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SUMMARY

PGC1a is a pleiotropic co-factor that affects angio-
genesis, mitochondrial biogenesis, and oxidative
muscle remodeling via its association with multiple
transcription factors, including the master oxidative
nuclear receptor ERRg. To decipher their epistatic
relationship, we explored ERRg gain of function in
muscle-specific PGC1a/b double-knockout (PKO)
mice. ERRg-driven transcriptional reprogramming
largely rescues muscle damage and improves mus-
cle function in PKO mice, inducing mitochondrial
biogenesis, antioxidant defense, angiogenesis, and
a glycolytic-to-oxidative fiber-type transformation
independent of PGC1a/b. Furthermore, in combina-
tion with voluntary exercise, ERRg gain of function
largely restores mitochondrial energetic deficits in
PKO muscle, resulting in a 5-fold increase in running
performance. Thus, while PGC1s can interact with
multiple transcription factors, these findings impli-
cate ERRs as the major molecular target through
which PGC1a/b regulates both innate and adaptive
energy metabolism.

INTRODUCTION

Originally identified as a co-activator for PPARg in brown fat

(Puigserver et al., 1998), PPAR gamma co-activator 1a

(PGC1a) is a master regulator of mitochondrial energy meta-

bolism (Mouchiroud et al., 2014). In skeletal muscle, PGC1a

and its closely related homolog PGC1b are required for maintain-

ing basal mitochondrial energy metabolism and muscle func-

tions (Rowe et al., 2013; Zechner et al., 2010). In addition,

numerous studies have implicated muscle PGC1a in exercise-

induced oxidative muscle remodeling, including glycolytic-to-

oxidative fiber-type transformation, increased vasculature

development (angiogenesis), elevated mitochondrial biogenesis

and oxidative phosphorylation (OXPHOS) activity, and a shift
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from glucose to fatty acid as the energy source (Egan and Zier-

ath, 2013; Geng et al., 2010; Handschin et al., 2007; Holloszy

and Booth, 1976; Lin et al., 2002, 2005). It is now clear that exer-

cise training activates and inducesmuscle PGC1a, likely through

both AMPK and SIRT1 signaling pathways, which subsequently

induces downstream genes involved in oxidative muscle remod-

eling through its interaction with a number of transcription fac-

tors (TFs) (Cantó and Auwerx, 2009).

Because PGC1a interacts with more than 20 TFs, the role and

importance of specific downstream effectors of exercise-

induced oxidative muscle remodeling are not clear (Villena,

2015). With regard to mitochondrial oxidative metabolism, the

estrogen-related receptors (ERRs) ERRa, ERRb, and ERRg

have been suggested as key partners (Fan et al., 2013; Mouchir-

oud et al., 2014). In particular, expression of ERRg is highly spe-

cific to oxidative muscle fibers and is enhanced during exercise-

induced oxidative remodeling (Narkar et al., 2011; Rangwala

et al., 2010). Furthermore, because of its intrinsic transcriptional

activity, ectopic expression of ERRg in glycolytic muscle is suf-

ficient to drive oxidative muscle remodeling and increase endur-

ance performance in the absence of PGC1a induction (Narkar

et al., 2011; Rangwala et al., 2010; Gan et al., 2013). However,

unlike exercise, ERRg overexpression does not induce the

expression or activation of PGC1a/b, suggesting PGC1-inde-

pendent transcriptional regulation may naturally occur during

ERRg-driven muscle remodeling. However, although PGC1a

and PGC1b are not induced, it is possible that basal levels of

PGC1a/b are sufficient to drive ERRg activity. Moreover, it re-

mains to be demonstrated what features of PGC1a induction

depend on ERR and what aspects of PGC1a/b-deficient muscle

can be rescued by ERRg overexpression.

In addition to PGC1a, transcriptional co-repressors such as

NCOR and RIP140 participate in oxidative muscle remodeling

induced by exercise, whereby reductions in their expression

and the resulting de-repression of downstream TFs activates

oxidative gene expression (Seth et al., 2007; Yamamoto et al.,

2011; Fan et al., 2013). Furthermore, exercise is known to directly

induce the expression of TFs such as ERRg and PPARd, which

can activate their target genes without changes in expression

or activity of co-factors (Wang et al., 2004; Narkar et al., 2011;
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Rangwala et al., 2010). Therefore, exercise training could bene-

ficially affect muscle remodeling independent of PGC1a/b. It has

been shown that adult muscle PGC1a and PGC1b are dispens-

able for endurance exercise-induced oxidative muscle remodel-

ing. However, the short-term (5 day) induction of a mature

muscle cell cre driver in this model would allow for the incorpo-

ration of wild-type satellite cells during exercise-induced muscle

regeneration, confounding the conclusion (Ballmann et al.,

2016).

Here we show that ERRg overexpression largely rescues

autonomous muscle damage in a germline, muscle-specific

PGC1a/b double-knockout (PKO) mouse model. Despite the

complete loss of muscle PGC1a/b, ERRg overexpression in-

duces multiple aspects of oxidative muscle remodeling,

including increased mitochondrial biogenesis and fatty acid

oxidation, a glycolytic-to-oxidative fiber-type transformation,

and angiogenesis. Consistent with this, genomic analyses iden-

tify gene networks in these pathways that are directly bound and

activated by ERRg independent of PGC1a/b. Furthermore, when

combined with exercise training, ERRg overexpression almost

completely restores the mitochondrial energetic deficiency of

PKO muscle. These findings identify ERRg as a pro-oxidative

TF that directly regulates oxidative remodeling in a PGC1-inde-

pendent fashion, and they implicate the ERR subfamily as the

dominant mediators of PGC1a in mitochondrial biogenesis and

adaptive energy metabolism.

RESULTS

Defects in PGC1-Deficient Muscle Are Improved
by ERRg
To determine the regulatory hierarchy in oxidative remodeling

andmitochondrial function inmuscle,wegeneratedmuscle-spe-

cific PGC1a/b double-knockout (PKO) mice with comprehensive

depletion of both PGC1a and PGC1b in skeletal muscle (>90%

depletion) (Figures S1A and S1B) (RNA sequencing [RNA-seq]

data in SRA: SRP110311). Loss of PGC1a/b caused a pro-

nounced change in the color of the skeletal muscle, suggestive

of an oxidative-to-glycolytic transformation (Figure 1A). Consis-

tent with this color change, the expression of myoglobin (Mb), a

major determinant of muscle color, was reduced �35% in PKO

muscle (Figure 1B). PKOmice showedevidenceof severemuscle

damage under sedentary conditions, as seen by the increased

number of centrally localized nuclei (Figures 1C and 1D), the

marked increases in expression of developmental myosin genes

Myh3 andMyh8 (Figures S1C and S1D), and the elevated serum

levels of muscle protein creatine kinase (CK) (Figure 1E). Further-

more, the endurance capacity of PKO mice was severely

compromised. When subjected to a treadmill endurance test,

the running time of PKO mice was reduced to �5% of wild-type

(WT) mice (Figure 1F). The dramatic reduction in running perfor-

mance was likely caused by a sharp elevation in lactate produc-

tion (Figure 1G) (Robergs et al., 2004), because circulating

glucose—an independent determinant of endurance capacity—

was not exhausted in PKO mice (Figure 1H) (Fan et al., 2017).

To determine the capacity of ERRg to rescue muscle defects,

we crossed PKO mice with muscle-specific ERRg transgenic

(human skeletal actin driven [HSA]-ERRg [HE]) mice and exam-
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ined muscle function and running performance among WT, HE,

PKO, and HEPKO mice. While overexpression of ERRg intensi-

fied the reddish color of transgenic muscle as previously

described (HE compared to WT muscle) (Narkar et al., 2011), it

also largely restored WT-like color to PKO muscle (HEPKO

versus PKO in Figure 1A). Consistent changes in the expression

ofMbwere seen, with the overexpression of ERRg increasing its

level in HEPKO muscle to those similar to WT mice (Figure 1B).

The muscle damage seen in sedentary PKO mice was almost

completely rescued in HEPKO mice, with a marked reduction

in centrally localized nuclei and normalized expression of Myh3

and Myh8, as well as circulating CK levels (Figures 1C–1E; Fig-

ures S1C and S1D). Furthermore, the overexpression of ERRg

nearly tripled the running time of PKO mice (HEPKO, 24 min,

compared to PKO, 8.8 min) (Figure 1F), although the persistently

elevated lactate levels (not fully rescued by ERRg overexpres-

sion) eventually resulted in pre-exhaustion running failure (Fig-

ures 1F–1H).

ERRg Improves Mitochondrial Energetic Defects in
PGC1-Deficient Muscle
Severe defects in mitochondrial energetics were apparent in

muscle from PKOmice, consistent with previous findings (Zech-

ner et al., 2010). In particular, the activities of the electron trans-

port chain (ETC) complexes were dramatically reduced (Figures

2A and 2B; Figures S2A and S2B), as was the tricarboxylic acid

cycle (TCA) cycle enzyme citrate synthase (CS) (Figure S2C).

Consistent with this, the expression of core genes involved in

OXPHOS and the TCA cycle, including Cox6a2, mt-Nd4, Idh2,

Atp5a, and Cs, as well as the mtDNA copy number, were

reduced in PKOmuscle, with equivalent reductions seen in mito-

chondrial protein levels (Figures 2C and 2D; Figures S2D–S2F).

As a consequence, mitochondrial oxygen consumption rates

determined using succinate and palmitate as substrates were

reduced 45% and 65%, respectively (Figure 2E; Figure S2G).

Each of these mitochondrial energetic defects was significantly

restored by the overexpression of ERRg. The magnitude of the

changes induced by ERRg in the PKO mice was comparable

to, and in some cases greater than, those induced in WT mice

(HEPKO versus PKO compared to HE versus WT) (Figures 2A–

2E; Figures S2A–S2G). This suggests that ERRg-driven improve-

ments in mitochondrial energy metabolism are not contingent on

the function of PGC1a/b.

Compromisedmitochondrial function is commonly associated

with elevated production of reactive oxygen species (ROS) (Fan

et al., 2012), which is known to cause oxidative muscle damage

(Powers et al., 2011). Mitochondria isolated from PKO muscle

showed >40% increase in ROS production compared to those

from WT muscle (Figure 2F), while their membrane potential re-

mained unaffected (Figure S2H). In addition to the mitochondrial

energetic defects described earlier, the increase in ROS is attrib-

uted to a marked reduction in the expression of the key mito-

chondrial antioxidant gene Sod2 (Figure 2G). In contrast, the

levels of ROS in mitochondria isolated from HEPKO muscle ap-

proached those seen in WT muscle (Figure 2F), consistent with

the doubling of Sod2 expression (Figure 2G) and increases in

additional antioxidant genes such as Gpx3 upon ERRg overex-

pression (Figure S2I).
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Figure 1. ERRg Improves Running Defect and Muscle Damage in PGC1 Null Mice

(A) Images of tibialis anterior (TA) muscle from wild-type (WT), ERRg transgenic (HE), muscle-specific PGC1a/b knockout (PKO), and HEPKO mice.

(B) Relative expression of myoglobin (Mb) in plantaris muscle.

(C and D) Percentage of centralized nuclei in muscle (C), and representative H&E staining (D).

(E) Serum creatine kinase (CK) levels in sedentary mice.

(F) Running time during low-speed endurance test.

(G) Blood lactate levels after 6 min of endurance running (upon failure of the first mouse).

(H) Blood glucose level at failure in endurance test.

n = 5. Data represent mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar, 50 mm. See also Figure S1.
The dramatic increase in circulating lactate levels in PKOmice

upon exercise (Figure 1G) suggests that lactate metabolismmay

be dysregulated in PKOmice. The interconversion of lactate and

pyruvate is controlled by the relative expression of the two sub-

units of lactate dehydrogenase (LDH), with LDHA driving lactate

formation and LDHB promoting pyruvate production (Summer-

matter et al., 2013). Ldha was significantly increased in PKO

muscle (Figure 2H). ERRg overexpression coordinately sup-

pressed Ldha and activated Ldhb expression in both WT and

PKO muscle (Figures 2H and 2I), consistent with the reduction

in serum lactate levels in HEPKO mice (Figure 1G).

ERRg Directly Controls PGC1 Target Genes in
Mitochondrial Energy Metabolism
To understand the privileged interplay between PGC1a/b and

ERRg in regulating the expression of genes involved in mito-

chondrial energy metabolism, we compared the transcriptomic
changes induced in muscle in the previously described loss-of-

function and gain-of-function mouse models. Consistent with a

central role of PGC1a/b in mitochondrial function, the downregu-

lated gene set in the oxidative soleus (SOL) muscle from PKO

mice was enriched in gene ontology (GO) categories related to

mitochondrial energetic functions, including OXPHOS, TCA

cycle, and fatty acid oxidation (FAO) (Figure S3A). These same

GO categories were enriched in the 1,321 genes upregulated

by ERRg overexpression in the glycolytic white quadriceps

(WQs) (Figure S3A), providing mechanistic insight into the func-

tional rescue of the mitochondrial energetic defects in PKOmus-

cle (Figures 2; Figure S2) and confirming the overlapping roles of

both PGC1a/b and ERRg in regulating mitochondrial energetic

functions. Two GO categories (muscle protein and vasculature

development) were uniquely enriched in the ERRg-upregulated

gene set (Figure S3A), suggesting PGC1a and PGC1b play a

minimal role in these pathways.
Cell Reports 22, 2521–2529, March 6, 2018 2523
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Figure 2. ERRg Improves Mitochondrial Energetic Defects in PGC1 Null Muscle

(A) Immunohistochemical staining for mitochondrial complex I activity in cryosections from soleus (SOL) and gastrocnemius (GAS).

(B) Mitochondrial complex I activity measured in isolated mitochondrial from quadriceps muscle.

(C) Relative mtDNA copy numbers in plantaris.

(D) Western blots showing the levels of mitochondrial proteins ATP5A, TOM20, and CS, as well as a cytoplasmic control HSP90 in plantaris.

(E) Oxygen consumption rates measured in freshly isolated quadriceps mitochondria using palmitoylcarnitine as substrate.

(F) ROS measured as MitoSOX fluorescence intensity in freshly isolated quadriceps mitochondria.

(G–I) Relative expression levels of Sod2 (G), Ldha (H), and Ldhb (I) in plantaris.

n = 5. Data represent mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar, 500 mm. See also Figure S2.
To further delineate the roles of PGC1a/b and ERRg in muscle,

we identified the genome-wide binding sites (cistrome) of ERRg

by performing chromatin immunoprecipitation coupled with

high-throughput deep sequencing (ChIP-seq) assays. Although

9,387 ERRg binding sites were identified in HE skeletal muscle,

only three peaks were found in WT glycolytic muscle, where

ERRg is minimally expressed. Motif analysis identified a highly
2524 Cell Reports 22, 2521–2529, March 6, 2018
enriched consensus ERR response element (ERRE) present in

more than 40%of the total peaks (p = 10�1594) (Figure S3B; Table

S1). The second-most-enriched motif is the myocyte enhancer

factor 2C (MEF2C, p = 10�422) (Figure S3B; Table S1), suggest-

ing a potential interaction between this critical muscle TF and

ERRg (Estrella et al., 2015). Most ERRg binding sites are located

in introns and intergenic regions, with about 15% in promoters
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Figure 3. ERRg Induces Oxidative Muscle Remodeling Independent of PGC1

(A) Heatmaps showing relative changes in expression of selected genes involved in OXPHOS, TCA cycle, FAO, vasculature, oxidative-specific myofiber, and

glycolytic-specific myofiber in plantaris.

(B and C) Relative expression of Vegfa (B) and Fgf1 (C) in plantaris (left) and genome browser tracks showing ERRg binding (right).

(D) Immunostaining of CD31 for vasculature (left) and Myh I/IIa/IIb for fiber typing (right).

(E) Relative expression of Myh1/2/4/7 in plantaris.

(F) Genome browser track showing ERRg binding at the Myh cluster locus.

n = 5. Data represent mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 300 mm (CD31) and 750 mm (Myh). See also Figure S3.
(Figure S3B), suggesting much of its transcriptional regulation is

mediated through distal enhancers. About 15% of ERRg binding

sites coincide with the H3K27ac active enhancer mark; however,

no correlation with ERRg-induced gene expression changes

is evident, suggesting H3K27ac-independent transcriptional

mechanisms (Figure S3C). Overlaying the ERRg cistromic and

transcriptomic data revealed that 48% (629 of 1,321) of the

genes upregulated by ERRg overexpression contain ERRg bind-

ing sites, based on proximity to the closest transcriptional start

site. This directly regulated ERRg target gene set is enriched

for the same GO categories as found in the total ERRg-induced

gene set, including OXPHOS, TCA cycle, FAO, vasculature, and

muscle proteins (Figure S3D). In addition, the lactate metabolism

genes Ldha and Ldhb that are repressed and activated by ERRg

overexpression, respectively, both contain strong ERRg binding
sites and are direct ERRg target genes (Figure S3E). Altogether,

the gene expression and the ERRg DNA binding datasets

demonstrate that ERRg directly binds to and regulates not only

PGC1-targeted genes in mitochondrial energetic metabolism

but also PGC1-independent genes in vasculature development

and fiber-type determination.

ERRg-SpecifiedOxidative Remodeling Is Independent of
PGC1a/b
Although PGC1a and PGC1b are required for the basal

expression of mitochondrial energetic genes in OXPHOS, TCA

cycle, and FAO (Figure 3A; Figure S3A), ERRg overexpres-

sion was able to significantly induce the expression of

these genes in PGC1a/b-deficient muscle (HEPKO/PKO) (Fig-

ure 3A). Furthermore, ERRg directly activated genes involved
Cell Reports 22, 2521–2529, March 6, 2018 2525



in vasculature development, including Vegfa and Fgf1, indepen-

dent of PGC1a/b expression (Figures 3A–3C; Figure S3D). Loss

of PGC1a/bminimally affected angiogenic gene expression (Fig-

ures 3A–3C; Figure S3A), and the vasculature density (CD31

staining) in PKO muscle was not significantly lower than that in

WT (Figure 3D; Figure S3F), consistent with the lack of vascula-

ture gene enrichment in the downregulated gene set in PKO

muscle (Figure S3A). However, overexpression of ERRg in

PKO muscle induced the expression of angiogenic genes to

levels comparable to those in HE muscle (Figures 3A–3C), and

the extent of vascularization in HEPKO muscle was similar to

that seen in HE muscle (Figure 3D; Figure S3F), suggesting

PGC1a and PGC1b are dispensable for both innate and adaptive

angiogenesis in skeletal muscle.

ERRg-induced oxidative muscle remodeling also involves

muscle fiber-type changes through its direct regulation of mus-

cle genes, including the different myosin heavy-chain (MHC)

genes such as Myh1 (intermediate type IIx), Myh2 (oxidative

IIa), and Myh4 (glycolytic IIb) (Figures 3A and 3E; Figure S3D).

Overall, ERRg drives a glycolytic-to-oxidative fiber-type switch

in different ways, depending on specific muscle types: in the

oxidative SOL, ERRgmainly switches intermediate type IIx fibers

to oxidative type IIa (reducedMyh1 and increasedMyh2 expres-

sion) (Figure 3D; Figure S3G), whereas in the more glycolytic WQ

and PL (plantaris), it induces a switch from glycolytic IIb to inter-

mediate IIx and oxidative IIa fibers (reducedMyh4 and increased

Myh1/2 expression) (Figures 3D and 3E; Figures S3H and S3I).

Surprisingly, the slow-twitch oxidative type I fiber (Myh7) is not

affected by ERRg overexpression in all muscles examined

(SOL, WQ, and PL) (Figures 3D and 3E; Figures S3G–S3I). These

effects are consistent with direct and extensive ERRg binding

throughout the genomic locus containing the Myh gene cluster

composed of Myh1, Myh2, Myh3, Myh4, and Myh8 (Figure 3F),

but not to the loci containing the slow-twitch Myh7 (Figure S3J).

It has been previously reported that the knockout of muscle

PGC1a/b increases type I fibers (Myh7) (Zechner et al., 2010),

although the use of a whole-body PGC1a knockout model in

that study raised concerns as to whether loss of PGC1a in other

tissues contributed to the phenotype (Handschin and Spiegel-

man, 2011; Zechner et al., 2011). In our muscle-specific

PGC1a/b knockout mice, both SOL and PL consistently show

increased type I fibers and Myh7 expression (Figures 3D and

3E; Figures S3F and S3G), clearly demonstrating that loss of

PGC1a/b in muscle drives an increase in type I fibers. Although

the exact mechanism remains elusive, ERRg is unlikely involved

in this effect, because its overexpression has minimal effect on

Myh7 expression in both WT and PKO mice (Figures 3D and

3E; Figures S3F–S3H).

Combined Effects of Exercise and ERRg Improve PKO
Muscle Function
Endurance exercise induces oxidative muscle remodeling and

improves performance (Holloszy, 1967). Given our finding that

overexpression of ERRg improved PKO muscle function by

inducing genes involved in oxidative muscle remodeling, we

exploredwhether exercise could also rescuemuscle dysfunction

in PKO mice and whether exercise could combine with the ben-

efits of ERRg overexpression in the absence of PGC1a/b.
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Voluntary wheel running was used as an exercise training

regimen for WT, HE, PKO, and HEPKO mice. Consistent with

our treadmill studies, the initial wheel-running activities of PKO

mice were dramatically reduced compared to WT mice (green

and red lines, respectively, in Figures 4A and 4B). However, after

8 weeks of exercise, significant improvements in voluntary

running activity and treadmill sustained running performance

were seen in PKO mice (Figures 4A–4C). Mechanistically, while

both PGC1a and PGC1b, as well as ERRa, are not affected by

exercise in PKO muscle, we found that ERRg is induced and

its co-repressor NCOR is significantly reduced by exercise (Fig-

ure S4A), potentially contributing to the improvements. However,

another exercise-related transcriptional co-factor, RIP140, is not

changed (Figure S4A), which could be due to the relatively low

exercise activity of PKO mice. By comparison, these exercise-

induced improvements were further potentiated by the overex-

pression of ERRg (Figures 4A and 4B), such that exercised

HEPKOmice ran�5 times longer than PKOmice on the treadmill

running test (55 versus 9.5 min, respectively) (Figure 4C). This

improvement is in agreement with the lower serum lactate levels

measured after forced running, in which the reduction attributed

to ERRg overexpression (sedentary HEPKO compared to PKO

mice) was further attenuated by exercise training (Figure S4B).

We found that exercise training and ERRg overexpression coor-

dinately affected the expression of Ldha and Ldhb in PKO mus-

cle (down- and upregulated, respectively, in Figures S4C and

S4D), to suppress glycolysis and promote oxidative metabolism

to improve muscle function. Furthermore, in PKO muscle, addi-

tive effects of exercise and ERRg overexpression were seen on

the levels of mitochondrial proteins (Figure 4D), mitochondrial

complex I activity (Figure 4E), and the expression of OXPHOS

and FAO genes such as Ndufa4 and Acadl (Figures S4E and

S4F), suggesting the presence of additional transcriptional regu-

lators that are independent of ERRg and PGC1a/b. Exercise

training fails to further induce oxidative remodeling in the already

highly oxidative HE muscle (Figures 4C–4E; Figures S4B–S4F).

DISCUSSION

The intrinsic pleiotropic nature of co-regulatory factors such as

PGC1a/b creates a mechanistic challenge in deconstructing

the role of individual TF targets. As PGC1s broadly affect muscle

oxidative metabolism and performance, it becomes key to deci-

pher the principal targets that mediate these effects. The mus-

cle-specific PGC1a/b KO mouse provides a means to identify

defining factors because of their ability to rescue defects result-

ing from PGC1a/b deficiency. Thus, via gain of function studies,

we genetically establish a pivotal role for ERRg in mitochondrial

energy metabolism, as well as its epistatic relationship with

PGC1a/b, in driving a broad oxidative platform. For example,

while PKO mice show reduced gene expression in major mito-

chondrial energetic pathways (including OXPHOS, TCA cycle,

and FAOmetabolism), ERRg overexpression significantly boosts

expression of these genes in PKO muscle, as well as restoring a

multitude of the previously mentioned mitochondrial energetic

dysfunctions (Figure S4F). ERRg overexpression also signifi-

cantly improves exercise performance in PKO mice (by about

3-fold). Unexpectedly, PGC1 deficiency in muscle shows little
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Figure 4. Exercise and ERRgSynergistically

Improve Oxidative Functions in PKOMuscle

(A) Running wheel activity of WT (red), HE (blue),

PKO (green), and HEPKO (purple) mice before

(left) and after (right) 6 weeks of voluntary wheel

running.

(B) Cumulative daily wheel running from (A).

(C) Total running time of sedentary and exercised

(8 weeks of voluntary wheel running) mice in an

endurance test.

(D) Western blots showing the levels of mito-

chondrial proteins ATP5A, TOM20, and SDHA, as

well as a cytoplasmic control HSP90 in plantaris.

(E) Mitochondrial complex I activity in isolated

mitochondria from quadriceps.

(F) Diagram showing ERRg- and exercise-induced

oxidative muscle remodeling in PKO mice that

improves muscle damage and mitochondrial

defects.

n = 5. * and # show the statistical difference from

WT and PKO, respectively. Data represent mean ±

SEM, * and #p < 0.05, ** and ##p < 0.01, *** and

###p < 0.001. See also Figure S4.
change in vasculature or oxidative myofibers such that ERRg

overexpression enhances both into the realm of highly trained

animals. This indicates that baseline vasculature and oxidative

fiber determination are PGC1-independent pathways (Fig-

ure S4F). Voluntary exercise in PKOmice still confers many ben-

efits (Figure S4F), suggesting that major adaptive functions of

exercise, such as angiogenesis, mitochondrial biogenesis, and

oxidative remodeling, can be elicited in absence of PGC1a/b

as long as ERRg-dependent signaling is intact. This suggests

that ERRg synthetic agonists could have substantial and predict-

able benefits in treatment of muscle disease when exercise

(and/or PGC1a/b induction) is not possible or practical.

Differences in phenotype severity in previous PGC1a/b dou-

ble-knockout models appear to correlate with the efficiencies
Cell Re
of the muscle depletion, suggesting that

the absolute levels of PGC1a/b are

important (Zechner et al., 2010; Rowe

et al., 2013). The severely compromised

muscle phenotype described here is

similar to that shown in Zechner et al.

(2010), in which both models efficiently

deplete both PGC1a and PGC1b in mus-

cle. While injury is considered a product

of exercise, PKO mice show evidence of

severe muscle damage even under

sedentary conditions, indicating a basal

role for PGC1a/b in this process.

Although the exact mechanism causing

muscle damage in PKO mice is not

clear, mitochondrial energy deficit and

increased ROS production are likely

involved (Powers et al., 2011). Such dam-

age is almost completely rescued by

ERRg overexpression, withmitochondrial

ROS in HEPKO muscle fully restored to
WT levels. This is associated with ERRg-induced upregulation

of antioxidant genes such as Sod2 and Gpx3 and suppression

of developmental myosin heavy-chain genes Myh3 and Myh8.

Previously, we have shown that the overexpression of ERRg

induces exercise-like oxidative muscle remodeling without

engaging changes in the expression level or activity of PGC1a

(Narkar et al., 2011). In this study, overexpression of ERRg

in PKO muscle reveals that ERRg-activated target genes

can achieve almost all aspects of oxidative muscle remodeling

in the absence of PGC1a/b, including oxidative fiber-type

transformation, angiogenesis, and increased mitochondrial

energy metabolism. These data highly suggest that PGC1a

and PGC1b are dispensable for ERRg-induced oxidative

muscle remodeling. Both oxidative fiber-type determination
ports 22, 2521–2529, March 6, 2018 2527



and angiogenesis are minimally affected in PKO muscle, with no

significant reduction in genes involved in these pathways, sug-

gesting PGC1a and PGC1b are not required for their basal

functions.

Our RNA-seq and ChIP-seq studies identify a network of 629

ERRg directly controlled genes that are induced by its overex-

pression. These genes are highly enriched in all previously

mentioned oxidative muscle remodeling processes, confirming

the direct role of ERRg in transcriptionally regulating oxidative

muscle remodeling. PGC1a and PGC1b are transcriptional

co-activators and require DNA binding TFs to activate down-

stream genes. PGC1a is known to drive oxidative muscle re-

modeling by activating the same set of genes that are ERRg

direct targets (Lin et al., 2002; Arany, 2008), indicating ERRa/g

as its primary partner TFs during PGC1a-induced oxidative

muscle remodeling, although further studies are required to

confirm this.

We have also demonstrated that exercise training alone is

sufficient to significantly restore mitochondrial energetic dys-

functions and improve running performance in PKO mice (Fig-

ure S4F). Surprisingly, these improvements are comparable to

those achieved by ERRg overexpression. This confirms that ex-

ercise has concurrent benefits on oxidative muscle remodeling

that are PGC1a/b independent. Training, combined with ERRg

overexpression, further boosts mitochondrial energetic func-

tions, resulting in a 5-fold increase in running time and indicating

that ERRg is not simply an exercise surrogate. In summary, these

results suggest that while exercise activates PGC1a/b, many of

its benefits can be achieved independently, with notable cross

talk with ERRg and its target genes (Figure 4F).

EXPERIMENTAL PROCEDURES

Mouse Models

PKO (Cre+Pgc1afl/flPgc1bfl/fl) mice were generated by crossing Pgc1afl/fl (JAX

009666) with Pgc1bfl/fl mice (Sonoda et al., 2007; Wei et al., 2010) and ACTA1-

Cre (JAX 006139) mice. HE (ACTA1-Esrrg) mice (Narkar et al., 2011) were also

crossed to Pgc1afl/fl and Pgc1bfl/fl mice to generate HE+Pgc1afl/flPgc1bfl/fl

mice. Cre+Pgc1afl/flPgc1bfl/fl mice were then crossed to HE+Pgc1afl/flPgc1bfl/fl

mice to generate WT (Cre�HE�Pgc1afl/flPgc1bfl/fl), HE (Cre�HE+Pgc1afl/fl

Pgc1bfl/fl), PKO (Cre+HE�Pgc1afl/flPgc1bfl/fl), and HEPKO (Cre+HE+Pgc1afl/fl

Pgc1bfl/fl) mice.

For exercise training, 2-month-old mice were transferred to cages with low-

profile wireless running wheels (ENV-044, Med Associates) and housed for

2 months. Daily running activity was monitored and recorded with the wheel

manager software.

Before exhaustion running, mice were pre-adapted to the treadmill for 5 min

per day for 3 days at 5 m/min. After 1 day, recovery mice were subjected to the

run-to-exhaustion test, which included running for 1min each at speeds of 5, 6,

7, 8, and 9 m/min; 30 min at 10 m/min; 2 min each at speeds of 11, 12, 13, 14,

and 15 m/min; and 15 m/min until exhaustion. Blood lactate was measured in

all mice using a Lactate Scout analyzer (EKF Diagnostic) with tail bleed upon

exhaustion of the first mouse. Blood glucose was measured using a glucom-

eter (Nova max) in individual mice upon exhaustion.

All animal protocols were reviewed and approved by the Institute of Animal

Care and Use Committee (IACUC) of the Salk Institute, and studies were con-

ducted in compliance with institutional and national guidelines.

Quantification and Statistical Analysis

ANOVA and post hoc analysis were used to evaluate statistical significance in

all studies. Detailed experimental procedures are described in Supplemental

Information.
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Supplemental experimental procedures 

Western blotting 

Freshly frozen quadriceps muscle was pulverized in liquid nitrogen. About 50mg of muscle powder was 
weighed and proteins extracted with the ProPrep protein extraction solution (Bulldog Bio, 17081). Protein 
concentration was measured with the Pierce BCA protein assay kit (Thermo Fisher, 23225). 20µg of total 
proteins was loaded onto 4-12% gradient NuPAGE Bis-Tris gels (Invitrogen) and run for 1.5 hours at 120V. 
Proteins were transferred to nitrocellulose membranes (Biorad). After one-hour blocking in 5% milk PBST 
(0.1% Tween 20) solution, membranes were incubated overnight at 4oC with commercial ATP5a (Abcam 
ab14748), Tom20 (Cell Signaling 42406), CS (Cell Signaling 14309), SDHA (Cell Signaling 14309), 
HSP90 (Cell Signaling 4877), PGC1a (Abcam ab54481), and pan-actin (Cell Signaling 4968) antibodies, 
followed by 3x 5-minute washes in PBST, 1-hour incubation in secondary HRP antibodies, and 3x 5-
minute washes in PBST. SuperSignal West Pico (Thermo 34080) was used to develop the signals. 

Immunohistochemistry and histochemistry 

Gastrocnemius, soleus, and plantaris muscles were dissected and freshly frozen in liquid N2-cooled 
isopentane. 10µm cryosections were prepared using a cryostat (Zeiss). Sections were dried at RT (room 
temperature) for 30 minutes and stored in -80oC or directly used for stainings. For immunohistochemistry, 
sections were blocked in 5% GS/PBST (5% goat serum in PBST) for 1 hour at RT and incubated overnight 
at 4oC with a mixture of three primary mouse monoclonal antibodies in 5% GS/PBST against MYH7 (BA-
F8, IgG2b), MYH2 (SC-71, IgG1), and MYH4 (BF-F3, IgM), obtained from DSHB at the University of 
Iowa. After 3x 5-minute washes in PBST, sections were incubated for one hour with a mixture of three goat 
anti-mouse secondary antibodies against IgG2b (Alexa 350), IgG1 (Alexa 488), and IgM (Alexa 555) in 5% 
GS/PBST, followed by 3x 5-minute washes in PBST. Sections were then mounted with ProLong Gold 
Anti-fade mountant (Thermo Fisher) and sealed with nail polish. Same protocol was used to stain blood 
vessels using rat anti-CD31 antibody (BD Biosciences). For histochemical mitochondrial complex I activity 
staining, sections were incubated at RT for 15 minutes in freshly prepared complex I assay solution 
(100mM Tris (pH 7.1), 1mg/ml nitro blue tertrazolium, and 1mg/ml NADH). Sections were next washed in 
distilled water, 70-95% ethanol, and xylene, then dried and mounted in Permount (Thermo Fisher). 
Hematoxylin and eosin staining was performed using a commercial kit (Millipore Sigma) following the 
manufacturer’s protocol. All sections were imaged with an Olympus VS-120 Virtual Slide Scanning 
Microscope. 

Creatine kinase assay 

Blood was collected via cardiac puncture and serum separated with serum separation tubes. The level of 
serum creatine kinase was measured as enzyme activity (artificial unit) using a commercial creatine kinase 
assay kit (Bioassay Systems).  

Mitochondrial isolation and analysis 



Mitochondria were isolated from freshly dissected quadriceps muscle using a mitochondrial isolation kit 
following the manufacturer’s manual (MilliporeSigma, MITOISO1). Mitochondrial protein concentration 
was measured using a BCA assay. 50ug of freshly isolated mitochondria was added to each well in a 
Seahorse XF96 plate and pelleted by 30 minutes of centrifugation at 4oC at the speed of 3000g. OCR was 
measured using the Seahorse XF96 bioanalyzer and the XF96 assay kit (Agilent Technologies) following 
manufacturer’s protocol with either succinate or palmitoyl-carnitine as the energy substrate.  

Mitochondrial reactive oxygen species (ROS) were measured in freshly isolated mitochondria with 
MitoSOX-Red (Thermo Fisher). 100ug of mitochondria was incubated with 2.5uM MitoSOX-Red for 10 
minutes in room temperature, washed 3 times with mitochondrial storage buffer (210 mM mannitol, 70 mM 
sucrose, 1mM EGTA, 0.2% BSA (fatty acid free), and 5 mM HEPES), resuspended and added onto 384-
well clear-bottom black plates. Fluorescence intensity of Ex510/Em590 was measured using a fluorescent 
plate reader (Tecan Life Sciences). Similarly, mitochondrial membrane potential was measured using JC-
10 fluorescent dye with 30 minutes of incubation time. Fluorescence intensities of Ex490/Em590 and 
Ex490/Em519 were measured and their ratio represents mitochondrial membrane potential level. 

The activities of citrate synthase and mitochondrial complex I, II+III, and IV, were measured using 
spectrophotometric enzyme assays (Fan et al., 2012). Specifically, freshly isolated mitochondria were 
disrupted with 3 cycles of freeze-and-thaw and immediately used to detect complex I, II+III, IV, and citrate 
synthase activities by spectrophotometric assays. Complex I activity was measured as the rate of NADH 
oxidation at 340 nm. A reaction containing 400 µl water, 500 µl 2x Buffer (500 mM sucrose, 2 mM EDTA, 
100 mM Tris-HCl, pH 7.4), 10 µl 10 mM decylubiquinone (DB, Sigma), 1 µl 2M KCN, and 20ug 
mitochondria, was incubated at 30oC for 5 minutes. 50 µl 1mM NADH was then added to trigger the 
reaction, and absorption at 340 nm was measured for 5 minutes for total complex I activity. A parallel 
experiment was performed in the presence of 5 µl 1 mg/ml rotenone to measure rotenone-insensitive 
complex I activity. Complex II+III activity was measured as the rate of cytochrome c (cyt c) reduction at 
550 nm. A reaction was set up containing 550 µl water, 400 µl 100 mM potassium phosphate buffer (pH 
7.4), 20 µl 1 M succinate, 1 µl 0.5 M EDTA, 1 µl 2M KCN, and 30 µl 1 mM cyt c. 10µg mitochondria was 
then added and the absorption at 550 nm was monitored for 2 minutes for complex II+III activity. Complex 
IV activity was measured as the rate of cytochrome c (cyt c) oxidation at 550 nm. A reaction was set up 
containing 850 µl water, 100 µl 100 mM potassium phosphate buffer (pH 7.4), and 50 µl 1 mM reduced cyt 
c. 2 µg mitochondria was then added and the absorption at 550 nm was monitored for 2 minutes for 
complex IV activity. To reduce cyt c, 2 µl 1 M dithiothreitol (DTT) was added to 1 ml 1 mM cyt c and was 
ready to use after a 15-minute incubation. Citrate synthase activity was measured as the reduction of DTNB 
at 412 nm. A reaction was set up containing 800 µl water, 100 µl 1 M Tris-HCl (pH 8.0), 50 µl 6 mM 
Acetyl-CoA, and 10 µl 10 mM DTNB. 10 µg mitochondria was then added and the absorption at 412 nm 
was monitored for 2 minutes for citrate synthase activity. 

RNA analysis 

Total RNAs were extracted from the soleus, plantaris, and white quadriceps muscle with Trizol (Invitrogen) 
and the RNeasy Mini kit with on-column DNase treatment (Qiagen). RNA quality was confirmed using the 
Agilent 2100 Bioanalyzer and RNA-Seq libraries prepared using the TruSeq RNA Sample Preparation Kit 
v2 according to Illumina protocol. Multiplexed libraries were validated using the Agilent BioAnalyzer, 
normalized and pooled for sequencing. High-throughput sequencing was performed on the HiSeq 2500 
system (Illumina) with a 100-bp read length. Image analysis and base calling were done with Illumina 
CASAVA-1.8.2. Short read sequences were mapped to a UCSC mm10 reference sequence using the RNA-
Seq aligner STAR (Dobin et al., 2013). Known splice junctions from mm10 were supplied to the aligner 
and de novo junction discovery was also permitted. Differential gene expression analysis, statistical testing 
and annotation were performed using Cuffdiff 2 (Trapnell et al., 2013). Transcript expression was 
calculated as gene-level relative abundance in fragments per kilobase of exon model per million mapped 
fragments and employed correction for transcript abundance bias (Roberts et al., 2011). Results for genes 
of interest were also explored visually using the UCSC Genome Browser. For quantitative PCR (qPCR) 
analysis, 1µg of RNA was reverse transcribed using the iScript supermix (Biorad) and qPCR performed 
with specific primer pairs and the SYBR Green Master Mix on the CFX384 system (Biorad). QPCR 
primers are listed in Table S2. 



Chromatin immunoprecipitation (ChIP) analysis 

White quadriceps muscle was dissected and collected from 5 WT or HE mice. Pooled muscle was finely 
minced and homogenized in nuclei isolation buffer (NIB: 0.25 M Sucrose, 10mM HEPES, pH 7.5, 5mM 
MgCl2, 0.5% BSA) with a Polytron homogenizer (PT1200E, Kinematica). Homogenate was centrifuged at 
1000g for 3 minutes, resuspended in 10 ml NIB with 1% formaldehyde, and incubated 10 minutes at room 
temperature. 1 ml 2M glycine was then added and incubated for 5 minutes to stop crosslinking, followed by 
a crude filtration through 4 layers of cheese cloth. The filter-through was further filtered through 100um 
filters and nuclei collected by another centrifugation at 1000g for 3 minutes. The nuclei were next lysed in 
lysis buffer (1% SDS, 10mM EDTA, 50mM Tris, pH8) and sheared with the Diagenode Bioruptor to yield 
DNA fragment sizes of 200–500 base pairs followed by immunoprecipitation using the in-house developed 
rabbit anti-ERRγ antibody and a commercial H3K27Ac rabbit antibody (Abcam ab4729), with normal 
rabbit IgG as the control. DNA was next extracted and subjected to either qPCR or ChIP-seq library 
preparation using the NEXTflex Illumina ChIP-Seq Library Prep Kit (Bioo Scientific). High-throughput 
sequencing was performed on the Hiseq 2500 system (Illumina) with a 50-bp read length. Short DNA reads 
were demultiplexed using Illumina CASAVA v1.8.2. Reads were aligned against the mouse mm10 using 
the Bowtie aligner allowing up to 2 mismatches in the read. Only tags that map uniquely to the genome 
were considered for further analysis. Subsequent peak calling and motif analysis were conducted using 
HOMER, a software suite for ChIP-Seq analysis. The methods for HOMER, which are described below, 
have been implemented and are freely available at http://homer.ucsd.edu/homer/. One tag from each unique 
position was considered to eliminate peaks resulting from clonal amplification of fragments during the 
ChIP-Seq protocol. Peaks were identified by searching for clusters of tags within a sliding 200 bp window, 
requiring adjacent clusters to be at least 1 kb away from each other. The threshold for the number of tags 
that determine a valid peak was selected for a false discovery rate of <0.01, as empirically determined by 
repeating the peak finding procedure using randomized tag positions. Peaks are required to have at least 4-
fold more tags (normalized to total count) than input or IgG control samples and 4-fold more tags relative 
to the local background region (10 kb) to avoid identifying regions with genomic duplications or non-
localized binding. Peaks are annotated to gene products by identifying the nearest RefSeq transcriptional 
start site. Overlap of peaks bound by both ERRγ and H3K27Ac are defined within a 200bp window using 
HOMER. Visualization of ChIP-Seq results was achieved by uploading custom tracks onto the UCSC 
genome browser. Gene ontology and pathway analysis was performed with the DAVID functional 
annotation tool (https://david.ncifcrf.gov). 



Figure S1 (related to Fig. 1). ERRγ improves running defect and muscle damage 
in PGC1-null mice. (A) Relative RNA expression levels of Pgc1a and Pgc1b in 
WT vs PKO plantaris; (B) Western blot showing Pgc1a and actin protein levels in 
WT vs PKO soleus; (C-D) Relative RNA expression levels of Myh3 (C) and 
Myh8 (D) in plantaris. (n=5, ***p < 0.001) 
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Figure S2 (related to Fig. 2). ERRγ improves mitochondrial energetic defects in PGC1-null muscle. (A-C) mitochondrial 
complex II+III activity (A), complex IV activity (B), and citrate synthase activity (C) measured in isolated mitochondrial 
from quadriceps muscle; (D-F) RNA expression levels of Cox6a2 (D), mt-Nd4 (E), and Idh2 (F) in plantaris; (G) oxygen 
consumption rate measured in freshly isolated quadriceps mitochondria using succinate as substrate; (H) mitochondrial 
membrane potential measured as JC-10 fluorescence intensity ratio at 590nm/519nm in freshly isolated quadriceps 
mitochondria; and (I) RNA expression of Gpx3 in plantaris. (n=5; *p < 0.05, **p < 0.01, ***p < 0.001)	
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Figure S3 (related to Fig. 3). ERRγ induces oxidative muscle remodeling in the absence of PGC1. (A) Gene ontology analyses of down-regulated (blue) genes 
in PKO vs WT SOL and up-regulated (red) genes in HE vs WT WQ muscle; (B) schematic showing genomic distribution of ERRγ-bound peaks (left) and a 
consensus ERRE and a MEF2c motif that are highly enriched in the ERRγ-bound regions (right); (C) ERRγ- and H3K27Ac-bound sites and sites co-occupied 
by both factors shown in Venn diagram (top), and the percentages of genes upregulated (purple), downregulated (blue), or unchanged (brown) by ERRγ 
overexpression that contain ERRγ binding sites or ERRγ/H3K27Ac co-occupied sites (bottom); (D) gene ontology analyses of ERRγ-bound and up-regulated 
genes in HE vs WT WQ muscle, with their percentages of total ERRγ-induced genes in parentheses; (E) genome browser tracks showing ERRγ binding at Ldha 
and Ldhb; (F) quantitative pixel counts in CD31 immunostaining (mean counts from 5 fields per section); (G) RNA expression of Myh1/2/4/7 in SOL; (H) 
quantitative fiber-typing analysis from Myh-immunostaining in Fig. 3D; (I) RNA expression of Myh1/2/4/7 in WQ; and (J) genome browser track showing no 
ERRγ binding at the slow-twitch Myh7 gene. (n=5; *p < 0.05, **p < 0.01, ***p < 0.001)	
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Figure S4 (related to Fig. 4). Exercise and ERRγ synergistically improve oxidative functions in PKO muscle. (A) RNA expression levels of PGC1a/b, ERRa/
g, NCOR, and RIP140 in PL muscle from sedentary vs exercised PKO mice; (B) Blood lactate level after 7 minutes of endurance running (when the first 
mouse failed); (C-F) RNA expression levels of Ldha (C), Ldhb (D), Acadl (E), and Ndufa4 (F) in plantaris; and (G) schematic showing phenotypic changes in 
genetic models and combinational benefits of both ERRγ gain of function and voluntary exercise in PKO mice. (n=5; * and # show statistical difference from 
WT and PKO, respectively. * and # p < 0.05, ** and ## p < 0.01, *** and ### p < 0.001)	



Table S1. Motif analysis for ERRγ ChIP‐seq, related to Fig. 3.

Rank Motif P-value % of 
Targets

Best Match/Details

1
1.0E-
1594 41.82% MA0141.2_Esrrb/Jaspar(0.971)

2 1.0E-422 16.15%
Mef2c(MADS)/GM12878-Mef2c-ChIP-
Seq(GSE32465)/Homer(0.990)

3 1.0E-181 35.61% NF1-halfsite(CTF)/LNCaP-NF1-ChIP-
Seq(Unpublished)/Homer(0.941)

4 1.0E-124 13.05% Six1(Homeobox)/Myoblast-Six1-ChIP-
Chip(GSE20150)/Homer(0.954)

5 1.0E-123 14.49%
MA0089.1_NFE2L1::MafG/Jaspar(0.692
)

6 1.0E-102 2.68% GRE(NR/IR3)/A549-GR-ChIP-
Seq(GSE32465)/Homer(0.973)

7 1.0E-64 3.00% BORIS(Zf)/K562-CTCFL-ChIP-
Seq(GSE32465)/Homer(0.965)

8 1.0E-49 18.85% Atoh1(bHLH)/Cerebellum-Atoh1-ChIP-
Seq(GSE22111)/Homer(0.775)

9 1.0E-46 2.71% MA0025.1_NFIL3/Jaspar(0.899)

10 1.0E-37 3.29%
KLF5(Zf)/LoVo-KLF5-ChIP-
Seq(GSE49402)/Homer(0.743)



Table S2. List of primer sequences, related to methods.

Name Sequence

Mb‐F CCCAGGAGAAAGACCCAATTG

Mb‐R CCCAGACATTCAGCACCAG

Pgc1a‐F TGA TGT GAA TGA CTT GGA TAC AGA CA

Pgc1a‐R GCT CAT TGT TGT ACT GGT TGG ATA TG

Pgc1b‐F GGT GTT CGG TGA GAT TGT AGA G

Pgc1b‐R GTG ATA AAA CCG TGC TTC TGG

Myh3‐F AGCTGTTCTTGTGGATGGTC

Myh3‐R CTCGTTGGTGAAGTTGATGC

Myh8‐F TTC ACA CCT TTC CTC AGC ATC

Myh8‐R TGG AGG AGA AGA TGG TCA CT

Cox6a1‐F GTT CTC TTT ACT CAT CTT CAT AGC C

Cox6a1‐R GTT CGT TGC CTA CCC TCA C

mtND4‐F CTG CCT AGC AAA CTC CAA CTA C

mtND4‐R CAG TCA TCA TGT GGC TAT AAG TGG

Idh2‐F GGA GAA GCC GGT AGT GGA GAT

Idh2‐R GGT CTG GTC ACG GTT TGG AA

Gpx3‐F CTTCTGTCCCTGCTCCTG

Gpx3‐R GTACCACTCATACCGCCATG

Myh1‐F CTG TTG AGT GAA TGC CTG TTT G

Myh1‐R CTG ATC AAT GAG CTG ACT GC

Myh2‐F AAT CTG TTG AGT GAA TGC TTG C

Myh2‐R GAC TGA TCA ACG ACC TGA CAA

Myh4‐F CTT CTT GGT GTT GAT GAG GCT

Myh4‐R AGA GAG GAG CAG GAG AGT G

Myh7‐F TCG ATG CGT GCC TGA AG

Myh7‐R GAG AAT GAC AAG CAG CAG TTG

Erra‐F AAG GAG GGT GTG CGT CTG

Erra‐R AGG AGA AGC CTG TCT TCC TG

Errg‐F CCC AAG AGA CTG TGC TTA GTG

Errg‐R GGG CAG CTG TAC TCT ATG TTA C

Ncor‐F ATCCAGCTATGCCCTTTCAC

Ncor‐R ATCGTTGAGGATTGTCTGCC

RIP140‐F GAAGGCGTGGACTGTGAG

RIP140‐R AGCAACTCTGATGTCATCGG

Ldha‐F GCT CCC CAG AAC AAG ATT ACA G

Ldha‐R TCG CCC TTG AGT TTG TCT TC

Ldhb‐F TCT TCC AAC ACA TCC ACC AG

Ldhb‐R GTC CCG AAC AAC AAG ATC ACT

Acadl‐F GGT GGA AAA CGG AAT GAA AGG

Acadl‐R GGC AAT CGG ACA TCT TCA AAG

Ndufa4‐F CAT ACA GTG CTG CTC CAG TA

Ndufa4‐R CAA ACA TGC TCC GCC AGA T

Sod2‐F GGA CAA ACC TGA GCC CTA AG



Sod2‐R CAA AAG ACC CAA AGT CAC GC

mtDNA‐F CAT TTA TTA TCG CGG CCC TA

mtDNA‐R TGT TGG GTT GTT TGA TCC TG

nDNA‐F CAG GGC CAT CTC AGA ACC

nDNA‐R GCT ATT GGA AAG CCT CTT GC

Vegfa‐F GGC AGC TTG AGT TAA ACG AAC

Vegfa‐R TGG TGA CAT GGT TAA TCG GTC

Fgf1‐F GCT GCG AAG GTT GTG ATC T

Fgf1‐R CGT CTT GTG ATA AAG TGG AGT GA
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