oxoG
localization as well as the expression of MyoD and Myogenin was
measured. Immunofluorescence staining of the cross sections of TA
muscles showed that the sedentary Oggl KO mice bore higher level of 8-
0x0G accumulated in TA mitochondria than WT mice, reflecting a defect
in Oggl-initiated lesion excision. Nevertheless, exercise increased the
amount of 8-0x0oG in TA muscle of both WT and Oggl KO mice, and
typically of the latter ones (Fig. 7A and B). Next, gene expression was
measured. Compared with that of sedentary group, exercise only
induced a significant increase in Myogenin mRNA level in WT mice (p =
0.027) but not in Oggl KO mice; whereas, MyoD transcription did not
exhibit significant alterations in response to exercise in both WT and KO
mice. Among those exercised mice, both MyoD and Myogenin mRNA
levels from Oggl KO mice were significantly lower than that from WT
mice (p values were 0.0026 and 0.0071 respectively), however, the Oggl
depletion-imposed impairment to the exercise-induced increase in
Myogenin expression was more significant than that of MyoD (p values
were 0.0253 vs 0.0415) (Fig. 7C and D). These results were in line with
increased Ras activation and ERK phosphorylation in SCs isolated from
exercised WT but not Oggl KO mice (Fig. 7E and F).

To confirm the importance of OGG1 in mediating signaling role of 8-
oxoG base, an ex vivo assay was set up by utilizing isolated SCs as
described previously [26]. Primary SCs were kept in proliferation me-
dium for 6 days and then shifted to differentiation medium (DM). SCs’
morphological change was recorded, and MyoD immunofluorescence
staining was performed at day 3 of differentiation to identify the
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Tukey’s post hoc testing was used to
calculate the statistical significance
(K). The binding site of MyoD in Myo-
genin  promoter  was  mutated.
C3H10T1/2 cells were transfected with
the WT and mutant Luciferase dual re-

porter system along with Flag-tagged MyoD expressional plasmid. Promoter activity analysis was conducted as described in (L).

myogenic precursors (Supplementary Fig. 5A). The result showed that
>95% of cultured cells were MyoD-positive (Supplementary Fig. 5B).
First, the SCs from WT mice were used to measure the time dynamic of
gene expression (Fig. 8A). The result showed that the expression of
Myogenin reached the maximum level at day 6 in differentiation me-
dium. To determine the direct effect of 8-0xoG on myoblasts differen-
tiation, cells were exposed to 8-0xoG at day 6 in DM. The result showed
an increase in the expression of Myogenin in myoblasts from WT but not
Oggl KO mice (Fig. 8B).

To further assess the impact of 8-0xoG on cell differentiation, myo-
blasts in DM were successively exposed to 8-0xoG or vehicle from day 3
to day 6, and MHC™ cells were detected. Immunofluorescence staining
revealed that deletion of Oggl reduced the increase in myotube fusion
shown by MHC™" cells (Fig. 8C and D). To determine the downstream
signaling of ERK, myoblasts in DM at day 6 were treated with 8-0xoG for
15 min (Fig. 8E). The result showed that the addition of 8-0xoG induced
rapid increase in the phosphorylation ERK in myoblasts. Whereas, the
phosphorylation of ERK is slight increase in primary myoblasts isolated
from Oggl KO mice. Moreover, Ras inhibitor treatment weakened the
phosphorylation of ERK, indicating Ras is involved in the process
(Fig. 8E). These ex vivo assays indicated that OGG1 is essential for the
role of 8-0x0G in activation of Ras-ERK signal axis and expression of
myogenic factors.

2.7. Exogenously administrated 8-oxoG base may promote the
regeneration of injured muscle

The signaling effect of 8-0xoG during exercise urged us to further
explore the therapeutic potential of 8-0x0oG administration in muscle
regeneration after injury. TA muscle of mouse was injured by injection
with the snake venom cardiotoxin (CTX) as described [27], and TA were
collected at 1, 3, 5, 7, 9 and 11 days. The expression of MyoD and
Myogenin was analyzed by RT-PCR to evaluate the regeneration after
CTX injection (Supplementary Fig. 6A-6B), and the expression of MyoD
and Myogenin showed the peak at day 3 (2.86 + 1.63 folds and 24.4 +
2.14 folds, respectively). The CTX injection did not cause significant
alteration in body weight (Supplementary Fig. 6C). Accordingly, 8-oxoG
was administered intramuscularly (saline injection as control) (Supple-
mentary Fig. 6D), and day 3 and day 7 were chosen to examine the effect
of 8-0x0G administration. First, the histological analysis indicated that
without muscle injury, there was no significant difference observed
between TA muscles with saline or 8-0xoG injection (Supplementary
Fig. 6E). And then the expression of MyoD and Myogenin of TA muscles
during recovery was examined. The results showed that the 8-oxoG
promoted the expression of MyoD at day 3 and Myogenin at day 7 post
CTX injection (Fig. 9A and B). Importantly, 8-oxoG administration did
not show effect on expression of myogenic factors in Oggl KO mice
(Fig. 9C and D). Next, we assessed the effect of 8-0xoG treatment on
muscle recovery at 7 day after CTX damage. In WT mice, the size of
regenerated myofibers (eMyHC-positive myofiber) were larger in size in
8-oxoG-injected TA muscle compared to that of saline-treated ones
(Fig. 9E-G). We did not observe the marked discrepancy between the
morphology and the weight of TA muscles treated with 8-0xoG and sa-
line in Oggl KO mice (Fig. 9E-G), in line with the result of gene
expression measurement (Fig. 9C and D). Collectively, data confirmed
that 8-0xoG injection lead to an acceleration of recovery of injured
muscle, supporting a potential significance of 8-0xoG to a therapeutic
scope.

3. Discussion

Skeletal muscle has been considered as an endocrine organ, and the
muscle fibers secrete various factors [28], providing an immediate niche
for the SCs, which are located between the sarcolemma and the basal
lamina of muscle fibers. Satellite cell functions can be improved by both
resistance and endurance exercise [29]. Exercise increase ROS concen-
tration in skeletal muscle, that inevitably modify bio-macromolecules
including DNA in myofibers. ROS have been regarded as beneficial for
muscle adaptation and regeneration [3,30,31]. However, whether repair
metabolites of oxidatively damaged DNA play roles in modulating SCs
functions is elusive. Our present study posted an unexpected role of
8-0x0G base, the repair product of oxidized guanine from DNA, in
myogenesis. After released from myofiber, 8-0xoG is engaged with
OGG1 in the activated SCs, promotes myoblast differentiation via
evoking Ras-MEK signaling pathway and enhancing MyoD transcrip-
tional program (Figs. 2-5, Fig. 10). Thus, the present study revealed that
DNA metabolites of myofiber can provide in situ niche signaling to
regulate stem cell functions, providing a new perspective to understand
the benefits of exercise-generated ROS.

Mitochondria are one of the major sources of ROS production; thus
the mitochondrial DNA (mtDNA) contained therein are particularly
prone to being affected by oxidative insults. In the present study, an
increase in 8-0x0G in myofiber mitochondria in response to exercise was
observed (Fig. 1A-D). The kinetic changes of 8-0xoG level in myofiber
mitochondria suggested a generation of mitochondria-sourced 8-oxodG
and a liberation of 8-0xoG from mitochondrial genome by
mitochondrion-located Oggl. Intriguingly, previous study documented
that exercise improves import of Oggl into the mitochondrial matrix of
skeletal muscle and enhances its relative activity [15], which signifies
the release of the repair product. In line with the previous observation,
the present study revealed that 8-0xoG excision activity of the TA muscle
from exercised mice significantly increased (Fig. 1D). The excised free
8-0x0G in various human body fluids (plasma, saliva, urine as well as
cerebrospinal fluid) has been detected and taken as the biomarker of
oxidative stress [32]. In the present study, metabolite mass spectrometry
assay validated a significant increase in 8-0xoG content in the interstitial
fluid from TA muscle of the mice that have a 100 min rest post exercise,
supporting a consequence that 8-0xoG is released from myofiber into the
niche of SCs. Uptake of 8-0x0G is speculated through transporter ENT2
that is involved in transporting the nucleosides and nucleobases of pu-
rine and pyrimidine molecules [33]. Intriguingly, expression of ENT2 is
mostly abundant in skeletal muscle among various types of tissues [34]
although the cell type-location of this transporter has not yet been
determined.

A large number of studies have underlined the pivotal role of MAPK
signal pathways in the growth and metabolism of skeletal muscle in
response to exercise [35]. Over a given period of myogenesis, a partic-
ular kinase is activated and regulates its downstream effectors including
specific myogenic transcription factors [35]. MEK and ERK1/2 have
been shown to be activated at the late stage that spans from the prolif-
eration to differentiation periods of myogenesis and involves myogenic
transcription factor MyoD [24,36]. MEK1 directly phosphorylates MyoD
at Tyr-156 in helix 2 of the HLH domain, allowing MyoD to escape from
MAFbx/AT-1, a key E3-ubiquitin ligase necessary for MyoD degradation
[24,36], increasing its stability during skeletal myogenesis. Through
inducing cell cycle exit, p38 with ERK together regulates the differen-
tiation and hypertrophic stages of myogenesis. P38 MAPK stimulates
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Fig. 5. 8-Ox0G activates Ras-MEK-MyoD signal pathway in C2C12 myoblasts.

A. Activation of MAP kinases by 8-0x0G exposure in C2C12 cells. C2C12 cells were treated with 8-0xoG (10 pM) for 0, 5, 10, 15, 25 and 30 min and then levels of
p-ERK, p-p38 and p-JNK were determined by western-blotting.

B-C. MEK activation accounts for 8-oxoG-induced tyrosine phosphorylation of MyoD. C3H10T1/2 cells were transfected with GFP-MyoD expressional plasmid
and exposed to 8-0xoG (10 uM) for 10 min with or without 1-h prior treatment of MEK inhibitor U0126 (10 uM), Tyr-phosphorylation of MyoD was detected by
immunoprecipitation followed by western-blotting (B), and the p-ERK protein levels were determined by western-blotting (Duplicates of each sample were shown)
(C), and quantitative analysis of the density of protein was shown at the right panels.

D. Inhibition of MEK activity blocks 8-oxoG-induced upregulation of myogenin expression. C2C12 cells were pretreated with the indicated inhibitors U0126
(10 pM), SB203580 (10 pM) and SP600125 (10 pM) for 1 h in DM at day 4 of differentiation. Then the cells were exposed to 8-0xoG (10 pM) for 30 min. The mRNA
level of Myogenin was determined by RT-PCR analysis. One-way ANOVA and Tukey’s post hoc testing was used to calculate the statistical significance. E-I. Activation
of small GTPase Ras accounts for 8-0xoG-induced MEK activation. C2C12 cells were exposed to 8-0xoG (10 uM) for 0, 3, 6, 9, 12 and 15 min in DM at day 4 of
differentiation. Cell extracts were prepared and the levels of Ras-GTP (E), Rac1-GTP (F) RhoA-GTP (G) and Cdc42-GTP (H) were evaluated by the active GTPase pull-
down assay as described in Methods. C2C12 cells were pretreated with Racl and RhoA inhibitors (I), and Ras inhibitor, and then exposed to 8-0xoG (10 pM) for 3
min. Phosphorylation of ERK was detected by western-blotting (J). Shown are the representative images from three independent experiments, and quantitative

analysis of the activation of small GTPases and MEK activation were shown at the lower or right panels.

MyoD dependent gene transcription indirectly, as p38 phosphorylates
MEF2 and E47 that together with MyoD form part of an active myogenic
transcriptional complex [37]. JNK regulates muscle remodeling via
myostatin/SMAD inhibition [38], and appears in some cases to be either
dispensable or negative in myogenesis [39]. Intriguingly, in the present
study, we showed that all three MAP kinase signal pathways were
activated in C2C12 cells upon 8-0x0G exposure (Fig. 5A). Nevertheless,
only MEK inhibitor U0126 blocked 8-oxoG-induced MyoD Tyr-156
phosphorylation and Myogenin transcription, while JNK inhibitor did
not and p38 inhibitor slightly exhibited the reversed effect. Despite the
universal activation of MAPKs and/or other potential kinases in myo-
blasts, which may finally be integrated into muscle remodeling in
response to 8-0xoG exposure, MEK activation and tyrosine phosphory-
lation of MyoD present an essential molecular mechanism to support the
role of 8-0x0G as a signal entity to regulate myogenic gene expression
(Fig. 5A-D).

Previous studies documented that repair product 8-oxoG is engaged
with OGG1. The formed complex functions as a GEF and stimulates
small GTPase. In the present study, we observed a rapid, robust and
persistent activation of Ras in C2C12 cells upon 8-0xoG administration
(Fig. 5E). Earlier studies observed that transfection of H- or N-Ras
inhibited both myoblast fusion and muscle-specific gene product
expression [40]; Whereas, other study showed that the R-Ras has a
positive effect on the terminal differentiation of myoblasts [41,42],
implying that myogenesis depend on the difference types of Ras and
downstrem signals. We also detected the activity of RhoA, Racl and
Cdc42 GTPases. While Cdc42 did not exhibit response to 8-0xoG
administration, RhoA and Racl displayed a pulse of activation in a
later phase (Fig. 5F-H). However, RhoA and Racl inhibitors did not
block 8-0xoG-induced MEK activation as well as MyoD Tyr phosphory-
lation, indicating a Ras-MEK-MyoD signaling for myogenic gene
expression regulation (Fig. 5I and J). RhoA and Racl GTPases are well
addressed to regulate cellular processes dependent on actin cytoskeleton
dynamics. For instance, the RhoA/ROCK signaling pathway is crucial for
contractile force generation needed for the assembly of stress fibers,
focal adhesions and for tail retraction during cell migration [43]; Yet,
the exact functions of these small GTPases in regulation of the reas-
sembly of actin-based cytoskeleton in myogenesis remains largely un-
defined. Previous studies revealed that the presence of 8-0xoG base
increases RhoA-GTP levels in cultured cells and lungs, which mediates
a-smooth muscle actin polymerization into stress fibers [17]. Given the
observed activation of RhoA and Racl that was induced by 8-oxoG
(Fig. 5F-H), it is reasonable to assume that 8-0xoG may impact myo-
genesis or even the functions of myofiber through regulating activation
of RhoA or Racl GTPase, subsequently modulating actin filament as-
sembly, which needs further investigated in future.

The signaling role of 8-0xoG in myogenic differentiation as well as
the contribution of Ogg1 are validated by the in vivo and ex vivo analyses.
8-Ox0G accumulation in mitochondrial DNA in myofiber was enhanced
by exercise, which fell back to the basal level after rest, implying repair

and release of 8-0xoG (Fig. 1B-E). Given the permeation barrier prop-
erty of the basal lamina that generates a unique biological niche, locally
concentrated 8-0xoG, along with other exercise-induced myofiber
released factors, is likely to affect the function of myogenic precursors.
In the present study the expression of myogenic factor Myogenin as well
as its functional target MHC in the primarily isolated satellite cells from
WT mice, but not Ogg1 KO ones, significantly increased in response to 8-
0xo0G exposure (Fig. 8C and D). In parallel, 8-0xoG addition triggered
Ras signal-dependent ERK1/2 activation in primary myoblasts isolated
from WT mice, but not from Oggl KO ones (Fig. 8D). At the physiological
level, comparison of the exercise-induced expression of myogenic fac-
tors (MyoD and Myogenin) in TA tissues from WT and Oggl KO mice
further affirmed the implication of OGG1 in gene expression regulation
in myogenic differentiation (Fig. 7C). Accordingly, running induced an
increase in ERK phosphorylation in WT mice but not Oggl KO ones
(Fig. 7E and F). Taking the fact that repair activity of OGG1 declines
along with aging [44], we may even consider that the muscle loss in the
old mice, to some extent, possibly results from the abatement of the fuel
of 8-0x0G.

Based on the function of physiologically generated 8-0xoG in muscle
remodeling, the therapeutic implication of exogenously administrated
8-0x0G in muscle wound healing is in expectation, and hypothesis needs
further investigation in future. From tissue destruction to recovery,
muscle regeneration occurs in five interrelated and time-dependent
phases, namely degeneration-necrosis, inflammation, regeneration,
maturation/remodeling, and functional recovery, reflecting the hierar-
chy of the overall process dominating the tissue [45]. At early stage,
inflammation is acknowledged crucial for SCs proliferation and differ-
entiation [45]. However, in the present study, injection of 8-0xoG alone,
in absence of tissue damage, did not induce SCs activation and differ-
entiation (Supplementary Fig. 6E), suggesting other factors (e.g. in-
flammatory cues) are essential for initiation of SCs activation before
8-0x0G capable to improve the healing of the injured muscle. It seems
that 8-0x0G has no effect on muscle resident macrophages probably due
to the difference in ENT2 expression among cell types within skeletal
muscles. ENT2 has been reported highly expressed by proliferating cells
and the epithelial cells of various tissues [46]. The cell-type distribution
of ENT2 within skeletal muscle, as well as the expression pattern of
ENT2 during myogenesis of myoblasts is an enigma to decipher in our
future investigation.

4. Conclusion

In summary, our data signified that 8-oxoG base is a signaling
molecule, which forms complex with OGG1 in myoblasts, orchestrating
the post ROS-insult feed-back processes, promoting myogenic differen-
tiation, and consequently, leading to skeletal muscle remodeling or
adaptation. This concept not only fits physiological contexts (e.g.,
extensive exercise), but might also extend to pathological conditions (e.
g., trauma, age-associated muscle loss), for designing strategies to
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Fig. 7. 8-Ox0G generation and release, Ras and MEK activation, as well as myogenic gene expression in vivo.

A-B. More 8-0x0G accumulation was induced in myofiber mitochondria in Oggl KO mice in response to exercise. After exercise as described in method, the
tibialis anterior (TA) muscle of sedentary, exercised or exercise-followed-by-rest mice was removed, cryomold, sectioned (10 pm), and processed for staining of 8-
0xoG in DNA duplex (A). Scale bars, 100 pm. Shown are the representative images from 3 mice of each group. Statistical analysis of 8-0x0G staining was conducted as
described in Methods and shown in (B). Data were represented as mean + SD. One-way ANOVA and Sidak’s post hoc testing was used to calculate the statistical
significance. C-F. Exercise-induced expression of Myogenin and activation of Ras-MEK signal pathway are compromised in TA muscle of Oggl KO mice.
Wild-type (WT) and Oggl KO mice were subjected to exercise as described in methods. After the last bout of running (40 min), the TA muscles were collected, and the
expression of MyoD and Myogenin was measured by RT-qPCR. Two-way ANOVA and Sidak’s post hoc testing was used to calculate the statistical significance. P values
for the effects of genotype, exercise, and interaction between genotype and exercise are shown as insets. Levels not connected with the same letter are significantly
different. *p, compared with WT mice subjected to exercise; *p compared with sedentary WT mice (C, D). TA muscle homogenates were prepared, active Ras was
detected by pull down assay (E), and MEK activation was examined by western-blotting measuring ERK phosphorylation (F). Shown are the representative images
f‘rom three independent experiments, and quantitative analysis of activation of Ras and MEK were shown at lower panels.

improve muscle function for specific or clinical setting. using a Fast Mutagenesis System kit according to the manufacturer’s
instructions (TRANS, FM111-01).
5. Materials and methods

5.4. Cell culture and treatment

5.1. Mice
C3H10T1/2 fibroblasts and C2C12 myoblasts were cultured in
Mice were bred and cohoused, four to six mice per cage, in a specific growth medium (Dulbecco’s modified Eagle’s medium with r-glutamine
pathogen-free facility with a standard 12 h alternate light/dark cycle at (400 mM), in 10% fetal bovine serum and 1% penicillin/streptomycin at
an ambient temperature of 22 + 2°C and 30-70% humidity at the Ani- 37°C in a 5% CO, atmosphere. To initiate myogenic differentiation of
mal Research Center of Northeast Normal University (Changchun, C2C12 myoblasts, 10% fetal bovine serum was replaced with 2% horse
China). Health status of mice was determined via daily observation by serum (Gibco). When the cells were treated with 8-oxo-guanine (8-
technicians supported by veterinary care. All mouse experiments were 0x0G) or guanine (G), the reagents were dissolved as recommended by
conducted in accordance with the protocols for animal use, treatment, the manufacturer (Cayman Chemical, Ann Arbor, MI). Briefly, a 10 mM
and euthanasia approved by the local ethics committee (reference stock solution was prepared in 100 mM NaOH (pH 12), and the working
number: AP2019085, the institutional animal care and use committee concentration is 10 pM. Stock solutions were used immediately or stored
(IACUC) of the Northeast Normal University). Oggl KO mice were kindly at room temperature in dark for a maximum of 1 week [48].

provided by Dr. Yusaku Nakabeppu (Division of Neurofunctional Ge-
nomics, Department of Immunobiology and Neuroscience, Medical

5.5. 8-OxoG analyses by mass spectrome
Institute of Bioregulation, Kyushu University, Fukuoka, Japan) [47]. ses by P my

TA interstitial fluid was extracted from muscles immediately upon

5.2. Acute exercise training treatment using a rapid isolation procedure described previously [49,
50]. Tissues were subjected to centrifugation (10 min, 800 g, 4°C)

Armstrong training programs [19] was modified and utilized in the following placement in a 20 pm nylon mesh filter (EMD Millipore). Mass
present study: briefly, mice were 5-10 min of running on the platform at spectrometry analyses of metabolites was conducted by Shanghai Pro-
a speed of 13 m/min with a slope of zero; thereafter, the slope angle of fLeader Biotech Co, Ltd. To the sample of interstitial fluid, 3 fold volume
treadmill was set to 5°, and all mice were trained using the following of acetonitrile/methanol (2:1, v/v) and 50 pL of 10 ng/mL 8-hydroxy-
exercise program: 3 min running and 2 min rest with total 40 min. guanine-13C3 were added. The mixture was vortexed 30 s, incubated
Animals were acclimated with the treadmill apparatus (KW-PT, Nanjing at 37 °C for 15 min, and centrifuged (15,000 g, 4°C) for 15 min. The
Calvin Biotechnology, China) 1 week prior to the formal experiments. supernatant was loaded on an aminopropyl cartridge which activated by

Experimenta-ll anime'lls include 6-8weeks male C57BF/ 6 (WT) mice and methanol for further purification by solid phase extraction (SPE). The
Oggl KO mice (weight 20-25 g). Generally, 24 mice were randomly cartridge was subsequently washed by 70% aqueous methanol and the

divided into 4 groups: 1) without exercise (basal), 2) exercise for 40 min, target components were eluted by 5% aqueous methanol.

3) exercise for 40 min and rest for 40 min, and 4) exercise for 40 min and The level of 8-hydroxyguanine in prepared sample was analyzed by
rest for 100 min. To determine the role of OGG1 in myogenic gene  UHPLC-MS/MS of an Agilent 1290 Infinity Il UHPLC system coupled to a
activation in response to exercise, after the last bout of training (40 min), 6470 A Triple Quadrupole mass spectrometry (Santa Clara, CA, United

the TA muscles of WT and Oggl KO mice were collected, and the States). The mobile phase consisted of (A) water with 0.1% formic acid
expression of MyoD and Myogenin was measured by RT-qPCR. Ras and (B) acetonitrile. Samples was separated by Acquity BEH Amide

activation was detected by pull-down assay and MEK activation was column (100 mm x 2.1 mm, 1.7 pm, Waters), at a flow rate of 0.20 mL/
examined by western-blotting. min, with a gradient elution program as follows: 90% B during 0-1 min,
77% B at 8 min, 50% B at 9 min and held to 11 min, 90% B at 11.1 min

5.3. Plasmids and held to 14 min.
The eluted analysts were ionized in an electro spray ionization source
To generate the Myogenin-promoter luciferase reporter plasmid, the in positive mode (ESI+). The temperatures of both source drying gas and

mouse Myogenin promoter (—1348 ~ —65 nt, containing multiple MyoD sheath gas were 300°C and 350°C, respectively. The flow rate of source
transcription factor motifs predicted by JASPAR CORE 2018 verte- drying gas and sheath gas were 5 and 11 L/min, respectively. The
brates) was cloned from the C2C12 genome and inserted into reporter pressure of nebulizer was 45 psi, and capillary voltage was 4000 V. The
vector pGL4.2 (Promega, Madison, WI) using restriction enzyme sites multiple reaction monitoring (MRM) was used to acquire data in opti-
Kpnl and Bglll. Eukaryotic expressional plasmid pCS2(+)-Flag-MyoD mized MRM transition (quantifier 168 -> 112 and qualifier 168 -> 140
were kindly provided by Dr. Stephen Tapscott (FHCRC, Seattle, WA). for 8-hydroxyguanine, and quantifier 171 -> 114 and qualifier 168 ->

GST-MyoD, GFP-MyoD expressional plasmids were constructed by sub- 142 for 8-hydroxyguanine-13C3), fragmentor (95 V), and collision en-
cloning MyoD sequence into the corresponding vectors pGEX-4T-2 and ergy (21 eV for quantifier and 17 eV for qualifier). The Agilent Mass-
pEGFP-N1. (Y156F/V) mutants were created by changing the amino Hunter software (version B.08.00) was used to control instruments and

acid at position 156 from tyrosine to phenylalanine/valine (Y156F/V) acquire data.

12
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Fig. 8. 8-Ox0G enhances primary myoblasts differentiation ex vivo.

A. The expressional dynamics of myogenin of the primary myoblasts in differentiation medium. The satellite cells were isolated as described in the Method,
cultured in GM for 6 days and then shifted into DM. Thereafter, RNAs were extracted, RT-qPCR was conducted to measure the expression of Myogenin at different
time points.

B-D. Oggl depletion compromises 8-oxoG-induced expression of myogenic differentiation markers in primary myoblasts ex vivo. Isolation of the satellite
cells from WT or Oggl KO mice were performed as described in Method. Cells in DM at day 6 were exposed to 8-0x0G for 30 min, RT-qPCR was conducted to measure
the expression of MyoD and Myogenin. One-way ANOVA and Tukey’s post hoc testing was used to calculate the statistical significance (B). SCs from WT or Oggl KO
mice were cultured for 6 days in GM, and shifted into DM. At day 3, 8-oxoG was administrated for 4 days (once a day). The degree of differentiation was assessed by
IF staining of MHC. Scale bar, 100 pm (C). The fusion index was calculated from cells that were immunostained for MHC. The fusion index is indicated as the value of
the number of the nuclei present in myotubes divided by the number of total nuclei in MHC™" cells. Data were selected from 3 randomly selected microscopic fields
(D).

E. Oggl depletion decrease 8-0xoG-induced ERK activation. SCs from WT or Oggl KO mice were cultured for 6 days in GM, and shifted into DM. At day 6 cells
were exposed to 8-0xoG for 15 min with or without Ras inhibitors. Western-blotting was conducted to assess the level of ERK phosphorylation. Shown are the
representative images from three independent experiments, and quantitative analysis of activation of MEK were shown at right panel.
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5.6. RNA-seq and data analysis strand cDNA synthesis kit (Takara). Real-time PCR was performed by
using the Prime Script RT Master Mix (Takara) and TB Green Premix Ex
For the detailed protocol, refer to the Supplementary Methods. Tagll (Takara). The gene expression was calculated by 222t method.

The primer sequences were shown in Supplementary Table S1.
5.7. Quantitative real-time PCR (qRT-PCR)

5.8. Transfection with siRNA
To detect the mRNA levels of Total RNA was extracted using Trizol

(Takara, Japan), and reverse-transcribed by using Prime Script 1st The transfection of siRNA into C2C12 cells was performed in six-well

13
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Fig. 9. Exogenously administrated 8-0xoG base promotes regeneration of injured skeletal muscle.

A-B. 8-0Ox0G administration promotes the expression of MyoD and Myogenin in damaged TA muscle from WT mice. After CTX injection, 8-0x0G, or saline as
control, was respectively administrated to the left and right TA muscles. Samples were harvested at day 3 and 7. The mRNA levels of MyoD and Myogenin were
analyzed by RT-qPCR. Each data point represents the results from an individual animal. Data were represented as mean + SD (n = 7), and student’s t-test (two-tailed,
paired) was used to calculate the statistical significance of the difference of gene expression in left and right TA muscles from each mouse.

C-D. 8-0x0G administration failed to promote the expression of MyoD and Myogenin in damaged TA muscle from Oggl KO mice. Oggl KO mice were treated
as described in legend for A and B. The mRNA levels of MyoD and Myogenin were analyzed by RT-qPCR as described in legend for A and B.

E-G. 8-Ox0G administration accelerates the regeneration of the injured skeletal muscle. After CTX injection, 8-0x0G, or saline as control, was respectively
administrated to the left and right TA muscles. Samples were harvested at day 7. H&E staining of TA muscle was performed.

The morphology of regenerated myofibers was recorded. Scale bar, 100 pm. Shown are the representative images from each group (E). Inmunofluorescence staining
of embryonic myosin heavy chain (eMyHC, green) were performed with saline or 8-0xoG treated TA muscle from WT and KO mice (G). Distribution of average cross-
sectional area (CSA, pmz) of the regenerated fibers was calculated as described in Methods. Data were represented as mean + SD (n = 3), and student’s t-test (two-
tailed, unpaired) was used to calculate the statistical significance of the difference of the regenerated fibers’ CSA in left and right TA muscles from each mice (F).

plates. The first round of transfection with siOggl, siMth1, siMyoD or following the manufacturer’s protocol. SiRNA duplexes (100 pmol) was
control was performed 12 h prior the culture medium was changed to used for each well of a six-well plate, and the siRNA sequences are
differentiation medium. Cells were transfected again 48 h after the first shown in Supplementary Table S2.

round of transfection and the experiments were performed 2 days later.

For all transfections, Lipofectamine 3000 (Invitrogen) was used

14
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Fig. 10. Schematic illustration of the functional mechanism of 8-oxoG with
OGG1 regulates muscle remodeling during exercise. Exercise-produced ROS
results in generation of guanine oxidative damage lesion 8-0x0G in myofiber
mitochondria (A), and then 8-0x0G is excised and released into muscle inter-
stitium, the niche for satellites cell’s activation and differentiation (B), After
permeating into satellites cells, 8-0xoG forms complex with OGG1, inducing
activation of Ras-MEK-MyoD pathway, and promoting myogenic differentiation
of myoblasts (C), In myoblasts, 8-0xoG is engaged by OGG1, and the complex
functions as a GEF, activating Ras @, and then MEK signal pathway @, leading
to tyrosine phosphorylation of MyoD ®, consequently up-regulating myogenic
gene expression.

5.9. Immunofluorescence staining

C2C12 cells were cultured on coverslips in 24 wells plates and
exposed to vehicle/G/8-0x0G for 4 days (one does per day). The cov-
erslips were washed once with PBS (in PBS for 5 min), and then incu-
bated in 0.25% Triton X-100 in PBS for 10 min at room temperature, and
after another two washes, blocked in 3% FBS for 2 h. The coverslips were
then incubated with anti-MHC antibody (1:200) at 4°C overnight, fol-
lowed by TRITC-conjugated goat anti-mouse fluorescent secondary
antibody (1:200) for 1 h. After three times of washing with PBS, cells
were incubated with DAPI (D1306, Invitrogen) (1:8000) for 5 min to
visualize cell nuclei.

For staining of tissue sections, O.C.T compound was used to quickly
embed fresh TA muscles. Freeze the tissues immediately to set cryomold
on metal block in liquid nitrogen. Keep the specimens at —80°C until
use. Serial sections (10 pm thick) were cut on cryostat. Each section was
collected as a free-floating section in slide, and processed immediately
for immunodetection. The sections were then permeated with 0.5%
Triton X-100 in PBS for 10 min [51], and then washed twice with PBST.
After blocking with 2% FBS in PBST at RT for 10 min. Sections were then
incubated with mouse anti-8-oxoG (EMD Millipore Corp, MAB3560) and
anti-rabbit-mitochondria marker MTCO2 (Proteintech, 55070-1-AP).
Antibody against mouse-eMyhc was used to label actively regenerat-
ing fiber. Confocal images were obtained using an inverted LSM750
META confocal microscope (Carl Zeiss) using a 63 x oil object. An
8-0x0G index was calculated as immunofluoresce intensity of 8-oxoG per
MTCO2-positive area of tissue, using software in NIS Elements (Nikon,
Version 5.01).

5.10. Myotube fusion index

The efficiency of C2C12 differentiation was determined by the fusion
index as described previously [52]. Briefly, 30 fields of each sample
were chosen, and MHC™ cells were counted. The fusion index is indi-
cated as the value of the number of the nuclei present in myotubes
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divided by the number of total nuclei in MHC™ cells.
5.11. Luciferase reporter assays

C3H10T1/2 cells were seeded in the 24-well plates overnight in the
absence of antibiotics. The cells were then transfected Myogenin
promoter-driven firefly luciferase reporter plasmid or control vector
(pGL4.2) and Renilla luciferase reporter plasmid (an internal control,
Promega), as well as the expressional plasmid Flag-MyoD, using Lip-
ofectamine 2000 transfection reagent (Invitrogen). Cells were chal-
lenged with or without 8-0x0G/G and 6 h later, lysed in 100 pL passive
lysis buffer, and then the extracts (20 pL) were used for luciferase ac-
tivity using a Dual Luciferase Reporter Assay kit (Promega). To signify
the rapid transcriptional activation of Myogenin, RNA was extracted
after the cell were challenged with or without 8-0x0G/G for 30 min.
Firefly luciferase mRNA levels were measured by RT-qPCR and cali-
brated to that of Renilla. Primers used were shown in Supplementary
Table S1.

5.12. Subcellular fractionation and western blot

C2C12 cells were lysed in lysis buffer [53] for 30 min on ice. Lysates
were centrifuged at 12,000 g for 20 min at 4°C, and the supernatants
were taken as the whole-cell extract (WE). Cytoplasmic and nuclear
fractions were prepared using the CelLytic NuCLEAR Extraction kit
(Sigma, NXTRACT) following the manufacturer’s guidance. Briefly, cells
were lysed with cytosolic lysis buffer for 20 min, and then centrifuged
(11,000 g, 1 min, 4°C), and supernatants were collected (CE). The pellets
were washed twice with cytosolic lysis buffer and lysed with extraction
buffer. Nuclear lysates were clarified by centrifugation (21,000 g, 5 min,
4°C), and the supernatants were collected (NE). Then, 20 pg of protein
from each sample was mixed with 2 x SDS sample buffer, resolved by
SDS-polyacrylamide gel, and then transferred on nitrocellulose (NC)
membranes. Each NC membrane blot was sealed with 5% skimmed milk
powder for 1 h at RT and incubated with primary antibodies overnight at
4°C. After three washes in TBST (Tris-buffered saline containing Tween
20), the membranes were incubated with HRP-conjugated secondary
antibody for 1 h and detected by freshly made ECL (enhanced chem-
iluminescence) solution. The primary antibodies were as follow:
anti-MHC (1:200), anti-Ras (1:1000), anti-RhoA (1:1000), anti-Cdc42
(1:1000), anti-Racl (1:1000), anti-ERK (1:3000), anti-p38 (1:3000),
anti-pERK (1:3000), anti-pp38 (1:3000), anti-JNK (1:1000), anti-pJNK
(1:1000), anti-pTyr (1:500), anti-MyoD (1:1000), anti-Oggl (1:1000),
anti-Mth1 (1:500), anti-GST (1:3000), anti-GFP (1:3000), anti-GAPDH
(1:3000).

5.13. Chromatin immunoprecipitation assay

C2C12 cells were grown to a final count of 5-10 x 107 cells for each
sample. Cells were cross-linked in 1% formaldehyde at RT for 5 min and
then added 125 nM Glysine for 5 min. After washing with PBS, the cells
were resuspended and lysed in lysis buffers and sonicated to solubilize
and shear the crosslinked DNA. Sonicated chromatin was diluted to a
final SDS concentration of 0.1%, and for each sample, 500 pL of DNA-
protein complexe (near 25 pg of genomic DNA fragment per sample)
were immunoprecipitated using 2 pg of MyoD Ab at 4°C overnight, then
incubated with 30 pL of magnetic beads for 3 h. The precipitates were
washed three times, decrosslinked, and subjected to RT-qPCR following
the manufacturer’s instructions for the Simple ChIP Enzymatic Chro-
matin IP Kit (Cell signaling technology, US, #9003). The primer se-
quences were shown in Supplementary Table S3.

5.14. Expression and purification of the recombinant proteins

GST and GST-MyoD proteins were induced in BL21 (DE3) of
Escherichia coli. The protein expression was achieved by adding 1 mM
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IPTG (isopropyl-b-b-thiogalactopyranoside) and 40 pM ZnSO4 at 37°C
overnight. The culture was centrifuged at 12,000 rpm/min for 5 min,
and the pellet was resuspended in chilled lysates buffer (20 mM HEPES,
120 mM NaCl, 10% Glycerin, 2 mM EDTA, protease inhibitor cocktail)
and homogenized by sonication. The lysate was centrifuged at 14,000
rpm for 20 min at 4°C. The supernatant was then applied to glutathione-
Sepharose 4 B beads (GE Healthcare). The protein-loaded 4 B beads were
washed with 5 vol of PBS and 5 vol of TEN100 (20 mM Tirs-HCl (pH
7.5), 0.1 mM EDTA (pH 8.0), 100 mM NacCl) and NETN (20 mM Tirs-HCl
(pH 7.5), 0.1 mM EDTA (pH 8.0), 100 mM NacCl, 0.5% NP-40). Free GST
and GST-MyoD proteins were purified and eluted in 100 pL buffer (50
mM Tris-HCI (pH 8.0), 100 mM KCl and 40 mM glutathione, and pro-
tease inhibitor cocktail) and used for EMSA.

5.15. Electrophoretic mobility shift assay (EMSA)

The EMSA analysis was performed using the LightShift chemilumi-
nescent EMSA kit (ThermoFisher Scientific, 20,148). GST-fused Re-
combinant MyoD (40, 30, 20, 10, 5 or 2.5 nM) or nuclear extracts (1 pg)
were mixed with 100 fmol of Biotin-labeled and canonical E box-
containing oligonucleotide probe in a binding buffer (20 mM HEPEs
(pH 7.6), 1.5 mM MgCly, 10 mM KCI, 1 mM EDTA, 1 mM dithiothreitol,
1 mg/ml BSA) with 1 pg poly (dI-dC) in a total volume of 10 pL. After
incubation at RT for 20 min, the entire reaction was loaded on a 6% non-
denaturing poly acrylamide-Tris-borate-EDTA (TBE) gel and run at 100
V for 2 h at 4°C. The sequence information of the probe was shown in
Supplementary Table S4.

5.16. Oligonucleotide incision assay

To examine the lesion incision abilities of OGG1, a 37-mer oligo-
nucleotide containing an 8-0xoG at position 16 and labeled at the 3’ end
with Cy5 was used (Supplementary Table S5). For the incision assay,
200 fmol Cy5-labeled probe was incubated with homogenates of TA
tissue (10 pg) from sedentary and post-exercise mice in a total volume of
10 pL comprising 10 mM of Tris-HCl (pH 7.5), 10 mM of NaCl, 1 mM of
EDTA, 1 mg/ml BSA, and 1 mM of DTT. After incubation for 20 min at
37°C, the reaction was halted by adding 10 pL loading buffer (containing
8 pL of formamide, 10 mM of NaOH) and heating for 5 min at 95°C. The
reaction mixtures were separated in a 20% of polyacrylamide gel con-
taining 8 M of urea in Tris-borate-EDTA buffer (pH 8.4). Fluorescence
detection of the DNA bands was visualized via BIO-RAD ChemiDoc™
MP Imaging System.

5.17. Small GTPase activity assay

To measure the level of the activity of small GTPases (Ras, Racl/
Cdc42 and RhoA), C2C12 cells were treated with vehicle or 10 pM 8-
oxoG for 0, 3, 6, 9, 12 min. After treatment, cells were immediately
harvested on ice in lysis buffer containing 25 mM Tris-Cl (pH 7.4), 150
mM NaCl, 50 mM MgCl,, 1 mM NaF, 1 mM of NaVOs, 1% IGEPAL, and 1
mM protease inhibitors. Lysates were vortexed, incubated on ice for 5
min and then clarified by centrifugation at 15,000 rpm for 15 min at 4°C,
and 500 pg of protein was used in a pull-down assay with GST-Raf1-RBD
(for Ras), GST-Pak1-RBD (for Racl/Cdc42), or GST-Rhotekin-RBD (for
RhoA) beads for 1 h with rotation at 4°C. The protein-coated beads were
washed thrice with lysis buffer and then suspended in 2 x loading
buffer. The resulting pull-down was then subjected to western-blotting
to measure the activity Ras, Racl/Cdc42 and RhoA by using anti-Ras,
anti-Racl/Cdc42 and anti-RhoA antibodies.

5.18. Microscale thermophoresis (MST)
The MST experiments were performed using a Monolith NT.115 in-

strument (NanoTemper) as described previously [54]. For each binding
experiment recombinant Human OGG1/MTH]1 was diltued to 50 nM in
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MST buffer (PBS with 3 mM DTT, 0.05% Tween-20, and 0.2% Prionex).
A series of 16 tubes with 8-0x0G/G/8-hydroxyguanosine were prepared
in MST buffer, producing 8-oxoG/G/8-hydroxyguanosine ligand con-
centrations ranging from 120 nM to 4 pM. The reaction was mixed by
pipetting, incubated for 30 min at RT followed by centrifugation at 10,
000xg for 10 min. Capillary forces were used to load the samples into
Monolith NT.115 Premium Capillaries (NanoTemper Technologies).
Measurements were performed using a Monolith NT.115Pico instrument
(NanoTemper Technologies) at an ambient temperature of 25°C. In-
strument parameters were adjusted to 20% LED power, medium MST
power and MST on-time of 10 s. An initial fluorescence scan was per-
formed across the capillaries to determine the sample quality and af-
terwards 16 subsequent thermophoresis measurements were performed.
The Kd values were calculated using MO. Affinity Analysis software,
(NanoTemper Technologies). The data presented here was repeated at
three times confirming the results.

5.19. Isolation and identification of muscle satellite cells

Primary myoblasts were purified from C57BL/6 mice by magnetic
cell separation (MACS) [55]. Briefly, dissected muscles from the hind
limbs were minced and dissociated in a collagenase/dispase solution
(0.5% collagenase type II, 1% dispase in PBS) and incubated for 40 min
at 37°C with regularly shaking during the incubation. Digestion was
terminated by addition of 20% FBS. Samples were centrifuged at 500xg
for 1 min. Cells were filtered, centrifuged, and resuspended in MACS
buffer (0.5% BSA, 2 mM EDTA in PBS). Satellite Cell Isolation Cocktail
(Miltenyi Biotec), containing microbeads conjugated to CD11b, SCA-1,
CD45 and CD31 antibodies, was added for 15 min. Cell suspensions
were loaded onto a LD column (Miltenyi Biotec) in the magnetic field of
a VarioMACS separator (Miltenyi Biotec) and rinsed with MACS buffer.
Column flow-through (containing the lineage-negative cells) was
collected and stained with anti-a7-INTEGRIN MicroBeads (Miltenyi
Biotec) for 15 min. Cells were loaded onto a MS column (Miltenyi Bio-
tec) and washed 3 times with MACS buffer. Flow-through was discarded,
and the column was flushed to collect satellite cells and myoblasts. Cells
were cultured at 37°C in Ham’s F-10 medium (40%) and DMED (40%)
supplemented with 20% fetal bovine serum, 1% pen-
icillin/streptomycin, and 2.5 ng/ml bFGF.

After six days, medium was changed to differentiation medium (2%
horse serum, 98% DMEM). To identify the myoblast lineage of the cul-
ture, cells were washed with PBS, and fixed with 4% formaldehyde/PBS
at room temperature for 15 min. After washing three times with PBS,
cells were treated with 0.25% Triton X-100/PBS (containing 5 mM
EDTA and 2% FBS) for 5 min and washing for three times, followed by
incubation with anti-MyoD (1:200) at 4°C overnight. After eliminating
the excessive primary antibodies with PBS, cells were incubated with
TRITC-conjugated secondary antibodies (1:200) for 1 h. After washing
three times in PBS, specimens were labeled with DAPI for 5 min. Finally,
cells were washed twice with PBS for 5 min and fluorescence-labeled
cells were observed under the fluorescence microscope. The images
were visualized and captured by an Eclipse Ti2 microscope (Nikon In-
struments Inc, Melville, NY).

5.20. Muscle damage and regeneration

For muscle injury, Six-to-eight week male C57BL/6 (WT) mice and
Oggl KO mice (weight 20-25 g) were anesthetized with inhalation of
1-2% isoflurane (Vedco), and treated with 25 pL of 10 pM (in pyrogen-
free saline) cardiotoxin VII4 (CTX, Sigma-Aldrich) via intramuscular
injection into the anterior compartments of both hindlimbs. Mice (n =5
mice/time point) were sacrificed on day 1, 3, 7, 9 and 11 after CTX-
induced injury. TA muscles were collected and mRNA levels of MyoD
and Myogenin of samples were measured. To detect the role of 8-0xoG in
muscle regeneration, after CTX-induced injury, 20 pL of vehicle (1 mM
NaOH in saline) and 8-0xoG (100 pM) were injected intramuscularly
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into the left and right TA of these mice, respectively, on day 1, 2, 3, 5 and
7. TA muscles were collected on day 3 and 7, mRNA levels of MyoD and
Myogenin of samples were measured; or in other experiments, TA mus-
cles were collected on day 7, and placed in 10% neutral buffered
formalin (NBF) for histological examination to confirm the extent of
muscle regeneration, or embedded within Tissue-Tek O.C.T for immu-
nolfluorescence staining of eMyHC-positive regenerated myofibers.

5.21. Hematoxylin and eosin (H&E) staining

H&E staining was performed according to the method described
previously [47]. Skeletal muscle samples were immersion-fixed in 4%
paraformaldehyde and embedded with paraffin, sectioned (5 pm). H&E
staining was processed to show the morphology of regenerated myo-
fibers. Randomly, five fields of each sample with no bias were captured
at a magnification of 10x using an Olympus AX70 microscope (Olympus
Optical, Japan). The centrally nucleated fibers, representative for the
regenerated ones, were counted. The average cross-sectional area (CSA,
um?) was analyzed by using Image J software (1.4.3 V, US National
Institutes of Health). Because errors in fiber border recognition might
occur (i.e. either the fibers might not be recognized or several
fibers/non-fibre regions might be interpreted as a single fibre), a manual
correction of myofiber border misinterpretation was performed [56].
The CSA is indicated as the value of the cross area of the total counted
fibers divided by the number of the fibers.

5.22. Statistical analysis

Fluorescence quantification and normalization were performed
using ImageJ software. All data are representative of three independent
experiments and shown as mean =+ standard deviaton (SD). Differences
between two groups were analyzed by two-tailed Student’s t-test paired
or unpaired. One-way analysis of variance (ANOVA) was performed for
all experiments that require a comparison between three or more groups
within one categorical variable followed by a Sidak’s post hoc test or
Tukey’s post hoc test. To test the effect of two independent variables on
a dependent variable, two-way ANOVA followed by Tukey’s post hoc
test or Sidak’s post hoc test was used. In all analyses, significance was
accepted with P < 0.05 and analyses were performed using GraphPad
Prism 7.00 software (GraphPad Software Inc, CA).
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