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Article

A necessary role of DNMT3A in endurance exercise
by suppressing ALDH1L1-mediated oxidative stress
Sneha Damal Villivalam1 , Scott M Ebert2,3, Hee Woong Lim4 , Jinse Kim1 , Dongjoo You1,

Byung Chul Jung1, Hector H Palacios1, Tabitha Tcheau1, Christopher M Adams2,3,5 & Sona Kang1,*

Abstract

Exercise can alter the skeletal muscle DNA methylome, yet little is
known about the role of the DNA methylation machinery in exer-
cise capacity. Here, we show that DNMT3A expression in oxidative
red muscle increases greatly following a bout of endurance exer-
cise. Muscle-specific Dnmt3a knockout mice have reduced toler-
ance to endurance exercise, accompanied by reduction in oxidative
capacity and mitochondrial respiration. Moreover, Dnmt3a-defi-
cient muscle overproduces reactive oxygen species (ROS), the
major contributors to muscle dysfunction. Mechanistically, we
show that DNMT3A suppresses the Aldh1l1 transcription by bind-
ing to its promoter region, altering its epigenetic profile. Forced
expression of ALDH1L1 elevates NADPH levels, which results in
overproduction of ROS by the action of NADPH oxidase complex,
ultimately resulting in mitochondrial defects in myotubes. Thus,
inhibition of ALDH1L1 pathway can rescue oxidative stress and
mitochondrial dysfunction from Dnmt3a deficiency in myotubes.
Finally, we show that in vivo knockdown of Aldh1l1 largely rescues
exercise intolerance in Dnmt3a-deficient mice. Together, we estab-
lish that DNMT3A in skeletal muscle plays a pivotal role in endur-
ance exercise by controlling intracellular oxidative stress.
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Introduction

Endurance exercise, an aerobic exercise, is generally characterized

by high-frequency, long duration, and low power output activity,

such as marathon running and swimming. Endurance exercise

exerts many positive effects on health, prevents disease, and even

acts as therapeutics for a wide range of non-communicable diseases

(Hawley et al, 2014; Baskin et al, 2015). Despite these benefits of

exercise, there is very limited understanding in the regulatory

factors that affect endurance exercise.

Mitochondria are the organelles where oxidation meets phospho-

rylation to generate ATP for contracting muscles (Huertas et al,

2019). In response to endurance exercise, skeletal muscle increases

energy production through aerobic metabolism through involve-

ment of enhancing mitochondrial oxidative capacity (Clausen &

Trap-Jensen, 1970). It has been suggested that the degree of mito-

chondrial health and adaptations can be dependent on ROS levels.

Thus, a moderate increase in skeletal muscle ROS production in the

acute phase of exercise is thought to activate signaling pathways

that lead to cellular adaptation, thereby protecting against future

stress (He et al, 2016). On the other hand, excessive ROS can oxida-

tively damage macromolecules, such as DNA, lipids, and proteins,

as well as modify cellular redox status and cellular functions. Conse-

quently, ROS elevation is also associated with pathophysiological

states of muscle and contractile dysfunction (Gomes et al, 2012; He

et al, 2016). Mitochondria make a large contribution to ROS produc-

tion at rest, but not during muscle contraction (Powers et al, 2011).

The majority of ROS produced during contraction arise from non-

mitochondrial sources, such as NADPH oxidase (NOX), located in

the microtubules (Cross & Segal, 2004; Panday et al, 2015; Di Meo

et al, 2016). The redox-mediated crosstalk between NOX and mito-

chondria exacerbates ROS production and disrupts redox homeosta-

sis. For example, NOX-derived ROS promote the opening of

mitochondrial ATP-sensitive K+ channels (Daiber, 2010; Dan Dunn

et al, 2015; Daiber et al, 2017). The resultant potassium influx into

the matrix lowers the mitochondrial membrane potential, which

causes mitochondrial swelling, opening of permeability transition

pores, and elevated ROS production (Daiber, 2010; Dan Dunn et al,

2015; Daiber et al, 2017). In addition, NOX-derived ROS causes leak-

age of Ca2+ from the sarcoplasmic reticulum or entry of extracellular

Ca2+, resulting in mitochondrial Ca2+ overload and mitochondrial

ROS emission, which ultimately results in muscle fatigue and

dysfunction (Görlach et al, 2015; Steinbacher & Eckl, 2015; He et al,

2016).
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DNA methylation, a reversible epigenetic mark that usually

occurs on a cytosine residue followed by a guanine (CpG), is medi-

ated by a member of the DNA methyltransferase (DNMT) family

(Jaenisch & Bird, 2003). Methylation prevents the binding of tran-

scriptional machinery that requires interaction with cytosine,

usually resulting in transcriptional silencing (Bird & Wolffe, 1999).

Exercise significantly alters the DNA methylation profile of skeletal

muscle (Barr�es et al, 2012; Nitert et al, 2012; Brown, 2015;

Kanzleiter et al, 2015; Li et al, 2017; Valenzuela et al, 2017;

Seaborne et al, 2018; Song et al, 2019; Widmann et al, 2019). Acute

and chronic forms of exercise induce both hyper- and hypo-CpG

methylation of target loci (Barr�es et al, 2012; Nitert et al, 2012;

Brown, 2015; Kanzleiter et al, 2015; Li et al, 2017; Valenzuela et al,

2017; Seaborne et al, 2018; Song et al, 2019; Widmann et al, 2019),

and some of these modifications are inversely correlated with gene

expression (Barr�es et al, 2012; Nitert et al, 2012; Brown, 2015). For

example, a single bout of aerobic endurance exercise in human

subjects transiently induces hypomethylation at the promoter region

of important mitochondria-related transcripts (e.g., PPARGC1A,

PDK4, TFAM, and PPARD), followed by an increase in their expres-

sion (Barr�es et al, 2012). Moderate-intensity exercise in humans has

been reported to result in hypermethylation of FABP3 and COX4L1,

which is inversely associated with their gene expression (Seaborne

et al, 2018). As such, despite the obvious link between altered DNA

methylation and exercise-associated gene expression, the underlying

function of DNMTs in exercise performance remains unclear.

Here, we report that skeletal muscle DNMT3A is a critical epige-

netic modulator of endurance exercise. Muscle-specific Dnmt3a-de-

ficient mice greatly reduced the exercise capacity accompanied by

increased signs of myopathy. Remarkably, knockout (KO) muscles,

especially soleus and gastrocnemius (GA) muscles, exhibited a

dramatic reduction in oxidative capacity and mitochondrial dysfunc-

tion accompanied by an increase in ROS during exercise. Our tran-

scriptomic analysis identifies Aldh1l1 as a key direct target of

repression by DNMT3A in soleus muscle and GA muscles. Overex-

pression of ALDH1L1 was sufficient to recapitulate Dnmt3a KO-

mediated mitochondrial dysfunction and oxidative stress by promot-

ing accumulation of NADPH and thereby increasing NOX activity.

Conversely, Aldh1l1 KO or pharmacological inhibition of NOX

rescued mitochondrial decline and oxidative stress caused by

Dnmt3a deficiency. Lastly, we demonstrate that resolving oxidative

stress with an antioxidant and Aldh1l1 knockdown largely rescues

exercise incapacity in Dnmt3a KO mice. Together, our results

provide novel insights into the epigenetic regulation of the muscle

response to exercise and reveal a surprising molecular target that is

important for sustaining endurance exercise.

Results

DNMT3A level in the soleus muscle increases after
endurance exercise

DNMT1 is the major enzyme involved in maintenance of the DNA

methylation pattern following DNA replication, whereas DNMT3A

and DNMT3B are primarily responsible for de novo DNA methyla-

tion (Jaenisch & Bird, 2003). Hence, we postulated that de novo

DNMTs might be more important for adaptive responses to

environmental changes. To begin to characterize the role of de novo

DNMTs in endurance exercise, we examined their expression

patterns in soleus, extensor digitorum longus (EDL), and GA

muscles, which are red, white, and mixed muscles, respectively, at

rest and after a bout of endurance exercise, in C57BL/6J wild-type

mice. We also measured the mRNA expression of PPARc-coactivator
1a (Ppargc1a), which is known to be induced by exercise in skeletal

muscle (Barr�es et al, 2012; Gouspillou et al, 2014). Ppargc1a mRNA

levels increased after 50 min of treadmill running, especially in the

soleus and GA (Fig EV1A). Strikingly, Dnmt3a mRNA levels also

increased by ~ 3-fold after exercise in soleus, but not in EDL

(Fig EV1B–D). By contrast, exercise caused no significant changes

in Dnmt3b transcript levels in any muscle types (Fig EV1B–D). The

increase in the level of DNMT3A after a bout of exercise was con-

firmed by Western blotting (Fig EV1E–F).

Muscle-specific Dnmt3a ablation decreases the capacity for
endurance exercise

Endurance exercise has been shown to lead to the greater relative

increase in contractile activity in the soleus and red portion of the

GA muscle relative to white muscles, such as EDL (Laughlin et al,

2006; Haizlip et al, 2015). The increase of DNMT3A expression in

soleus led us to hypothesize that DNMT3A plays an important role

in endurance exercise. To test this, we generated muscle-specific

Dnmt3A knockout mice (MCK-Dnmt3a KO; Fig EV2) by using the

well-characterized muscle creatine kinase (MCK)-Cre, which excises

floxed alleles in muscle fibers but not satellite cells starting at

embryonic day 17 (Br€uning et al, 1998). MCK-Dnmt3a KO mice

were viable, exhibited normal growth and fertility, and displayed no

significant differences in body weight, body composition, energy

balance, or muscle mass, relative to wild-type littermates harboring

two floxed alleles without Cre (WT; Appendix Fig S1).

To assess tolerance to endurance exercise, we employed two dif-

ferent regimens: (i) a low-intensity regimen (Fig 1A) that tested the

ability to run steadily at relatively low speed (12 m/min) for an

initial 40 min, followed by a gradual increase in speed until exhaus-

tion (DeBalsi et al, 2014), and (ii) a high-intensity regimen (Fig 1D)

that rapidly increased the running speed (6 m/min and increased by

2 m/min every 5 min) to a maximal pace of 20 m/min, which

persisted until exhaustion (DeBalsi et al, 2014). During low-intensity

exercise, oxidative muscle fibers predominantly rely on fatty acid

oxidation for their ATP production. On the other hand, high-inten-

sity exercise raises the ATP utilization rate and induces a metabolic

switch from fatty acid to glucose oxidation (DeBalsi et al, 2014). We

tested the exercise performance of the MCK-Dnmt3a KO mice at

8 weeks of age under these two regimens. Remarkably, the running

capacity of the MCK-Dnmt3a KO mice was greatly impaired: Both

distance and duration were reduced by 30–40% under both the low-

and high-intensity regimens (Fig 1B, C, E and F). To test whether

the exercise capacity was affected at a younger age, we put WT and

KO mice at 5 weeks of age into the low-intensity regimen and found

that the KO still showed reduced exercise capacity compared to WT

mice (Appendix Fig S2). Next, we tested whether the KO mice

showed reduced trainability. We put the cohort of mice on the train-

ing regimen, which consisted of a single bout of running 5 days/

week for 4 weeks. Although the KO mice improved their running

capacity after the exercise training, the KO mice still ran less time
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and distance compared to WT mice (Fig EV3A and B). Overall, there

was a trend toward that KO muscles overproduce ROS compared to

WT muscle after the exercise training (Fig EV3C–E).

Next, we investigated whether reduced exercise tolerance of

MCK-Dnmt3a KO mice accompanies other morphological and

biochemical changes as indications of muscle fatigue. First, nuclear

dislocation is a hallmark of dysfunctional muscle with or without

degeneration/regeneration (Roman & Gomes, 2018). Concordant

with impaired exercise capacity, the KO muscles displayed an

increased frequency of muscle damage, evidenced by an increased

number of dislocated nuclei in the soleus (2.4% vs 4.8% in WT vs

KO) and GA 2.3 vs 3.5% muscles from 8-week-old mice (Fig 2A–D)

after a single bout of low-intensity exercise for the same duration.

Similarly, 5-week-old KO mice showed a trend toward more centro-

nucleated soleus and GA muscle fibers after exercise (Appendix Fig

S3). To ask whether these defects exist at rest, we performed analo-

gous studies and found that KO soleus and GA muscles tend to have

increased numbers of centro-nucleated muscle fibers at rest

(Appendix Fig S4). Second, we measured ROS levels, as high levels

of ROS are associated with contractile dysfunction and muscle

fatigue (Powers et al, 2011). Remarkably, we found that ROS levels

greatly increased in red soleus and mixed GA muscles, but not in

white EDL, at both 5 and 8 weeks of age (Appendix Fig S5, Fig 2E–

G). Lastly, we also measured blood lactate levels, which essentially

serve as an indirect marker for biochemical events such as fatigue

within exercising muscle (Finsterer, 2012). As expected, blood

lactate levels were also increased in exercised KO mice (Fig 2H).

Together, these data indicate that Dnmt3a KO muscles display

increased signs of muscle fatigue which was associated with

reduced exercise capacity.

Dnmt3a-KO muscle has reduced oxidative capacity and
diminished mitochondrial respiration

High power of oxidative capacity and mitochondrial function of

skeletal muscle is critical for supporting endurance exercise. Succi-

nate dehydrogenase (SDH), located in the inner membrane of the

mitochondrion, is responsible for oxidizing succinate to fumarate in

the citric acid cycle (Old & Johnson, 1989). Hence, we performed

SDH staining to distinguish between oxidative and less-oxidative

muscles. Remarkably, KO soleus muscles displayed ~ 20% less SDH

activity relative to WT tissues even at the sedentary (Fig 3A and B)
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Figure 1. MCK-Dnmt3a KO mice display a reduced tolerance to endurance exercise.

A Schematic of low-intensity exercise regimen.
B, C Exercise capacity of MCK-KO and WT mice from the low-intensity regimen was conducted. (n = 4 WT, n = 5 KO mice, mean � SEM, *P < 0.05, two-tailed Student’s

t-test).
D Schematic of high-intensity exercise regimen.
E, F Exercise capacity of MCK-KO and WT mice from the high-intensity regimen (n = 5 mice, means � SEM, two-tailed Student’s t-test).

Source data are available online for this figure.
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and that this difference became exacerbated after exercise showing

a 50% decline in KO tissues from 8-week-old mice (Fig 3C and D).

KO GA muscles showed a similar pattern of SDH activity at rest and

following exercise (Fig 3E–H). By contrast, EDL muscles did not

show marked differences between genotypes at both conditions

(Fig 3I–L). Similar to other histological parameters, we also found

that 5-week-old KO mice exhibited a trend toward reduced SDH

activity in soleus and GA, but not in EDL, muscles compared to WT

tissues (Fig EV4). We then assessed whether such differences of

SDH activity is related to mitochondrial respiration rates and noted

that KO soleus muscles exhibit a reduced oxygen consumption rate

in both sedentary and exercise conditions (Fig 3M and N). We were

also able to confirm that myotube-autonomous effect of DNMT3A

loss of function in oxygen consumption rates (Fig 3O–P). Lastly, we

performed H&E staining and SDH staining using successive tissue

sections to examine whether damaged myofibers with centro-nucle-

ation overlap with reduced SDH activity. We found that nuclear

dislocation and reduced SDH activity do not necessarily overlap

each other (Appendix Fig S6).

Skeletal muscle depots are composed of heterogeneous popula-

tions of muscle fibers, which are categorized largely as slow-twitch

(type I) and fast-twitch (type II) based upon biophysical property of

contractility (Talbot & Maves, 2016). Slow-twitch fibers are dense in

mitochondria to allow high oxidative capacity and sustain long-term

A

E

H

F G

B C D

Figure 2. MCK-Dnmt3a KO mice display increased muscle damage following exercise.

A The H&E staining of MCK-KO and WT soleus muscle after a bout of low-intensity treadmill running (top 40×, bottom 100× magnifications). Black arrow indicates
centralized nuclei.

B The percentage of myofibers with centralized nuclei was determined by manual counting 300 myofibers in 20× magnification. (n = 3, means � SEM, *P < 0.05,
two-tailed Student’s t-test).

C, D The analogous set of data is shown with WT and MCK-KO GA muscles. (n = 3, means � SEM, two-tailed Student’s t-test. GA, gastrocnemius).
E–G Hydrogen peroxide (H2O2) levels were measured in WT and MCK-KO soleus (E), GA (F), and EDL (G) at rest and after a bout of exercise (n = 6 per group,

means � SEM, *P < 0.05, two-tailed Student’s t-test and two-way ANOVA followed by Bonferroni post hoc testing).
H Serum levels of lactate were measured before and after a bout of low-intense exercise for 50 min in WT and MCK-KO mice (n = 16 for sedentary and n = 14 for

exercise groups, means � SEM, *P < 0.05, two-tailed Student’s t-test and two-way ANOVA followed by Bonferroni post hoc testing).

Source data are available online for this figure.
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energy demands (Bourdeau Julien et al, 2018). By contrast, fast-

twitch fibers are subdivided into fast-oxidative (type IIA) or fast-

glycolytic (type IIB/X), which correlate with their mitochondrial

density (Bourdeau Julien et al, 2018). The soleus muscle is rich in

type I and some IIA myosin heavy chains (MHCs), whereas muscles

like EDL are enriched in the faster MHC IIB fibers that are for the

fast-twitch property (Arany et al, 2007). Previous studies suggest

that shifting muscle fiber composition is engaged with altered

exercise capacity and muscle dysfunction (Handschin et al, 2007).

To ask if that is the case with MCK-Dnmt3a KO mice, we assessed

muscle fiber distribution by immunostaining of fiber-specific MHC

and found no obvious differences in muscle fiber composition

between WT and KO soleus, GA and EDL muscles (Fig EV5A–F). In

agreement, no discernible change in the expression of muscle fiber

type-specific MHC isoforms between WT and KO soleus muscles

(Fig EV5G). Collectively, our data suggest that DNMT3A is required
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for the full oxidative capacity of skeletal muscle and is not associ-

ated with fiber type determination.

Gene profiling identifies muscle-specific DNMT3A target genes

We and others have shown that DNMT3A regulates biological

processes by regulating non-overlapping sets of cell type-specific

target genes (Nguyen et al, 2007; Challen et al, 2011; Nishikawa

et al, 2015). To elucidate the underlying molecular basis by

which DNMT3A regulates exercise capacity, we performed RNA-

Seq on WT and KO soleus muscle at rest and after exercise. The

transcriptome profiles detected that 23 genes were upregu-

lated, and three genes were downregulated in Dnmt3a-deficient

soleus muscle at rest, while 18 genes were up and 17 genes were

downregulated in the exercise condition (Fig 4A and B). While

several of the upregulated genes in the KO overlapped conditions,

none of the downregulated genes overlapped (Fig. 4A and B,

Appendix Fig S7A and B). Since whole muscle contains multiple

cell types, such as fibroblasts, endothelial cells, and satellite cells,

we extracted myofibers by collagenase treatment from WT and

KO mice at rest and measured DNMT3A target genes that are

commonly upregulated in the KO at rest and after exercise. We

found that most of the genes were upregulated in KO myofibers

(Appendix Fig S7C).

Because a relatively small number of genes were differentially

regulated in the KO tissue, we did not identify any specific biological

pathways enriched among the DNMT3A target genes. However,

genes involved in the detoxification of reactive oxygen species (e.g.,

Gpx1 and Gpx3) were upregulated in KO muscle, reflecting the

increased levels of oxidative stress in KO muscles (Appendix Fig

S7A). Our search to identify the targets responsible for the

increase in ROS production led us to investigate Aldh1l1, which

encodes aldehyde dehydrogenase 1 family member L1 (ALDH1L1),

a cytosolic enzyme involved in folate and one-carbon metabolism.

Specifically, ALDH1L1 oxidizes 10-formyltetrahydrofolate to tetrahy-

drofolate, simultaneously producing NADPH as a byproduct (Kru-

penko, 2009) (Fig 4C). Notably in this regard, NADPH plays a dual

role in the regulation of oxidative stress. On the one hand, it is a

reducing agent for glutathione, thioredoxins, peroxiredoxins, and

glutathione peroxidases, which neutralize ROS (Fernandez-Marcos

& N�obrega-Pereira, 2016). On the other hand, it contributes to ROS

generation, through the activity of the NADPH oxidase complex

(NOX; Fig 4C) located within the sarcoplasmic reticulum, transverse

tubules, and sarcolemma in skeletal muscle fibers (Ferreira &

Laitano, 2016). We hypothesized that ALDH1L1-mediated NADPH

production feeds into NOX, thereby increasing intracellular ROS in

Dnmt3a KO muscle.

First, we examined the regulation of Aldh1l1 by DNMT3A. We

measured the levels of Aldh1l1 mRNA and ALDH1L1 protein to be

elevated in KO muscle tissues (Fig 4D–F). Notably, ALDH1L1

expression was elevated only in the red soleus and mixed GA

muscles, but not in the white EDL muscle (Fig 4E and F), suggest-

ing that muscle depot-selective regulation of Aldh1l1 by DNMT3A.

To determine whether Aldh1l1 is indeed a direct target of

DNMT3A, we performed methylated DNA immunoprecipitation

(MeDIP)-qPCR analysis of the CpG-rich Aldh1l1 promoter regions

(Fig 4G). In KO soleus muscle, DNA methylation was greatly

reduced in four of the five regions we examined, including the CpG

island (P4; Fig 4H). In vivo ChIP assay confirmed strong enrich-

ment of DNMT3A at those differentially methylated regions

(Fig 4I). In fact, the DNA methylation and histone regulation

machineries often engage in crosstalk (Du et al, 2015). Therefore,

we also conducted a ChIP assay for H3K27ac, a histone modifi-

cation marker of active promoters and enhancers, and detected

strong signals at Aldh1l1 promoter regions in KO soleus tissues

(Fig 4J). Collectively, these data demonstrate that DNMT3A directly

regulates expression of Aldh1l1 by modifying the epigenetic profile

at its regulatory regions.

ALDH1L1 drives the increase in ROS and mitochondrial
dysfunction in KO soleus muscle

To determine whether elevated ALDH1L1 expression is responsible

for NADPH-dependent generation of ROS, we compared NADPH

levels between WT and KO muscle. Indeed, NADPH levels were

significantly increased in KO muscle (Fig 5A). To assess whether

this in turn results in increased flux into NOX (Reusch & Burger,

1974; Hidalgo et al, 2006), indeed, we detected elevated NOX level

in KO tissues (Fig 5B). Next, to evaluate the functional significance

of ALDH1L1, we performed an ALDH1L1 gain-of-function study in

L6 rat myotubes in the presence and absence of apocynin, a specific

NOX inhibitor (Petrônio et al, 2013). Overexpression of ALDH1L1

had no effect on myogenesis (Appendix Fig S8), but remarkably, it

was sufficient to recapitulate the redox changes in Dnmt3a-KO

muscles, including the increases in the levels of NADPH (Fig 5C)

and ROS (Fig 5D and E). More strikingly, ALDH1L1-overexpressing

myotubes exhibited a reduced oxygen consumption relative to

controls (Figs 5F and G). Importantly, all of these changes associ-

ated with ALDH1L1 overexpression were largely reversed by treat-

ment with apocynin (Fig 5C–G). To obtain evidence that ALDH1L1

◀ Figure 3. Dnmt3a-KO soleus muscle displays a decreased oxidative capacity with a reduced mitochondrial respiration.

A–D Succinate dehydrogenase staining was performed in WT and MCK-KO soleus at sedentary (A, B) and after a bout of low-intensity exercise for 50 min (C, D; 10×,
20× magnifications), and the staining intensity was quantified using ImageJ (n = 6, means � SEM, *P < 0.05, two-tailed Student’s t-test).

E–H The analogous set of data is shown with WT and MCK-KO GA muscles. (n = 6, means � SEM, *P < 0.05, two-tailed Student’s t-test).
I–L The analogous set of data is shown with WT and MCK-KO EDL muscles. (n = 6, means � SEM, two-tailed Student’s t-test. EDL, extensor digitorum longus).
M, N Mitochondrial respiration was measured in WT and MCK-KO soleus tissue after a bout of low-intensity exercise for 50 min under basal conditions and in response

to 4 mM oligomycin (complex V inhibitor), 4 mM FCCP (uncoupler), or 4 mM each of rotenone and antimycin A (complex I inhibitor; n = 8, means � SEM,
*P < 0.05, two-tailed Student’s t-test and two-way ANOVA followed by Bonferroni post hoc testing). AUC: Area under the curve.

O, P Mitochondrial respiration was measured in Dnmt3a knocked down L6 myotubes which were transduced with lentiviral under basal conditions and in response to
4 mM oligomycin (complex V inhibitor), 4 mM FCCP (uncoupler), or 4 mM rotenone and antimycin A (complex I inhibitor; n = 5, means � SEM, *P < 0.05, two-
tailed Student’s t-test and two-way ANOVA followed by Bonferroni post hoc testing). AUC: Area under the curve.

Source data are available online for this figure.
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Figure 4. Transcriptome analysis identifies Aldh1l1 as a key target gene of DNMT3A in the soleus muscle.

A, B (A) RNA-Seq was performed in WT and MCK-KO soleus muscle at rest. The scatter plots show differentially expressed genes in MCK-KO soleus muscle at sedentary
(A) and after a bout of low-intensity exercise for 50 min (B; FDR < 0.05, P < 0.05).

C Proposed model for ROS regulation during loss of Dnmt3a. Loss of DNMT3A increases ALDH1L1 expression, thus leading to the increase in NADPH levels and
increased activity of NADPH oxidase, leading to increased ROS levels. The increased oxidative stress contributes to mitochondrial dysfunction and muscle fatigue.

D qPCR validation of Aldh1l1 at sedentary and after exercise for 50 min (n = 6, means � SEM, *P < 0.05, two-tailed Student’s t-test).
E, F ALDH1L1 protein expression and the quantification in WT vs MCK-KO soleus, GA, and EDL muscles at sedentary and normalizing to GAPDH using ImageJ.
G The map of CpG-rich promoter regions of Aldh1l1 and MeDIP and ChIP primers (P1-P5) that cover the CpG-rich regions. The numbers correspond to the position

from the transcriptional start site of Aldh1l1.
H MeDIP-qPCR was performed in WT and MCK-KO soleus muscle to assess differential methylation using primer sets from (G; n = 4, means � SEM, *P < 0.05, two-

tailed Student’s t-test).
I DNMT3A ChIP-PCR was conducted in WT and MCK-KO soleus muscles using primer sets from (G; n = 3, means � SEM, *P < 0.05, two-tailed Student’s t-test).
J H3K27ac ChIP-PCR was conducted in WT and MCK-KO soleus muscles using primer sets from (G; n = 3, means � SEM, *P < 0.05, two-tailed Student’s t-test).

Source data are available online for this figure.
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is required for the phenotype of the Dnmt3a loss-of-function model,

we knocked out Aldh1l1 in Dnmt3a knockdown L6 myotubes,

which resulted in dramatic rescue of the oxidative stress that is

mediated by Dnmt3a deficiency (Fig 5H–K).

Resolving oxidative stress and muscle-targeted Aldh1l1 silencing
in MCK-Dnmt3a KO mice partially rescues exercise intolerance

Since we hypothesized that excessive ROS production is a main

driver of muscle dysfunction and exercise incapacity during loss of

Dnmt3a, we sought to determine whether an antioxidant could

resolve the issues. Remarkably, a single i.p. injection of N-acetylcys-

teine (NAC) rescued exercise capacity in KO mice by 43% but had

no significant effect on WT’s exercise performance (Fig 6A and B).

Consistent with this data, we confirmed that NAC reduced ROS

levels in Dnmt3a KD myotubes (Fig 6C) and significantly improved

mitochondrial respiration (Fig 6D and E). Lastly, we sought to deter-

mine whether decreasing ALDH1L1 levels can rescue the exercise

intolerance detected in Dnmt3a KO mice. To this end, we chose to

use in vivo transfection method which allows us to specifically

◀ Figure 5. ALDH1L1 contributes to the oxidative stress and mitochondrial defect in loss of Dnmt3a.

A, B NADPH levels (A) and NOX (B) level was measured in WT and MCK-KO muscles at rest and after a bout of low-intensity exercise for 50 min (n = 6, means � SEM,
*P < 0.05, two-tailed Student’s t-test and two-way ANOVA followed by Bonferroni post hoc testing).

C–G L6 myotubes were transduced with lentiviral expression plasmids for Flag-ALDH1L1 and GFP. NADPH levels (C), H2O2 levels (D, E), Mitochondrial respiration (F, G)
were measured from these cells in the presence and absence of NADPH oxidase inhibitor apocynin (n = 3 per group, for (C–E) and n = 5 for (F, G), means � SEM,
*P < 0.05, two-tailed Student’s t-test and two-way ANOVA followed by Bonferroni post hoc testing). AUC: Area under the curve.

H–K Single and double knockdowns of Dnmt3a and Aldh1l1 in L6 myotubes were achieved by lentiviral transduction. NADPH levels (H) and NOX activity (I) were
measured in single and double knockdowns of Dnmt3a and Aldh1l1 in L6 myotubes. (n = 3, means � SEM, *P < 0.05, two-tailed Student’s t-test and two-way
ANOVA followed by Bonferroni post hoc testing). (J, K) H2O2 levels were measured in single and double knockdowns of Dnmt3a and Aldh1l1 in L6 myotubes. (J: n = 3
and K: n = 6 for Control, Aldh1l1 KD, Aldh1l1 KD + Dnmt3a KD, n = 5 for Dnmt3a KD, means � SEM, *P < 0.05, two-tailed Student’s t-test and two-way ANOVA
followed by Bonferroni post hoc testing).

Source data are available online for this figure.

A

C D E

B

Figure 6. NAC treatment partially rescues reduced oxidative capacity in Dnmt3a KD myotubes and exercise intolerance in MCK-Dnmt3a KO mice.

A, B Exercise capacity of MCK-KO and WT mice treated with PBS (vehicle) or NAC (200 mg/kg, i.p). (n = 4 WT and n = 6 MCK-KO, mean � SEM, *P < 0.05, two-tailed
Student’s t-test and two-way ANOVA).

C–E (C) Hydrogen peroxide (H2O2) levels (n = 6 for Control groups and Dnmt3a KD with NAC treatment group n = 4 Dnmt3a KD, means � SEM, *P < 0.05, two-tailed
Student’s t-test and two-way ANOVA followed by Bonferroni post hoc testing). (D, E) mitochondrial respiration in Dnmt3a knockdown and control L6 myotubes
treated with NAC (3 mM) or vehicle treatment for 24 h (n = 5 Control groups n = 3 Dnmt3a KD, n = 4 Dnmt3a KD with NAC treatment groups. means � SEM,
*P < 0.05, two-tailed Student’s t-test and two-way ANOVA followed by Bonferroni post hoc testing). AUC: Area under the curve.

Source data are available online for this figure.
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transfect the nuclei of terminally differentiated adult muscle fibers,

but not the nuclei of satellite cells or connective tissue cells (Welle,

2009). We delivered gRNA against gAldh1l1 or control to the GA and

soleus muscles in the KO mice, and we achieved ~ 50% knockdown

of Aldh1l1 mRNA and protein in soleus and GA, but without a major

change in EDL (Fig 7A–C). Remarkably, Dnmt3a KO mice that were

delivered with Aldh1l1 knockdown gRNA partially restored the abil-

ity of treadmill running by 47 and 38% by time and distance, respec-

tively, compared to the KO mice transfected with control gRNA

(Fig 7D and E). Together, our results suggest that ALDH1L1 plays a

critical role in producing muscle dysfunction and exercise intoler-

ance arising from Dnmt3a deficiency.

Discussion

Exercise significantly alters the DNA methylation profile of skeletal

muscle (Barr�es et al, 2012; Nitert et al, 2012; Brown, 2015;

Kanzleiter et al, 2015; Li et al, 2017; Valenzuela et al, 2017; Seaborne

et al, 2018; Song et al, 2019; Widmann et al, 2019); however, it has

not been studied whether DNA methylation machinery has func-

tional roles in exercise capacity. Here, we demonstrate that skeletal

muscle DNMT3A plays an essential role for the full capacity to

perform endurance exercise. Our findings indicate that Dnmt3a defi-

ciency in skeletal muscle leads to oxidative stress and muscle fatigue

and consequently a dramatic reduction of exercise capacity. Surpris-

ingly, our studies find that skeletal muscle DNMT3A is necessary to

maintain mitochondrial function and oxidative capacity, which are

critical to support endurance exercise. Our mechanistic studies

reveal that ALDH1L1 is a key downstream effector of DNMT3A loss

of function as evidenced by that knockdown of ALDH1L1 that can

largely rescue defects from Dnmt3a deficiency in vitro and in vivo,

while overexpression of ALDH1L1 recapitulates them. These find-

ings demonstrate a surprising role for DNMT3A as an epigenetic

modulator of endurance exercise by controlling intracellular oxida-

tive stress and reveal ALDH1L1 as a key mediator.

Studies have reported that aerobic exercise changes DNA methy-

lation profile. For example, a human study has shown that a single

A

D E

B C

Figure 7. ALDH1L1 knockdown in vivo partially rescues exercise intolerance in MCK-Dnmt3a KO mice.

A Aldh1l1 mRNA expression in various muscles in MCK-KO mice that were transfected with gRNA DNAs against Aldh1l1 or control. (n = 4 for Soleus, n = 3 GA gCont
and n = 4 GA gAldh1l1, n = 4 EDL gCont and n = 3 EDL gAldh1l1, means � SEM, *P < 0.05, two-tailed Student’s t-test).

B, C ALDH1L1 protein expression and the quantification in MCK-KO muscles that were transfected with gCont vs gAldh1l1 using ImageJ. (n = 3, means � SEM,
*P < 0.05, two-tailed Student’s t-test).

D, E Exercise capacity of WT and MCK-KO with or without transfection of gCont vs gAldh1l1 under the low-intensity regimen (n = 4 WT + gCont, n = 9 MCK-
KO + gCont, and MCK-KO + gAldh1l1, *P < 0.05, means � SEM, two-tailed Student’s t-test and one-way ANOVA).

Source data are available online for this figure.
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bout of aerobic exercise transiently induces promoter DNA

hypomethylation of promoter regions of important mitochondria-

related genes (e.g., PPARGC1A, PDK4, TFAM, and PPARD), followed

by their induction (Barr�es et al, 2012). On the basis of this human

study, our results showing the requirement of DNMT3A in endur-

ance exercise as counterintuitive. However, it should be noted that

exercise affects DNA methylation profile in either direction depend-

ing on loci. As an example, another human study reported that

moderate-intensity exercise results in hypermethylation of FABP3

and COX4L1, which negatively correlated with their expression

(Lane et al, 2015; Seaborne et al, 2018). By the same token, genome-

wide studies have reported that both acute and chronic exercise

interventions produce profound changes in CpG methylation (Barr�es

et al, 2012; Nitert et al, 2012; Brown, 2015; Kanzleiter et al, 2015; Li

et al, 2017; Valenzuela et al, 2017; Seaborne et al, 2018; Song et al,

2019; Widmann et al, 2019). We did not observe that Dnmt3a defi-

ciency in soleus alters the expression of the genes that were shown

to be differentially methylated in association with exercise.

Mitochondria in skeletal muscle are highly dynamic organelles

that exhibit remarkable plasticity, adapting their content, structure,

and metabolism in response to a variety of physiological and patho-

physiological stresses including exercise, disuse, and aging (Gous-

pillou & Hepple, 2016; Hood et al, 2019). Exercise training increases

mitochondrial biogenesis to satisfy elevated energy requirements by

increasing oxidative capacity to ensure optimal ATP supply; this has

the consequence of favoring lipid metabolism (Boushel et al, 2014;

Kuzmiak-Glancy & Willis, 2014). Thus, exercise represents a viable

therapy, with the potential to reverse the impairment of mitochon-

drial function associated with diseases such as type 2 diabetes, and

aging-related sarcopenia (Kim et al, 2017; Yoo et al, 2018; Picca et al,

2019). In this regard, a key link between exercise and control of

mitochondrial biology was revealed by the observation that PGC-1a
expression is transiently induced in skeletal muscle following an

acute bout of exercise (Safdar et al, 2011). Since that discovery, a

great deal of research effort has been devoted to elucidating the role

of PGC1A in skeletal muscle mitochondrial biology and exercise. For

example, transgenic expression of PGC1A increases mitochondrial

content and function and the abundance of oxidative type I muscle

fibers, while decreasing muscle fatigue. However, loss of PGC1A has

only a mild effect on exercise capacity and does not alter fiber type

composition in muscle (Zechner et al, 2010) or affect training-

induced increase in the expression of genes involved in oxidative

phosphorylation (Rowe et al, 2012). This suggests that PGC1A is suf-

ficient, but not necessary, to mediate metabolic adaptations in

response to exercise. We believe that the role of DNMT3A in the

regulation of mitochondrial biology is likely to be PGC1A-indepen-

dent as PGC1A mRNA and protein levels are not altered in Dnmt3a

KO muscles.

Overproduction of ROS induced by unaccustomed, exhaustive

exercise training or other stresses can lead to oxidative stress-related

tissue damage and reduced contractility (Tidball & Wehling-

Henricks, 2007; Bowen et al, 2015), involving impaired cellular func-

tion, macromolecule damage, and apoptosis (Simioni et al, 2018).

Mitochondria are highly susceptible to chronic high levels of ROS-

mediated damage, and a heterogeneous class of human diseases,

such as aging, cancer, neurodegenerative disorders, and diabetes,

have been linked to mitochondrial defects and oxidative stress

(Lejay et al, 2014; Di Meo et al, 2017; Simioni et al, 2018). Despite

the clinical significance, the molecular mechanisms involved in

mitochondrial dysfunction and increased ROS production are not

well understood. Recent studies have proposed a link between epige-

netic factors and ROS-mediated adaptation in skeletal muscle (Radak

et al, 2011, 2013; Rasmussen et al, 2014; Dimauro et al, 2020). Our

results suggest DNMT3A is a critical epigenetic modulator of ROS

and thereby helps to prevent oxidative stress-mediated myopathy.

NADPH oxidases are major contributors to ROS production in skele-

tal muscle (Sakellariou et al, 2013; Henr�ıquez-Olguin et al, 2019). It

has been shown that physical stretching can increase the activity of

NADPH oxidase, especially NOX2, causing production of ROS in

microtubule-dependent processes (Prosser et al, 2011). While that

study described mechanotransduction-dependent activation of

NADPH in cardiac muscles, here we identified ALDH1L1-dependent

activation of NADPH oxidase as a contributor to ROS overproduc-

tion, especially in oxidative muscles, during loss of Dnmt3a. Our

finding that inhibiting NAnDPH oxidase rescued both oxidative

stress and mitochondrial dysfunction raises the possibility of repur-

posing these inhibitors to improve exercise trainability. Further

understanding the epigenetic and molecular basis of DNMT3A to

moderate ROS will help us address several critical health issues that

are derived from exercise-induced high levels of ROS in the patho-

genic processes of relevant human diseases.

ALDH1L1 is a folate-metabolizing enzyme that controls the over-

all flux of one-carbon groups in folate-dependent biosynthetic path-

ways, with simultaneous production of NADPH from NADP.

Differential methylation of ALDH1L1 has been reported with an

implication in tumor development and progression in several cancer

models (Oleinik et al, 2011; Kang et al, 2016; Krupenko & Krupenko,

2019). Other than that, little has been known about physiological

functions of ALDH1L1 in skeletal muscle biology. Here, we outline

that ALDH1L1, whose transcriptional level is epigenetically regu-

lated by DNMT3A especially in soleus and GA muscles, plays a

determining role in Dnmt3a deficiency-induced oxidative stress and

exercise intolerance.

Overall, we highlight the surprising role of DNMT3A in endur-

ance exercise and skeletal muscle mitochondrial biology. Mechanis-

tically, we reveal that ALDH1L1 serves as a novel molecular link

that contributes to oxidative stress and mitochondrial dysfunction

following the loss of Dnmt3a in red muscle. This is of great impor-

tance from the standpoint of exercise physiology, as physical activ-

ity is strongly encouraged as a key strategy for preventing and

treating a wide range of human diseases. Understanding the epige-

netic and molecular basis of exercise tolerance will help us to

address critical health issues that arise from reduced ability to

perform exercise.

Materials and Methods

Animals

Animal Care Mice were maintained under a 12-h light/12-h dark

cycle at constant temperature (23°C) with free access to food and

water. All mice were extensively back-crossed onto a C57BL/6J

background. All animal work was approved by UC Berkeley ACUC.

In vivo assays were done with 5- to 20-week-old littermate

male mice.

ª 2021 The Authors The EMBO Journal 40: e106491 | 2021 11 of 15

Sneha Damal Villivalam et al The EMBO Journal



Measurement of exercise capacity

All mice were acclimated to the treadmill prior to the exercise test

session. For each session, food was removed 2 h before exercise.

Acclimation began at a low speed of 5–8 m/min for a total of 10 min

on Day 1 and was increased to 5–10 m/min for a total of 10 min on

Day 2. The experiments were performed on Day 3. For the low-inten-

sity treadmill test, the treadmill began at a rate of 12 m/min for

40 min. After 40 min, the treadmill speed was increased at a rate of

1 m/min every 10 min for a total of 30 min and then increased at

the rate of 1 m/min every 5 min until the mice were exhausted. The

high-intensity treadmill test was conducted on the same open-field

six-lane treadmill set at a 10% incline. Following a 5-min 0 m/min

acclimation period, the speed was raised to 6 m/min and increased

by 2 m/min every 5 min to a maximal pace of 20 m/min until

exhaustion. Mice were considered exhausted when they were unable

to respond to continued prodding with a soft brush (Kong et al,

2018). For chronic exercise training, the treadmill-acclimatized mice

were subjected to the low-intensity exhaustion test to record the time

to exhaustion and were returned back to the home cage to rest for a

week. For exercise training, these mice performed a single bout of

running 5 days/week for 4 weeks. Mice ran 12 m/min for 30 min

per day with a 5° incline for the first week of exercise training,

followed by an increase to 40 min per day in the second and third

weeks and 50 min per day in the last week. Mice were subjected to

the low-intensity exhaustion test to record the time to exhaustion

after completion of exercise training. For the rescue experiment with

NAC (Sigma, #A7250), mice were intraperitoneally injected with

200 mg/kg 4 h prior to the exercise capacity test.

RNA-Seq library generation and analysis

RNA samples were extracted using the RNeasy Mini kit (Qiagen,

74104), and the quality of total RNA was assessed by the 2100

Bioanalyzer (Agilent) and agarose gel electrophoresis. Libraries

were prepared using the BGI Library Preparation Kit, and sequenc-

ing was performed on the BGISEQ (BGI, China). RNA-Seq reads

were aligned to the UCSC mm10 genome using HISAT2 (Hierarchi-

cal Indexing for Spliced Alignment of Transcripts (Kim et al, 2015),

and mapping was done using Bowtie2 (Kim et al, 2015). Differen-

tially regulated genes were calculated using DEseq2 (Love et al,

2014).

Measurement of NADPH

The NADPH measurement was performed on GA/Soleus or L6

myotube extracts using the NADP/NADPH assay kit (Cat#K347,

BioVision) according to the manufacturer’s instructions. Briefly,

~ 20 mg tissue samples or 4 × 106 cells were extracted in 400 µl of

the given extraction buffer, and 50 µl was processed following

instructions of the kit. OD450 measurements were made on a plate

reader (SpectraMAX i3 Plate reader) at 25°C, and the data were

calculated using a standard curve.

Measurement of NADPH oxidase activity

NOX activity was measured by accessing oxidation of NADPH

through Continuous Spectrophotometric Rate Determination (Reusch

& Burger, 1974; Hidalgo et al, 2006). Briefly, cells were extracted in

200 µl of potassium phosphate buffer. The cells were first homoge-

nized and then sonicated. The homogenate was centrifuged at top

speed for 10 min, and the supernatant was used for reading. Oxida-

tion of NADPH was monitored at 340 nm on the SpectraMAX i3

Plate Reader at 30°C (Reusch & Burger, 1974; Hidalgo et al, 2006).

Measurement of NADPH oxidase level

The NOX1 measurement was performed using the Abbexa assay kit

(Cat#, abx255148, Abbexa) according to the manufacturer’s instruc-

tions. Briefly, 20 mg of tissues were extracted in 500 µl of phosphate

buffer saline. The tissues were first homogenized and then soni-

cated. The homogenate was centrifuged at 5,000 g for 5 min, and

the supernatant was used for read at OD450 on the SpectraMAX i3

Plate Reader at 25°C. The data was calculated based upon the stan-

dard curve.

MeDIP-qPCR

Genomic DNA was sheared using a Covaris S220 sonicator to an

average of 200–600 bp. 600 ng of denatured DNA was incubated

with 2 mg of 5-methylcytosine (5-mC) monoclonal antibody

([33D3] Diagenode, Cat No # C15200081) in IP buffer (0.1% SDS,

1 Triton X-100, 2 mM EDTA, 20 mM Tris–HCl pH 8.1, 150 mM

NaCl) for 1 h at 4°C on a rotating wheel. Antibody-bound DNA was

collected with 20 ml of protein A/G PLUS-Agarose (#sc-2003) for

1 h at 4°C on a rotating wheel and successively washed three times

with IP buffer (0.1% SDS, 1 Triton X-100, 2 mM EDTA, 20 mM

Tris–HCl pH 8.1, 150 mM NaCl). DNA was recovered in 100 ml of

digestion buffer (50 mM Tris pH 8.0, 0.5% SDS, 35 mg proteinase

K) and incubated overnight at 65°C. Recovered DNA was used for

qPCR analysis. Primers for MeDIP-qPCR studies are listed in

Appendix Table S1. All data were normalized to input.

ChIP-qPCR

Soleus muscles were homogenized in dounce homogenizer using

Nuclei Preparation Buffer (10 mM HEPES (pH 7.5), 10 mM KCl,

1.5 mM MgCl2, 0.1% NP40) and crosslinked with 1% formaldehyde

for 10 min, then neutralized with glycine and rinsed with cold phos-

phate-buffered saline. After nuclei isolation, samples were sonicated

using an S220 Covaris to generate DNA fragments of � 200–

500 bp. Inputs were taken from cleared lysates, and the rest were

rotated O/N at 4°C with DNMT3A, H3K27ac, and IgG antibodies for

immunoprecipitation. An aliquot of 20 ll of protein A/G PLUS-

Agarose (#sc-2003) were added per IP and rotated 1 h at 4°C. Beads

were successively washed in low-salt RIPA buffer (20 mM Tris–HCl

[pH 8.0], 1 mM EDTA, 1% Triton x-100, 0.1% SDS,140 mM NaCl,

0.1% Na deoxycholate), high-salt RIPA buffer (20 mM Tris–HCl [pH

8.0], 1 mM EDTA, 1% Triton x-100, 0.1% SDS, 500 mM NaCl,

0.1% Na deoxycholate), LiCl buffer (250 mM LiCl, 0.5% NP40,

0.5% Na deoxycholate, 1 mM EDTA, 10 mM Tris–HCl [pH 8.0])

and TE buffer (10 mM Tris–HCl [pH 8.0] and 1 mM EDTA). Each

reaction was then incubated in digestion buffer (50 mM Tris–HCl

[pH 8.0], 1 mM EDTA, 100 mM NaCl, 0.5% SDS, proteinase K) for

a minimum of 4 h at 65°C to reverse cross-links. DNA was recov-

ered using a phenol-chloroform extraction. Recovered DNA was
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used for qPCR analysis. Primers for CHIP-qPCR studies are listed in

Appendix Table S1. All data were normalized to input.

Cell culture

L6 rat myoblasts (UCSF Cell Culture Facility Core) were maintained

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with

10% fetal bovine serum, 100 U/ml penicillin, and 100 lg/ml strep-

tomycin. Culture conditions were maintained in a humidified incu-

bator under an atmosphere of 5% CO2 at 37°C. Differentiation was

carried out in DMEM supplemented with 2% horse serum. To gener-

ate lentivirus particles, lentiviral constructs were co-transfected with

pMD2.G- and psPAX2-expressing plasmids into 293T cells. After

48 h, the virus-containing supernatant was collected, filtered

through 0.45-mm filters, and added to mature L6 myotubes for 48 h

along with 8 mg/ml polybrene. Transduction efficiency was deter-

mined by comparing to cells transduced in parallel with a GFP-

expressing lentivirus.

In vivo electroporation

Mice were anesthetized by an IP injection of 91 mg/kg ketamine

and 9.1 mg/kg xylazine, after which hindlimbs were shaved, and

the GA muscles were injected with 30 ll hyaluronidase solution

(which was prepared by resuspending bovine placental hyaluroni-

dase [Sigma] in sterile injectable 0.9% NaCl at a concentration of

0.4 U/ll). Mice were anesthetized 2 h later, and the GAs were

injected with 180 lg plasmid DNA in sterile saline. After injection of

plasmid DNA, the hind limbs were placed between two-paddle elec-

trodes and subjected to 10 pulses (20 ms) of 175 V/cm (with 480-

ms intervals between pulses) using an ECM-830 electroporator (BTX

Harvard Apparatus, Holliston, MA).

ROS measurement

Accumulation of hydrogen peroxide (H2O2) and horseradish peroxi-

dase was measured using OxiSelectTM Hydrogen Peroxide/Peroxi-

dase Assay Kit (Cell Biolabs, Inc., San Diego, CA), a sensitive

quantitative fluorometric assay for hydrogen peroxide or peroxidase

activity levels. To investigate H2O2 accumulation, the muscle tissues

or L6 myotubes were homogenized in 1× assay buffer provided from

the kit followed by centrifuging to remove debris. These lysates

were then assayed according to the manufacturer’s procedure.

Mitochondrial respiration

For tissue respiration, mice were allowed to run for 50 min on the

low-intensity regime. Following this, WT and MCK-Dnmt3a KO

soleus tissues were isolated and seeded in XF24 plates (catalog

#101122-100, Seahorse Bioscience). For cellular respiration, lentivi-

rally transduced L6 were plated on XF24 Cell Culture Microplates

catalog #100777-004, Seahorse Bioscience). Measurement of intact

tissue and cellular respiration was performed using the Seahorse

XF24 analyzer (Seahorse Bioscience). Oxygen consumption rates

(OCRs; picomoles of O2 per minute) were measured under basal

conditions after three consecutive injections of the following: (i)

oligomycin (ATP synthase inhibitor; 4 lM); (ii) the electron trans-

port chain accelerator ionophore FCCP (4 lM; FCCP treatment

gives the maximal OCR capacity of the cells); and (iii) the electron

transport chain inhibitors Rotenone (4 lM) and Antimycin A

(4 lM).

Statistical analysis

Data are presented as means � SEM and individual data points are

plotted. Sample size was determined by our experience with inher-

ent variability. No statistical method was used to predetermine

sample size. Statistical analyses and the number of samples (n)

were described in detail for each figure panel. Statistical analyses

and the number of samples (n) are described in detail for each fig-

ure panel. Two-tailed unpaired Student’s t-test was used for the

comparison between two groups. One-way analysis of variance

(ANOVA) or two-way ANOVA followed by the Bonferroni’s test was

used for the multiple comparisons. Statistical analyses were

performed using excel and GraphPad Prism. All reported P values

were two-sided and differences were considered significant at

P < 0.05.

Data availability

RNA-Seq data can be found GSE159105 (http://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE159105).

Expanded View for this article is available online.
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