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Abstract
Skeletal muscle (SKM) is an energetic organ with a high degree of plasticity. Different environmental
stimuli as exercise or cold, but also physical inactivity, lead to complex molecular regulations that result in
metabolic adaptations of the SKM and the whole body. Key factors in SKM plasticity and whole body
energy homeostasis are the peroxisome proliferator-activated receptor (PPAR) γ coactivator-1 (PGC-1)
family including three members, PGC-1α, PGC-1β and PGC-related coactivator (PRC). The PGC-1s are
coactivators and hence use transcription factor binding partners (TFBP) in order to regulate their target
genes. The complexity of transcriptional control might even be increased by epigenetic alterations, mainly
DNA methylation.
The aim of my thesis was to study the regulation of global molecular mechanisms by SKM PGC-1α and
PGC-1β leading to muscle plasticity in various environmental contexts. We combined diverse
experimental, computational and multi-omics approaches such as chromatin immunoprecipitation
sequencing (ChIPseq), RNA sequencing (RNAseq), reduced representation bisulfite sequencing (RRBS) and
CRISPR (clustered regularly interspaced short palindromic repeats)/Cas (CRISPR-associated proteins)
genome editing technology in skeletal muscle systems in vitro and in vivo and investigated the effect of
external stimuli as cold or exercise in different PGC-1α/β genotypes.
Our data show that various interventions like acute and chronic exercise have different methylation
profiles or combined with cold-induced muscle shivering, individual transcript profiles in wild type (WT)
mice. A time-dependent correlation of DNA methylation with gene expression was observed, however
dissimilar in acute and chronic exercise. Furthermore, we dissected potential memory marks on the DNA
by methylation following chronic training in mice. In addition, we could show for the first time a role of
PGC-1α, not only in exercise performance but as well in altered transcriptome and methylome profiles
subsequent to exercise and changed transcription profile to cold stimulation, by using muscle-specific PGC1α knockout (MKO) mice. Thus, PGC-1α is a major contributor in global metabolic control by the regulation
of a transcriptional network through multiple TF interactions and its involvement in epigenetic alterations.
To further investigate the PGC-1α network, the Ppargc1a locus multiplex epitope tag knock-in mouse,
which we generated by the CRISPR/Cas technology, will serve as a platform for future studies. This genetic
mouse model allows now detailed evaluation of PGC-1α isoforms as well as the identification of new TFBPs
under diverse contexts and in different tissues, due to non-tissue-specific epitope tags at the proximal
PGC-1α promoter. However, in C2C12 myotubes we could show that PGC-1α regulates its target genes
either by direct TF binding or indirectly. Even more, the genomic context of guanine-cytosine (GC) and
cytosine-phosphate-guanine (CpG) amount affects PGC-1α recruitment and allows the estrogen-related
receptor α (ERRα), a known TFBP of PGC-1α in the regulation of mitochondrial biogenesis, to regulate PGC1

Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der hier angezeigt werden soll.

1α target genes without coactivation by PGC-1α but by interaction with the TF specificity protein 1 (SP1).
Contrarily, we observed that PGC-1β acts mostly indirect on its target genes and only to a very small extent
direct on the DNA by TF binding.
Taken together, our data provide new knowledge of the functional role of PGC-1α and PGC-1β in SKM
metabolism. The involvement of transcriptional regulation and epigenetic control under basal, acute and
chronic exercise conditions as well as in cold-induced muscle shivering, adds a next piece of puzzle to the
complex network regulated by these coactivators. Our findings help to understand the mechanism of SKM
plasticity and open new signaling pathways and targets, which will, complemented with further studies,
support the development of novel therapeutic strategies to cure myopathies and fight against metabolic
disorders and other pathophysiological conditions.
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Abbreviations
5hmC

5-hydroxymethylcytosine

5mC

5-methylcytosine

aa

Amino acid

AD

Activation domain

AMP

Adenosine monophosphate

AMPK

AMP-activated protein kinase

ARC

activator-recruited co-factor

ATP

Adenosine triphosphate

β2-AR

β2-adrenergic receptor

BAF60a

BRG1-assocated factor 60a

BAT

Brown adipose tissue

bp

Base pair

cAMP

cyclic adenosine monophosphate

CaMKIV

Calcium/calmodulin-dependent protein kinase IV

Cas

CRISPR-associated protein

CBP

CREB binding protein

CE

Cold exposure

CH3

methyl group

ChIPseq

Chromatin immunoprecipitation sequencing

crRNA

CRISPR RNA

Crunch

Completely Automated Analysis of ChIP-seq Data

CnA

Calcineurin A

CpG

cytosine-phosphate-guanine

CREB

cAMP-response element-binding protein

CRISPR

clustered regularly interspaced short palindromic repeats

DE

differentially expressed

Dio2

Deiodinase 2

DM

differentiation medium

DMR

differentially methylated region

DNMT

DNA methyltransferases

DSB

double strand break
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ES cells

Embryonic stem cells

ERα

Estrogen receptor α

ERRα

Estrogen-related receptor α

FC

fold change

FDR

false discovery rate

FOXO3

Fork-head transcription factor O3

GABP

GA-binding protein

GC

guanine-cytosine

GCN

Gastrocnemius muscle

GCN5

General control of amino acid synthesis 5

gDNA

genomic DNA

gRNA

guide RNA

GM

growth medium

GO

gene ontology

GSK3β

Glycogen synthase kinase 3β

HAT

Histone acetyltransferase

HCF

Host cell factor

HDAC

Histone deacetylase

HDR

homology directed repair

HS

horse serum

HSP

heat shock protein

i.p.

intraperitoneal

ISMARA

integrated motif activity response analysis

IU

International unit

kb

kilo base

KI

Knock-in

LB

lysogeny broth

LXRα

liver X receptor α

MAFbx

Muscle atrophy F-box

MEF2C/D

Myocyte enhancer factor 2C/D

MKO

skeletal muscle-specific PGC-1α knockout mouse

mTORC1

mammalian target of rapamycin complex 1
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MuRF1

Muscle RING-finger protein-1

MyHC

Myosin heavy chain

MyoD

Myogenic Factor 3

NAD+ / NADH Nicotinamide adenine dinucleotide
NFκB

Nuclear factor-kappaB

NHEJ

nonhomologues end joining

NLS

Nuclear localization signal

NMJ

Neuromuscular junction

NR

Nuclear receptor

NRF

nuclear respiratory factor

NT-PGC-1α

N-Terminal truncated PGC-1α

p38 MAPK

p38 mitogen-activated protein kinase

p160 MBP

p160 myb binding protein

PAM

protospacer adjacent motif

PCA

principal component analysis

PDK4

pyruvate dehydrogenase kinase 4

PGC-1

PPARγ coactivator-1

PPAR

Peroxisome proliferator-activated receptor

PRC

PGC-related coactivator

PRMT1

protein arginine methyltransferase 1

PTM

Posttranslational modification

RE

Restriction enzyme

redox

reduction–oxidation reaction

RIP140

receptor interaction protein 140

RNAseq

RNA sequencing

RRBS

reduced representation bisulfite sequencing

RRM

RNA recognition motif

RS

Arginine/Serine-rich domain

RT

room temperature

Quad

Quadriceps muscle

qRT-PCR

quantitative real-time polymerase chain reaction

S6K

S6 kinase
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SAM

S-adenosyl methionine

SCF cdc4

Skp1/Cullin/F-box

SEM

standard errors of the means

SIRT1

Sirtuin 1

SKM

Skeletal muscle

SRC-1

steroid receptor coactivator-1

T2D

Type 2 diabetes

TET

Ten-Eleven-Translocation oxygenases

TF

Transcription factor

TFAM

Mitochondrial transcription factor A

TFBP

Transcription factor binding partner

TFBS

Transcription factor binding site

Tg

skeletal muscle-specific PGC-1α overexpressing mice

TRAP/DRIP

Thyroid hormone receptor-associated protein/ vitamin D receptor interacting protein

trcrRNA

trans-activating crRNA

TSS

Transcription start site

UCP

Uncoupling protein

VEGF

Vascular endothelial growth factor

WT

Wild type mice

6

Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der hier angezeigt werden soll.

1. Introduction
1.1 Skeletal muscle and body metabolism
Skeletal muscle (SKM), approximately 40% of the body mass, is the largest and most abundant organ in
the corpus with a central function in the modulation of whole body homeostasis and thus, health status.
During maximal physical activity SKM can account up to 90% of whole body energy expenditure, while at
sedentary state, only 20-30% of the resting energy expenditure are used (Egan and Zierath, 2013;
Summermatter and Handschin, 2012; Zurlo et al., 1990). SKM is the main place of energy expenditure,
glycogen storage and insulin-stimulated glucose uptake and has thus, a significant impact on whole body
metabolism and displays a high degree of plasticity in response to stimuli (Egan and Zierath, 2013). Hence,
physical inactivity has been linked to metabolic disorders like type 2 diabetes (T2D), obesity, cardiovascular
diseases, cancer and others, which could be prevented by physical activity (Booth et al., 2012; Colberg et
al., 2010b; Egan and Zierath, 2013; Haskell et al., 2007).

1.1.1 Skeletal muscle plasticity
SKM is composed of a heterogeneous myofiber population with different metabolic and functional
properties, slow-oxidative (type 1) and fast-glycolytic (type 2) fibers, with type 2 subdivided into 2A, 2B
and 2X fibers. Type 1 oxidative fibers appear red in color due to a high myoglobin content, have a high
mitochondrial portion and oxidative capacity, are characterized by slow-twitch properties, dominantly
express myosin heavy chain 1 (MyHC-1) and are resistant to fatigue (Schiaffino and Reggiani, 2011). On
the other hand, type 2 glycolytic fibers, mainly 2B and 2X, exhibit glycolytic metabolism, have low
mitochondrial content, fast-twitch properties and are low fatigue resistant. 2A fibers have intermediate
characteristics between type 1 and type 2B/2X. Rodent type 2 fibers are expressing MyHC-2A, MyHC-2B
or MyHC-2X, respectively, while human SKM do not have type 2B myofibers (Schiaffino and Reggiani,
2011). This heterogeneity in muscle fibers allows the muscle to be plastic in a high degree and ensures
tight regulation dependent on a variety of activities, from supporting the skeleton for upright standing to
explosive movements during a sprint. Hence, this plasticity can be influenced by external stimuli such as
specific exercise training or nutrients.
Endurance or aerobic exercise is defined as performing exercise for a long period against low load. There,
fatty acids coming from intramuscular and adipose tissue triglyceride stores and carbohydrates in form of
glucose, emerging from the circulation and intramuscular glycogen supply, provide energy demand.
Repeated bouts of endurance exercise induces a wide range of beneficial metabolic adaptations such as
increased maximal oxygen consumption, improved body composition, neovascularization, higher insulin
7
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sensitivity and cardiovascular functions leading collectively to enhanced endurance performance and
improved metabolic health (Egan and Zierath, 2013; Haskell et al., 2007). Endurance exercise causes a shift
in SKM physiology towards more oxidative, slow-type phenotype, which is tightly regulated by a very wide
and complex range of molecules and pathways converging in gene transcription as main player (Coffey
and Hawley, 2007; Egan et al., 2016; Egan and Zierath, 2013; Gundersen, 2011). It was demonstrated that
endurance athletes show an endurance finger print gene profile with main functions in mitochondrial and
oxidative metabolism (Stepto et al., 2009). All these changes on a single bout of exercise can collectively
over time induce a transient change on mRNA level of metabolic genes leading to a long-term increase in
protein content and enzyme activity, finally resulting in improved exercise performance and whole body
metabolism (Coffey and Hawley, 2007; Egan et al., 2016; Egan and Zierath, 2013; Perry et al., 2010).
Resistance exercise is a high load training for a short period of time leading to increased muscle mass,
called hypertrophy, enhanced strength and power (Egan and Zierath, 2013). Resistance training is thus
thought to be an effective treatment against muscle wasting-associated diseases (Egan and Zierath, 2013;
Glass and Roubenoff, 2010). As already mentioned for endurance exercise, adaptations after resistance
training are mainly settled by transcriptional changes, seen in increased genes responsible for protein
synthesis and decreased genes for protein degradation (Stepto et al., 2009).
Both exercise types play a key role in SKM remodeling and promote health benefits. A mutual combination
of training types would probably be the most effective treatment against metabolic disorders (Iepsen et
al., 2015; Jorge et al., 2011; Skrypnik et al., 2015).

1.2 Transcriptional coregulators and their role in skeletal muscle plasticity
A highly regulated and coordinated interaction between TFs and coregulators is needed for gene
transcription. TFs are proteins that bind DNA on specific sites called transcription factor binding site (TFBS)
or response elements that can be at the promoter or at enhancer sites. This binding close to the
transcription start site (TSS) of the gene helps to form the transcription initiation complex leading to gene
activation, in contrast to silencer, which inhibit complex formation and hence, lead to decreased gene
expression (Adcock and Caramori, 2009; Maston et al., 2006). However, transcriptional coregulators are
not able to bind DNA directly, they form multiprotein complexes that interact with TFs. Dependent on the
coregulator, coactivator or corepressor, the interaction with the same TF can lead to different outputs
regarding gene transcription. Hence, there is a variety of mechanisms by which coregulators function.
Coactivators can interact with histone acetyltransferases (HATs), which cooperate with multiple TFs and
other proteins to facilitate chromatin opening and thus, accessibility of proteins to DNA. Opposite,
corepressors interact with histone deacetylases (HDACs) to make the chromatin structure inaccessible for
8
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TF binding (Hermanson et al., 2002; Spiegelman and Heinrich, 2004). Some coactivators are part of the
thyroid hormone receptor-associated protein/ vitamin D receptor interacting protein (TRAP/DRIP), also
called

mediator

complex,

and

the

activator-recruited

co-factor

(ARC)

complex,

together

TRAP/DRIP/Mediator/ARC complex, which contain proteins that bind TFs, recruit RNA polymerase II and
initiate transcription. Additionally, the SWitch/Sucrose Non-Fermentable (SWI/SNF) chromatin
remodeling complex induces accessibility of proteins to DNA in an adenosine triphosphate (ATP)dependent manner and thus, increase transcription (Spiegelman and Heinrich, 2004). Coregulators serve
as a central platform to bring TFs and chromatin modifying-enzymes together and accordingly regulate the
transcriptional outcome (Figure 1). Interestingly, some TFs as for example the nuclear receptors (NRs) are
upon ligand binding able to release the bound corepressor and recruit instead a coactivator, hence,
changing transcription of targets (Glass and Rosenfeld, 2000; Spiegelman and Heinrich, 2004).
The PGC-1 family of coregulators are interacting with most NRs amongst other TFs and were shown to play
an essential role in the regulation of energy metabolism and SKM plasticity (Knutti and Kralli, 2001; Kupr
and Handschin, 2015; Kupr et al., 2017; Puigserver and Spiegelman, 2003). The next sections will focus on
the PGC-1 family of coregulators and their role in SKM.

Figure 1
Main components of the multi-protein complex associated with PGC-1α. PGC-1α binds to the HAT and
TRAP/DRIP/Mediator complex at the N- and C-Terminus, respectively. The conserved domains including
the activation domain (AD), Arginine/Serine-rich domain (RS) and RNA binding/RNA-recognition motif are
indicated (RRM). Nuclear receptor binding sites are indicated by LXXLL motifs (Lin et al., 2005).

9
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1.2.1 The PGC-1 family of transcriptional coregulators
The PGC-1 family consists of three members: PGC-1α, PGC-1β and PRC (Figure 2). PGC-1α was first
discovered and initially described as a coactivator of PPARγ, inducing uncoupling protein 1 (UCP1) in brown
adipose tissue (BAT) to regulate adaptive thermogenesis (Puigserver et al., 1998). PGC-1β (Kressler et al.,
2002b; Lin et al., 2002a) and PRC (Andersson and Scarpulla, 2001) were identified later and not much is
known about those coactivators yet.

Figure 2
Sequence identity of the three PGC-1 family members PGC-1α, PGC-1β and PRC. Conserved
domains/motifs are indicated including the AD, LXXLL motifs, host cell factor (HCF)-binding motif (HBM),
Arginine/Serine-rich domain (RS) and RRM (Lin et al., 2002a).

1.2.2 PGC-1α coactivator, a regulatory nexus
PGC-1α is expressed at high levels in energy demanding organs like SKM, BAT, brain, heart and kidney (Lin
et al., 2005; Puigserver et al., 1998). Notably, PGC-1α can be induced by several different external stimuli
such as cold exposure in BAT and SKM (Puigserver et al., 1998), fasting in liver (Handschin et al., 2005;
Yoon et al., 2001) and exercise in SKM (Baar et al., 2002; Pilegaard et al., 2003; Ruas et al., 2012; Terada
and Tabata, 2004). Consequently, PGC-1α serves as a sensor for external stimuli converting them in to
organ-specific gene programs, mainly mitochondrial functions and oxidative metabolism, leading to PGC1α being a master regulator of energy homeostasis.
The Ppargc1a gene is located on chromosome 5 in the mouse genome and encodes 797 amino acids (aa)
resulting in PGC-1α protein. PGC-1α interacts with several TFs, including most members of NRs (Kupr et
al., 2017; Puigserver and Spiegelman, 2003; Puigserver et al., 1998). The interaction takes place via the
LXXLL motif of which three are located in the activation domain (AD) at the N-Terminus of PGC-1α (Figure
1 + 2) (Knutti et al., 2000; Kupr and Handschin, 2015; Lin et al., 2005; Puigserver et al., 1998). The AD
interacts with cyclic adenosine monophosphate (cAMP)-response element-binding protein (CREB) binding
protein (CBP), p300 and the steroid receptor coactivator-1 (SRC-1), thereby enhancing the effect on gene
10
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transcription (Puigserver et al., 1999; Wallberg et al., 2003b). PGC-1α is not able to acetylate histones itself
but it interacts with HATs, thus modifying histones to make the chromatin more accessible for the TFs and
the transcriptional machinery. The C-Terminus of PGC-1α binds to the TRAP/DRIP/Mediator complex,
interacting with the RNA polymerase II and the transcription initiation complex (Figure 1) (Wallberg et al.,
2003b). An additional coactivation boost of PGC-1α is given via the interplay of the SWI/SNF chromatin
remodeling complex, which binds via BRG1-assocated factor 60a (BAF60a) to PGC-1α (Li et al., 2008).
Moreover, the C-Terminus is composed of Arginine/Serine-rich domain (RS) and a RNA recognition motif
(RRM), linking PGC-1α to mRNA processing (Figure 1 + 2) (Monsalve et al., 2000).
PGC-1α is a docking platform for a multi-protein complex regulating gene transcription. PGC-1α binds to
TFs and brings them together with HATs, the mediator chromatin remodeling complex and proteins for
mRNA processing forming a large network of transcriptional regulation.

1.2.3 PGC-1α isoforms and splice variants
PGC-1α transcription can be initiated by three TSSs on two alternative promoters. There is a proximal and
a distal promoter, later one being around 13.8 kilo base (kb) upstream (Figure 3). Additionally, RNA
processing further increases the quantity of PGC-1α transcripts and thus, protein variants (MartinezRedondo et al., 2015; Miura et al., 2008; Ruas et al., 2012). Whether the alternative promoter usage is
directly linked to the transcription of the PGC-1α isoforms as well as the functional consequences is not
known yet. The proximal (classical) promoter seems to transcribe the basal and robust PGC-1α1 isoform
whereas the distal (alternative) promoter appears to have a higher dynamic range in regard to PGC-1α
gene expression (Figure 3) (Martinez-Redondo et al., 2015). In the first description from Miura et al., 2008,
the full length PGC-1α isoform transcribed from the proximal promoter was termed as PGC-1α-a (named
PGC-1α1 in Ruas et al., 2012), the isoforms from the distal promoter, which vary only in their N-Terminus,
as PGC-1α-b and PGC-1α-c (Figure 3) (Miura et al., 2008). Those three variants differ in their response to
stimuli and tissue expression levels. All three versions are induced by exercise but PGC-1α-a seems to be
the major form in SKM (Miura et al., 2008; Tadaishi et al., 2011). The distal promoter additionally
transcribes a N-Terminal truncated PGC-1α (NT-PGC-1α) variant (Figure 3) (Zhang et al., 2009). NT-PGC-1α
is only 270 aa long and is produced by alternative 3’ splicing. The C-Terminal motifs for nuclear localization
signal (NLS), the nuclear receptor binding domain as well as the RS and the RRM domains are all lacking in
the NT-PGC-1α variant. Consequently, the protein-protein interactions as well the recruitment to target
promoters and the subcellular localization, mostly cytoplasmic, are unique (Zhang et al., 2009).
As already mentioned, the distal alternative promoter has higher range of PGC-1α variants (MartinezRedondo et al., 2015). Next to the PGC-1a-b/c isoforms described by Miura et al., 2008, Ruas et al., 2012,
11
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discovered a new truncated isoform called PGC-1α4, transcribed from the distal promoter and including
the same 3’ splicing as the NT-PGC-1α version (Figure 3). Opposite to so far all other discussed isoforms,
PGC-1α1 (from proximal promoter) and PGC-1α2, PGC-1α3 and NT-PGC-1α (all from distal promoter), PGC1α4 plays a role in exercise adaptation to resistance training resulting in fiber hypertrophy (Ruas et al.,
2012). PGC-1α4 does not regulate genes in mitochondrial and metabolic processes like the full length PGC1α1 and the NT-PGC-1α isoforms do. So far, not much is known about the two other discovered transcripts
by Ruas et al., 2012, PGC-1α2 and PGC-1α3. They contain a novel exon 1 transcript (exon 1b and exon 1c)
and can follow two different splicing options leading to 12 aa (for PGC-1α2) and 3 aa (for PGC-1α3) long
exon 1, respectively, shorter than exon 1a (16 aa) from the proximal promoter (Figure 3) (Chinsomboon et
al., 2009; Martinez-Redondo et al., 2015; Ruas et al., 2012).
In any case, the high flexibility in gene structure and transcript processing of PGC-1α generates an
additional layer of functional and regulatory specificity (Handschin and Spiegelman, 2006; Kupr and
Handschin, 2015).

12
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Figure 3
PGC-1α isoform structure and promoter location. The upstream alternative promoter (AP) (in this thesis
called distal promoter) of the Ppargc1a gene results in new exon 1b or exon 1b’ (in this thesis called exon
1b and exon 1c), which encodes distinct N-Termini. The proximal promoter (PP) encodes the canonical
exon 1a. In addition, a human liver-specific promoter (LP) located in intron 2 encoding for the exon 1L
(e1L) and a brain-specific promoter (BP) exists. (Martinez-Redondo et al., 2015).
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1.2.4 Regulation of PGC-1α expression, activity and stability
Several upstream signaling pathways tightly regulate PGC-1α transcription, activity and stability. PGC-1α
senses the environmental energetic changes following different stress situations like fasting in liver (Yoon
et al., 2001), cold in BAT or exercise in SKM (Baar et al., 2002; Puigserver et al., 1998), and is itself induced
by those stimuli and drives the main regulations for a proper energy metabolism.
Upon muscle contraction, mechanical stress, tissue physoxia, the endocrine milieu and the metabolic
demands are changed and affect several signaling pathways all converging on PGC-1α, promoting its
transcriptional induction or posttranslational modification (PTM) of the protein (Figure 4). PTMs can be
phosphorylation by various kinases on different phosphorylation sites, acetylation, methylation,
sumoylation, ubiquitination, and acetylglucosamination (Fernandez-Marcos and Auwerx, 2011; Kupr and
Handschin, 2015). Some of the PTMs alter the stability of the PGC-1α protein, while others modulate the
interaction with TFs or other coregulators. The adenosine monophosphate (AMP)-activated protein kinase
(AMPK) is an intracellular energy sensor sensitive for the AMP/ATP ratio and is activated after ATP need
e.g. energy deficit following exercise. Activated AMPK phosphorylates PGC-1α, thereby increases its
activity and positively leads to the transcriptional induction of mitochondrial genes in SKM (Jager et al.,
2007). Next to energy demand and exercise, the reduction-oxidation (redox) status, namely reduced and
oxidized nicotinamide adenine dinucleotide (NAD+ / NADH) levels activate sirtuin 1 (SIRT1). SIRT1 is a
NAD+ sensitive deacetylase, which is induced by exercise and able to deacetylate PGC-1α, hence increasing
its activity (Cantó and Auwerx, 2009). Contrary, acetylation of PGC-1α by histone general control of amino
acid synthesis 5 (GCN5) decreases PGC-1α expression by increasing the association of PGC-1α with inactive
transcriptional domains in the nucleus (Lerin et al., 2006). AMPK was shown to increase intracellular NAD+
levels and thus, increasing deacetylation activity of SIRT1 on PGC-1α. In addition, the direct
phosphorylation of PGC-1α by AMPK has two important outcomes, direct gene expression regulation of
PGC-1α and necessity for stimulated deacetylation by SIRT1 (Cantó and Auwerx, 2009; Canto et al., 2009).
Supplemental, phosphorylation of PGC-1α by p38 mitogen-activated protein kinase (p38 MAPK) increases
stability of the protein by preventing ubiquitination and thus, prolong the very short half-life of PGC-1α of
around 2.5h (Olson et al., 2008; Puigserver et al., 2001). Even more, the phosphorylation by p38 MAPK
protects the coactivator from interaction with the repressor p160 myb binding protein (p160 MBP) and
consequently, increases its transcriptional activity (Fan et al., 2004). PTMs change not only the stability
and activity of PGC-α but as well the ability to interact with TFs or other coactivators (Handschin and
Spiegelman, 2006). The interaction of PGC-1α with nuclear respiratory factor 2 (NRF2) (also known as GAbinding protein: GABP) is boosted by neuregulin, coming from neuromuscular junctions (NMJs), inducing
NMJ gene transcripts (Handschin et al., 2007b). PGC-1α can as well be sumoylated, which happens at the
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same residue as the acetylation by GCN5 and leads to the repression of its activity by promoting the
interaction with the repressor receptor interaction protein 140 (RIP140) (Rytinki and Palvimo, 2009). Also
methylation of PGC-1α on all three arginine residues by protein arginine methyltransferase 1 (PRMT1) was
shown to promote the coactivator activity (Teyssier et al., 2005). Additionally, PGC-1α promoter, it still has
to be clarified whether both promoters are affected or not, is hypomethylated by acute exercise in human
SKM leading to changes in its own and target gene transcription (Barres et al., 2009; Barres et al., 2012;
Lochmann et al., 2015b). Further, ubiquitination targets PGC-1α for its degradation. This can be performed
by the E3 ligases Skp1/Cullin/F-box (SCF cdc4) complex and is supported by the phosphorylation of PGC1α by p38 MAPK and glycogen synthase kinase 3β (GSK3β), which was shown to target PGC-1α for
proteasomal degradation (Anderson et al., 2008; Olson et al., 2008). Next to PTMs, different signaling
pathways that are stimulated following muscle contraction converge on PGC-1α by regulating its
expression. As already mentioned, PGC-1α transcript is induced subsequent to exercise and reduced
during physical inactivity (Egan et al., 2016; Egan and Zierath, 2013). Calcium/calmodulin-dependent
protein kinase IV (CaMKIV) and calcineurin A (CnA) manage the increased calcium levels during exercise
and supplementary increase PGC-1α expression. They act upstream of the coactivator and involve cAMP,
which stimulates CREB on the PGC-1α promoter (Handschin et al., 2003; Olson and Williams, 2000). In
addition, the gene expression of PGC-1α can be controlled by tissue-specific TF interactions, as it is e.g.
myocyte enhancer factor 2C/D (MEF2C/D) in muscle cells. Interestingly, there is an autoregulatory loop of
coactivation on the MEF2 promoter by PGC-1α, which further controls the appropriate transcription of
PGC-1α (Handschin et al., 2003; Pérez-Schindler, 2013). Finally, in SKM the β2-adrenergic receptor (β2-AR)
together with cAMP induces PGC-1α expression (Miura et al., 2007).
This enormous variety of regulations on different layers makes the PGC-1α coactivator a tightly regulated
sensor for environmental changes that are converted into transcriptional regulations of many different
target genes. The possibilities to change activity, stability and expression of PGC-1α indicate the
importance of this factor and the significance to be not only turned on or off, but also to collect inputs
from a multiplicity of signaling pathways and initiate cellular changes dependent on the metabolic needs
in a fine-tuned manner.
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Figure 4
Posttranslational modification (PTM) of the PGC-1α protein. Ac, acetylation; Akt, protein kinase B; AMPK,
AMP-activated protein kinase; Clk2, Cdc2-like kinase 2; Gsk3β, glycogen synthase kinase 3 beta; OGlNa, Olinked β-N-acetylglucosamination; OGT, O-linked β-N-acetylglucosamine transferase; p38 MAPK, p38
mitogen-activated protein kinase; PKA, protein kinase A; P, phosphorylation; PRMT1, protein arginine
methyltransferase 1; RNF34, ring finger protein 34; S6K, S6-kinase; SCFFwb7∕Cdc4, SCF ubiquitin ligase complex
subunit Fwb7/Cdc4; SIRT1, sirtuin-1; Su, sumoylation; Sumo1, small ubiquitin related modifier 1; Ubi,
ubiquitination (Kupr and Handschin, 2015).

1.2.5 Transcriptional network regulated by PGC-1α in skeletal muscle
As described above, external stimuli and metabolic changes activate numerous signaling pathways that
converge on PGC-1α. Those events result in induced expression or protein modification of PGC-1α, which
lead to activation or degradation of the coactivator. When PGC-1α is active, it binds to its transcriptional
partners, hence regulate tissue-specific gene programs.
In SKM, PGC-1α is known to be the master regulator of mitochondrial biogenesis. A very important
transcriptional partner of PGC-1α is ERRα. PGC-1α together with ERRα and NRF2 was shown to regulate
nearly the whole mitochondrial and oxidative phosphorylation gene program (Huss et al., 2002; Mootha
et al., 2004; Schreiber et al., 2004). In addition, the interaction of PGC-1α and ERRα regulates angiogenesis
in SMK by inducing vascular endothelial growth factor (VEGF) (Arany et al., 2008). Further, by coactivating
NRF1 and NRF2, mitochondrial transcription factor A (TFAM), a main regulator of mitochondrial DNA
transcription and replication, is induced and thus, mitochondrial genes regulated not directly but indirectly
by PGC-1α (Lin et al., 2005; Wu et al., 1999). Besides, PGC-1α is able to increase in a mammalian target of
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rapamycin complex 1 (mTORC1)-dependent manner the transcription of Yin Yang 1 and consequently,
boost SKM oxidative metabolism (Blattler et al., 2012; Cunningham et al., 2007). Also, lipid storage in SKM
can be regulated by PGC-1α via interaction with the liver X receptor α (LXRα) (Summermatter et al., 2010).
Next to the activation of gene programs, PGC-1α is able to play a repressing role as well. PGC-1α decreases
the expression of fork-head transcription factor O3 (FOXO3) and nuclear factor-kappaB (NFκB), which
prevent SKM atrophy (Brault et al., 2010; Sandri et al., 2006). FOXO3 is important for the induction of the
E3 ubiquitin ligases muscle RING-finger protein-1 (MuRF1, also known as Trim63) and muscle atrophy Fbox (MAFbx, also known as atrogene 1 or Fbx32), which are atrogenes and main regulators involved in
muscle atrophy (Bodine et al., 2001; Sandri et al., 2006). Recently, the PGC-1α4 transcript was shown to
be involved in SKM hypertrophy (Ruas et al., 2012). Thus, PGC-1α seems to have a very versatile function
in many different biological functions, acting as coactivator or corepressor at the same time in numerous
ways, dependent on the metabolic situation. So far, no “PTM code” has been found for most of the
modifications on PGC-1α protein leading to the combinatorial complexity that determines transcriptional
interaction specificity (Handschin and Spiegelman, 2006; Lonard and O'Malley, 2007). A prototypical
example of this diversity is the interaction of PGC-1α with S6 kinase (S6K) in the liver. S6K phosphorylates
PGC-1α after feeding and selectively maintains the ability of PGC-1α to enhance fatty acid oxidation and
mitochondrial functions while reducing its effect on hepatic gluconeogenesis (Lustig et al., 2011).
The coactivator PGC-1α is a very tight and complex regulatory nexus converging a multitude of signaling
pathways and transforming them in a variety of specific biological functions dependent on the metabolic
changes stimulating PGC-1α.

1.2.6 PGC-1β and PRC coactivators
As already mentioned, next to PGC-1α there are two other PGC-1 family members of coactivators (Figure
2). Ppargc1b is located on chromosome 18 in the mouse genome and is 1014 aa long leading to the protein
called PGC-1β. PGC-1β shares general sequence similarities with PGC-1α, the N-Terminal AD, LXXLL motif
and the C-Terminal RRM, but it lacks the RS domain and its role in regulating metabolism is less understood
and studied so far (Brault et al., 2010; Kressler et al., 2002b; Lin et al., 2002a; Scarpulla, 2008). PGC-1β was
first discovered as an interaction partner of PPARα, estrogen receptor α (ERα) and host cell factor (HCF)
involved in the regulation of hepatic fasting, viral infection and proliferation (Kressler et al., 2002b; Lin et
al., 2002a). Same as for PGC-1α, PGC-1β is involved in mitochondrial biogenesis, energy homeostasis and
cellular respiration and hence, found in high energy demanding organs (Lin et al., 2002a; Scarpulla, 2008;
St-Pierre et al., 2003). Via interaction of PGC-1β with some TFs like NRF1, MEF2, ERRα, and PPARα specific
gene programs are induced leading to increased oxidative capacity and other adaptations to
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environmental changes (Arany et al., 2007). As already observed for PGC-1α, PGC-1β is as well reduced by
disused SKM in old individuals (Suetta et al., 2012). Interestingly and contrarily to PGC-1α, mitochondrial
biogenesis and high PGC-1β levels are associated with the induction of type 2X oxidative muscle fibers
(Arany et al., 2007). Also opposing, PGC-1β is not induced subsequent to exercise or cold exposure in SKM
(Mortensen et al., 2007; Sonoda et al., 2007) but upon fasting and short-term high fat diet in the liver
(Koves et al., 2005; Lin et al., 2002a; Lin et al., 2003).
Nearly nothing is known about the third member of the PGC-1 family, PRC. PRC is ubiquitously expressed
and responds to several metabolic stresses by regulating genes involved in mitochondrial biogenesis,
inflammation, proliferation and metabolic reprogramming (Andersson and Scarpulla, 2001; Philp et al.,
2011; Vercauteren et al., 2009; Vercauteren et al., 2006). Like PGC-1α, PRC is induced after endurance
exercise in human SKM (Russell et al., 2005).
Further studies are necessary to elucidate the role of PGC-1β and PRC in energy metabolism and SKM
plasticity.

1.2.7 The role of PGC-1α and PGC-1β in skeletal muscle plasticity
The coactivators PGC-1α and PGC-1β are associated with SKM oxidative metabolism and adaptions to
external stimuli mainly due to the induction of the TFs NRF1, NRF2 and ERRα (Arany et al., 2007; Miura et
al., 2008; Scarpulla, 2008; St-Pierre et al., 2003). SKM-specific overexpression of PGC-1α promotes the
formation of slow-fiber type MyHC-1 and MyHC-2A (Lin et al., 2002b), whereas PGC-1β induces MyHC-2X
fibers that are oxidative but have fast-twitch properties (Arany et al., 2007). Furthermore, overexpression
of either of the PGC-1s leads to improved exercise performance due to improved oxidative capacity (Arany
et al., 2007; Lee et al., 2017; Lin et al., 2002b) and induced angiogenesis by VEGF (Arany et al., 2008;
Chinsomboon et al., 2009; Rowe et al., 2011). A role in protecting SKM from atrophy by PGC-1α or PGC-1β
via reducing the transcript levels of FOXO3 and NFκB and thus, decreasing proteolysis, was found as well
(Brault et al., 2010; Sandri et al., 2006). Opposite, SKM-specific knockout of either coactivator results in a
shift towards fast-glycolytic fibers (Gali Ramamoorthy et al., 2015; Handschin et al., 2007a; Rowe et al.,
2013). Additionally, single or double SKM knockout of the PGC-1s conduct in a drastic reduced
mitochondrial respiration with severe effect on exercise capacity (Gali Ramamoorthy et al., 2015;
Handschin et al., 2007a; Rowe et al., 2013; Zechner et al., 2010a). Double knockout of PGC-1α/β in SKM
revealed blunted oxidative capacity and hence, reduced exercise performance but normal mitochondrial
density, fiber type distribution and basal muscle function (Lai et al., 2008; Lin et al., 2004a; Rowe et al.,
2013). Interestingly, global PGC-1α knockout animals are viable and hyperactive and remarkably, show no
deficit in mitochondrial biogenesis but reduced respiratory capacity, which points towards that PGC-1α is
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important but not required and compensatory mechanisms as e.g. by PGC-1β, exist (Arany et al., 2005;
Leone et al., 2005). Global PGC-1β knockout animals are viable and do not have significant changes in
energy homeostasis and overall substrate usage but they have an increased overall metabolic rate and
reduced mitochondrial number and gene expression resulting in a leaner phenotype (Lelliott et al., 2006).
As already seen for the PGC-1α global knockout animals, there are compensatory pathways reducing the
dramatic effect on mitochondrial metabolism in both global knockout models. Contrary to individual
whole-body knockout, global deletion of both coactivators leads to prenatal death due to heart failure (Lai
et al., 2008).
It seems that the PGC-1 family are important regulators for energy homeostasis but as well that they are
dispensable for basal energy metabolism but serve as a boosting platform in stress situations as exercise.

1.3 Epigenetic control by DNA methylation
Epigenetics are heritable modifications in gene function that do not involve changes in the DNA sequence,
namely DNA methylation, histone modification, microRNA etc. (Howlett and McGee, 2016; Xu et al.,
2016b). In the last years, it was shown that epigenetic changes play an important role in transducing
external stimuli into a transcriptional response and are essential for proper maintenance of cellular
metabolism (Howlett and McGee, 2016). On the other hand, epigenetics can be influenced itself by
external stimuli (Xu et al., 2016b). DNA methylation is an epigenetic mechanism involving the transfer of
a methyl group (CH3) onto the C5 position of the cytosine on the genomic DNA leading to the generation
of 5-methylcytosine (5mC). These DNA methylation changes have an important biological role and are
essential for mammalian development and the adaptation to environmental signals (Moore et al., 2013;
Smith and Meissner, 2013). Abnormal DNA methylation leads to increased risk of cancer and neurological
disorders since DNA methylation is often associated with regulation of gene expression by blocking the
binding of TFs or affecting the chromatin structure (Jones and Takai, 2001; Robertson, 2005; Schubeler,
2015; Siegfried and Simon, 2010). Importantly, DNA methylation is a heritable and reversible epigenetic
mark on the genomic DNA without changing its genetic information (Schubeler, 2015; Stadler et al., 2011).
As already mentioned, eukaryotic DNA methylation occurs mainly on cytosine residues that precedes a
guanine nucleotide, called GC site, or a cytosine-phosphate-guanine (CpG) site, although recent findings
showed that methylation can occur as well on adenine, like already known from prokaryotes (Iyer et al.,
2016; Luo et al., 2015). DNA methylation varies across organisms from very high methylation levels as in
the mammalian genome to very low ones like in invertebrates such as Drosophila (Lyko et al., 2000). The
mammalian genome contains around 28 million CpGs of which 60-80% are methylated. The CpGs are not
found at GC-rich regions on the genome, only around 10% are at GC-dense sites and are called CpG islands
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(Smith and Meissner, 2013). The CpG islands are located at TSSs and are mainly protected from DNA
methylation, thus hypomethylated (Smith and Meissner, 2013; Yong et al., 2016). Overall, there is only
around 1% of 5mC in the mammalian genome due to high mutagenic potential of 5mC, which can
deaminate to thymine, consequently leading to an underrepresentation of CpG dinucleotides in the
genome (Moore et al., 2013).

1.3.1 DNA methyltransferases (DNMTs) and demethyltransferases (TETs)
In mammals, DNA methylation is regulated by a conserved family of DNA methyltransferases (DNMTs) that
transfer a CH3 group from a S-adenosyl methionine (SAM) to the fifth carbon of a cytosine residue to form
5mC (Figure 5). The mammalian DNMT family consists of three members: DNMT1, DNMT3a and DNMT3b.
DNMT1 was first reported in 1975 as an important enzyme during development and the dominant
methyltransferase preferable acting on hemimethylated DNA (Holliday and Pugh, 1975; Riggs, 1975). It is
a maintenance methyltransferase ensuring proper copy of the DNA methylation pattern from the parental
DNA strand to the newly synthesized daughter strand during cell division, where DNA replication occurs.
In addition to maintain DNA methylation and contrary to DNMT1, DNMT3a and DNMT3b establish new
methylation patterns on nonmethylated or hemimethylated DNA and are thus called de novo DNMTs. All
three DNMTs are involved in embryonic development and in mice the deletion of these enzymes results
in embryonic lethality for DNMT1 and DNMT3b, or postnatal death for DNMT3a (Jin et al., 2011; Li et al.,
1993; Li et al., 1992; Okano et al., 1999). The levels of the methyltransferases decrease after
differentiation, except in the brain (Feng et al., 2005), an indication of stable methylation patterns after
development (Moore et al., 2013). Opposite to the DNMTs are the Ten-Eleven-Translocation (TET)
oxygenases, which convert 5mCs into 5-hydroxymethylcytosine (5hmC), the first step towards
demethylation, hence also called demethyltransferases (Figure 5) (Dahl et al., 2011; Moore et al., 2013). It
was shown that the level of 5hmC is tissue-specific and tend to be more associated with transcriptional
activation than the 5mC, although this theory is controversial (Moore et al., 2013; Munzel et al., 2011).
The family of TETs consists of three members, TET1, TET2 and TET3 (Tahiliani et al., 2009). TET1 acts on
fully- and hemimethylated DNA and deletion of TET1 in embryonic stem (ES) cells results in the lack of selfrenewal capacity (Dahl et al., 2011). Contrary, TET2 and TET3 deletion in ES cells had no effect, fitting the
observation that the TETs are expressed differentially in diverse mouse tissues, however TET2 is the most
abundant one (Dahl et al., 2011; Ito et al., 2010; Langemeijer et al., 2009).
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Figure 5
Cytosine methylation and demethylation in mammalian DNA. 5-methylcytosine (5mC) is formed by
addition of a methyl group (CH3) to cytosine through the action of DNA methyltransferases (DNMT) via Sadenosyl methionine (SAM) as methyl donor. 5-hydroxymethylcytosine (5hmC) is formed through the
action of Ten-Eleven-Translocation (TET) oxygenase proteins with oxygen (O2) to transfer a hydroxyl (OH)
group to 5mC (Dahl et al., 2011).

1.3.2 DNA methylation and its role in skeletal muscle
Several studies implicated methylation profiles in myogenic differentiation and found a demethylation
pattern occurring during development from myoblasts to myotubes with high methylation changes going
on early and only few in the later stage. Thus, DNA methylation is important for lineage- and tissue-specific
finding and differentiation (Carrió and Suelves, 2015; Hupkes et al., 2011) as e.g. Myogenic Factor 3 (MyoD)
promoter demethylation was shown to be key for myogenic lineage decision (Brunk et al., 1996; Taylor
and Jones, 1979). In addition, myogenin, an important gene during myogenesis, becomes demethylated
at the onset of myoblast differentiation (Lucarelli et al., 2001). Next to myogenesis and self-renewal
capacity in SKM, DNA methylation was also brought in contact with fiber-type specificity, exercise
adaptations and SKM plasticity (Barres et al., 2012; Begue et al., 2017; Nitert et al., 2012). SKM-specific
epigenetic modifications, here DNA methylation, was shown to play an important role in gene profile
changes leading not only to SKM but as well to whole body adaptations (Cedar and Bergman, 2009; Nitert
et al., 2012).

1.3.3 PGC-1α coactivator and DNA methylation following exercise
A limited number of studies discussed the role of DNA methylation changes upon environmental stimuli
e.g. exercise in SKM (McGee and Walder, 2017). Since PGC-1α is a key regulator in the adaptive response
to exercise in SKM, the question rises whether the complex transcriptional network regulated by PGC-1α
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might be further fine-tuned by DNA methylation on several key factors involved in SKM plasticity and of
PGC-1α itself (Bajpeyi et al., 2017; Barres et al., 2009; Barres et al., 2012; Lochmann et al., 2015b). The
proximal promoter of PGC-1α has a methylation site -260nt upstream of the TSS (Bajpeyi et al., 2017;
Barres et al., 2009). It was shown that the -260nt site is required for the action of DNMT3b on the PGC-1α
promoter (Barres et al., 2009). The epigenetic regulation at the -260nt site might occur through alteration
in the nucleosome (N) positioning within the PGC-1α promoter region, with -1N position over the
regulatory -260nt methylation site leading to hypermethylation in association with decreased PGC-1α
transcript level. When -1N is repositioned away from the -260nt site, PGC-1α is hypomethylated and its
gene expression induced (Bajpeyi et al., 2017; Barres et al., 2009; Henagan et al., 2014). An acute bout of
exercise shifts the -1N position farther from the TSS and away from the regulatory methylation -260nt site
leading to promoter hypomethylation and increased PGC-1α mRNA levels (Bajpeyi et al., 2017; Barres et
al., 2009; Barres et al., 2012). Going in line, Barres et al., 2012, showed a global DNA methylation decrease
upon an acute bout of high intensity exercise but not after low intensity exercise in humans SKM (Barres
et al., 2012). Striking, important metabolic gene promoters as PGC-1α were hypomethylated, inversely
correlated with increased mRNA levels of the gene itself (Barres et al., 2012). Contrary, Lochmann et al.,
2015, concluded in their mouse study that PGC-1α promoter methylation status remains unchanged after
acute exercise (Lochmann et al., 2015b). Although both studies performed acute exercise, one study was
in humans and the other one in mice, which could explain the discrepancies. Lochmann et al., 2015,
discussed the effect of DNA methylation as a long-term adaptation process with consequent changes on
gene transcription, therefore they do not see DNA methylation changes after only one acute exercise test
(Lochmann et al., 2015b). Contradictory, Barres et al., 2012, discuss the genomic adaptation by DNA
methylation also after acute environmental stimuli. In addition, the Barres et al. checked methylation
status immediately or 3h after exercise, while Lochmann et al. 1h post exercise (Barres et al., 2012;
Lochmann et al., 2015b). Furthermore, there might be differences in regard to the two promoters,
proximal and distal, existing for PGC-1α, since the DNA methylation level varies across the promoters
(Lochmann et al., 2015b). Low DNA methylation at the distal promoter leads to high basal PGC-1α1 mRNA
levels and high DNA methylation at the proximal promoter goes in line with low PGC-1α2/3 transcripts
(Lochmann et al., 2015b). Under exercise condition, the different isoforms are differentially induced,
mainly transcript PGC-1α2 and PGC-1α3 and only mildly PGC-1α1 (Barres et al., 2012; Lochmann et al.,
2015b). Opposite to exercise, increased PGC-1α promoter methylation is observed subsequent to forced
bed rest, which goes in line with decreased transcripts involved in mitochondrial functions. This
hypermethylation could be reversed by 4-week exercise training, leading to reduced PGC-1α promoter
methylations and increased transcript levels (Alibegovic et al., 2010). Studies with long-term endurance
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exercise revealed as well changes on DNA methylation into both directions, hyper- and hypomethylation
to similar extent (Kanzleiter et al., 2015; Lindholm et al., 2014). In T2D patients, hypermethylated PGC-1α
promoter and a negative correlation with PGC-1α mRNA levels were found (Barres et al., 2009; Egan and
Zierath, 2013; Nitert et al., 2012). Exercise changed the gene expression profile and DNA methylation in
SKM of T2D patients and sedentary healthy individuals towards reduced DNA methylation and increased
gene expression in many pathways associated with metabolic diseases (Nitert et al., 2012).
Different studies revealed conflicting changes in the DNA methylation pattern after exercise. There is
controversy about muscle type, acute versus chronic exercise as well as about hyper- or hypomethylation
leading to gene up- or downregulation after exercise. Taken together, physical exercise modify DNA
methylation and transcript levels and thus, regulate SKM plasticity and whole body adaptations. Further
studies need to be done to elucidate the role of DNA methylation in SKM, analyzing acute versus chronic
exercise and key regulators of SKM plasticity and energy metabolism as PGC-1α.
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2. Aims of the thesis
Transcriptional coregulators are important metabolic sensors and effectors in the control of gene
transcription and thus, skeletal muscle plasticity in the context of physical activity and inactivity as well as
metabolic diseases. Different signaling events in skeletal muscle converge on the PGC-1 family of
transcriptional coactivators, mainly PGC-1α, affecting their expression or activity and stability by PTMs.
The combination of these different events on the coactivator itself together with the epigenetic
manipulation of DNA and the use of diverse TFs allows to regulate an enormous complexity of gene
programs. Therefore, the aim of this work is to understand the fine-tuned complex regulatory network of
PGC-1α and PGC-1β in skeletal muscle cells. The thesis is dissected into following aims:

1.

Characterize the PGC-1α - transcription factor binding partner (TFBP) interaction and define the
transcriptional control on PGC-1α target genes in skeletal muscle cells (chapter 3).
Coactivator - transcription factor (TF) interaction increases the diversity of transcriptional control. In
a previous study from our group (Baresic et al., 2014), we observed that PGC-1α regulates many target
genes by collaboration with the estrogen-related receptor α (ERRα) but interestingly that ERRα might
regulate PGC-1α target genes as well without PGC-1α. Thus, we performed a follow-up study by a
combined ChIPseq approach of PGC-1α and ERRα in context of PGC-1α target genes to elucidate
further the interaction of PGC-1α and ERRα.

2.

Describe the transcriptional network regulated by PGC-1β and identify TFBPs involved in the
regulation of PGC-1β target genes in skeletal muscle cells (chapter 4).
Nearly nothing is known about the transcriptional network of PGC-1β, its TFBP usage as well as the
functional relevance. Even more, similar or distinct role between PGC-1α and PGC-1β was not well
studied yet. Therefore, we performed ChIPseq and RNAseq analysis of PGC-1β in skeletal muscle cells
to define the regulatory network, identify new binding partners and clarify its role compared to PGC1α.

3.

Define the impact of acute and chronic exercise on the transcriptome and the methylome in diverse
PGC-1α in vivo and in vitro model systems in skeletal muscle (chapter 5.1).
Exercise induces many metabolic changes and adaptations, which are acute and local but might
involve as well long-term memory alterations. Accordingly, the interaction of epigenetic modifications
and transcriptional changes such as the underlying mechanism is not clear yet. Therefore, we
analyzed the transcription and methylation response subsequent to an acute exercise time course
and a chronic training combined with various PGC-1α models in skeletal muscle.
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4.

Determine the role of PGC-1α and PGC-1β on the transcriptome and the methylome in skeletal
muscle cells (chapter 5.2).
The PGC-1 family of coactivators are important regulators in whole body energy homeostasis. So far,
the role of the coactivators was mainly studied on the transcriptional level by diverse TF interactions,
which explain the complexity of the network. However, the large transcriptional network has to be
tightly controlled in a fine-tuned manner. Thus, we hypothesize a possible epigenetic control by the
PGC-1 family, which could serves as an additional layer of control. Hence, we used RRBS together with
RNAseq data in PGC-1α/β overexpressing muscle cells to define the role of the coactivators on the
methylome and the transcriptome.

5.

Describe the skeletal muscle transcriptional profile and contractile response following an acute
exercise time course or cold-induced muscle shivering in various PGC-1α genotypes (chapter 6).
Skeletal muscle contraction can be induced by several external stimuli. Nevertheless, muscle
contraction following exercise has a different output then muscle contraction by cold-induced
shivering. Thus, we used RNAseq to understand the molecular mechanism of skeletal muscle
contraction under acute exercise and acute cold exposure combined with the role of PGC-1α in
skeletal muscle.

6.

Generate a multiplex epitope tag knock-in mouse at the proximal and distal PGC-1α promoter by
the CRISPR/Cas genome editing technology (chapter 7).
PGC-1α as a coactivator interacts with numerous TFs that allows to regulate a complex network. In
addition, PGC-1α contains multiple isoforms, which are transcribed from a proximal and a distal
promoter, dependent on the stimulus. Due to technical difficulties, a global and detailed isoform and
promoter usage analysis was not done so far. However, it is of interest to dissect the various isoforms
and their biological function since PGC-1α plays an important metabolic regulatory role and might be
a therapeutic candidate. For this reason, we aimed to designed an epitope tag knock-in mouse with
individual tags for each promoter region at the PGC-1α locus by the non-tissue-specific CRISPR/Cas
genome editing technology.
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3. The Genomic Context and Corecruitment of SP1 Affect ERRα Coactivation by
PGC-1α in Muscle Cells
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Abstract
Skeletal muscle is a large and energy demanding organ with enormous plasticity dependent on stimuli.
The underlying mechanism of this extraordinary cellular plasticity is still poorly understood. A regulatory
nexus of many metabolic adaptions is the peroxisome proliferator-activated receptor γ coactivator-1 (PGC1) family. In this study, we elucidated the regulatory role of PGC-1β in skeletal muscle cells overexpressing
PGC-1β. Chromatin immunoprecipitation (ChIP) followed by sequencing (ChIPseq) combined with
computational approaches was used to understand the transcriptional network regulated by PGC-1β in
skeletal muscle cells. We found a small fraction of transcription factor binding sites (TFBS) directly occupied
by PGC-1β, whereas the largest fraction of PGC-1β target genes seemed to be indirectly controlled by PGC1β. The directly controlled PGC-1β target genes were regulated by a complex including nuclear receptors
(NR) with Estrogen related receptor α (ERRα) as top partner managing mitochondrial biogenesis. Also Etslike transcription factors (TFs) involved in developmental and cell homeostasis pathways as well as Hoxlike TFs that played a role in biosynthetic processes and endocytosis. Our findings revealed skeletal muscle
PGC-1β as an important metabolic regulator but contrary to PGC-1α, most of the actions were done
indirectly.

Abbreviations
AMPK, AMP-dependent protein kinase; ARC, activator-recruited co-factor ; Crunch, Completely
Automated Analysis of ChIP-seq Data; DE, differentially expressed; DM, differentiation medium; ERRα,
estrogen-related receptor α; FC, fold change; FDR, false discovery rate; GM, growth medium; GO, gene
ontology; HS, horse serum; ISMARA, integrated motif activity response analysis; MAPK, mitogen-activated
protein kinase; MyHC, myosin heavy chain; NFκB , nuclear factor kappa B; NR, nuclear receptor; PCA,
principal component analysis; PGC-1, peroxisome proliferator-activated receptor γ coactivator-1; PTM,
posttranslational modification; qRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard
errors of the means, Sirt1, sirtuin 1; TRAP, thyroid hormone receptor-associated protein
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Introduction
The balance between energy intake and energy expenditure needs to be tightly regulated. Skeletal muscle
has one of the highest rates of energy expenditure amongst tissues, as well as insulin-stimulated glucose
uptake and glycogen storage. Thus, skeletal muscle has a significant impact on whole body metabolism
and displays a high degree of plasticity in response to stimuli as e.g. exercise (Egan and Zierath, 2013).
Hence, physical inactivity has been linked to metabolic disorders like type 2 diabetes, obesity,
cardiovascular diseases, cancer and others which could be prevented by physical activity (Booth et al.,
2012; Colberg et al., 2010b; Egan and Zierath, 2013; Haskell et al., 2007). The beneficial effect of exercise
is due to enormous adaptation capability of the muscle tissue. Since muscle is a heterogeneous organ
composed of different muscle fiber types, type 1 slow-twitch oxidative and type 2 fast-twitch glycolytic
fibers, the organ is very plastic and able to adapt to many different conditions (Schiaffino and Reggiani,
2011). Endurance exercise is known to improve mitochondrial capacity, insulin sensitivity and
cardiovascular functions leading to improved endurance performance and metabolic health (Egan and
Zierath, 2013; Haskell et al., 2007). Many different signaling pathways are involved in the very complex
regulation of skeletal muscle plasticity. Exercise leads to the activation of energy sensors in the cell, such
as the AMP-dependent protein kinase (AMPK) and sirtuin 1 (Sirt1) (Canto and Auwerx, 2009; Canto et al.,
2009; Jager et al., 2007). Following exercise, intracellular calcium and hence p38 mitogen-activated kinase
(p38 MAPK) increases, which leads to phosphorylation of its target (Puigserver et al., 2001). All these
exercise-mediated signaling pathways converge on the peroxisome proliferator-activated receptor γ
coactivator-1 (PGC-1) family, which induces its gene expression, modify the posttranslational
modifications (PTMs) and hence, change the activity or repression function, or the stability of the protein
(Canto and Auwerx, 2009; Canto et al., 2009; Handschin, 2010; Jager et al., 2007; Olson et al., 2008;
Puigserver et al., 2001). Most of those controlling actions in skeletal muscle are described for PGC-1α, less
is known about PGC-1β and its regulatory role in skeletal muscle plasticity (Kressler et al., 2002a; Lin et al.,
2002a). PGC-1β has been implicated to play a role in skeletal muscle mitochondrial homeostasis,
angiogenesis and fiber type determination (Arany et al., 2007; Gali Ramamoorthy et al., 2015; Rowe et al.,
2011; Zechner et al., 2010b). Opposite to PGC-1α, PGC-1β is not induced after exercise but contributes to
skeletal muscle as well as whole body adaptations subsequent to metabolic stress. Skeletal muscle-specific
overexpression of PGC-1β lead to increased myosin heavy chain (MyHC) type 2X fibers and improved
exercise performance due to improved oxidative capacity and angiogenesis (Arany, 2008; Arany et al.,
2008; Arany et al., 2007; Lee et al., 2017; Lin et al., 2002a). In addition, PGC-1β is able to protect skeletal
muscle from atrophy by reducing the transcript levels of nuclear factor kappa B (NFκB) and forkhead box
O (FOXO) 3 and hence, reducing proteolysis (Brault et al., 2010; Sandri et al., 2006; Sandri et al., 2004).
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Contrarily, muscle-specific knockout of PGC-1β results in a fiber type shift towards glycolytic fibers and
reduced oxygen capacity affecting exercise performance (Gali Ramamoorthy et al., 2015; Rowe et al.,
2011; Zechner et al., 2010b). Given the fact that PGC-1β is an important regulator of skeletal muscle and
whole body metabolism, we aimed to elucidate how the transcriptional network of PGC-1β is regulated
and which TFs are used in skeletal muscle. Same as PGC-1α, PGC-1β is part of a multiprotein complex
needed to translate the external stimuli into promoter and enhancer activities by modulating histones and
the chromatin structure with the thyroid hormone receptor-associated protein (TRAP), part of the
mediator complex, contain proteins that bind TFs, recruit RNA polymerase II and initiate transcription (Lin
et al., 2005; Liu and Lin, 2011; Wallberg et al., 2003a). Which other factors are involved to recruit PGC-1β
has not been studied yet. The dynamic assembly as well as the multiplicity of coregulators and TFs used,
results in an enormous variety and complexity of different outputs (Spiegelman and Heinrich, 2004). Thus,
the very complex but tightly and specific control by the PGC-1 family of coactivators might explain the
plastic character of skeletal muscle upon exercise. As PGC-1α, PGC-1β might not only play a role in skeletal
muscle adaptations following exercise because it is not induced but in whole body metabolism (Egan and
Zierath, 2013; Gali Ramamoorthy et al., 2015; Lee et al., 2017; Lin et al., 2005). Therefore, it would be of
great interest to understand the molecular mechanism involved and possibly identify new therapeutic
targets in this pathway.
This study aimed to reveal a global picture of the transcriptional network regulated by the coactivator PGC1β in skeletal muscle cells. We combined genome-wide binding data from ChIPseq experiments with
computational predictions of TFBSs and RNAseq gene expression profiles in response to PGC-1β
overexpression in muscle cells to uncover the TFBPs needed to regulate a specific biological function. Our
results show that PGC-1β is an important metabolic regulator but that most of its target genes are
regulated in an indirect manner. To directly regulate PGC-1β target genes, nuclear receptors, mainly ERRα
regulating mitochondrial biogenesis, as well as Ets-like and Hox-like TFs are used to regulate in addition
genes involved in development, biosynthetic processes and endocytosis.

Results
Genome-wide PGC-1β recruitment to the mouse genome in skeletal muscle cells
Not much is known about PGC-1β dependent gene transcription. We performed chromatin
immunoprecipitation followed by deep sequencing (ChIPseq) of C2C12 myotubes infected with adenoviral
GFP control or flag tagged PGC-1β. ChIPseq allows to identify genomic regions were PGC-1β is recruited to
coactivate TFs, which directly bind to DNA. The genomic sites where PGC-1β is binding to were identified
by the Crunch software (Berger et al., 2016). Brief, the read density of the ChIP was compared across the
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genome by a 500bp sliding window for the immunoprecipitation (IP) compared to a 2000bp sliding window
for the background, whole cell extract. Only regions with a z-score higher than 4.15 and a false discovery
rate (FDR) of 0.1 were considered as significant. Each condition was performed and analyzed in triplicates.
By this cutoff we identified 673 peaks. Using the IGV genome browser we included top peak regions (Figure
1A) as well as binding regions within the promoter of known PGC-1 target genes such as Aco2 and Idh3a
regulating energy metabolism (Suppl. Figure 1A) (Baresic et al., 2014; Huss et al., 2004; Tiraby et al., 2011).
The enrichment of the IP fractions was validated by qRT-PCR in the PGC-1β compared to GFP infected
myotubes. The enrichment of known target genes was only observed in the PGC-1β ChIP and not in the
GFP control data (Figure 1B). Even more, the top peak regions found in the ChIPseq analysis could be
validated by qRT-PCR as enriched fraction in the PGC-1β but not the GFP ChIP (Figure 1C).
Analyzing the distribution of peaks from the closest promoter, we found 62% of all peaks within a region
of 50kb from the promoter site (Figure 1D). Next, we associated 225 genes to the 673 peak, taking the
shortest distance of peak to promoter into account (Figure 1E).
Taken together, this data show a genome-wide recruitment of PGC-1β in skeletal muscle cells, sharing
same regions with PGC-1α.

Small but strong overlap of ChIPseq and RNAseq showing specific functionality in PGC-1β stimulated muscle
cells
Additionally to the ChIPseq, we performed RNAseq from the same experimental setup using C2C12
myotubes infected either with adenoviral GFP control or with PGC-1β to characterize further the
functionality of the identified ChIPseq peaks. As already described, we found 225 genes being associated
with the 673 peaks (Figure 1E). Differential expression (DE) was set by a cutoff of log2 fold change (FC) </>
0.6 and a FDR < 0.01 for the RNAseq. This cutoff narrowed the number to 70 significantly and directly
regulated target genes by PGC-1β (Figure 1E). Those 70 genes were subdivided into 54 upregulated and
16 downregulated targets (Figure 1F). The RNAseq analysis revealed a total of 5729 DE genes, 3265 upand 2464 downregulated (Figure 1G). Considering this number, it seemed that PGC-1β acts mostly indirect
on its target regulation, indicated by only 70 genes with a binding site for PGC-1β in contrast to 5659
indirectly regulated ones. Generally and as already shown for PGC-1α, also PGC-1β acts more as a
coactivator than a corepressor, since most genes are upregulated (Figure 1F + G). This observation goes in
hand with previous reports and work from our group regarding the PGC-1α genome-wide recruitment in
C2C12 myotubes, where higher number of PGC-1α target genes were indirectly regulated and most of the
direct regulated targets were upregulated (Baresic et al., 2014).
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Taken together, this data indicate that PGC-1β mainly upregulates its target genes and this in an indirect
way. Due to our cutoffs for the ChIPseq and the RNAseq data, a large fraction of target genes was
associated to peaks, around 69%, but not set as significant. This large number of targets might come due
to our cutoffs, wrongly assigned peaks or no functionality of those genes in our cell culture system at the
moment of the experiment.

Directly regulated PGC-1β targets are important for energy metabolism
We assessed the biological functions of the 70 direct PGC-1β targets (Figure 2F). Gene ontology (GO) and
Kegg pathway analysis revealed strong association with the energy metabolism as well with cytoskeletal
organization for PGC-1β target genes (Figure 2A). The majority of GO terms associated with energy
homeostasis were supported by the Kegg analysis, where diseases associated with a proper mitochondrial
homeostasis appeared (Figure 2B). The GO and Kegg terms dealing with energy homeostasis were mainly
regulated by upregulated PGC-1β target genes whereas the 16 downregulated ones were widely
distributed and no Kegg terms could be identified (Figure 2E).
In summary, these results indicate that only a small fraction of PGC-1β target genes are regulated directly
but those ones are very tightly and strongly regulated by PGC-1β and its TFs to precisely play a role in
energy metabolism.

TFBS and their activity in PGC-1β muscle cells
We wanted to clarify, which TFs are used by PGC-1β to bind DNA and regulate its target genes. We used
ISMARA (Balwierz et al., 2014) to identify TFBS occurrence under the PGC-1β peaks and predict the activity
of a specific TFBS according to its occupancy in the IP compared to the background. We got a list of 568
TFBS motifs for the PGC-1β ChIP, 40% (235 motifs) had a predicted active function (Figure 3A). Only 5%,
which were 27 motifs, had a z-score > 2 and were set as significant (Figure 3B). As we could already observe
in our previous work for PGC-1α in muscle cells and as it is highly reported in other studies, the most
famous PGC-1 partner is ERRα. The top motif we found for PGC-1β was “Esrra_Esrrb” with a z-score of 7.5
(Figure 3B). In agreement to its well-studied family member PGC-1α, the most motifs associated with PGC1β were nuclear receptors, here 8 motifs out of the top 27 (Figure 3B, blue). Having a closer look on the
motifs, 60% were positively regulated motifs and only 1/3 was repressed comparing PGC-1β to GFP ChIP
(Figure 3C-E). This data indicate that PGC-1β plays a role as coactivator and corepressor but the strongest
interaction partners like the ERRs are more involved in coactivation than corepression.
To further characterize the TFs interacting with PGC-1β, we compared the predicted target genes from
each motif with the genes directly coactivated by PGC-1β. “Maz_Mta3” motif contained most of the direct
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PGC-1β targets (Figure 4A). Maz TF is a high G-containing motif (Figure 4B) and was shown to play an
important role in skeletal muscle gene transcription and is itself increased in transcription and DNAbinding activity during skeletal myocyte differentiation (Himeda et al., 2008). Interestingly, the first half of
the top motifs, the majority of them were nuclear receptors (Figure 3B), accumulated most of the directly
regulated PGC-1β targets, indicating the strength of those motifs in the interaction with PGC-1β to regulate
directly the targets (Figure 4A).
Taken together, the ChIPseq analysis of PGC-1β in skeletal muscle cells supports the assumption that the
PGC family of coregulators are strongly involved in the regulation of cell energy homeostasis.

The Nuclear receptors and “Ets-like” TFs are the main partners of PGC-1β in skeletal muscle cells
We used principal component analysis (PCA) to further describe our motif findings in the PGC-1β ChIP. The
fraction of variance in the principal components showed the first two components with the highest
variance in our data set with 15.5% for PC1 and 13.2% for PC2, respectively (Figure 5A). Comparing PC1
and PC2 we got three sets of motifs (Figure 5B). The most striking one, having positive projections on PC1
and on PC2, and a very good control for the experiment were the “Esrr-like motifs” containing nuclear
receptors, which were also found to be top in the ISMARA analysis and were mostly associated with energy
homeostasis GO terms (Figure 5B, blue). Furthermore, it is known from previous PGC-1α studies that ERRα
as well as other nuclear receptors are known binding partners (Baresic et al., 2014; Huss et al., 2004;
Salatino et al., 2016b; Schreiber et al., 2004). The second interesting set of motifs with positive PC1 but
negative PC2 projections were the “Hox-like motifs” (Figure 5B, green). The third motif cluster we found
in the PCA with negative projections for both components were the “Ets-like motifs” (Figure 5B, red).
Remarkably, Ems (also known as Etv5), was shown to be involved in the subsynaptic gene expression at
the neuromuscular junction (NMJ) (Hippenmeyer et al., 2007) and was one of the factors in our PCA “Etslike-motifs” cluster.
Surrounding the “Hox-like motifs” were the motifs for “Maf” and “Rest”, which had a complete different
weight matrix than the Hox-TFs (Figure 5C-E), therefore we did not add them into the “Hox-like motif”
cluster. Additionally, we put the PC3 with a variance of 9.9% into account. Comparing PC1 and PC3 (Figure
5F) as well as PC2 with PC3 (Figure 5G). we observed now a clear separation of the “Maf” and “Rest” motif
(Figure 5F + G, orange) from the “Hox-like-motifs” (Figure 5F + G, green), going in line with the different
motif logos they have (Figure 5C-E). It seemed that PC3 focused on those two motifs, Maf and Rest, which
have the sequence “TGCTGA” in common (Figure 5D + E).
To characterize further those TF binding partners of PGC-1β in skeletal muscle cells we assigned the TF
identified by ISMARA to the peaks and the nearest TF motif as well to the associated genes. We found that
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PGC-1β coactivates mostly the nuclear receptors or the “Ets-like” TFs to regulated its target genes (Figure
5H). Performing GO and Kegg analysis with the TFs associated genes we further strengthen the relationship
of the PGC-1 coactivators with the nuclear receptors in the regulation of energy metabolism (Suppl. Figure
5A–G).
This data indicate that next to the known nuclear receptors with the ERRs also the Ets TFs are functional
partners of PGC-1β in skeletal muscle cells.
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Figure 1. Genome-wide PGC-1β recruitment with small peak fraction but strong transcript impact
A) Top PGC-1β ChIPseq binding peaks obtained from the IGV Genome Browser.
B) ChIP enrichment validation measured by qRT-PCR at the promoter of a set of PGC-1β target genes. Bars
represent mean fold enrichment of PGC-1β compared to GFP ChIPs, both performed in triplicates, and
normalized to TBP intron. Error bars represent SEM: *p < 0.05; ** p < 0.01; *** p < 0.001.
C) Chip peak validation by qRT-PCR. Bars represent mean fold enrichment of PGC-1β compared to GFP
ChIPs, both performed in triplicates. Error bars represent SEM: *p < 0.05; ** p < 0.01; *** p < 0.001.
D) Bar graph representing the total peak number in the PGC-1β ChIP with a z-score > 4.15 and a FDR of 0.1
and the distance to the associated promoter in kilo base pairs (kb).
E) Bar graph shown the identified number of peaks, nearest associated genes (ass. genes) and the number
of genes with a cutoff of FDR < 0.01, log2 FC 0.6 in the RNAseq (ass. genes cutoff).
F) Bar graph of the significant associated genes subdivided in up- and downregulated according to RNAseq.
G) Bar graph of the differentially expressed (DE) genes in the RNAseq data.
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Figure 2. PGC-1β directly regulate energy metabolism
A) Top 10 Geneonthology (GO) terms of all directly regulated genes. X-axis represents -log10 of the
adjusted p-value.
B) All Kegg pathway terms of all directly regulated genes. X-axis represents -log10 of the adjusted p-value.
C) Top 10 GO terms of the directly upregulated genes. X-axis represents -log10 of the adjusted p-value.
D) All Kegg pathway terms of the directly upregulated genes. X-axis represents -log10 of the adjusted pvalue.
E) Top 10 GO terms of the directly downregulated genes. X-axis represents -log10 of the adjusted p-value.
F) Heatmap of the directly regulated PGC-1β genes with their log2 FC. Scale goes from downregulated
(blue) to upregulated (red).
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Figure 3. Transcription factor binding site activity in muscle cells
A) Total number of motifs received from ISMARA analysis classified into positive and negative activity
profile.
B) Table with predicted 27 motifs having a z-score > 2. Blue: nuclear receptors motifs, green “Hox-like”
motifs.
C) Histogram of the top 27 motifs split into positive and negative activity profiles.
D) Positive activity plot of the motifs Esrrb_Esrra (left) and Esr2 (right) as predicted by ISMARA comparing
GFP to PGC-1β ChIP.
E) Negative activity plot of the motifs Hoxb7 (left) and Tfdp1_Wt1_Egr2_Chd1_Pml (right) as predicted by
ISMARA comparing GFP to PGC-1β ChIP.
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Figure 4. Motif and gene expression comparison regulated by PGC-1β
A) Bar graph showing the predicted target genes from each motif identified by ISMARA and associated
with the direct genes identified in the ChIPseq.
B) Sequence logo of Maz motif.
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Figure 5. Transcription factor binding partner of PGC-1 b in muscle cells
A) Fraction of explained variance of the top 10 principal component analysis (PCA) components.
B) PCA of the 673 PGC-1β peaks. Motif scores across principal component (PC) 1 and PC2 are shown. Circles
point the motif clusters identified. Blue: nuclear receptors, red: “Ets-like” motifs, green: “Hox-like” motifs.
C) Sequence logo of Hoxa1 motif.
D) Sequence logo of Maf motif.
E) Sequence logo of Rest motif.
F) PCA of the 673 PGC-1β peaks. Motif scores across PC1 and PC3 are shown. Circles point the motif clusters
identified. Red: “Ets-like” motifs, green: “Hox-like” motifs, orange: Maf and Rest motifs.
G) PCA of the 673 PGC-1β peaks. Motif scores across PC2 and PC3 are shown. Circles point the motif
clusters identified. Blue: nuclear receptors, green: “Hox-like” motifs, orange: Maf and Rest motifs.
H) Bar graph of the number of peaks and genes associated with the TF motifs identified by PCA.
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Supplemental Figure 1. PGC-1β binding regions and biological functions in muscle cells
A) PGC-1β ChIPseq binding peaks around the TSSs of the genes Aco2 and Idh3a obtained from the IGV
Genome Browser.
B) GO terms of DE genes of PGC-1β overexpression in C2C12 myotubes. X-axis represents -log10 of the
adjusted p-value.
C) Kegg pathway terms of DE genes of PGC-1β overexpression in C2C12 myotubes. X-axis represents -log10
of the adjusted p-value.
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Supplemental Figure 5. Nuclear receptors and Ets-like transcription factors are functional binding partners
of PGC-1β
A) Top 10 GO terms of genes associated with the nuclear receptor motifs. X-axis represents -log10 of the
adjusted p-value.
B) All Kegg pathway terms of genes associated with the nuclear receptor motifs. X-axis represents -log10
of the adjusted p-value.
C) Top 10 GO terms of genes associated with the Ets-like motifs. X-axis represents -log10 of the adjusted
p-value. D: All Kegg pathway terms of genes associated with the Ets-like motifs. X-axis represents -log10
of the adjusted p-value.
E) Top 10 GO terms of genes associated with the Hox-like motifs. X-axis represents -log10 of the adjusted
p-value.
F) All Kegg pathway terms of genes associated with the Hox-like motifs. X-axis represents -log10 of the
adjusted p-value.
G) Top 10 GO terms of genes associated with the Maf and Rest motifs. X-axis represents -log10 of the
adjusted p-value.
H) All Kegg pathway terms of genes associated with the Maf and Rest motifs. X-axis represents -log10 of
the adjusted p-value.
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Discussion
Skeletal muscle is an organ with high plasticity, especially after physical activity. This adaptations and
modifications are very complex biological programs that involves many factors and numerous cellular
changes. Since the PGC-1 family of coactivators have a strong link to many skeletal muscle changes but as
well whole body adaptions, we dissected the role of the so far not well-studied PGC-1β coactivatorcontrolled transcriptional network in skeletal muscle cells.
Our study revealed a genome-wide recruitment of PGC-1β to the mouse genome (673 peaks), although to
our surprise to a lesser extent then we observed in our previous study performed for PGC-1α in skeletal
muscle cells (Baresic et al., 2014). Since the ChIP experiment showed only a snapshot of recruitment, it
might be that the moment of cell harvesting lead to the smaller recruitment of PGC-1β to the DNA than
expected. It was obvious from our gene expression profile that PGC-1β played an important metabolic role
since we observed 5729 differentially expressed genes under PGC-1β overexpression in muscle cells. In
addition, it might be that some PGC-1β targets were transcriptionally silent due to additional binding
factors needed for activation but those were not present at the moment of harvest. Setting our cutoffs for
the ChIPseq data in combination with the RNAseq data left only few genes. Those direct PGC-1β genes
were mostly upregulated and involved in the regulation of the energy metabolism, confirming literature
(Gali Ramamoorthy et al., 2015; Scarpulla, 2011; Shao et al., 2010). Using ISMARA to predict TFBSs
occupancy, we identified the nuclear receptors with ERRα as main motif in out PGC-1β setup, similar as
already observed for PGC-1α (Baresic et al., 2014). Most of the TFBSs identified by ISMARA were positively
regulated by PGC-1β, indicating once again, PGC-1β to be more a coactivator than e corepressor.
Combining the ISMARA results with PCA analysis revealed a clear pattern of preferred TF partners of PGC1β in muscle cells. We confirmed the nuclear receptors, which were the main cluster of factors in the PC1,
regulating the pathways of energy metabolism. Interestingly, PC2 showed a new, so far unexplored branch
of TFs in combination with the PGC-1s, which were the Ets-like TFs. Several studies implicated the
involvement of the Ets-TFs in the NMJ regulation and formation (Hippenmeyer et al., 2007; Sapru, 2001)
and we found the PGC-1β-Ets TF-axis played a role in skeletal muscle development and cell homeostasis.
PC3 revealed Hox-like TFs as possible binding partners of PGC-1β in muscle cells and thus, regulation of
biosynthetic processes and endocytosis. From literature it is known that Hox TFs are important for skeletal
muscle differentiation and DNA methylation (Tsumagari et al., 2013a) and that Hox TFs increase their
binding affinity when associated with a cofactor, which could be PGC-1β in skeletal muscle (Svingen and
Tonissen, 2006).
One of the main functions of PGC-1β is to boost mitochondrial biogenesis, which we could confirm in our
findings. Interestingly, although mitochondrial homeostasis seemed to be one of the key regulatory
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functions of PGC-1β, we found most of the genes involved in mitochondrial gene regulation indirectly
controlled by PGC-1β. This was already obserbed in our previous study about PGC-1α in skeletal muscle
cells (Baresic et al., 2014) and could again reflect the moment of experiment, which was chosen leading to
the observed result.
Taken together, it is of great importance to dissect in a clean and unbiased manner the very complex
regulatory transcriptional network of PGC-1α and PGC-1β in skeletal muscle cells. The molecular
mechanism controlling and influencing not only skeletal muscle plasticity but as well whole bod
homeostasis could help to find new therapeutic targets for metabolic diseases.

Materials and Methods
Cell culture
C2C12 myoblasts were grown in proliferation medium (GM) (DMEM, 10% FetalClone Serum [FCS,
SH30066.03, GE Healthcare Life Sciences], 1% Penicillin/Streptomycin [15140122, Thermo Scientific]) until
confluency and then medium was switched to differentiation medium (DM) (DMEM, 2% horse serum [HS,
16050122, Thermo Scientific]) for 4 days. Myotubes were infected with adenoviral (AD) GFP control and
PGC-1β-Flag for 24h, and then the infection medium was changed to differentiation medium for 24h
before cells were collected according to the experiment that was performed.

ChIPseq data analysis
The genomic sites where PGC-1β is binding to via a TF were identified by the Crunch software (Berger et
al., 2016). Brief, the read density of the ChIP was compared across the genome by a 500bp sliding window
for the immunoprecipitation (IP) compared to a 2000bp sliding window for the background (input). Only
regions with a z-score higher than 4.15 and a FDR of 0.1 were considered as significant. Each condition was
performed and analyzed in triplicates.
ISMARA was used to predict enriched TFBS (Balwierz et al., 2014). Motifs with a z-score > 2 were
considered as significant.

Gene ontology analysis
Gene ontology (GO) analysis was executed by the use of GeneCodis (Carmona-Saez et al., 2007; NogalesCadenas et al., 2009; Tabas-Madrid et al., 2012). Enriched GO terms were furthermore sorted by (-log10)
adjusted p-value.
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qRT-PCR validation of ChIP enrichment and peak validation
Assumed target genes of PGC-1β as well as top peaks found in the PGC-1β ChIP were chosen for ChIP
enrichment and peak validation, respectively. Primer sequences used are depicted in table 1. Relative
mRNA levels were measured by quantitative real-time PCR (qRT-PCR) on a StepOnePlus system (Applied
Biosystems) using Power SYBR green PCR master mix (4367659, Thermo Scintific).

RNA isolation and real-time qPCR
Total RNA was isolated from C2C12 myotubes with 1 mL TRI reagent (T9424, Sigma) according to the
manufacturer’s instructions. RNA concentration was measured with a NanoDrop OneC spectrophotometer
(Thermo Scientific), treated with DNase I (18068015, Thermo Scientific) and then reverse transcribed using
hexanucleotide mix (11277081001, Sigma) and SuperScript II reverse transcriptase (18064022, Thermo
Scientific).
The level of relative mRNA was quantified by qRT-PCR on a Light Cycler 480 II system (Roche) using Fast
Start Essential DNA Green Master mix (06924204001, Roche).

mRNA sequencing and analysis
Total RNA was isolated from C2C12 myotubes with TRI reagent (T9424, Sigma) according to the
manufacturer’s instructions. RNA concentration was measured with a NanoDrop OneC spectrophotometer
(Thermo Scientific). RNA was further purified with the direct-zol RNA MiniPrep Kit (R2050, Zymo Research)
according to the manufacturer’s instructions. For RNAseq library preparation 1 µg of purified RNA was
used and libraries prepared with the TruSeq RNA library Prep Kit (Illumina) according to the manufacturer’s
instructions. Single read sequencing was performed with a HighSeq 2500 machine (50 cycles, Illumina).
Fastq files were mapped to the mouse genome (mm10) and statistical analysis performed with the CLC
Genomics Workbench Software (Qiagen).
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Abstract
Skeletal muscle (SKM) contraction is a tightly controlled molecular mechanism important to adapt to
increased energy expenditure, which involves changes in SKM and whole body metabolism. Exercise lead
to plastic adaptations in SKM and is a well-established treatment against many metabolic diseases and
myopathies. The peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) is a main driver of
energy homeostasis and SKM plasticity. Nevertheless, the molecular mechanism underlying SKM plasticity
is not fully understood yet. We used a combined approach of RNAseq and reduced representation bisulfite
sequencing (RRBS) in acute and chronic exercised mice together with various PGC-1α genotypes. Our data
show that acute and chronic exercise regulate distinct transcriptome and methylome profiles. Even more,
PGC-1α is involved in the exercise-induced response on methylation and transcription level, which is
diminished in skeletal muscle-specific PGC-1α knockout animals. Our findings reveal novel insides in the
control of SKM metabolism and open new doors for therapeutic strategies to cure myopathies and fight
against pathophysiological conditions.

Abbreviations
5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; BAT, brown adipose tissue; CH3, methyl group;
CpG, cytosine-phosphate-guanine; DE, differentially expressed; DM, differentiation medium; DMR,
differentially methylated region; DNMT, DNA methyltransferase; ES, embryonic stem cells; FC, fold
change; FDR, false discovery rate; GC, guanine-cytosine; gDNA, genomic DNA; GM, growth medium; GO,
gene ontology; HS, horse serum; MKO, skeletal muscle-specific PGC-1α knockout mice; PGC-1, peroxisome
proliferator-activated receptor γ coactivator-1; Quad, Quadriceps muscle; qRT-PCR, quantitative real-time
polymerase chain reaction; RNAseq, RNA sequencing; RRBS, reduced representation bisulfite sequencing;
SEM, standard errors of the means; SKM, skeletal muscle; Tg, skeletal muscle-specific PGC-1α
overexpressing mice; TET, Ten-Eleven-Translocation oxygenases; TF, transcription factor; TSS,
transcription start sites; WT, wild type mice
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Introduction
Exercise induces muscle contractions, which include many tightly controlled molecular mechanisms that
are needed to adapt to increased energy expenditure and involve changes in SKM and whole body
metabolism (Egan and Zierath, 2013). Improved cardio vascular functions and antagonize type 2 diabetes
or obesity by physical activity is an accepted therapeutic strategy (Colberg et al., 2010a; Haskell et al.,
2007). Even more, exercise was reviewed to have beneficial effects and improve quality of life in
myopathies as well as in sarcopenia (Egan and Zierath, 2013; Gill et al., 2018; Law et al., 2016b; Phillips
and Mastaglia, 2000). Therefore, it is of importance to understand the molecular mechanism underlying
not only SKM plasticity but as well whole body adaptations. Especially, the observation of faster response
of retraining subsequent to disuse due to injury or off-season in sport opened the discussion of possible
memory effect in trained SKM (Bruusgaard et al., 2010; Gundersen, 2016; Lindholm et al., 2016; MutinCarnino et al., 2014; Seaborne et al., 2018; Sharples et al., 2016). The term of muscle memory is defined
as that the SKM is able to respond more favorably to stimuli that have already been faced in the past.
Previous studies showed morphological and functional different response of SKM detraining and retraining
in untrained versus trained muscle (Sharples et al., 2016; Taaffe et al., 2009). The morphological changes
could be associated with retained myonuclei after regular exercise, mainly upon resistance exercise
(Bruusgaard et al., 2010; Gundersen, 2016). Additionally, the SKM reaction could as well be related to
epigenetic adaptations following acute and chronic endurance as well as resistance exercise, specifically
DNA methylation (Barres et al., 2012; Ntanasis-Stathopoulos et al., 2013; Seaborne et al., 2018; Sharples
et al., 2016; Voisin et al., 2015). However, the connection of DNA methylation, transcriptional changes and
muscle memory could not be defined yet. Since exercise is used as treatment strategy, it is of interest to
understand the mechanism of SKM plasticity and the role of muscle memory to improve and personalize
physical activity as treatment strategy for various patients with diverse severities of diseases and thus, use
the discovered pathways also for patients which are not anymore able to perform exercise. A key player
in the control of muscle plasticity and whole body adaptations following physical activity is the peroxisome
proliferator-activated receptor γ coactivator-1α (PGC-1α) (Akimoto et al., 2005; Handschin et al., 2007a;
Jager et al., 2007; Wu et al., 2002). PGC-1α is a master regulator of mitochondrial biogenesis and induced
upon physical activity, additionally its target genes (Lin et al., 2005), the protein stability (Canto et al.,
2009; Jager et al., 2007; Puigserver et al., 2001) and the methylation status of its promoter is modified
(Barres et al., 2012). As PGC-1α is a coactivator, it interacts with many different transcription factors (TFs)
to regulate a complex transcriptional network. Nevertheless, a global picture of regulatory power by PGC1α following exercise stimuli was mostly done on transcriptional level and less on epigenetic site, which
might be involved in acute (Barres et al., 2012; Lochmann et al., 2015a; Nitert et al., 2012) and long-term
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adaptations, namely muscle memory (Seaborne et al., 2018; Sharples et al., 2016). Several studies
implicated that DNA methylation is able to manipulate PGC-1α levels and consequently its target genes
(Bajpeyi et al., 2017; Barres et al., 2009; Lochmann et al., 2015b; Salatino et al., 2016a). The methyl group
(CH3) that is added on the cytosine of the DNA can block the binding of TFs or change the chromatin
structure and subsequently change gene expression (Jones and Takai, 2001; Schubeler, 2015; Siegfried and
Simon, 2010). However, the link of methylation adaptations and transcriptional changes following various
exercise stimuli and the consequences on SKM and the body metabolism are not analyzed yet. In addition,
the role of PGC-1α on the methylome after exercise is unknown. Therefore, we performed a combined
analysis of RNA sequencing (RNAseq) and reduced representation bisulfite sequencing (RRBS) data
subsequent to an acute exercise time course and chronic exercise in wild type (WT) and skeletal musclespecific PGC-1α knockout (MKO) mice. In addition, we used in vivo and in vitro gain-of-function models to
investigate further the role of PGC-1α on DNA methylation. Our findings show that acute and chronic
exercise have distinct transcriptome and methylome profiles. We discovered large methylation adaptions
but mild transcription alterations by chronic exercise, indicating potential memory effect after chronic
training. Even more, we observed that MKO mice have a blunted transcription and methylation exercise
response. Finally, our findings show changed transcriptome and methylome in PGC-1α gain-of-function
models in vivo and in vitro, strengthen the role of PGC-1α in epigenetic manipulations.
Our data help to understand the acute and chronic exercise-induced SKM adaptation and display the role
of PGC-1α in the regulation of SKM metabolism. The new knowledge will help to optimize the use of
physical activity as a therapeutic treatment not only against metabolic diseases but as well to help patients
with myopathies or sarcopenia.

Results
Acute exercise modulates DNA methylation and transcription in skeletal muscle
Exercise is involved in many adaptations not only in SKM but also in whole body homeostasis. This complex
molecular mechanism might involve a combined regulation by DNA methylation and gene transcription
(Barres et al., 2012; Lochmann et al., 2015a; Nitert et al., 2012). To elucidate the role of exercise on DNA
methylation and the effect of methylation changes on transcript profile, we performed a time course of
acute exercise until exhaustion and killed the WT mice immediately, 0h, or 4h, 6h and 8h after the
exhaustion test (Suppl. Figure 1A-C). Quadriceps (Quad) muscle was taken and RNAseq analysis of the
whole acute exercise time course preformed. Additionally, we implemented RRBS of the 0h and 4h time
points of the exercise time course to measure the acutely induced DNA methylation alterations and their
effect on gene expression over a time course. For RNAseq a cutoff of false discovery rate (FDR) < 0.05 was
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used and revealed large portion of differentially expressed (DE) genes after acute exercise in all time points
in WT animals, mainly upregulated ones (Figure 1A). The highest fraction of DE genes was observed 6h
post exercise (Figure 1A), which we do not know the reason for but goes in line with better performance
in those mice (data not shown). Next, RRBS was analyzed in the acute exercise WT 0h and WT 4h cohort
with a cutoff of q-value < 0.01 and differentially methylated region (DMR) of ± 10%. Interestingly, most of
the DMRs were hypomethylated upon acute exercise (Figure 1B), comparable to previous studies analyzing
DNA methylation status after acute exercise (Barres et al., 2012; Kanzleiter et al., 2015). This data already
suggested that exercise induces not only transcriptional changes but as well DNA methylation adaptations.
Therefore, we combined the RRBS with the RNAseq data for all time points to analyze further the
functional output of DNA methylation on mRNA level. The DMRs were associated to the closest gene
allowing gene comparison of the data sets. Venn diagram of WT animals with DMRs at 0h and DE genes to
any time point (101 genes) or DMRs at 4h and DE genes at any time point (130 genes) revealed around 1/3
overlap between the genes significantly changed in DNA methylation and transcript level (Figure 1C).
Interestingly, the overlap was dissected in 16 hypermethylated genes at 0h, whereas at 4h three of them
were hypomethylated, and 22 hypomethylated genes at 0h, while six were hypermethylated at 4h.
However, gene expression direction was not affected. Gene ontology (GO) analysis of each individual
fraction of the Venn diagram exposed very mild GO terms for the WT 0h only group with the term for
transcriptional regulation marginal significant (Figure 1D). Remarkably, the GO analysis of the overlap
(Figure 1E) and of the WT 4h only (Figure 1F) group showed transcriptional regulation as top terms.
However, the same GO terms contained different genes, many of them TFs (Figure 1G), which were
identified by the Animal TFDB2.0 software (Zhang et al., 2012; Zhang et al., 2015). To catch a global
overview of DNA methylation and gene transcription we combined the DMRs of the WT 0h with the WT
4h and all DE genes to all time points and analyzed for transcriptional and methylation changes in a time
course dependent manner, represented in a heatmap (Figure 2A). The largest pattern in the heatmap
belonged to hypomethylation at 0h and 4h, which correlated with gene induction. Even more, some genes
were only changed in methylation at 0h and not at 4h but the gene expression was changed either at a
specific or at any time point. Similar was observed for the 4h time point. Finally, a small fraction of regions
was found to be affected at both methylation stages after exercise but the pattern of DNA methylation
could be different resulting in a very mild FC of those genes compared to the genes, which had methylation
changes into the same direction at any time point (Figure 1G). The correlation of hypomethylation at a
specific time point with gene induction could be validated by Pearson correlation with good correlation
coefficients for WT 0h (R = -0.6317) and WT 4h (R = -0.7252) (Figure 2B + C). Furthermore, the heatmap
was dissected into different parts of up- and downregulated genes and GO analysis conducted. Most of
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the upregulated genes, which were mainly hypomethylated at the WT 0h time point, were highly
significant and involved in the transcriptional regulation (Suppl. Figure 2A). Contrarily, the downregulated
genes, mostly hypermethylated, do not contain a significant GO Term (Suppl. Figure 2B). Similar was
observed for WT 4h GO analysis (Suppl. Figure 2C + D). This data show that the combination of DNA
methylation and transcript changes upon acute exercise in SKM come along with each other in a timedependent manner.

PGC-1α controls DNA methylation and transcription following acute exercise
To characterize further the molecular mechanism of exercise on transcript and epigenetic level, we
brought the master regulator of mitochondrial biogenesis and important player in SKM plasticity into the
game, namely PGC-1α (Akimoto et al., 2005; Barres et al., 2012; Handschin et al., 2007a; Lin et al., 2005;
Lin et al., 2002b; Puigserver et al., 1998). PGC-1α is a major contributor to SKM plasticity and controls a
very complex transcriptional network (Kupr and Handschin, 2015). It was shown that PGC-1α interacts
with different TFs and regulate its target genes dependent on the genomic GC content (Salatino et al.,
2016a), hence DNA methylation might be an additional level of control. Therefore, we used WT control as
well as MKO mice and performed RNAseq (Figure 3A) and RRBS (Figure 3B) from acute exercised time
course Quad muscle as already described before. Interestingly, both analysis in the MKO mice showed
lower number of DE genes and DMRs, respectively, when compared to the WT animals (Figure 1A + B,
Figure 3A + B). Even more striking and contrarily to the WT animals, the MKO mice displayed DMRs towards
hypermethylation upon acute exercise (Figure 3B). We combined WT acute exercise data found to be
significant to any RRBS and RNAseq time point (193 genes) with the similar approach used in the MKO
mice (77 genes) (Figure 3C). There was only very little overlap of 25 genes (Figure 3C), clearly depicted in
the heatmap over all acute exercise measurements and genotypes (Figure 3D). GO analysis of each fraction
from the Venn diagram in Figure 3C depicted deficits in transcriptional regulation in the MKO mice
compared to the WT mice (Suppl. Figure 3A-C). Although the overlap (core) contained the GO terms for
transcriptional regulation, however additional genes found only in the WT group were missing in the MKO
cohort (Suppl. Figure 3D-F). Even more, the overlap revealed that most of the methylation adaptations in
the MKO mice were done at the 0h time point, which was not observed in the WT animals (Suppl. Figure
3F). However, gene expression direction was not affected, only the FC was diminished in the MKO animals
(Suppl. Figure 3F).
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Distinct DNA methylation patterns subsequent to acute and chronic exercise
DNA methylation is often thought to be a stable and long-range adaptation. Therefore, we assessed a one
month chronically trained group of WT animals (Suppl. Figure 4A + B) and performed RNAseq (Figure 4A)
and RRBS (Figure 4B) from Quad muscle, using the same cutoffs as for the acute exercise group. Contrarily
to the methylome, the effect on transcription by chronic exercise was low, especially when we combined
the two approaches to measure the functional relevance, which resulted in 19 genes (Figure 4C + Suppl.
Figure 4C). Opposed to the acute exercise procedure, no involvement in transcriptional regulation could
be found from GO evaluation (Suppl. Figure 4D), matching the low number of DE genes found (Figure 4A).
Upon chronic exercise, muscle memory could play an important role due to long-term epigenetic
alterations (Seaborne et al., 2018; Sharples et al., 2016). Thus in a next step, we combined the RRBS data
from the chronic exercise group with the RNAseq data of the acute exercise cohort to all time points (Figure
4D). We found good overlap of chronic DMRs and acute DE genes, namely 142 genes, indicating potential
memory effect in the chronic trained unit. Opposite to the above-mentioned GO analysis of chronic
exercise data only, GO evaluation of the overlap revealed a large involvement of transcriptional regulation
(Figure 4E). We further dissected and compared the genes found in the GO terms associated with
transcription to the genes detected in the GO notions transcriptional regulation in the acute exercise RRBS
and RNAseq analysis, which resulted in three groups of transcriptional associated genes (Suppl. Figure 4E
+ F). A heatmap with all acute and chronic DMRs as well as the DE genes showed distinct methylation
patterns in acute and chronic exercised mice and the very low transcriptional response following chronic
exercise (Figure 4F). Interestingly, the pattern of hypomethylation leading mostly to gene induction and
vice versa could be, as already observed during acute exercise, also discovered in the chronic exercise
DMRs compared to acute exercise RNAseq data, nicely depicted by Pearson correlation (Figure 4G).
Furthermore, the overlap of chronic exercise DMRs with acute exercise RNAseq data was split into up and
down regulated genes, correlating mostly with hypo- and hypermethylation, respectively. GO analysis of
those groups revealed evidently the transcriptional regulation as main term in the upregulated, hence
hypomethylated genes (Suppl. Figure 4G + H), which was in strong contrast to the analysis of the complete
chronic exercise data set (Suppl. Figure 4D). The downregulated genes could not be associated with
significant GO terms (Suppl. Figure 4H).

PGC-1α controls the distinct DNA methylation pattern after acute and chronic exercise
As PGC-1α plays a critical role in the methylome and transcriptome control subsequent to acute exercise,
we further elucidated its impact in chronic exercised animals. We used MKO mice, which were trained one
month on running wheels (Suppl. Figure 4A + B). RNAseq (Suppl. Figure 5A) and RRBS (Suppl. Figure 5B)
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from Quad muscle was performed and the same cutoffs used as for the WT animals. As already observed
in the WT mice (Figure 4A), very mild transcriptional changes could be observed upon chronic training in
the MKO animals (Suppl. Figure 5A). Contrarily, strong methylation changes were detected (Suppl. Figure
5B). The combination of RRBS and RNAseq resulted in only one hypermethylated and three
hypomethylated genes (Suppl. Figure 5C). Therefore, the chronic DMRs were compared to the acute DE
genes in the MKO animals, as it was already done in the WT animals. Interestingly, also the MKO mice
showed good overlap of 110 genes (Suppl. Figure 5D), playing mainly a role in transcriptional regulation
(Suppl. Figure 5E). Heatmap was performed with all DMRs and DE genes from the acute time course and
the chronic exercise training that revealed distinct methylation patterns in acute versus chronic exercise
MKO mice (Suppl. Figure 5F). However, Pearson correlation of chronic DMRs and acute RNAseq
information showed again nice correlation of hypomethylation leading to gene induction and vice versa
(Suppl. Figure 5G). We further evaluated the role of PGC-1α in chronic exercise and potential in muscle
memory by the comparison of all genes found in the overlap of chronic DMRs with acute RNAseq in WT
(142 genes, Figure 4D) to MKO (110 genes, Suppl. Figure 5D) mice. A small overlap of 22 genes, which were
independent of PGC-1α, was discovered (Figure 5A). Importantly, the distribution of hyper- and
hypomethylation in the overlap between the genotypes could be altered (Figure 5B), however not
affecting gene expression direction (Figure 5A).

Skeletal muscle methylome and transcriptome is also regulated by PGC-1α in gain-of-function models
Our data showed that PGC-1α plays a major role in the control of DNA methylation and the linked gene
expression adaptations upon exercise. To find a potential mechanism, we used gain-of-function models in
vivo and in vitro. RNAseq and RRBS from the Quad muscles of skeletal muscle-specific PGC-1α
overexpressing mice (Tg) and their corresponding littermate WT controls was performed. Using the same
limits as for the previous analysis, we observed massive DE genes (Figure 6A) and a large impact on the
DNA methylation status in those mice, with higher proportion of hypomethylation (Figure 6B). The
combination of DMRs with DE genes revealed still a bigger proportion of hypomethylated genes tending
towards mRNA upregulation (Figure 6C). The opposite was observed for genes, which were
hypermethylated (Figure 6C). GO analysis discovered strong impact in transcriptional regulation (Figure
6D + E) together with cell differentiation and interestingly, Wnt signaling pathway including the GO term
of catenin import into nucleus (Figure 6D). A link between PGC-1α and the Wnt signaling pathway was
found in osteoblasts and brown adipose tissue (BAT), where PGC-1α is regulated by the Wnt pathway but
has in addition, a positive feedback loop to regulate catenin, a main player in the Wnt signaling pathway
(Canto et al., 2010; Kang et al., 2005). To dissect further the role of PGC-1α in SKM DNA methylation a
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second gain-of-function model, C2C12 myotubes where adenoviral PGC-1α and GFP control was applied,
was used. RNAseq (Figure 6F) and RRBS (Figure 6G) was performed and the data analyzed with the same
thresholds as used for the in vivo analysis. The transcriptional investigation of DE genes resulted in massive
mRNA changes upon PGC-1α overexpression in myotubes, mostly upregulation (Figure 6F). Contrary to the
in vivo gain-of-function model, not much DMRs could be detected in the in vitro system and the
distribution of hyper- to hypomethylation was roughly equal (Figure 6G). The functional output by
combining RNAseq with RRBS data reduced the number of significant genes even more, with higher
fraction of hypermethylation but equal gene expression direction (Figure 6H). GO analysis of all combined
genes tended towards neuronal regulation and low p-values (Figure 6I).
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Figure 1: Acute exercise changes DNA methylation and transcript levels in skeletal muscle
A): Bar graph of DE genes in WT mice upon acute exercise time course measured 0h, 4h, 6h or 8h post
exercise. DE genes are subdivided into up- (red) and downregulated (blue). DE genes: FDR < 0.05.
B): Bar graph of DMRs in WT mice upon acute exercise time course measured 0h or 4h post exercise. DMRs
genes are subdivided into hyper- (red) and hypomethylated (blue). DMR: q-value < 0.01, ±10 methylation
change.
C): Venn diagram of combined DE genes from total time course and DMRs in WT mice 0h post acute
exercise (orange) or 4h post acute exercised (green).
D-F): Gene ontology (GO) of all genes from the Venn diagram fractions for WT 0h only (D), overlap (E) and
WT 4h only (F). Top 10 GO terms are shown. X-axis: (-)log10 adjusted p-value. Dotted line represents
significance: (-)log10 adjusted p-value > 2.
G): Table of genes found in the GO terms associated with transcriptional regulation for WT 0h only, overlap
and WT 4h only. DMR of each time point as well gene expression in log2 FC is indicated at each acute
exercise time point, 0h, 4h, 6h and 8h. Last column shows if the genes are transcription factors (TF),
identified by Animal TFDB2.0 software (Zhang et al., 2012; Zhang et al., 2015).
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Figure 2: Acute exercise lead mostly to hypomethylation and gene induction
A): Heatmap of all genes in acute exercised WT animals found to be significant at either 0h or 4h post
exercise at methylation level or at any time point in the RNAseq data, 0h, 4h, 6h and 8h. Straight line
separates methylation from gene expression. Dotted line indicates clusters. Scale is according to processed
values by the ClustVis software (Metsalu and Vilo, 2015), hypermethylation and gene upregulation are red,
hypomethylation and gene downregulation blue, white corresponds to no data.
B-C): Pearson correlation calculated by processed values from the heatmap for WT 0h (B) DMRs with
RNAseq 6h time point and WT 4h (C) respectively.
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Figure 3: PGC-1α plays a major role in DNA methylation and transcriptional control upon acute exercise
A): Bar graph of DE genes in muscle-specific PGC-1α knockout (MKO) mice upon acute exercise time course
measured 0h, 4h, 6h or 8h post exercise. DE genes are subdivided into up- (red) and downregulated (blue).
DE genes: FDR < 0.05.
B): Bar graph of DMRs in MKO mice upon acute exercise time course measured 0h or 4h post exercise.
DMRs genes are subdivided into hyper- (red) and hypomethylated (blue). DMR: q-value < 0.01, ±10
methylation change.
C): Venn diagram of combined DE genes and DMRs in all acute WT animals to any time point (orange) and
all acute MKO animals to any time point (green).
D): Heatmap of all genes in acute exercised WT and MKO animals to all time points. Straight line separates
methylation from gene expression. Dotted line vertical separates WT and MKO mice, dotted line horizontal
indicates clusters. Scale is according to processed values by the ClustVis software (Metsalu and Vilo, 2015),
hypermethylation and gene upregulation are red, hypomethylation and gene downregulation blue, white
corresponds to no data.
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Figure 4: Different DNA methylation patterns upon acute and chronic exercise
A): Bar graph of DE genes in WT mice upon chronic exercise. DE genes are subdivided into up- (red) and
downregulated (blue). DE genes: FDR < 0.05.
B): Bar graph of DMRs in WT mice upon chronic exercise. DMRs genes are subdivided into hyper- (red) and
hypomethylated (blue). DMR: q-value < 0.01, ±10 methylation change.
C): Bar graph of combined DMRs and DE genes from chronic exercised WT mice, subdivided into hyperand hypomethylated genes.
D): Venn diagram of combined DMRs from the chronic exercised WT group (orange) with the DE genes
from the acute exercise time course (green) WT mice.
E): GO analysis of the core overlap of DMRs from the chronically trained WT mice and the acutely trained
DE genes in WT mice. Top 10 GO terms are shown. X-axis: (-)log10 adjusted p-value. Dotted line represents
significance: (-)log10 adjusted p-value > 2.
F): Heatmap of all genes from the acute and chronic exercised WT animals RRBS and RNAseq data. Straight
line separates methylation from gene expression. Dotted line indicates clusters. Scale is according to
processed values by the ClustVis software (Metsalu and Vilo, 2015), hypermethylation and gene
upregulation are red, hypomethylation and gene downregulation blue, white corresponds to no data.
G): Pearson correlation calculated by processed values from the heatmap for WT chronic exercised DMRs
and WT acute exercised DE genes 6h time point.
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Figure 5: PGC-1α controls the distinct DNA methylation pattern upon acute and chronic exercise
A): Table of genes from the overlap of WT and MKO animals of combined chronic RRBS and acute RNAseq
data. DMR (red: hypermethylation, blue: hypomethylation) and gene expression in log2 FC (red:
upregulation, blue: downregulation) is indicated.
B): Bar graph of the methylation pattern detected in the overlap of WT and MKO animals of combined
chronic RRBS and acute RNAseq data. red: hypermethylation, blue: hypomethylation.
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Figure 6: Skeletal muscle methylome and transcriptome is regulated by PGC-1α in vivo and in vitro
A): Bar graph of DE genes in muscle-specific PGC-1α overexpressing (Tg) mice. DE genes are subdivided
into up- (red) and downregulated (blue). DE genes: FDR < 0.05.
B): Bar graph of DMRs in Tg. DMRs genes are subdivided into hyper-(red) and hypomethylated (blue). DMR:
q-value < 0.01, ±10 methylation change.
C): Bar graph of combined DMRs and DE genes in Tg animals divided into hyper- and hypomethylation as
well as up- (red) and downregulated (blue).
D): GO analysis of DMRs and DE genes combined in Tg animals. Top 10 GO terms are shown.
X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
D): Table of genes associated with the GO term transcriptional regulation in the Tg animals. DMR as well
gene expression in log2 FC is indicated. Last column shows if the genes are transcription factors (TF),
identified by Animal TFDB2.0 software (Zhang et al., 2012; Zhang et al., 2015).
F): Bar graph of DE genes C2C12 myotubes overexpressing PGC-1α. DE genes are subdivided into up- (red)
and downregulated (blue). DE genes: FDR < 0.01, log2 FC </> 0.6.
G): Bar graph of DMRs in C2C12 myotubes overexpressing PGC-1α. DMRs genes are subdivided into hyper(red) and hypomethylated (blue). DMR: q-value < 0.01, ±10 methylation change.
H): Bar graph of combined DMRs and DE genes in C2C12 myotubes overexpressing PGC-1α divided into
hyper- and hypomethylation as well as up- (red) and downregulated (blue).
I): GO analysis of DMRs and DE genes combined in C2C12 myotubes overexpressing PGC-1α. Top 10 GO
terms are shown. X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted
p-value > 2.
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Supplemental Figure 1
A): Distance until exhaustion of acutely treadmill run WT and MKO mice.
B-C): Pre- and post-lactate (B) and –glucose (C) plasma values of acutely treadmill run WT and MKO mice.
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Supplemental Figure 2
A-D): GO analysis of genes from the acute exercised WT animals found in the heatmap Figure 2A. GO
analysis is divided into WT 0h DMR and upregulated genes (A), WT 0h DMR and downregulated genes (B),
WT 4h DMR upregulated genes (C) and WT 4h DMR downregulated genes (D). Top 10 GO terms are shown.
X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
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Supplemental Figure 3
A-C): GO analysis of combined data of DMRs and DE genes from acute exercised WT (A), MKO (B) and the
overlap (C) identified in the Venn diagram Figure 4C. Top 10 GO terms are shown. X-axis: (-)log10 adjusted
p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
D-F): Table of genes of combined data of DMRs and DE genes from acute exercised WT (D), MKO (E) and
the overlap (F) identified in the Venn diagram Figure 4C. DMR (red: hypermethylation, blue:
hypomethylation) and gene expression in log2 FC (red: upregulation, blue: downregulation) is indicated.
Last column shows if the genes are transcription factors (TF), identified by Animal TFDB2.0 software (Zhang
et al., 2012; Zhang et al., 2015).
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Supplemental Figure 4
A): Distance until exhaustion of sedentary (sed) and chronically trained (Ex) WT and MKO mice.
B): Maximal oxygen consumption (VO2max) of sed and chronically trained (Ex) WT and MKO mice.
C): Table of genes of combined RRBS and RNAseq of the chronic excised WT animals. DMR (red:
hypermethylation, blue: hypomethylation) and gene expression in log2 FC (red: upregulation, blue:
downregulation) is indicated.
D): GO analysis of combined data, RRBS and RNAseq, in the chronic exercised WT mice. Top 10 GO terms
are shown. X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value
> 2.
E): Venn diagram of all genes found in the top 10 GO terms associated with transcriptional regulation in
the combined data of DMRs from WT chronic trained mice(orange) with the RNAseq from the acute
exercise time course (green).
F): Table of genes associated with the GO term transcription identified in the Venn diagram from Suppl.
Figure 3E.
G-H): GO analysis of combined data of DMRs from WT chronic trained mice with the RNAseq from the
acute exercise time course divided into up- (G) and downregulated (H) genes identified in the heatmap
Figure 3F. Top 10 GO terms are shown. X-axis: (-)log10 adjusted p-value. Dotted line represents
significance: (-)log10 adjusted p-value > 2.
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Supplemental Figure 5
A): Bar graph of DE genes in MKO mice upon chronic exercise. DE genes are subdivided into up- (red) and
downregulated (blue). DE genes: FDR < 0.05.
B): Bar graph of DMRs in MKO mice upon chronic exercise. DMRs genes are subdivided into hyper- (red)
and hypomethylated (blue). DMR: q-value < 0.01, ±10 methylation change.
C): Bar graph of combined DMRs and DE genes from chronic exercised MKO mice, subdivided into hyperand hypomethylated genes.
D): Venn diagram of combined DMRs from the chronic exercised MKO group (orange) with the DE genes
from the acute exercise time course (green) MKO mice.
E): GO analysis of the core overlap of DMRs from the chronically trained MKO mice and the acutely trained
DE genes in MKO mice. Top 10 GO terms are shown. X-axis: (-)log10 adjusted p-value. Dotted line
represents significance: (-)log10 adjusted p-value > 2.
F): Heatmap of all genes from the acute and chronic exercised MKO animals RRBS and RNAseq data.
Straight line separates methylation from gene expression. Dotted line indicates clusters. Scale is according
to processed values by the ClustVis software (Metsalu and Vilo, 2015), hypermethylation and gene
upregulation are red, hypomethylation and gene downregulation blue, white corresponds to no data.
G): Pearson correlation calculated by processed values from the heatmap for MKO chronic exercised DMRs
and MKO acute exercised DE genes 6h time point.
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Discussion
Several studies reported a link of transcriptional adaptations to environmental stimuli with epigenetic
changes as DNA methylation (Barres et al., 2012; Kanzleiter et al., 2015; Lochmann et al., 2015a; Nitert et
al., 2012). Especially exercise seems to have not only a large impact on the transcriptome but also on the
methylome following acute and chronic endurance as well as resistance exercise (Barres et al., 2012;
Kanzleiter et al., 2015; Ntanasis-Stathopoulos et al., 2013; Seaborne et al., 2018; Sharples et al., 2016;
Voisin et al., 2015). However, the connection of DNA methylation, transcriptional changes, potential
muscle memory and a key mediator of all those alterations could not be defined yet.
Our data show the first time distinct transcriptome and methylome profiles in acute and chronic exercise.
We observed strong DNA methylation alteration after chronic exercise but only mild gene expression
changes. However, the overlap with the acutely measured transcriptome was large. Thus, we hypothesize
that chronic exercise might induce muscle memory marks on the DNA, hence allowing a quicker exerciseinduced transcriptional response. Nevertheless, further studies need to be done to prove the concept of
muscle memory subsequent to chronic training either by training-detraining-retraining studies or by a final
time course exhaustion test after the chronic exercise period to evaluate the transcriptional profile of
acute exercise-induced genes to chronically induced genomic alterations. Furthermore, our results show
strong involvement of PGC-1α on the transcriptome and the methylome by altered transcriptional
response in the MKO mice after exercise. So far, most studies elucidated the impact of DNA methylation
on PGC-1α and its target genes and whether the effects can be altered by exercise stimulus (Barres et al.,
2012; Lochmann et al., 2015a). We could now discover that PGC-1α not only regulate transcription by
multiple TF usage (Handschin and Spiegelman, 2006; Kupr and Handschin, 2015) but in addition, is able to
manipulate DNA methylation of its target genes. This new knowledge helps to dissect further the complex
network controlled by PGC-1α and to identify pathways regulated by this coactivator under different
contexts, which can be used specifically for therapeutic treatments. In a next step, the role of PGC-1α on
the regulation of the methylation enzymes, the DNA methyltransferases (DNMTs) and the Ten-ElevenTranslocation oxygenases (TETs) should be evaluated. Combined approaches of exercise studies with
altered DNMT or TET activities by pharmacological treatment or plasmid electroporation in different PGC1α background mice would reveal the influence of PGC-1α on the enzymes and the impact on the
methylome and the transcriptome under stimulated conditions. Even more, we observed acute and
chronic exercise-induced hyper- and hypomethylation, which was correlated with gene repression and
gene induction, respectively. In majority, we detected hypomethylation and gene activation after exercise,
going in line with current literature (Barres et al., 2012; Kanzleiter et al., 2015). Remarkably, this effect was
shifted towards hypermethylation and gene repression in the MKO mice following acute or chronic
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exercise, showing once more the importance of PGC-1α in a normal exercise response. To further point
the significance of PGC-1α in the regulation of the methylome and the transcriptome, a muscle memory
setup should be performed with the MKO mice to elucidate, whether they are able to generate muscle
memory to the same extend as WT animals. Thus, chronic training followed by detraining and retraining
should be performed and the transcriptome analyzed in WT and MKO mice combined with morphological
and functional readouts. Finally, we could demonstrate in gain-of-function models of PGC-1α in vivo and
in vitro significantly altered DNA methylation and gene expression, implicating the regulatory role of PGC1α on those mechanisms in skeletal muscle.
Our data provide new insides into the close correlation of exercise, transcription and epigenetics. The
importance of the exercise intervention, acute versus chronic, as well as the time dependency of DNA
methylation and transcriptional output is an important feature, which has to be considered also in future
studies. Even more, we could show that chronic endurance exercise might lead to muscle memory by foot
printing the genome by methylation. Finally, we discovered PGC-1α as a major player in the controlled and
regulated muscle adaptation leading to SKM plasticity by transcription and methylation manipulation
following acute and chronic exercise. These new aspects in the control of molecular mechanisms in SKM
by diverse exercise conditions and PGC-1α will help to adjust interventions and treatments used against
metabolic disease or to cure patients with myopathies and sarcopenia.

Materials and Methods
Animals
Experiments were performed with the approval of the Swiss authorities on adult male mice (15-20 weeks
old) for all the experiment and n = 5-6 per condition. Mice had free access to food and water and were
housed in a conventional facility with a 12 h light/12 h dark cycle. The PGC-1α muscle-specific knockout
(MKO) mice used in this study were generated as described in (Handschin et al., 2007a) and floxed
littermates were used as controls (WT). Additionally, the PGC-1α muscle-specific overexpression (Tg) mice,
generated and described in (Lin et al., 2002b) and their littermates as WT controls were used.

Exercise training protocols
For the acute exercise time course study, mice were acclimatized to treadmill running (Columbus
Instruments) as described in Table 1 of the Supplemental Material. Two days after acclimatization, the test
started at 0 m/min for 5 min, 5 m/min for 5 min and 8 m/min for 5 min with a 5° incline and the speed was
increased 2 m/min every 15 min until 26 m/min and exhaustion. Blood lactate and glucose were measured
from tail blood with a lactate plus meter (Nova Biomedical, Labor-Systeme Flükiger AG) or glucose meter
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(Accu-Chek, Roche), respectively, before and after the treadmill test. Immediately (0h), 4h, 6h and 8h after
the test mice were killed by CO2 and tissues collected. Sedentary mice were not exposed to any treadmill
running.
For chronic training, mice were acclimatized to treadmill running and treadmill training was carried out 5
times a week for four weeks as described in Table 2A and B of the Supplemental Material. Endurance
capacity of the mice was determined on an open treadmill as described above. VO2max was measured in
a closed treadmill (Columbus Instruments) and the test started at 0 m/min for 5 min and 10 m/min for 3
min with a 15° incline and the speed was increased 2 m/min every 3 min until exhaustion. Chronically
trained mice were killed by CO2 18h after the last training session and organs were removed.

Cell culture
C2C12 myoblasts were grown in proliferation medium (GM) (DMEM, 10% FetalClone Serum [FCS,
SH30066.03, GE Healthcare Life Sciences], 1% Penicillin/Streptomycin [15140122, Thermo Scientific]) until
confluency and then medium was switched to differentiation medium (DM) (DMEM, 2% horse serum [HS,
16050122, Thermo Scientific]) for 4 days. Myotubes were infected with adenoviral (AD) GFP control or
PGC-1α-Flag for 24h, and then the infection medium was changed to differentiation medium for 24h
before cells were collected according to the experiment, which will be performed.

Genomic DNA isolation
Around 15mg of powdered Quadriceps (Quad) muscle was used for genomic DNA (gDNA) isolation. Tissue
was digested overnight in proteinase K (20mg/ml) (V302, Promega) and DNA lysis buffer (50mM Tris-HCl
pH-8.0, 100mM NaCl, 10mM EDTA, 0.5% Nonidet P-40) at 55°C on a shaker. Next day proteinase K was
inactivated at 95°C for 10min. Phenol-chloroform-isoamyl alcohol (PCI) (P3803, Sigma-Aldrich) was added
in a 1:1 ratio. Sample was vortexed and centrifuged at room temperature (RT), 13000rpm, 4min. Upper
phase was collected and same amount of PCI as in the first step added, vortexed and centrifuged as
described above. Upper phase was collected. 1/10 volume 3M Na-Acetate pH 5.0 and 6/10 volume
Isopropanol was added. Vortex and let sit at RT for 5min. Centrifuge at RT, 15min and maximum speed
(20000rpm). Keep pellet and wash with 70% ethanol and centrifuge again at RT, 5min, maximum speed.
Pellet was dried for 10min at RT and then resuspended nuclease free H2O. DNA quality and concentration
was measured with a NanoDrop OneC spectrophotometer (Thermo Scientific). The isolated gDNA was
further purified according to manufacturer’s protocol (DNeasy Blood & Tissue Kit, 69504, Qiagen). gDNA
quality and concentration was measured by NanoDrop OneC spectrophotometer (Thermo Scientific).
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C2C12 myotubes were collected by trypsin and centrifugation to collect cell pellet. gDNA was isolated by
the QIAamp DNA Mini Kit (#51304, Qiagen) according to the manufacturers protocol. The level and quality
of isolated gDNA was measured with a NanoDrop OneC spectrophotometer (Thermo Scientific).

Reduced Representation Bisulfite Sequencing (RRBS) library and sequencing
RRBS library was performed with the Premium Reduced Representation Bisulfite

Sequencing Kit

(C02030032, Diagenode) according to the manufacturer’s instructions. 100ng of gDNA was used as starting
material. Quality and fragment size was checked by Bioanalyzer (Agilent) measurements. Single read
sequencing was performed with a HiSeq2500 machine (51 cycles, Illumina).

RRBS analysis
The reads were quality- and adapter trimmed with the Trim Galore! wrapper of cutadapt (Martin, 2011).
The

trimmed

reads

were

controlled

with

FastQC

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Conversion rates were calculated with custom
scripts, counting the amount of G's and C's in non-GC context resulting in values above 99% for all libraries.
The reads were mapped to the mm10 version of the mouse genome with BWA (Li and Durbin, 2009) and
methylCtools (Hovestadt et al., 2014) after why a slightly extended Bis-SNP pipeline (Liu et al., 2012). The
reads were locally realigned and the quality values were recalibrated before calling the methylation levels.
The mm10 SNPs and InDels from dbSNP v138 (Smigielski et al., 2000) was used in this process. An initial
quality control and exploratory analysis was done with R package RnBeads (Assenov et al., 2014).
Differential loci was detected with MethylKit (Akalin et al., 2012) testing in 500bp sliding windows with at
least 3 CpGs, only including those with a coverage of at least 10x. Differentially methylated regions (DMR)
were defined as +/- 10% with a q-value > 0.01.

mRNA sequencing and analysis
Total RNA was isolated from Quadriceps muscle with TRI reagent (T9424, Sigma) according to the
manufacturer’s instructions. RNA concentration was measured with a NanoDrop OneC spectrophotometer
(Thermo Scientific). 7500 ng RNA was further purified with the Direct-zol RNA MiniPrep Kit (R2050, Zymo
Research) according to the manufacturer’s instructions. For RNAseq library preparation, 1 µg of purified
RNA was used and libraries prepared with the TruSeq RNA library Prep Kit (Illumina) according to the
manufacturer’s instructions. Single read sequencing was performed with a HighSeq 2500 machine (50
cycles, Illumina). Fastq files were mapped to the mouse genome (mm10) and RNAseq and statistical
analysis performed with the CLC Genomics Workbench Software (Qiagen).
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Venn diagram, gene ontology, heatmap analysis, Pearson correlation
Differentially expressed (DE) genes, DMRs or the combination of both analysis were pictured in a Venn
diagram with the use of the interactiVenn web-based tool (Heberle et al., 2015). Gene ontology (GO)
analysis was executed by the usage of GeneCodis (Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009;
Tabas-Madrid et al., 2012). Enriched GO terms were furthermore sorted by (-)log10 adjusted p-value.
Dotted line represents significance, (-)log10 adjusted p-value > 2. Heatmap was conducted by ClustVis
(Metsalu and Vilo, 2015) using standard parameters and average Pearson correlation for data clustering.
Processed values from the heatmap software were used to evaluate Pearson correlation by GraphPad
Prism 7. For RNAseq data from acute exercise time course the 6h time point was chosen due to highest
level of DE genes.

Statistical analysis
Values are expressed as means ± standard errors of the means (SEM) and statistical significance was
determined with unpaired two tailed t-tests using Excel software. An asterisk (*) indicates significant
differences between genotypes or the conditions.
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Supplemental Material
Table 1. Acclimatization protocol for treadmill running of acute time course study at 5° inclination.
Day 1
Day 2
Day 3
Day 4
Day 5

5 min
0 m/min
5 min
0 m/min
5 min
0 m/min
5 min
0 m/min
5 min
0 m/min

5 min
5 m/min
5 min
5 m/min
5 min
5 m/min
5 min
5 m/min
5 min
5 m/min

5 min
8 m/min
5 min
8 m/min
5 min
8 m/min
5 min
8 m/min
5 min
8 m/min

10 min
10 m/min
15 min
10 m/min
15 min
10 m/min
15 min
10 m/min
15 min
10 m/min

5 min
12 m/min
5 min
12 m/min
10 min
12 m/min
10 min
12 m/min

2 min
14 m/min
2 min
14 m/min
5 min
14 m/min

Table 2A. Acclimatization protocol for treadmill running of chronically trained mice.
0°
inclination
5°
Day 2
inclination
Day 1

5 min
0 m/min
5 min
0 m/min

5 min
5 m/min
5 min
5 m/min

5 min
8 m/min
5 min
8 m/min

5 min
10 m/min
5 min
10 m/min

Table 2B. Training protocol for chronic treadmill exercise.
Week 1
Week 2
Week 3
Week 4
Week 5

Day 1
Day 2
10 m/min 10.5 m/min
12.5 m/min 13 m/min
15 m/min 15.5 m/min
17.5 m/min 18 m/min
Exercise test 18.5 m/min

Day 3
11 m/min
13.5 m/min
16 m/min
18.5 m/min
18.5 m/min

Day 4
11.5 m/min
14 m/min
16.5 m/min
Rest
Sacrifice

Day 5
12 m/min
14.5 m/min
17 m/min
Exercise test
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Abstract
Skeletal muscle (SKM) is a very plastic organ able to adapt to multiple stimuli affecting whole body
homeostasis. The peroxisome proliferator-activated receptor γ coactivator-1 (PGC-1) family of
coactivators are involved in the regulation of a large and complex transcriptional network allowing the
SKM to adapt functionally and morphologically. We could show the first time that PGC-1α and PGC-1β play
an important role not only in the control and regulation of SKM transcriptional profile but as well in the
DNA methylation alterations. Even more, we could demonstrate that both coactivators regulate some
methyl- and demethyltransferases and hence, allow DNA methylation control by PGC-1 α/β. Our data
provide further insides in the molecular mechanism of PGC-1α and PGC-1β controlled SKM plasticity and
connects the transcriptome with the methylome in SKM cells.

Abbreviations
5mC, 5-methylcytosine; CH3, methyl group; CpG, cytosine-phosphate-guanine; DE, differentially
expressed; DM, differentiation medium; DMR, differentially methylated region; DNMT, DNA
methyltransferase; FC, fold change; FDR, false discovery rate; GC, guanine-cytosine; gDNA, genomic DNA;
GM, growth medium; GO, gene ontology; PGC-1, peroxisome proliferator-activated receptor γ coactivator1; Quad, qRT-PCR, quantitative real-time polymerase chain reaction; RNAseq, RNA sequencing; RRBS,
reduced representation bisulfite sequencing; SEM, standard errors of the means; SKM, skeletal muscle;
TET, Ten-Eleven-Transloction oxygenases; TF, transcription factor
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Introduction
In the mammalian genome, DNA methylation is a heritable and reversible enzyme-mediated epigenetic
mechanism involving the transfer of a methyl group (CH3) onto the C5 position of the cytosine leading to
the generation of 5-methylcytosine (5mC) (Schubeler, 2015; Stadler et al., 2011). This methylation changes
are essential for mammalian development and the adaptation to environmental signals (Moore et al.,
2013; Smith and Meissner, 2013). Additionally, it was shown that abnormal DNA methylation leads to
increase risk of cancer and neurological disorders (Robertson, 2005) because DNA methylation is often
associated with regulation of gene expression by blocking the binding of transcription factors (TF) or
impacting the chromatin structure (Jones and Takai, 2001; Schubeler, 2015; Siegfried and Simon, 2010). In
mammals, DNA methylation is delivered to the DNA by a conserved family of DNA methyltransferases
(DNMTs), which consists of three members: DNMT1, DNMT3a and DNMT3b. DNMT1 is a maintenance
methyltransferase and was the first reported DNMT, important during development (Holliday and Pugh,
1975; Riggs, 1975), which acts mainly on hemimethylated DNA. In contrast, DNMT3a and DNMT3b
assemble new methylation pattern on nonmethylated or hemimethylated DNA and are therefore called
de novo DNMTs. All three DNMTs are involved in embryonic development and their level decrease after
differentiation, indication stable methylation models after development. The Ten-Eleven-Translocation
(TET) oxygenases are involved in the DNA demethylation (Dahl et al., 2011; Moore et al., 2013), leading to
hypomethylated DNA, which is often associated with gene activation (Moore et al., 2013; Munzel et al.,
2011). The family of TETs consists of three members, TET1, TET2 and TET3 (Tahiliani et al., 2009), most of
them perform during development (Dahl et al., 2011; Ito et al., 2010; Langemeijer et al., 2009). In SKM,
the most studies discuss the role of DNA methylation in the differentiation of myoblasts into myotubes. It
was shown that DNA methylation plays an important role in the satellite cells during myogenesis, as it was
already reported for general cell differentiation (Carrio and Suelves, 2015; Okano et al., 1999).
Interestingly, several investigations observed different methylation pattern in SKM compared to other
tissues but the exact role of DNA methylation in differentiated SKM cells is still unclear (Carrio and Suelves,
2015). Next to myogenesis and self-renewal capacity in SKM, DNA methylation was brought in contact
with fiber-type specificity, exercise adaptations and SKM plasticity (Barres et al., 2012; Begue et al., 2017;
Heim-Kupr et al., 2018 (not published yet); Nitert et al., 2012). Different studies revealed changes in DNA
methylation design after exercise, although there is controversy about muscle type, acute versus chronic
exercise as well about hyper- or hypomethylation after exercise. A previous study from our group in C2C12
myotubes, which overexpressed PGC-1α, indicated a potential interaction of the PGC-1 coactivators with
DNA methylation (Salatino et al., 2016a). It is known that there is an interplay between site-specific TFs
and gene regulation (Blattler and Farnham, 2013) and our results indicated different recruitment of PGC118
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1α dependent on the genomic guanine-cytosine (GC) and cytosine-phosphate-guanine (CpG) content and
thus, specific target gene regulation. Since PGC-1α is a key regulator in mitochondrial biogenesis and SKM
plasticity and main regulator of a very complex transcriptional network, DNA methylation might be an
additional layer of control. So far, not much is known about the role of PGC-1β in SKM plasticity as well
about its transcriptional network and the epigenetic manipulation (Arany et al., 2007; Brault et al., 2010;
Gali Ramamoorthy et al., 2015; Lee et al., 2017; Lin et al., 2002a; Rowe et al., 2011; St-Pierre et al., 2003).
The conclusions from our previous study by Salatino et al. was mainly based on computational predictions.
Therefore, the aim of the current study was to elucidate the role of DNA methylation in differentiated
C2C12 SKM cells and to further characterize and validate the previous findings, to be able to conclude
about the role of PGC-1α and PGC-1β on DNA methylation, consequences in TF-coregulator interaction
and gene regulation in SKM cells. The role of PGC-1α in DNA methylation and transcriptional regulation in
SKM in vivo and in vitro is discussed in detail in the main chapter 5.1. In this supplemental chapter, we
focus on the role of PGC-1α and mainly PGC-1β in DNA methylation and gene expression in SKM cells in
vitro and their interplay with the methyl- and demethyltransferases by RNA sequencing (RNAseq) and
reduced representation bisulfite sequencing (RRBS) data analysis.

Results
PGC-1α/β regulate mitochondrial biogenesis and oxidative phosphorylation in skeletal muscle cells
We investigated the role of SKM PGC-1α and PGC-1β on DNA methylation and transcription in an in vitro
model using C2C12 myotubes. PGC-1α or PGC-1β was overexpressed by adenovirus and GFP was used as
control in differentiated myotubes. RNAseq was performed to analyze the transcriptional profile of
myotubes overexpressing PGC-1α/β. Differentially expressed (DE) genes were defined by a false discovery
rate (FDR) < 0.01 and a log2 fold change (FC) </> 0.6, which revealed large amount of DE genes for both
coactivators. PGC-1α lead to 2978 up- and 1876 downregulated genes (data shown in main chapter 5.1,
Figure 5F). Gene ontology (GO) analysis of all PGC-1α DE genes exposed main involvement in general
“metabolic process”, “oxidation-reduction process” and “electron transport chain” (Suppl. Figure 1A). The
GO investigation was supported by Kegg analysis, where “oxidative phosphorylation” was followed by
“Parkinson’s, Alzheimer’s and Huntington’s diseases” (Suppl. Figure 1B), all diseases associated with
mitochondrial dysfunction (Lin and Beal, 2006). PGC-1β showed 3265 upregulated and 2464
downregulated DE genes (Figure 1A). GO analysis discovered the same terms as observed for PGC-1α,
namely “metabolic process”, “oxidation-reduction process”, “electron transport chain” and transcriptional
regulation (Figure 1B). The Kegg pathway analysis discovered “oxidative phosphorylation” as top term,
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followed by terms associated with mitochondrial dysfunction as “Alzheimer’s, Parkinson’s and
Huntington’s disease”, which supports the GO analysis (Figure 1C) (Lin and Beal, 2006).

PGC-1β regulates DNA methylation in skeletal muscle cells
To identify DNA methylation in our model system, RRBS was chosen as a random approach for large-scale
high-resolution DNA methylation analysis, which selects for CpG-rich regions and thus captures the
majority of the CpG islands and promoters (Meissner et al., 2005). A cutoff of q-value < 0.01 and
differentially methylated region (DMR) of ± 10% was set. RRBS from PGC-1α overexpressed myotubes as
well as the follow-up combined with RNAseq was discussed in the main chapter 5.1, Figure 5G + H. RRBS
from PGC-1β infected myotubes revealed 380 hypermethylated and 219 hypomethylated regions (Figure
1D).

Mild association of the methylome and transcriptome in differentiated myotubes overexpressing PGC-1β
To validate the functionality and consequences of DNA methylation on transcript level, RRBS and RNAseq
data were combined. The DMRs were associated to their closest genes and those once compared with the
DE genes identified in the RNAseq data. The number of genes dropped massively by the combined
approach, resulting in 92 hypermethylated and 49 hypomethylated genes with significant gene expression
changes (Figure 1E). GO analysis was conducted and resulted in weak and general terms involved in
development, differentiation and immune response (Figure 1F).

PGC-1α and PGC-1β regulate some methyl- and demethyltransferases in myotubes
Finally, the regulators of DNA methylation, the DNMTs and TETs were measured by qRT-PCR in
differentiated myotubes overexpressing either PGC-1α (Figure 2A) or PGC-1β (Figure 2B). Interestingly,
PGC-1α induced DNMT1 and DNMT3a whereas PGC-1β only upregulated DNMT3a but repressed DNMT3b
(Figure 2A + B). Remarkably, all three TET members were decreased on transcript level by PGC-1β (Figure
2B) while PGC-1α repressed TET2 and TET3 (Figure 2A).

Small effect on differentially expressed gene number by siRNA-based knockdown of DNMTs and TETs under
PGC-1α/β overexpression in myotubes
Further mechanistic analysis was executed by using siRNA against all DNMTs and TETs in myotubes either
overexpressing PGC-1α or PGC-1β and GFP as control. Due to their regulation by PGC-1α and PGC-1β in
myotubes at baseline (Figure 2A + B), DNMT1, DNMT3a, which were induced, and TET1, chosen as contrary
control, were selected for knockdown and advance comprehensive analysis by RNAseq and qRT-PCR
120
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validation (Figure 3A-D, Figure 4A-D). Importantly, the level of PGC-1α or PGC-1β mRNA was not affected
by the performed knockdown (Figure 3A + 4A). DE genes were analyzed with a cutoff of FDR < 0.01 and a
log2 FC of </> 0.6. Comparison of PGC-1α or PGC-1β to GFP under control condition (sictrl) revealed 4886
DE genes for PGC-1α and 5422 DE genes for PGC-1β (Figure 3E + 4E). Next, we focused on the identified
PGC-1α- or PGC-1β-dependent genes and compared to the siRNA-based knockdown DE genes under PGC1α or PGC-1β overexpression conditions. Interestingly, the knockdown of DNMT1, DNMT3a or TET1 in each
condition affected the number of PGC-1α- or PGC-1β-dependent DE genes only mild (Figure 3E + 4E).

121

Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der hier angezeigt werden soll.

122

Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der hier angezeigt werden soll.

Figure 1: PGC-1α/β regulate mitochondrial biogenesis and oxidative phosphorylation in skeletal muscle
cells
A): Bar graph of DE genes C2C12 myotubes overexpressing PGC-1β. DE genes are subdivided into up- (red)
and downregulated (blue). DE genes: FDR < 0.01, log2 FC </> 0.6.
B): GO analysis of DE genes in C2C12 myotubes overexpressing PGC-1β. Top 10 GO terms are shown. Xaxis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
C): Kegg analysis of D DE genes combined in C2C12 myotubes overexpressing PGC-1β. Top 10 Kegg terms
are shown. X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value
> 2.
D): Bar graph of DMRs in C2C12 myotubes overexpressing PGC-1β. DMRs genes are subdivided into hyper(red) and hypomethylated (blue). DMR: q-value < 0.01, ±10 methylation change.
E): Bar graph of combined DMRs and DE genes in C2C12 myotubes overexpressing PGC-1β divided into
hyper- and hypomethylation as well as up- (red) and downregulated (blue) genes.
F): GO analysis of combined DMRs and DE genes in C2C12 myotubes overexpressing PGC-1β. Top 10 GO
terms are shown. X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted
p-value > 2.
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Figure 2: PGC-1α/β regulate some methyl- and demethyltransferases in myotubes
A-B): qRT-PCR in C2C12 myotubes overexpressing PGC-1α or GFP control (A) or PGC-1β and GFP control
(B) was measured for the indicated genes. The analysis of the mRNA was performed by the comparative
CT method using TATA binding protein (TBP) as endogenous control. Data was normalized to the condition
of GFP of each gene. Bar graphs represent relative mean mRNA level, error bars represent SEM p* < 0.05,
p* < 0.01, p*** < 0.001.
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Figure 3: siRNA-based knockdown of DNMTs and TETs in myotubes overexpressing PGC-1α
A-D): qRT-PCR in C2C12 myotubes overexpressing PGC-1α or GFP control as well as combined with siRNA
against non-targeted control (sictrl), DNMT1, DNMT3a and TET1 was measured for PGC-1α (A), DNMT1
(B), DNMT3a (C) and TET1 (D). The analysis of the mRNA was performed by the comparative CT method
using TATA binding protein (TBP) as endogenous control. Data was normalized to the condition of GFP +
sictrl. Bar graphs represent relative mean mRNA level, error bars represent SEM p* < 0.05, p* < 0.01, p***
< 0.001.
E): Number of DE genes in different conditions. From left to right: C2C12 myotubes overexpressing (OE)
PGC-1α + sictrl against GFP + sictrl, PGC-1α OE + siDNMT1 against PGC-1α OE + sictrl, PGC-1α OE +
siDNMT3a against PGC-1α OE + sictrl, PGC-1α OE + siTET1 against PGC-1α OE + sictrl. DE genes: FDR < 0.01,
log2 FC </> 0.6.
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Figure 4: siRNA-based knockdown of DNMTs and TETs in myotubes overexpressing PGC-1β
A-D): qRT-PCR in C2C12 myotubes overexpressing PGC-1β or GFP control as well as combined with siRNA
against non-targeted control (sictrl), DNMT1, DNMT3a and TET1 was measured for PGC-1β (A), DNMT1
(B), DNMT3a (C) and TET1 (D). The analysis of the mRNA was performed by the comparative CT method
using TATA binding protein (TBP) as endogenous control. Data was normalized to the condition of GFP +
sictrl. Bar graphs represent relative mean mRNA level, error bars represent SEM p* < 0.05, p* < 0.01, p***
< 0.001.
E): Number of DE genes in different conditions. From left to right: C2C12 myotubes overexpressing (OE)
PGC-1β + sictrl against GFP + sictrl, PGC-1β OE + siDNMT1 against PGC-1β OE + sictrl, PGC-1β OE +
siDNMT3a against PGC-1β OE + sictrl, PGC-1β OE + siTET1 against PGC-1β OE + sictrl. DE genes: FDR < 0.01,
log2 FC </> 0.6.
F): Bar graph indicating the gene number difference in the indicated conditions of PGC-1β OE combined
with siRNA to the control condition of PGC-1β OE + sictrl against GFP + sictrl.
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Supplemental Figure 1
A): GO analysis of DE genes in C2C12 myotubes overexpressing PGC-1α. Top 10 GO terms are shown. Xaxis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
B): Kegg analysis of D DE genes combined in C2C12 myotubes overexpressing PGC-1α. Top 10 Kegg terms
are shown. X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value
> 2.
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Discussion
Several studies reported a relationship of DNA methylation and transcriptional regulation (Blattler and
Farnham, 2013; Deaton and Bird, 2011; Herman and Baylin, 2003; Holliday and Pugh, 1975; Moore et al.,
2013; Ntanasis-Stathopoulos et al., 2013; Siegfried and Simon, 2010; Song et al., 2005). Most of the
literature focused on epigenetic adaptations during development (Feng et al., 2005; Holliday and Pugh,
1975; Li et al., 1993; Li et al., 1992; Okano et al., 1999; Reik et al., 2001; Smith and Meissner, 2013). In
SKM, only few studies discussed about the role of DNA methylation in differentiated muscle cells (Barres
et al., 2009; Barres et al., 2012; Kanzleiter et al., 2015; Lochmann et al., 2015a), mostly, the myogenic
process was investigated (Brunk et al., 1996; Carrio and Suelves, 2015; Hupkes et al., 2011; Tsumagari et
al., 2013b). Especially environmental stimuli as e.g. exercise or nutrients are associated with epigenetic
and transcriptional adaptations (Barres et al., 2012; Kanzleiter et al., 2015; Lochmann et al., 2015a; Moore
et al., 2013). The PGC-1 family of coactivators are key players in the metabolic control of the whole body
as well as tissue-specific adaptations, as e.g. SKM plasticity (Kupr and Handschin, 2015; Lin et al., 2005; Lin
et al., 2002a; Puigserver et al., 1998; Schnyder and Handschin, 2015; Schnyder et al., 2017a). We elucidated
the methylome and transcriptome of PGC-1α and PGC-1β in SKM by a combined approach of RNAseq and
RRBS. The detailed in vivo and in vitro analysis of PGC-1α in SKM combined with exercise stimuli was
discussed in chapter 5.1. In our study here, we elucidated the transcriptional and the DNA methylation
profile in an in vitro system using C2C12 myotubes overexpressing PGC-1α or PGC-1β combined with
siRNA-based knockdown for DNMTs and TETs. Our data showed regulation of the DNMTs and TETs by both
PGC-1 coactivators in SKM cells and thus, supports the idea of an additional control layer by DNA
methylation in the complex transcriptional network regulated by the PGC-1 family of coactivators. A
comparison of PGC-1α and PGC-1β regulated target genes and DMRs would help to observe the
overlapping as well as the distinct control and hence, help to define the function of each PGC-1 member
in more detail. Furthermore, knockdown of one coactivator would indicate, whether there is
compensatory mechanism by the other family member in regard of DNA methylation and the
corresponding gene regulation. Nevertheless, PGC-1β alone regulated large amount of transcripts in SKM,
which was already known for PGC-1α (Baresic et al., 2014; Kupr and Handschin, 2015; Lin et al., 2005;
Salatino et al., 2016a). Even more, both members controlled DNA methylation, although not to such a
large extend as the transcriptome. This might be due the reduced methylation activity after development
(Moore et al., 2013; Okano et al., 1999; Reik et al., 2001; Smith and Meissner, 2013). Especially in the
myogenic lineage, demethylation was shown to play a critical role to define muscle tissue and induce
differentiation (Brunk et al., 1996; Hupkes et al., 2011; Lucarelli et al., 2001; Montesano et al., 2013;
Tsumagari et al., 2013b). However, this was in contrast to the large number of DMRs observed in vivo and
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discussed in chapter 5.1. In addition to the study mentioned before, it would be interesting to analyze the
role of muscle PGC-1β in an in vivo system combined with external stimuli as e.g. fasting, which was shown
to be an important stimulus in regard of the control of PGC-1β target genes involved in muscle atrophy
(Schnyder et al., 2018 (not published yet)). Although we observed regulation of DNMTs and TETs by PGC1α/β in vitro, siRNA-based knockdown of the enzymes had only mild effect on the PGC-1α- and PGC-1βdependent DE genes, respectively. Nevertheless, the impact of the PGC-1s on the DNMTs and TETs in vivo
would give the final global overview of this network.
Our data help to increase the knowledge in the field of combined control of transcription and DNA
methylation, which allows a fine-tuned regulation of a large and complex transcriptional network in SKM
cells by PGC-1α/β.

Materials and Methods
Cell culture and siRNA DNMT and TET
C2C12 myoblasts were grown in proliferation medium (GM) (DMEM, 10% FetalClone Serum [FCS,
SH30066.03, GE Healthcare Life Sciences], 1% Penicillin/Streptomycin [15140122, Thermo Scientific]) until
confluency and then medium was switched to differentiation medium (DM) (DMEM, 2% horse serum [HS,
16050122, Thermo Scientific]) for 4 days. Myotubes were infected with adenoviral (AD) GFP control or
PGC-1α-Flag or PGC-1β-Flag for 24h, and then the infection medium was changed to differentiation
medium for 24h before cells were collected according to the experiment, which will be performed.
For siRNA, C2C12 myotubes were differentiated for 3 days in DM and then treated for 24hours with 25nM
siRNA for DNMT1 (M-056796-01-0005, Dharmacon), DNMT3a (M-065433-01-0005, Dharmacon), TET1 (M062861-01-0005, Dharmacon) and non-targeted control (D-001206-13-05, Dharmacon) according to
manufacturer’s instructions. After 24h siRNA treatment, media was changed to infection media containing
AD GFP or PGC-1α-Flag or PGC-1β-Flag for 24h that was then changed for another 24h into DM. siRNA
experiments were performed in technical and biological triplicates.

Genomic DNA isolation
C2C12 myotubes were collected by trypsin and centrifugation to collect cell pellet. Genomic DNA (gDNA)
was isolated by the QIAamp DNA Mini Kit (#51304, Qiagen) according to the manufacturers protocol. The
level and quality of isolated gDNA was measured with a NanoDrop OneC spectrophotometer (Thermo
Scientific).
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Reduced Representation Bisulfite Sequencing (RRBS) library and sequencing
RRBS library was performed with the Premium Reduced Representation Bisulfite Sequencing Kit
(C02030032, Diagenode) according to the manufacturer’s instructions. 100ng of gDNA was used as starting
material. Quality and fragment size was checked by Bioanalyzer (Agilent) measurements. Single read
sequencing was performed with a HiSeq2500 machine (51 cycles, Illumina).

RRBS analysis
The reads were quality- and adapter trimmed with the Trim Galore! wrapper of cutadapt (Martin, 2011).
The

trimmed

reads

were

controlled

with

FastQC

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Conversion rates were calculated with custom
scripts, counting the amount of G's and C's in non-GC context resulting in values above 99% for all libraries.
The reads were mapped to the mm10 version of the mouse genome with BWA (Li and Durbin, 2009) and
methylCtools (Hovestadt et al., 2014) after why a slightly extended Bis-SNP pipeline (Liu et al., 2012). The
reads were locally realigned and the quality values were recalibrated before calling the methylation levels.
The mm10 SNPs and InDels from dbSNP v138 (Smigielski et al., 2000) was used in this process. An initial
quality control and exploratory analysis was done with R package RnBeads (Assenov et al., 2014).
Differential loci was detected with MethylKit (Akalin et al., 2012) testing in 500bp sliding windows with at
least 3 CpGs, only including those with a coverage of at least 10x. Differentially methylated regions (DMR)
were defined as +/- 10% with a q-value > 0.01.

mRNA sequencing and analysis
Total RNA was isolated from C2C12 myotubes TRI reagent (T9424, Sigma) according to the manufacturer’s
instructions. RNA concentration was measured with a NanoDrop OneC spectrophotometer (Thermo
Scientific). 7500 ng RNA was further purified with the Direct-zol RNA MiniPrep Kit (R2050, Zymo Research)
according to the manufacturer’s instructions. For RNAseq library preparation, 1 µg of purified RNA was
used and libraries prepared with the TruSeq RNA library Prep Kit (Illumina) according to the manufacturer’s
instructions. Single read sequencing was performed with a HighSeq 2500 machine (50 cycles, Illumina).
Fastq files were mapped to the mouse genome (mm10) and RNAseq and statistical analysis performed
with the CLC Genomics Workbench Software (Qiagen).
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Gene ontology
Gene ontology (GO) analysis was executed by the usage of GeneCodis (Carmona-Saez et al., 2007; NogalesCadenas et al., 2009; Tabas-Madrid et al., 2012). Enriched GO terms were furthermore sorted by (-)log10
adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.

Quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from C2C12 cells as described above. The RNA was treated with DNase I (18068015,
Thermo Scientific) and then reverse transcribed using hexanucleotide mix (11277081001, Sigma) and
SuperScript II reverse transcriptase (18064022, Thermo Scientific). The level of relative mRNA was
quantified by the Light Cycler 480 II system (Roche) using Fast Start Essential DNA Green Master mix
(06924204001, Roche). The analysis of the mRNA was performed by the comparative CT method using
TATA binding protein (TBP) as endogenous control. Primer sequences are listed in Table 1 of the
Supplemental Material.

Statistical analysis
Values are expressed as means ± standard errors of the means (SEM) and statistical significance was
determined with unpaired two tailed t-tests using Excel software. An asterisk (*) indicates significant
differences between the conditions.

Supplemental Material
Table 1. qPCR primer sequences.
Gene Name Forward primer

Reverse primer

DNMT1

CTCTTGCCCTGTGTGGTACA

GCAGGTTGCAGACGACAGAA

DNMT3a

GCCGAATTGTGTCTTGGTGGATGACA CCTGGTGGAATGCACTGCAGAAGGA

DNMT3b

GAACATGCGCCTGCAAGA

PGC-1α

TGATGTGAATGACTTGGATACAGACA GCTCATTGTTGTACTGGTTGGATATG

PGC-1β

ATGCTTCCCTCACACCTCAG

GCTTTTGCCTTGTAGGCTTG

TBP

TGCTGTTGGTGATTGTTGGT

CTGGCTTGTGTGGGAAAGAT

TET1

TCATTCCAGACCGCAAGACC

TGACACCAGAGAAAGGACGC

TET2

ATATTGATGCGGAGGCGAGG

CAAATCCTACAGGGCAGCCA

TET3

GGGCAGGCAGCGTAGC

ATGAGGTGAGCCAATGGGTG

GCACAGACTTCGGAGGCAAT
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Abstract
Skeletal muscle (SKM) contraction is a tightly controlled molecular mechanism important to adapt to
increased energy expenditure, which involves changes in SKM and whole body metabolism. Exercise leads
to massive plastic adaptations in SKM and is a well-established treatment against many metabolic diseases
and myopathies but cannot be executed by all patients due to their health condition. Thus, it is of great
importance to elucidate the mechanism and transcriptional profile of SKM contraction subsequent to
different physiological stimuli such as exercise and cold exposure, leading to shivering, hence, to have
alternative treatments. We could show by RNA sequencing (RNAseq) that the transcriptional profile of
acute exercise-induced muscle contraction is distinct to the shivering muscle contraction induced
following acute cold exposure. Even more, our data demonstrate the importance of the master regulator
peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) in the regulation of a proper and
healthy acute muscle contraction response. Our data increase the knowledge in the field of SKM
contraction following external stimuli and helps to identify new pathways for the development of novel
treatments for patients with metabolic diseases or myopathies.

Abbreviations
BAT, brown adipose tissue; CE, cold exposure; DE, differentially expressed; Dio2, Deiodinase 2; DM,
differentiation medium; ERRα, estrogen-related receptor α; FC, fold change; FDR, false discovery rate;
GCN, Gastrocnemius muscle; GM, growth medium; GO, gene ontology; HS, horse serum; HSP, heat shock
protein; MKO, skeletal muscle-specific PGC-1α knockout mice; PCA, principal component analysis; PDK4,
pyruvate dehydrogenase kinase 4; PGC-1, peroxisome proliferator-activated receptor γ coactivator-1;
PPARα, peroxisome proliferator-activated receptor α; Quad, Quadriceps muscle; qRT-PCR, quantitative
real-time polymerase chain reaction; RT, room temperature; SEM, standard errors of the means; SKM,
skeletal muscle; TF, transcription factor; UCP, uncoupling protein; WT, wild type control mice
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Introduction
SKM is a very plastic organ and a major contributor to whole body energy metabolism, in particular
through strenuous physical activity. During muscle contractions, many tightly controlled molecular
mechanisms are regulated to adapt to increased energy expenditure, which involves changes in SKM and
whole body metabolism (Egan and Zierath, 2013). These adaptations subsequent to repeated bouts of
exercise have been shown to counteract metabolic diseases such as obesity or type 2 diabetes and improve
cardio vascular functions but also advance quality of life in myopathies or sarcopenia (Egan and Zierath,
2013; Gill et al., 2018; Law et al., 2016a; Phillips and Mastaglia, 2000). Hence, regular physical activity is
widely accepted as therapeutic strategy (Colberg et al., 2010a; Haskell et al., 2007). Interestingly, repeated
muscle contractions are not only triggered by exercise but also during cold-induced SKM shivering.
Thermogenesis is an important evolutionary conserved regulatory mechanism including organs like brown
adipose tissue (BAT) and SKM. To withstand prolonged cold exposure and maintain body temperature,
heat is produced by non-shivering thermogenesis in BAT via mitochondrial uncoupling and by shivering in
SKM. Surprisingly, SKM shivering and its underlying mechanisms is still largely unexplored. In addition, it
is unknown if the SKM adaptations during cold exposure are similar to the exercise-induced plasticity and
molecular changes in muscle metabolism. Interestingly, the transcriptional coactivator peroxisome
proliferator-activated receptor γ coactivator-1α (PGC-1α) is involved in muscle adaptations upon exercise
as well as shivering (Lin et al., 2004b; Puigserver et al., 1998). PGC-1α was found to regulate uncoupling
protein 1 (UCP1) and hence, thermogenesis in BAT, which makes up around 60% of the heat generated by
non-shivering, adaptive thermogenesis. PGC-1α deficient mice are not able to keep their body
temperature after 6h of cold exposure, showing the important role of this master regulator of
mitochondrial biogenesis and energy homeostasis (Lin et al., 2004b). In SKM, PGC-1α can be induced by
cold and exercise and is a central regulator of oxidative metabolism and therefore, main driver of SKM
adaptations following exercise (Akimoto et al., 2005; Handschin et al., 2007a; Jager et al., 2007; Oliveira et
al., 2004; Puigserver et al., 1998). Even more, its methylation status (Barres et al., 2012), protein stability
(Canto et al., 2009; Jager et al., 2007; Puigserver et al., 2001) and its target genes (Lin et al., 2005) are
modified after exercise. Since PGC-1α is a coactivator, it interacts with many different transcription factors
(TFs) to regulate the stimuli-induced adaptations as angiogenesis (Arany et al., 2008), fiber type switch
(Handschin et al., 2007a; Lin et al., 2002b) and as already mentioned, mitochondrial biogenesis and
oxidative metabolism (Egan and Zierath, 2013; Lin et al., 2005). Many studies have explored the context
of SKM exercise metabolism and the role of PGC-1α but so far no complete picture of the molecular
mechanisms underlying all these modifications and adaptations has been elucidated. Even less is known
about SKM shivering and the adaptive thermogenesis and hence, the molecular pathways regulated in this
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context. It is established that each bout of muscle contraction during exercise alters the transcript levels,
which over time accumulates in increased protein abundance, leading to improved exercise performance
and SKM functions (Egan and Zierath, 2013; Gabriel and Zierath, 2017; Robinson et al., 2017; Yang et al.,
2005). However, the time course of transcriptional changes as well as the chronically trained-induced
adaptions in SKM are not analyzed yet. In addition, it is not clear if muscle contraction has a general
transcript profile, independent of the triggering stimuli as acute cold or acute exercise.
Thus, the aim of our study was to understand the general transcript profile of SKM as well as the PGC-1αdependency of 6h acute cold exposure and its effect on SKM shivering. Additionally, we aimed to elucidate
if the contractions during muscle shivering are comparable with exercise-induced muscle contraction.
Therefore, the cold exposed animals were compared with exercised animals, in an acute exercise time
course. For each study, wild type control (WT) as well as skeletal muscle-specific PGC-1α knockout (MKO)
animals were used and RNAseq from the Quadriceps (Quad) muscle performed to compare the transcript
profile of each condition and genotype. Our data demonstrate that muscle shivering is distinct from acute
exercise-induced muscle contraction. Even more, we could show that PGC-1α is not essential to cope with
cold or exercise but it is of crucial importance to keep a proper and healthy response during SKM
contraction.

Results
Acute cold exposure induces stress in PGC-1α muscle-specific knockout animals
To elucidate the role of SKM shivering thermogenesis, animals were exposed to cold at 4 degrees. A time
course of cold exposure, 1h, 3h, 6h, and 12h compared to room temperature (RT), was performed and
body temperature, body weight and gene expression levels of known cold-induced target genes in
Gastrocnemius (GCN) muscle measured to validate the optimal length for an acute cold exposure
experiment (Suppl. Figure 1A-C). After 6h of cold exposure, the highest level of PGC-1α, peroxisome
proliferator-activated receptor α (PPARα) as well as of UCP2 and UCP3 could be measured while body
temperature was unchanged compared to RT exposed mice (Suppl. Fig. 1A + C). Since we were interested
in SKM shivering and PGC-1α is an important and well-studied regulator of muscle plasticity, we used WT
as well as MKO animals and exposed them to RT or 6h of cold (CE). Both genotypes could keep the body
temperature at normal level (Suppl. Figure 1D), as it was already known from our time course experiment
for WT animals (Suppl. Figure 1A). BAT was used as control tissue to measure the thermogenic response
in the WT and MKO animals. PGC-1α, UCP1 and Deiodinase2 (Dio2) mRNA levels were induced after 6h CE
(Figure 1A). Quad muscle was used from the same WT and MKO mice to analyze the cold response in SKM
tissue. We confirmed our time course experiment by qRT-PCR as well as literature (Puigserver et al., 1998)
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and observed induction of PGC-1α, UCP2, UCP3, PPARα and pyruvate dehydrogenase kinase 4 (PDK4)
following 6h CE, although there was no genotype effect (Figure 1B). To get a global overview of the
transcriptional profile in SKM upon CE in WT and MKOs, we performed RNAseq analysis from the Quad
muscle. Principal component analysis (PCA) showed a clear distinct pattern in regard of the genotype and
the conditions (Figure 1C). PC2 displayed the genotype effect, whereas PC1 the difference between RT and
CE (Figure 1C). Further analysis was done to get the differentially expressed (DE) genes between the
genotypes and conditions. We used a cutoff of false discovery rate (FDR) > 0.01 and a log2 fold change (FC)
of < -0.6 and > 0.6. Interestingly, there was around the same number of DE genes comparing WT to MKO
mice at RT (403 DE genes) to the group at CE (405 DE genes) (Figure 1D). Twice as much genes were
differentially expressed comparing the conditions within the same genotype, making up 907 DE genes in
WT animals and 851 DE genes in MKOs (Figure 1D). Additionally, we observed that more genes were
induced than repressed by CE in WT and MKO animals (Figure 1D). We elucidated, whether the
transcriptional cold response in the MKO animals was the same as in the WT mice. Around 2/3 (588) of
the MKO DE genes following CE were overlapping with the WT cold response (Figure 2A). Those
overlapping 588 genes represented the “core” cold response, including the induction of PGC-1α as well as
the uncoupling proteins UCP1, 2, and 3 (Figure 2B). Interestingly, PGC-1β expression level showed a mild
reduction in WT and MKO mice, probably as compensation for the PGC-1α induction (Figure 2B). In
addition we dissected the regions from the Venn diagram into a cold “core” response (588 DE genes),
independent of PGC-1α, and into “WT only” (319 DE genes) as well as “MKO only” (263 DE genes) genes,
which were all regulated upon acute cold exposure (Figure 2A). Gene ontology (GO) was performed to
further characterize the cold “core” as well as the distinct “WT only” and “MKO only” cold responses,
respectively. The “core” cold response was mostly responsible for the regulation of general transcription,
phosphorylation and apoptotic processes (Figure 2C). The “WT only” cold response was concerning the
GO terms like the “core” cold response (Suppl. Figure 2A). The top GO terms in the “MKO only” cold
response was again transcriptional regulation but additionally, the term “apoptotic process” was one of
the top candidates and thus, more important than in the other groups (Suppl. Figure 2B). Apoptotic
process appeared as well in the “core” and “WT only” cold response but not within the top three (Figure
2C + Suppl. Figure 2A). To dissect the PGC-1α-dependent differences in regard of the acute cold response,
we further analyzed the genes from the GO terms in the “WT only” and “MKO only”. Recent studies
implicated muscle-derived cytokines, called myokines, following exercise (Bostrom et al., 2012; Rao et al.,
2014), hence we analyzed for signal peptides by the PrediSI software (Hiller et al., 2004). Signal peptides
have a short peptide marker at the N-Terminus and are mostly proteins fated towards signaling pathways.
Interestingly, we found that a large fraction, around 90% of all GO associated genes, belonged to signal
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peptides. Within the “WT only” associated GO terms a total of 129 signal peptides were found, 52 being
induced and 77 being repressed during acute cold (Figure 2D). The top up- or downregulated signal peptide
genes in WT animals were involved in the GO terms “transcription”, “signal transduction” and “transport”
(Figure 2E). In MKO animals, we found 75 of the total GO associated genes to be signal peptides. These
could be dissected into 45 up- and 30 downregulated genes in our RNAseq data (Figure 2D). The top
regulated signal peptide genes in MKO mice were involved in “transport”, “apoptotic process” and
“response to stress” GO terms (Figure 2F). The MKO mice had more problems to deal with the acute CE by
inducing apoptotic processes and responses to stress. To strengthen further this observation, we
compared the genotype effect within the different conditions. At RT, 403 genes were differentially
regulated between MKO and WT animals, acute cold lead to 405 DE genes between the genotypes (Figure
1D). A Venn diagram showed the overlap of 249 genes, which were independent of temperature but
dependent on PGC-1α (Suppl. Figure 2C). GO analysis of this overlap presented general terms as
“metabolic process”, “transport” and “apoptotic process”, although with low p-values (Suppl. Figure 2D).
No significant GO terms were found for the 156 DE between MKO and WT animals during cold (“CE only”).
This data indicate clearly that the WT and MKO mice have not only different genes recruited after acute
cold exposure but also that different biological processes are regulated, reflected by the distinct GO terms
in the “WT only” and “MKO only” categories.

Acute exercise time course in WT and MKO animals
In a next step, we elucidated whether the muscle contraction induced by cold exposure or acute exercise
underlies the same transcriptional regulation and thus, the same molecular mechanism. Therefore, we
analyzed transcriptional changes after an acute bout of exercise in a time course experiment. For this
purpose, WT and MKO mice were run on an open treadmill until exhaustion and then killed 0h, 4h, 6h or
8h after the exercise test. MKO mice run significantly less and lactate as well as glucose levels were
increased in WT and MKO animals after the exhaustion test but not to the same extend, which confirmed
the current literature (Figure 3A-C) (Handschin et al., 2007a; Summermatter et al., 2013). To be able to
compare the different muscle responses upon contraction, Quad muscle was used for RNAseq analysis of
all acute exercise time points in WT and MKO animals as it was done in the CE experiment. PCA
examination of the acute exercise time course revealed a clear separation between genotypes but not
such a strong discrimination between the different time points (Figure 3D). Interestingly, and contrary to
the CE DE genes, the MKO mice showed less DE genes than the WT animals over all time points (854 versus
1339), proposing that PGC-1α contributed to many transcript changes induced after acute exercise (Figure
3E + F). Venn diagram analysis of all time points showed an overlap of 56 DE genes in the WT animals
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(Figure 3E) and of 25 DE genes in the MKO mice (Figure 3F). We defined the overlapping DE genes as “acute
core exercise response”. Next, the question rose, whether PGC-1α is needed for the “acute core exercise
response”.

PGC-1α is involved in the acute core exercise response in skeletal muscle
To characterize the “acute core exercise response” and check for its PGC-1α dependency, we executed
Venn diagram analysis of the “acute core exercise response” DE genes found in WT and MKO animals
(Figure 4A). There was an overlap of 14 genes, which were similar between the genotypes and thus,
represented the PGC-1α independent “acute core exercise response”. GO analysis of the overlap revealed
ion and zinc homeostasis as top terms, followed by nitric oxide signaling and interestingly, “response to
stress” and “response to heat” containing the heat shock proteins (HSP) Hspa1a, Hspa1b and Dnajb1 (also
known as Hsp40) (Figure 4B). However, the “acute core exercise response” only found in WT animals
belonged to the biological processes of calcium handling, transcription and surprisingly, “response to
stress” including other HSPs than found in the overlap “acute core exercise response”, namely Hsp90aa1
and Hspb1 (Figure 4C). In contrast, the MKO “acute core exercise response” contained only very few genes,
consequently, these ones were only loosely associated to GO terms (Figure 4D). Importantly, we could not
find any HSPs in the GO term associated list in the MKO animals. Even more, the HSPs found in the overlap
were blunted in the MKO animals compared to the WT mice (Figure 4E-G). This suggests an incomplete
acute exercise response in the PGC-1α muscle-specific knockout animals and supports the PGC-1α
importance.

Distinct skeletal muscle transcriptional profiles after acute cold exposure and acute exercise
Our results from the acute cold and acute exercise experiments suggested PGC-1α dependent responses
in the Quad muscle under each condition. The aim of this study was to elucidate the transcriptional profile
upon muscle contraction in acute cold and acute exercise to get an answer whether the mechanisms are
comparable to each other. Therefore, we compared now the RNAseq data from the acute CE experiment
with the data from the acute exercise time course. In a first step, we associated DE genes from WT animals
CE versus RT to all individual acute exercise time points (Suppl. Figure 5A). There was a small core group
of 31 genes (“core 31”), which were overlapping between CE and all time points during acute exercise. GO
analysis pointed towards genes involved in “apoptotic processes” and transcriptional regulation (Suppl.
Figure 5B). Interestingly, we did not observe any specific acute exercise time point where we had a
dominant overlap with the acute cold DE genes (Suppl. Figure 5C-F). Since we were interested in the
general overlap of muscle contraction between acute cold-induced shivering and exercise-induced muscle
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contraction, we combined all DE genes that were overlapping to any acute exercised time point with the
CE DE genes in the WT animals (Figure 5A). Around 1/3 (305) of the CE DE genes (907) were overlapping
with the acute exercise DE genes (1339). We termed the genes being DE in acute cold and acute exercise
as “core SKM contractile component”. GO analysis revealed the “core SKM contractile component” mainly
involved in the biological processes of transcriptional regulation (Figure 5B). The individual CE response
consisted of 602 DE genes (“CE only”), which had their main functions in transcriptional regulation as well
as apoptosis and cell death (Figure 5C). Contrary, the 1034 transcripts found only in the acute exercise
group (“EX only”) belonged again to the GO terms transcription, but importantly, also to angiogenesis and
cell differentiation (Figure 5D). It is known from literature that exercise improves angiogenesis (Arany et
al., 2008; Hoier et al., 2012; Rowe et al., 2011) and moreover, angiogenesis in SKM seems to be dependent
on both coactivators PGC-1α and PGC-1β (Arany et al., 2008; Rowe et al., 2011). The “EX only” group
showed a variety of transcription categories as the top GO terms, however, composed of different genes,
not overlapping in the Venn diagram (Figure 5A and D). Importantly, as we found the GO term “response
to stress” as a significant factor in the “acute core exercise response”, specifically in the acute exercise
time course, we checked the term in the acute cold versus acute exercise response. Remarkably, the GO
term “response to stress” was only found in the “EX only” group at the 11th GO term position but still highly
significant. As already observed in the acute time course, the GO term mainly contained HSPs (Figure 5E).
Taken together, this data indicate that muscle contraction upon acute cold exposure is clearly distinct from
the response after acute exercise and that the response to heat including HSPs is exclusively needed under
acute exercise-induced muscle contraction.

Distinct transcription factor response in acute cold and acute exercised skeletal muscle
The main regulatory functions subsequent to acute muscle contraction, by either cold or exercise, lead to
transcriptional changes and regulations. Thus, we had a closer look on the individual DE genes and found
10% of the “CE only”, 14% of the “core SKM contractile component” and 11% of the “EX only” DE genes
were TFs (Figure 6A), identified by the AnimalTFDB 2.0 software (Zhang et al., 2012; Zhang et al., 2015).
Importantly, the “EX only” group contained the nuclear receptor TFs Esr1, Esrrb, Esrrg, Nr3c2, which are
known to be important players in the proper control of mitochondrial biogenesis and hence, energy
homeostasis, mainly together with the PGC-1 family of transcriptional coactivators (Scarpulla, 2011;
Scarpulla et al., 2012; Schreiber et al., 2004). Interestingly, the overlapping “core SKM contractile
response” contained the TFs of the nuclear receptor subfamily 4 with Nr4a1 (Nur77), Nr4a2 (Nurr1), and
Nr4a3 (Nor1), which are known to play a role in exercise SKM metabolism (Chao et al., 2012; Kupr et al.,
2017; Mahoney et al., 2005; Pearen et al., 2008; Tontonoz et al., 2015). This indicated that an important
146

Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der hier angezeigt werden soll.

function upon acute muscle contraction is the maintenance of energy balance in the muscle and the whole
body. Remarkably, Kegg pathway analysis from the TFs revealed strong impact in circadian rhythm in the
“CE only” TFs (Figure 6B) and osteoclast differentiation in the “core SKM contractile component” (Figure
6C). No significant pathways were found in the “EX only” group. Previous studies already linked circadian
rhythm with thermogenic adaptations in muscle and other tissues (Chappuis et al., 2013; Gerhart-Hines et
al., 2013; Lee et al., 2013). Here in our study, the regulation of circadian genes seemed to be acute cold
specific. The common function of osteoclast differentiation regulated by TFs and myokines, respectively,
in acute cold and exercise was mentioned in literature, although not much is known about that (Deng et
al., 2015; Hamrick et al., 2010). Further studies need to be done to understand the role of circadian rhythm
in cold as well as the general interaction of muscle and bone following contraction.

Skeletal muscle contraction is distinct in acute cold exposure and acute exercise in PGC-1α muscle-specific
knockout mice
Since PGC-1α was shown to play a key role in the regulation of exercise-induced transcriptional regulation
as well as in thermogenesis and whole body energy homeostasis (Bostrom et al., 2012; Liang and Ward,
2006; Oliveira et al., 2004), we compared RNAseq data in the PGC-1α muscle-specific KO animals from cold
exposed against acute exercised mice. Same as for the WT mice, we first analyzed CE DE genes against all
DE genes in the individual acute exercise time points (not shown). As already observed in the WT animals,
also in the MKO mice, no significant time point stood out and in addition, there was only a very small group
of 14 genes, which symbolize the core response in cold and all acute exercise time points (not shown).
Thus, to get an overview of the general transcriptional regulation during cold and in acute exercise in the
MKO mice, we took all genes, which overlapped to any time point with the cold response and compared
those ones (Figure 7A). We found a total of 851 CE DE genes and 854 DE genes in the acute exercise
response in the MKO animals (Figure 7A). The high number of DE genes in both conditions indicated a clear
response to acute muscle contraction stimuli in the muscle-specific PGC-1α knockout animals. The “core
SKM contractile component” of 228 genes belonged to the GO terms transcriptional regulation (Figure
7B). The independent 623 CE genes (“CE only”) played a major role in the apoptotic and inflammatory
response (Figure 7C), clearly indicating that the MKO animals had much more problems to overcome a
healthy response to the contraction induced stress by cold. Contrary, the 626 genes, which were only
present during acute exercise (“EX only”), were, as it was already observed in the WT animals, involved in
the transcriptional regulation and angiogenesis but as well in apoptosis (Figure 7D).
This data show that MKO animals can deal with acute cold and exercise responses but they are more
severely affected by different stress pathways as apoptosis and inflammation, mainly upon cold exposure.
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Figure 1. Acute 6h cold exposure induces cold-specific genes in WT and MKO animals
A) Gene expression of peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) exon 2 and
exon 3-5, uncoupling protein (UCP) 1, PGC-1β, Deiodinase 2 (Dio2) and Cidea relative to TATA binding
protein (TBP) and normalized to WT RT measured by qRT-PCR in brown adipose tissue (BAT) of 6h acute
cold exposed (CE) or room temperature (RT) kept WT and MKO mice (n=5). Bar graphs represent relative
mean mRNA level, error bars represent SEM p* < 0.05, p* < 0.01, p*** < 0.001.
B) Gene expression of PGC-1α exon 2 and exon 3-5, UCP2, UCP3, peroxisome proliferator-activated
receptor α (PPARα) and pyruvate dehydrogenase kinase 4 (PDK4) relative to TBP and normalized to WT RT
measured by qRT-PCR in Quadriceps muscle (Quad) of CE or RT kept WT and MKO mice (n=5). Bar graphs
represent relative mean mRNA level, error bars represent SEM p* < 0.05, p* < 0.01, p*** < 0.001.
C) Principal component analysis (PCA) in Quad of CE or RT kept WT and MKO mice (n=5).
D) Total differentially expressed (DE) genes divided into up- or downregulated in Quad of WT and MKO CE
or kept at RT (n=5). Different conditions and genotypes were compared. From left: MKO against WT at RT,
MKO against WT at cold, in WT mice cold against RT, in MKO animals cold against RT. A False discovery
rate (FDR) < 0.01 and a log2 fold change (FC) < -0.6 and > 0.6 was used.
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Figure 2. Distinct gene profile during acute cold exposure compared to room temperature
A) Venn diagram of DE genes in Quad of WT mice compared CE to RT and MKO mice compared CE to RT
(n=5). FDR < 0.01 and log2 FC < -0.6 and > 0.6.
B) RNAseq log 2 FC of cold-specific genes PGC-1α (Ppargc1a), PGC-1β (Pargc1b), UCP1, UCP2, UCP3 and
PPARα in WT mice compared CE to RT and MKO mice compared CE to RT (n=5).
C) Gene ontology (GO) analysis of DE genes in Quad of the overlap of WT and MKO animals compared CE
to RT called “core” (n=5). X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10
adjusted p-value > 2.
D) Bar graph representing number of signal peptides found in the GO term associated genes of the
comparison between CE and RT in WT and MKO animals (n=5). Signal peptides only found in WT (WT only)
or only found in MKO (MKO only) are shown.
E-F) GO analysis of the signal peptides in Quad found in the WT only (E) or the MKO (F) only group after
comparing CE to RT (n=5). X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10
adjusted p-value > 2.
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Figure 3. PGC-1α substantially contributes to gene expression changes after acute treadmill running
A) Distance until exhaustion of acutely treadmill run WT and MKO mice (n=24).
B-C) Pre- and post-lactate (B) and –glucose (C) plasma values of acutely treadmill run WT and MKO mice
(n=24).
D) PCA in Quadriceps muscle of WT and MKO mice killed 0h, 4h, 6h, or 8h after acute treadmill test (n=5).
E-F) Venn diagram of DE genes in Quad of WT (E) and MKO (F) mice killed 0h, 4h, 6h, or 8h after acute
treadmill test compared to sedentary mice. FDR < 0.01 and log2 FC < -0.6 and > 0.6 (n=5).
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Figure 4. PGC-1α dependent acute exercise response in skeletal muscle
A) Venn diagram of the overlap of DE genes in Quad of WT (core 56) and MKO (core 25) mice killed 0h, 4h,
6h, or 8h after the acute treadmill test compared to sedentary mice (n=5).FDR < 0.01 and a log2 FC < -0.6
and > 0.6.
B-D) GO analysis of each individual DE fraction found in the Venn diagram and called “acute core exercise
response” in the overlap (B), only found the WT animals (C) and only found in the MKO mice (D) (n=5). Xaxis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
E-G) RNAseq log 2 FC of heat shock protein (HSP) Hspa1a (E), Hspa1b (F) and Dnajb1 (G) in Quad of WT
and MKO mice killed 0h, 4h, 6h, or 8h after the acute treadmill test compared to sedentary mice (n=5).
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Figure 5. Distinct skeletal muscle transcript profile following acute exercise and acute cold
A) Venn diagram of all DE genes overlapping to any time point in Quad of WT mice killed 0h, 4h, 6h, or 8h
after the acute treadmill test compared to sedentary mice with the CE WT mice (n=5). FDR < 0.01 and a
log2 FC < -0.6 and > 0.6.
B-D) GO analysis of each individual DE fraction found in the Venn diagram called “core SKM contractile
component” for the overlap (B), only found in the CE WT animals (C), only found in the acute exercised
WT mice (D) (n=5). X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted
p-value > 2.
E) GO term found only in the acute exercised WT fraction at the 11th position with the corresponding genes.
X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
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Figure 6. Acute cold and acute exercise induce a different transcription factor response
A) Bar graph represents number of DE genes divided in transcription factors (TF) and all other genes (other)
found in the comparison between all DE genes overlapping to any time point in Quad of WT mice killed
0h, 4h, 6h, or 8h after the acute treadmill test compared to sedentary mice with the CE WT mice compared
to RT (n=5). Fractions of genes found only in the acute exercised (EX only), in the overlap of acute exercise
and CE (core SKM contractile component) or only found in the cold expose WT animals (CE only). FDR <
0.01 and a log2 FC < -0.6 and > 0.6.
B-C) Kegg pathway analysis of the TFs found in the comparison between all DE genes overlapping to any
time point in Quad of WT mice killed 0h, 4h, 6h, or 8h after the acute treadmill test compared to sedentary
mice with the CE WT mice compared to RT (n=5). TFs only present in the CE fraction (B) and TF found in
the overlap of acute exercise and CE WT animals (C). X-axis: (-)log10 adjusted p-value. Dotted line
represents significance: (-)log10 adjusted p-value > 2.
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Figure 7. PGC-1α muscle specific knockout animals react differently during acute cold and acute exercise
muscle contraction
A) Venn diagram of all DE genes overlapping to any time point in Quad of MKO mice killed 0h, 4h, 6h, or
8h after the acute treadmill test compared to sedentary mice with the CE MKO mice (n=5). FDR < 0.01 and
a log2 FC < -0.6 and > 0.6.
B-D) GO analysis of each individual DE fraction found in the Venn diagram called “core SKM contractile
component” for the overlap (B), only found in the CE MKO animals (C), only found in the acute exercised
MKO mice (D) (n=5). X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted
p-value > 2.

160

Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der hier angezeigt werden soll.

Supplemental Figure 1. Stable body temperature and cold-specific gene induction after 6h cold exposure
A) Body temperature (°C) of WT mice at RT or kept 1h, 3h, 6h or 12h at cold (n=3). Graphs represent
relative mean, error bars represent SEM p* < 0.05, p* < 0.01, p*** < 0.001.
B) Body weight (g) of WT mice at RT or kept 1h, 3h, 6h or 12h at cold (n=3). Graphs represent relative
mean, error bars represent SEM p* < 0.05, p* < 0.01, p*** < 0.001.
C) Gene expression of PGC-1α exon 2 and exon 3-5, PGC-1β, UCP2, UCP3 and PPARα relative TBP and
normalized to RT measured by qRT-PCR in Gastrocnemius muscle (GCN) of WT mice at RT or kept 1h, 3h,
6h or 12h at cold (n=5). Bar graphs represent relative mean mRNA level, error bars represent SEM p* <
0.05, p* < 0.01, p*** < 0.001.
D) Body temperature (°C) of WT and MKO mice CE for 6h or kept at RT (n=5) Graphs represent relative
mean, error bars represent SEM p* < 0.05, p* < 0.01, p*** < 0.001.
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Supplemental Figure 2. Cold exposure dominantly induce transcriptional changes in WT and MKO mice
A-B) GO analysis of DE genes in Quad of the WT only (A) and MKO only (B) animals compared CE to RT
(n=5). X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
C) Venn diagram of DE genes in Quad of RT mice compared MKO to WT and of CE mice MKO to WT (n=5).
FDR < 0.01 and log2 FC < -0.6 and > 0.6.
D) GO analysis of DE genes in Quad of the overlap of RT mice compared MKO to WT and of CE mice MKO
to WT (n=5). X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted pvalue > 2.
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Supplemental Figure 5. No specific acute exercise time point overlap with cold exposure
A) Venn diagram of the DE genes in Quad of WT mice killed 0h, 4h, 6h, or 8h after the acute treadmill test
compared to sedentary mice and of CE WT mice (n=5). FDR < 0.01 and a log2 FC < -0.6 and > 0.6.
B) GO analysis of the overlap (core 31) of the DE genes in Quad of WT mice killed 0h, 4h, 6h, or 8h after
the acute treadmill test compared to sedentary mice and to CE WT mice compared to RT (n=5).
X-axis: (-)log10 adjusted p-value. Dotted line represents significance: (-)log10 adjusted p-value > 2.
C-F) Venn diagram of DE genes in Quad of acute exercise and CE WT mice killed 0h (C), 4h (D), 6h (E), or 8h
(F) after the acute treadmill test compared to sedentary mice with the CE WT mice (n=5). FDR < 0.01 and
a log2 FC < -0.6 and > 0.6.
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Discussion
Exercise is an accepted and widely used treatment to positively affect metabolic diseases (Colberg et al.,
2010a; Haskell et al., 2007) but also to have beneficial effects and improve life performance in myopathies
as well as in sarcopenia (Egan and Zierath, 2013; Gill et al., 2018; Law et al., 2016a; Phillips and Mastaglia,
2000). Many of the exercise-induced effects on whole body metabolism are mediated by SKM metabolic
and molecular changes (Egan and Zierath, 2013). These adaptations include alterations in mitochondrial
and metabolic functions (Green et al., 1992; Spina et al., 1996), in the contractile apparatus (Adams et al.,
1993; Widrick et al., 2002), signaling cascades (Benziane et al., 2008) and transcriptional responses
(Pilegaard et al., 2003). Importantly, repeated muscle contractions are not only triggered following
exercise but also by cold-induced SKM shivering. One of the most important mediators of the
transcriptional adaptations to exercise and cold is PGC-1α (Catoire et al., 2012; Egan and Zierath, 2013;
Puigserver et al., 1998). However, the underlying mechanism of SKM contraction subsequent to exercise
or cold is still largely unexplored and hence, it is not clear whether the same mechanisms and pathways
are involved. In addition, it is not known whether there are different functional outputs as force or heat
generation following diverse muscle contractions. We now defined for the first time the transcriptional
profile of SKM during acute exercise in a time course dependent manner together with the acute cold
transcriptional response. Furthermore, the acute exercise and the acute cold response in SKM are clearly
distinct from each other, showing that muscle contraction uses different molecular mechanisms
dependent on the stimuli and biological output needed. Finally, we found PGC-1α as a key player in both
responses to guarantee a healthy and proper contractile answer during acute exercise and acute cold
exposure. It is well known that PGC-1α is involved in muscle adaptations upon exercise as well as coldinduced shivering (Lin et al., 2004b; Puigserver et al., 1998). Thus, it is not surprising that PGC-1α was
increased by acute cold in BAT and Quad as well as in Quad after acute exercise. Previous studies showed
that PGC-1α-Null mice survive not more than 6h when they were cold exposed (Lin et al., 2004b), which
fits with our performed time course, where PGC-1α mRNA levels peaked after 6h of cold exposure.
Furthermore, PGC-1α was important for a healthy response to acute cold exposure, as observed in a
distinct PCA and GO pattern between the genotypes upon cold. Contrary to the PGC-1α-Null mice, the
MKO animals were able to induce the mitochondrial uncoupling response in BAT and Quad, hence, they
were capable to survive an acute cold exposure of 6h without losing normal body temperature. The
transcriptional program, which was regulated during cold, was 2/3 similar to the control animals. However,
compared to the WT animals, which regulated on first hand their transcription to cope with the stress
induced by cold, the MKO mice seemed to have more problems to handle the cold, depicted by the GO
terms “apoptotic process” and “response to stress”. Some studies already linked the lack of PGC-1α to
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increased inflammation and apoptotic susceptibility (Adhihetty et al., 2009; Chen et al., 2011; Eisele et al.,
2015; Handschin and Spiegelman, 2008). Thus, PGC-1α was important to deal with the switch from RT to
cold in a normal, healthy manner, as it is known and important regarding the evolutionary significance of
adaptive thermogenesis (Rowland et al., 2015). Since we could not observe any deficits as decreased body
temperature after acute cold exposure, it would be interesting to characterize whether the increased
stress and apoptotic levels in the MKO animals would have detrimental effects subsequent to either
chronic cold exposure or following repetitive acute cold exposure bouts.
As already mentioned, exercise and the induction of PGC-1α are going hand in hand (Lin et al., 2004b;
Puigserver et al., 1998). MKO animals were not able to run as long as WT animals and they had massive
lactate induction upon acute exercise (Handschin et al., 2007a; Summermatter et al., 2013). Importantly,
both genotypes showed enormous transcript changes in a time course dependent manner after acute
exercise until exhaustion. This result clearly depicted the importance to take the temporal aspect of gene
transcription into account when performing exercise studies. So far, most investigations decided for one
specific time point and performed the molecular analysis based on this single snapshot (Egan and Zierath,
2013; Gabriel and Zierath, 2017). In disregard of the time point, the core exercise response in WT animals
was “cellular response to calcium ion”. This is not astonishing since it is known that neuronal stimulation
increases cytoplasmic calcium levels and hence, activates different cascades such as Ca2+/calmodulindependent protein kinases (Gehlert et al., 2015). Furthermore, the GO term “response to stress” including
some HSPs was also strongly enriched in the WT core response. Moreover, the overlap in the exercise core
responses between WT and MKO animals was likewise highly associated with the term “response to
stress”, however, involving different HSPs than in the WT core exercise response. HSPs are chaperons that
help to correctly fold newly synthesized proteins or to prevent protein aggregation and they have been
shown to be upregulated by an acute bout of exercise in different tissues, including SKM (Henstridge et
al., 2016; Lancaster et al., 2004; Noble and Shen, 2012; Tsuzuki et al., 2017). Next to heat-stress,
physiological stressors induced by exercise such as hypoxia, energy depletion, calcium level changes or
ischemia regulate HSPs as well (Henstridge et al., 2016; Kregel, 2002). So whether the core exercise
response of HSP induction found in our exercise model was only due to mechanical heat-stress or a mix of
the mentioned stressors above is not clear yet and would need to be further analyzed. Therefore, an
exercise experiment in a temperature-controlled environment should be performed to monitor and
prevent overheating of SKM by mechanical contraction and hence, elucidate the role of the HSPs. Our data
showed clearly a functional important role of PGC-1α in the regulation of the HSPs upon exercise due to
blunted induction of Hspa1a, Hspa1b and Dnajb1 and the absent gene induction of the HSPs Hsp90aa1
and Hspb1 in the MKO animals. A recent study linked PGC-1α with the TF heat shock factor 1 (HSF1) and
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showed their involvement in the induction of the HSPs, which might explain the reduced response in the
MKO animals (Xu et al., 2016a).
Our study aimed to dissect the mechanism of SKM contraction following acute cold and acute exercise.
The comparison of the transcriptional profile to the mentioned physiological stimuli revealed a distinct
transcriptional pattern. The discovered “core SKM contractile component” response in WT animals
overlapped 1/3 between the cold-regulated genes and all acute exercise transcripts. This core response
was mainly involved in transcriptional regulation and “apoptotic process”. Contrary, the main functions
during cold exposure was mostly associated, next to transcriptional regulation, with apoptotic processes
and cell death whereas the exercise response exhibited the key functions in transcriptional control,
angiogenesis and cell differentiation. Earlier studies already connected exercise to improved angiogenesis,
even more, the effect seems to be PGC-1 dependent (Arany et al., 2008; Hoier et al., 2012; Rowe et al.,
2011). Interestingly, our data demonstrated the “response to stress” including HSPs as a specific exercise
feature, which could not be found in the acute cold response. A common attribute of general muscle
contraction was the term of transcription, which was depicted by a fraction of TFs that were either specific
for exercise or cold or involved in the general “core SKM contractile component”. Exercise and the
involvement of TFs, mostly nuclear receptors, have been associated previously, mainly in combination with
the PGC-1 family (Scarpulla, 2011; Scarpulla et al., 2012; Schreiber et al., 2004). Interestingly, the “core
SKM contractile response” important during cold and exercise, contained the TFs Nr4a1 (Nur77), Nr4a2
(Nurr1), and Nr4a3 (Nor1), which are known to play a role in SKM metabolism and so far, have only been
related to exercise-induced muscle contraction but not to shivering thermogenesis (Chao et al., 2012; Kupr
et al., 2017; Mahoney et al., 2005; Pearen et al., 2008; Tontonoz et al., 2015). This indicated that an
important function upon acute muscle contraction was the maintenance of energy balance in the muscle
and the whole body. Remarkably and contrary to the acute exercise specific response of HSPs, the specific
cold response revealed an involvement in the regulation of circadian rhythm. Previous studies linked
circadian rhythm with thermogenic adaptations in SKM and other tissues but not much is known about
this relationship (Chappuis et al., 2013; Gerhart-Hines et al., 2013; Lee et al., 2013). Finally, we showed the
importance of PGC-1α in the normal and healthy response to acute muscle contraction as induced by cold
or exercise. Muscle-specific PGC-1α knockout animals could fight against acute cold and acute exercise but
they were more affected by different stress pathways as apoptosis, mostly upon cold exposure.
Altogether, this data show that muscle contraction subsequent to different stimuli is distinct from each
other. A variety of molecular pathways is involved in the regulation of muscle shivering after acute cold
exposure compared to the muscle contraction induced during acute exercise. Even more, the role of the
master coregulator PGC-1α in the proper and healthy regulation of both stimuli, acute cold- and acute
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exercise-induced muscle contraction, is important and needed for a balanced metabolism and a normal
output as exercise performance and cold protection over time. Since physical activity is already a wellestablished treatment against metabolic diseases, our results could help to improve and adapt treatments
containing muscle contraction, such as exercise and cold, to improve further patients’ quality of life.

Materials and Methods
Animals
Experiments were performed with the approval of the Swiss authorities on adult male mice (15-20 weeks
old) for all the experiment and n = 5-6 per condition. Mice had free access to food and water and were
housed in a conventional facility with a 12 h light/12 h dark cycle. The PGC-1α muscle-specific knockout
(MKO) mice used in this study were generated as described in (Handschin et al., 2007a) and floxed
littermates were used as controls (WT).

Exercise training protocols
For the acute exercise time course study mice were acclimatized to treadmill running (Columbus
Instruments) as described in Table 1 of the Supplemental Material. Two days after acclimatization, the test
started at 0 m/min for 5 min, 5 m/min for 5 min and 8 m/min for 5 min with a 5° incline and the speed was
increased 2 m/min every 15 min until 26 m/min and exhaustion. Blood lactate and glucose were measured
from tail blood with a lactate plus meter (Nova Biomedical, Labor-Systeme Flükiger AG) or glucose meter
(Accu-Chek, Roche), respectively, before and after the treadmill test. Immediately (0h), 4h, 6h and 8h after
the test mice were killed by CO2 and tissues collected. Sedentary mice were not exposed to any treadmill
running.
For chronic training mice were acclimatized to treadmill running and treadmill training was carried out 5
times a week for four weeks as described in Table 2A and B of the Supplemental Material. Endurance
capacity of the mice was determined on an open treadmill as described above. VO2max was measured in
a closed treadmill (Columbus Instruments) and the test started at 0 m/min for 5 min and 10 m/min for 3
min with a 15° incline and the speed was increased 2 m/min every 3 min until exhaustion. Chronically
trained mice were killed by CO2 18h after the last training session and organs were removed.

Cold exposure
WT and MKO animals were kept at room temperature or at 4 degree 1h, 3h, 6h or 12h for the pilot
experiment. Main experiment was performed with 6h cold exposure. Animals were in single cages with
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bedding and water but no food during experiment. Mice were killed by CO2 immediately after 6h cold at 4
degrees and organs were removed.

mRNA sequencing and analysis
Total RNA was isolated from Quadriceps muscle with TRI reagent (T9424, Sigma) according to the
manufacturer’s instructions. RNA concentration was measured with a NanoDrop OneC spectrophotometer
(Thermo Scientific). 7500 ng RNA was further purified with the Direct-zol RNA MiniPrep Kit (R2050, Zymo
Research) according to the manufacturer’s instructions. For RNAseq library preparation, 1 µg of purified
RNA was used and libraries prepared with the TruSeq RNA library Prep Kit (Illumina) according to the
manufacturer’s instructions. Single read sequencing was performed with a HighSeq 2500 machine (50
cycles, Illumina). Fastq files were mapped to the mouse genome (mm10) and RNAseq and statistical
analysis performed with the CLC Genomics Workbench Software (Qiagen).

Venn diagram, gene ontology, principal component analysis, signal peptides
Differentially expressed (DE) genes were pictured in a Venn diagram with the use of the interactiVenn
web-based tool (Heberle et al., 2015). Gene ontology (GO) analysis of biological processes was executed
by the usage of GeneCodis (Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009; Tabas-Madrid et al.,
2012). Enriched GO terms were furthermore sorted by (-)log10 adjusted p-value. Dotted line represents
significance, (-)log10 adjusted p-value > 2. Principal component analysis (PCA) was performed by the CLC
Genomic Workbench Software (Qiagen). Signal peptides were analyzed by the PrediSI software (Hiller et
al., 2004).

Quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from tissue as described above. The RNA was treated with DNase I (18068015,
Thermo Scientific) and then reverse transcribed using hexanucleotide mix (11277081001, Sigma) and
SuperScript II reverse transcriptase (18064022, Thermo Scientific). The level of relative mRNA was
quantified by real-time PCR on a StepOnePlus system (Applied Biosystems) using Power SYBR green PCR
master mix (4367659, Thermo Scientific) or by a Light Cycler 480 II system (Roche) using Fast Start Essential
DNA Green Master mix (06924204001, Roche). The analysis of the mRNA was performed by the
comparative CT method using TATA binding protein (TBP) as endogenous control. Primer sequences are
listed in Table 3 of the Supplemental Material.
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Statistical analysis
Values are expressed as means ± standard errors of the means (SEM) and statistical significance was
determined with unpaired two tailed t-tests using Excel software. An asterisk (*) indicates significant
differences between genotypes or the conditions.
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Supplemental Material
Table 1. Acclimatization protocol for treadmill running of acute time course study at 5° inclination.
Day 1
Day 2
Day 3
Day 4
Day 5

5 min
0 m/min
5 min
0 m/min
5 min
0 m/min
5 min
0 m/min
5 min
0 m/min

5 min
5 m/min
5 min
5 m/min
5 min
5 m/min
5 min
5 m/min
5 min
5 m/min

5 min
8 m/min
5 min
8 m/min
5 min
8 m/min
5 min
8 m/min
5 min
8 m/min

10 min
10 m/min
15 min
10 m/min
15 min
10 m/min
15 min
10 m/min
15 min
10 m/min

5 min
12 m/min
5 min
12 m/min
10 min
12 m/min
10 min
12 m/min

2 min
14 m/min
2 min
14 m/min
5 min
14 m/min

Table 2A. Acclimatization protocol for treadmill running of chronically trained mice.
0°
inclination
5°
Day 2
inclination
Day 1

5 min
0 m/min
5 min
0 m/min

5 min
5 m/min
5 min
5 m/min

5 min
8 m/min
5 min
8 m/min

5 min
10 m/min
5 min
10 m/min

Table 2B. Training protocol for chronic treadmill exercise.
Week 1
Week 2
Week 3
Week 4
Week 5

Day 1
Day 2
10 m/min 10.5 m/min
12.5 m/min 13 m/min
15 m/min 15.5 m/min
17.5 m/min 18 m/min
Exercise test 18.5 m/min

Day 3
11 m/min
13.5 m/min
16 m/min
18.5 m/min
18.5 m/min

Day 4
11.5 m/min
14 m/min
16.5 m/min
Rest
Sacrifice

Day 5
12 m/min
14.5 m/min
17 m/min
Exercise test

Table 3. qPCR primer sequences.
Gene Name
Cidea
Dio2
PDK4
PGC-1α exon2
PGC-1α exon3-5
PGC-1β
PPARα
TBP
UCP1
UCP2
UCP3

Forward primer
TGGGATTGCAGACTAAGAAGGTC
GAGGAAGGAAGAAGAGGAAGCAA
AAAATTTCCAGGCCAACCAA
TGATGTGAATGACTTGGATACAGACA
AGCCGTGACCACTGACAACGAG
ATGCTTCCCTCACACCTCAG
GCGTACGGCAATGGCTTTAT
TGCTGTTGGTGATTGTTGGT
GTCCCCTGCCATTTACTGTCA
TGCCCGTAATGCCATTGTC
TTTTGCGGACCTCCTCACTT

Reverse primer
CGGTCATGGTTTGAAACTCGAAA
TTCTTCCAGTGTTTTGGACATGC
CGAAGAGCATGTGGTGAAGGT
GCTCATTGTTGTACTGGTTGGATATG
GCTGCATGGTTCTGAGTGCTAAG
GCTTTTGCCTTGTAGGCTTG
ACAGAACGGCTTCCTCAGGTT
CTGGCTTGTGTGGGAAAGAT
TTGGATACTGTCCTGGCAGAGA
AGTGGCAAGGGAGGTCATCT
TGGATCTGCAGACGGACCTT
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Abstract
The CRISPR/Cas genome engineering technology is a new developing method allowing precise and fast
manipulation of the genome in a multiple fashion. We created two multiplex epitope tagged constructs to
generate epitope tagged knock-in mice at the proximal and distal peroxisome proliferator-activated
receptor γ coactivator 1α (PGC-1α) promoter transcriptional start site (TSS). Each single stranded DNA
construct was injected individually with the corresponding gRNA and Cas9 into male pronuclei of fertilized
mouse oocytes. Surviving embryos were transferred into pseudopregnant females, breeding the
genetically modified mice. Finally, the born mice were analyzed for correct knock-in by genotyping and
sequencing. The applied method allowed the generation of knock-in mice harboring multiple epitope tags
at once. Here, we successfully generated a mouse harboring multiplex epitopes at the proximal TSS at the
exon 1a of PGC-1α. This new model allows for the first time a detailed analysis of PGC-1α promoter usage,
isoform generation and protein level detection in every single cell of the body.

Abbreviations
bp

Base pair

Cas

CRISPR-associated

CRISPR

clustered regularly interspaced short palindromic repeats

crRNA

CRISPR RNA

DSB

double strand break

ES

embryonic stem cells

gRNA

guide RNA

HDR

homology directed repair

i.p.

intraperitoneal

IU

International unit

kb

kilo base

KI

Knock-in

LB

lysogeny broth

NHEJ

nonhomologues end joining

PAM

protospacer adjacent motif

PGC-1α

peroxisome proliferator-activated receptor γ coactivator 1α

RE

Restriction enzyme

trcrRNA trans-activating crRNA
TSS

transcription start site

WT

Wild type
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Introduction
Precise and effective gene editing tools are important to drive today’s research in the biology field further.
The new clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas)
proteins technology, which rises from the prokaryote type II CRISPR/Cas system providing bacteria with
an adaptive immunity to viruses and plasmids, gives the basis for state of the art genome editing (Hille et
al., 2018; Horvath and Barrangou, 2010; Wiedenheft et al., 2012). The endonuclease Cas9 originating from
Streptococcus pyogenes type II CRISPR/Cas system is one of the most used enzymes for precise sequencespecific DNA double strand breaks (DSB) (Jinek et al., 2012). A 20 nucleotide single guide RNA (gRNA)
sequence within an RNA duplex consisting of the trans-activating crRNA (trcrRNA) and CRISPR RNA
(crRNA), trcrRNA:crRNA, form a ribonucleocomplex and base pairs with the DNA target sequence
(Gasiunas et al., 2012; Jinek et al., 2012). In addition, the gRNA needs to contain a protospacer adjacent
motif (PAM), which is a NGG for Cas9 from Streptococcus pyogenes. Thus, Cas9 is able to introduce a sitespecific DSB in the DNA at a precise position, within the target DNA and around 3-4 nucleotides upstream
of the PAM sequence (Doudna and Charpentier, 2014; Hille et al., 2018). The CRISPR/Cas technology allows
by changes in the sequence of the gRNA to direct the Cas9 and thus, to target any DNA sequence of
interest, hence a huge capacity of genome editing is possible. The DSB on the DNA is by nature repaired
either by nonhomologues end joining (NHEJ) or by homology directed repair (HDR). NHEJ is the most
frequent repair mechanism, which can be used for deletions or insertions but is less precise and often
occurs with imprecise DSB repair missing or adding 1-3 nucleotides (Su et al., 2016; Wang et al., 2013; Yang
et al., 2013). HDR on the other hand, is a rare event but allows a very precise insertion at the cut site by
supplementing the CRISPR/Cas system with a donor sequence containing homology arms to the end
flanking regions of the DSB (Cong et al., 2013; Wang et al., 2013; Yang et al., 2013). Several studies
implicated the CRISPR/Cas system as very efficient and easy to us for gene deletion as well for reporter
gene insertions, not only in simpler organism but as well in rodents (Sternberg and Doudna, 2015; Yang et
al., 2014; Yang et al., 2013). This is in contrast to the classical and time-consuming approach of
electroporation of a target construct into embryonic stem (ES) cells and targeted homologues
recombination, which first generates e chimeric and not clean mouse. According to literature, the usage
of the CRISPR/Cas system is very quick and clean, the reagents needed can be directly injected into
fertilized mouse eggs and the first CRISPR-based founder mouse is ready after around 3 months (Wang et
al., 2013; Yang et al., 2014; Yang et al., 2013).
The goal of this study was to generate an epitope tag knock-in (KI) mouse by using the CRISPR/Cas genome
editing technology. We aimed to insert a multiplex epitope tag at the promoter site of the Ppargc1a gene
located on chromosome 5 in the mouse genome. Ppargc1a leads to the generation of the peroxisome
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proliferator-activated receptor γ coactivator 1α (PGC-1α) protein. Importantly, PGC-1α can be transcribed
from two promoters, a proximal and a distal promoter, later one located 13.8 kilo base (kb) upstream
(Martinez-Redondo et al., 2015; Miura et al., 2007; Ruas et al., 2012). Dependent on the promoter usage,
different isoforms are generated, leading to diverse biological outputs. To date, it is not proven what
isoform is generated by which promoter under changing conditions (Martinez-Redondo et al., 2016;
Martinez-Redondo et al., 2015; Miura et al., 2007; Popov et al., 2015; Ruas et al., 2012; Ydfors et al.,
2013b). Because of the distance of 13.8kb between the promoters, we designed two constructs for each
promoter site, which had to be inserted separately into animals. Once a construct is successfully
integrated, this mouse can be used for insertion of the second construct. The two constructs designed,
contained each a common epitope tag for every transcribed exon 1 from each promoter as well as
individual epitope tags for all exon 1s. The different exon 1s are called exon 1a coming from the proximal
promoter and exon 1b and exon 1c from the distal promoter. Dependent on which promoter is used,
different exon 1s can be transcribed leading to different isoforms (Martinez-Redondo et al., 2015; Miura
et al., 2007). By introducing epitope tags at the N-Terminus, next to the TSS of the Ppargc1a promoters,
we will be able to define the role of the different promoters as well as the corresponding isoforms.
Furthermore, we will be capable to look at protein levels, which was not possible so far due to bad
antibodies. Finally, the CRISPR/Cas based knock-in is not cell type specific, allowing a whole body
investigation of the individual PGC-1α isoforms and biological functions.

Methods and Results
Knock-in epitope construct strategy
To be able to detect the individual isoforms developing from the two distinct promoters of Ppargc1a, two
epitope containing constructs were designed, which we aimed to integrate into the mouse genome at the
N-Terminus of the Ppargc1a gene. Each construct contained a common epitope tag for any transcribed
exon 1 from any promoter as well as individual epitope tags for each individual exon 1 (Figure 1 + Table
1). This construct allows to study all PGC-1α forms together, total PGC-1α, as well as to distinguish between
the promoters and the corresponding isoforms. To enhance the epitopes strength, each epitope was
introduced twice with individual sequences resulting in one epitope protein sequence. Especially, each HA
epitope, which is the common tag for all translated exon 1s and is present twice at each exon 1 N-Terminus
site, is specific as well, finalizing in six individual HA sequences (Table 1). This individuality diminished the
risk of miss matches due to similar sequences. Those six specific HA sequences were adapted by changing
the Wobble nucleotide leading to unchanged amino acid translation (Crick, 1966) (Table 1). Furthermore,
the HA tags were separated by an artificial methionine (ATG) sequence, guaranteeing the correct
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transcription of the Ppargc1a gene in case of mismatching at the original TSS in front of the first HA tag
(Figure 1).

Proximal promoter epitope construct - exon 1a
An Ultramer DNA oligo (Integrated DNA Technology) of 200 base pairs (bp) was designed for the proximal
promoter exon 1a epitope tag (Figure 1). 48bp of the upstream genomic DNA was used as homology arm
to allow homologues recombination at the Ppargc1a position of interest. Next, the original TSS (ATG) was
followed by the first 27bp HA tag sequence (exon 1a HA Nr.1). Then an artificial methionine (ATG) was
placed continued by the second HA tag (exon 1a HA Nr.2). Afterwards, two specific Flag tag sequences
each of 24bp (exon 1a Flag Nr1. + Nr.2) were following by 44bp of the genomic DNA containing the exon
1a as homology arm. Finally, the Kozak sequence in front of the original ATG was changed from GG
nucleotides to CC due to the risk of miss cutting by the Cas enzyme, which uses an NGG as PAM recognition
site.

gRNA for the proximal promoter exon 1a construct
We used the Cas9 enzyme for DSB in our CRISPR/Cas system. Cas needs next to a gRNA to be guided to
the place of interest in the genome, a NGG as PAM recognition site. We used the CRISPOR gRNA design
tool to generate our gRNA needed (http://crispor.tefor.net/). The best guide was chosen according to the
programs calculated score and the cutting site. The selected guide contained a GGG as PAM and cut the
DNA after the TSS of the exon 1a (Table 2).

Distal promoter epitope construct - exon 1b and exon 1c
A Megamer DNA oligo (Integrated DNA Technology) of 1100bp was designed for the distal promoter exon
1b and exon 1c epitope tags (Figure 1). The Megamer started with 590bp of the genomic DNA, which was
used as homology arm. Then, the original TSS (ATG) was followed by the first HA tag sequence (exon 1b
HA Nr.1). Next, a fake methionine (ATG) was placed neighboring by the second HA tag (exon 1b HA Nr.2).
Subsequently, two specific V5 tag sequences each of 42bp (exon 1b V5 Nr1. + Nr.2) were followed by 33bp
sequence of the exon 1b. Then, a 41bp intron sequence was adjacent to the TSS (ATG) of the exon 1c.
Next, two specific HA tags (exon 1c HA Nr.1 + Nr.2) were followed by two distinct Myc tags (exon 1c Myc
Nr.1 + Nr.2), each 30bp in length. Finally, the exon 1c sequence of only six nucleotides was used and 171bp
of the genomic DNA as homology arm.
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gRNA for the distal promoter exon 1b and exon 1c construct
As already used for the proximal promoter construct, Cas protein was used in the CRISPR system. Hence,
a gRNA containing NGG as PAM was designed with the CRISPOR gRNA design tool
(http://crispor.tefor.net/) according to the score and the site of DSB. The gRNA for the exon 1b and exon
1c construct was a reverse complement sequence, containing a TGG as PAM and cut around 2-3
nucleotides before the TSS of the exon 1c (Table 2).

Genotyping strategy
A precise genotyping strategy had to be used to elucidate the success of the knock-in by CRISPR/Cas into
the mouse genome. Offspring toe biopsies were digested in proteinase K (20mg/ml) (V302, Promega) and
DNA lysis buffer (50mM Tris-HCl pH-8.0, 100mM NaCl, 10mM EDTA, 0.5% Nonidet P-40) and genotyping
was performed (TaKaRa Ex Taq Mg2+ free Buffer, RR01AM, Takara Clontech) (Table 3 + 4). Different primer
combinations were used to elucidate the correct KI of the epitope sequences and additionally to reveal
the genomic location, to check whether the KI took place at the right chromosome or if there were offtargets (Table 5 + 6). In addition, as positive controls a plasmid with the insert and wild type (WT) biopsies
were used. Furthermore, genotyping revealing both products, WT and KI bands, as well as genotyping
giving only a product in case of KI were considered. An additional critical point was the fact of
heterogeneity within a mouse. Thus, the genotyping of a successful KI can reveal a WT and KI band. Even
more difficult, we might have the KI on only one allele instead of both alleles. Hence, the genotyping
products of interest had to be sequenced to proof the correct nucleotide insertion but still not guarantee
the KI on both alleles. Since there was the possibility of heterogeneous samples, the PCR product had to
be cleaned by TA cloning (NEB PCR Cloning Kit, E1202). Brief, a PCR product was cloned into a plasmid
vector containing ampicillin resistant cassette and hence, allowing selection of cloned products. The
cloning product was transformed into competent E.coli bacteria (SURE 2 Supercompetent Cells, 200152,
Agilent Techonolgies). Bacteria were plated overnight on lysogeny broth (LB) Agar (BD Difco LB Agar,
244520, Miller) containing ampicillin (A9518, Sigma). Next day, positive colonies were selected and PCR
screened for the correct PCR product insertion into the plasmid vector on one hand and replicated in LB
medium (NZY Broth, BP2465-500, Fisher Scientific) containing ampicillin overnight on the other hand. PCR
screening allowed further selection of possible positive clones used for sequencing. Next, the probes
identified as potentially positive for a correct KI by right PCR size detection of the PCR screen were purified
for their plasmid and sent for sequencing by using the classical T7 and SP6 primers.
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Genotyping for the proximal promoter exon 1a construct
Successful KI of the exon 1a construct was checked by a combination of primers (Figure 2A + Table 6). The
primer pair P1ex1a and P2ex1a revealed a band for WT and KI animals. Thus, a control for successful PCR was
additionally included. Even more, this primer combination allowed the effective recognition of the
integration at the correct position in the genome, due to the fact that the primers were located outside
the homology arms of the Ultramer DNA oligo. As positive controls, WT samples from other animals as
well as plasmid samples containing the KI sequence were used individually or in a mixed sample to mimic
heterogeneity (Figure 3A). The Plasmid was generated by the Bluescript vector (pBS) and Gibson Assembly
(Barnes, 1994; Gibson et al., 2010; Gibson et al., 2009). In addition, the genotyping could already give an
idea about the gRNA activity due to smeared bands at WT level (Figure 3A, sample 4). Supplementary, a
primer combination of P1ex1a with P4ex1a and P3ex1a with P2ex1a was used revealing a band at requested level
if a KI happened or no band for WT animals (Figure 3B + Table 6). Thus, the amount of biopsies to further
test downstream by TA cloning could already be diminished massively.

Genotyping for the distal promoter exon 1b and exon 1c construct
The same genotyping strategy can be applied for the construct of exon 1b and exon 1c, although there,
the PCR products are much larger compared to the exon 1a KI construct (Table 6). So far, the focus was on
the generation of the KI at the proximal promoter. The first CRISPR/Cas tests for the KI at the distal
promoter were with other previously designed constructs and not successful. The new, here explained
construct, was not used so far and thus, the P3ex1bc and P4ex1bc primers still have to be designed and tested
accordingly. Therefore, no results are available yet.

gRNA activity detection
It is of huge importance to elucidate the quality of the gRNA as well as the cutting efficiency of the Cas
enzyme. Hence, one of the genotyping products was used to check for gRNA activity. Therefore, a PCR
product was chosen, which contained the total KI construct including the site of DSB. The sequence of
interest was analyzed for restriction sites at the position of DSB induced by Cas. By the use of restriction
enzymes (RE), the cutting efficiency could be screened. In case of successful DSB, the restriction
recognition site is lost. If the gRNA was inactive, the PCR product can be digested by the RE and the original
PCR product is gone.
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gRNA activity for the proximal promoter exon 1a construct
FokI, which has GGATG as restriction site, was identified as perfect RE to detect the activity of the gRNA
for exon 1a construct. The genotyping product generated with the primer pair P1ex1a and P2ex1a was used
for RE digest (Figure 3A + Table 6 + 7). Before digest, the product had to be PCR purified (Qiagen MiniElute
PCR purification Kit Cat No./ID:28004). If the gRNA was not active, then the PCR product will be digested
into two pieces of 106bp and 93bp, respectively. If there was cutting by Cas and hence the gRNA active,
the original PCR product size remains.
gRNA activity for the distal promoter exon 1b and exon 1c construct
XcmI, having CCANNNNNNNNNTGG as restriction site, was found to be ideal for the activity measurement
of the gRNA for exon 1b and exon 1c. The purified genotyping product generated with the primer pair
P1ex1bc and P2ex1bc was used for RE digest (Table 6 + 7). The digested PCR pieces are 110bp and 76bp in size,
respectively.

Pronuclear microinjection of the knock-in sequence and Cas9/CRISP into fertilized mouse oocytes
The desired modification of the exon1a sequence at the Ppargc1a locus was carried out using Cas9/CRISP
directly in fertilised mouse oocytes. C57BL/6J female mice underwent ovulation induction by
intraperitoneal (i.p.) injection of 5 interantional unit (IU) equine chorionic gonadotrophin (PMSG; Folligon–
InterVet), followed by i.p. injection of 5 IU human chorionic gonadotropin (Pregnyl–Essex Chemie) 48h
later. For the recovery of zygotes, C57BL/6J females were mated with males of the same strain
immediately after the administration of human chorionic gonadotropin. All zygotes were collected from
oviducts 24h after the human chorionic gonadotropin injection, and were then freed from any remaining
cumulus cells by a 1–2min treatment of 0.1% hyaluronidase (Sigma-Aldrich) dissolved in M2 medium
(Sigma-Aldrich). Mouse embryos were cultured in M16 medium (Sigma-Aldrich) at 37°C and 5% CO2. For
micromanipulation, embryos were transferred into M2 medium. All microinjections were performed using
a microinjection system comprised of an inverted microscope equipped with Nomarski optics (Nikon), a
set of micromanipulators (Narashige), and a FemtoJet microinjection unit (Eppendorf). Injection solution
containing trcrRNA annealed to the crRNA targeting the sequence attcgggagctggatggctt (Table 2, gRNA
exon 1a) (20ng/ul), Cas9 protein (20ng/µl) and ssDNA homologous recombination template (Ultramer DNA
oligo with epitope construct exon 1a) (10ng/ul) (all reagents obtained from IDT) was microinjected into
the male pronuclei of fertilized mouse oocytes until 20-30% distension of the organelle was observed.
Embryos that survived the microinjection were transferred on the same day into the oviducts of 8–16-wkold pseudopregnant Crl:CD1(ICR) females (0.5d used after coitus) that had been mated with sterile
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genetically vasectomized males the day before embryo transfer (Haueter et al., 2010). Pregnant females
were allowed to deliver and raise their pups until weaning age. Offspring toe biopsies were taken around
one week after birth.

Cassy, a multiplex PGC-1α exon 1a epitope tag knock-in mouse
Cassy was born on 27th December 2017 in the CTM Basel (Figure 4). She is a healthy female mouse
containing all epitope tags and the artificial ATG at the correct genomic locus of the Ppargc1a proximal
promoter. She developed in the injection series 13 performed with the designed sense construct for exon
1a described above.
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Figure 1
Schematic representation of the proximal (PP) and distal (DP) promoter of PGC-1α and the multiplex
epitope constructs for exon1a as well as exon 1b and exon 1c, which will be inserted by CRISPR/Cas
technology at the transcription start sites. The two promoters are separated by 13.8kb.
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Figure 2
Overview of primer location used for genotyping of exon 1a construct (A) and exon 1b and exon 1c
construct (B).
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Figure 3
Agarose gel picture of exon 1a genotyping performed with primer P1ex1a and P2ex1a (A) and with primer
P1ex1a and P4ex1a (B: left) and P3ex1a and P2ex1a (B: right). Seven samples (1-7) as well as wild type (WT),
mixture of WT and plasmid (P) and P alone are shown. Pink color indicates possible samples containing the
knock-in. C: Table of primer combinations and resulting PCR product.
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Figure 4
Three pictures of the first multiplex epitope tagged PGC-1α proximal promoter mouse called Cassy.
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Discussion
CRISPR/Cas technology is a new rising tool for genome editing. It allows precise and fast manipulation of
the genome leading to deletions or insertions at specific locations of interest. The quick and direct delivery
allows fast generation of new animal models (Sternberg and Doudna, 2015; Wang et al., 2013; Yang et al.,
2014; Yang et al., 2013). The aim of this study was to generate a KI mouse model containing multiplex
epitope tags at the Ppargc1a proximal and distal promoter. Thus, the promoter usage and the transcribed
isoforms of PGC-1α can be studied in detail subsequent to different stimuli and in different tissues. So far,
the CRISPR/Cas technology was mostly used in simpler organism as Drosophila or Zebrafish or for knockout
in mouse models. Only few studies report successful KI at the mouse genome (Singh et al., 2015; Wang et
al., 2013; Yang et al., 2014). For the first time a multiplex epitope tag KI mouse at the proximal PGC-1α
promoter was generated. Excitingly, the epitope tags at the TSS of the proximal PGC-1α promoter are nontissue-specific. This allows to study the role of PGC-1α isoforms from the proximal promoter in each cell
of the body under diverse stimuli. However, in a first step, the generated mouse has to be bred with WT
animals to further transfer the KI to the next generation. Once the PGC-1α exon 1a tag construct is stable
integrated in a clean homozygous mouse line, first experiments and characterizations of the animal can
be performed. It has to be proven that the mouse is still behaving as a WT animal and is not disordered by
the genomic manipulation performed. In addition, this mouse line can be later used to insert the epitope
tag KI construct for the exon 1b and exon 1c by the CRISPR/Cas technology. The final goal of this whole
project would be a mouse containing both epitope constructs for both promoters at once, to have the full
power of promoter and isoform dissection of the PGC-1α protein. By the meanwhile, a successful KI of the
exon 1b and exon 1c construct will be continued independently, in an individual mouse line. The
generation of the PGC-1α epitope tag KI mouse opens novel study opportunities in regard of the
understanding of PGC-1α regulation and functional output. For the first time, isoform specific protein
levels can be evaluated under basal and stimulated conditions in different tissues. Detailed promoter
usage and isoform generation can be achieved and analysed by diverse approaches such as ChIPseq, IP
and Western blot. Finally, the CRISPR generated PGC-1α epitope tag KI mouse will further help to
understand the regulatory role of PGC-1α in body metabolism.
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Tables
Table 1: Epitope tag sequences used for construct exon 1a and exon 1b + exon 1c
epitope

sequence

exon 1a HA Nr.1

TACCCCTATGACGTTCCCGATTACGCC

exon 1a HA Nr.2

TACCCATACGATGTTCCAGATTACGCT

exon 1a Flag Nr.1

GATTATAAGGACGATGATGACAAA

exon 1a Flag Nr.2

GACTACAAAGACGATGACGACAAG

exon 1b HA Nr.1

TATCCATACGACGTCCCTGACTACGCA

exon 1b HA Nr.2

TACCCTTACGATGTACCCGATTATGCT

exon 1b V5 Nr.1

GGCAAGCCCATCCCCAACCCCCTGCTGGGCCTGGACAGCACC

exon 1b V5 Nr.2

GGTAAACCTATCCCTAACCCCCTTCTCGGTCTGGACAGTACT

exon 1c HA Nr.1

TACCCGTATGATGTGCCGGACTATGCT

exon 1c HA Nr.2

TATCCATATGACGTCCCAGATTATGCC

exon 1c Myc Nr.1 GAACAAAAACTCATCTCAGAAGAGGATCTG
exon 1c Myc Nr.2 AGCAAAAGCTTATTTCAGAAGAAGATCTC

Table 2: gRNA sequence including PAM
gRNA + PAM

sequence

gRNA exon 1a

ATTCGGGAGCTGGATGGCTT GGG

gRNA exon 1b + exon 1c CCTACATACCAGCAGCATAG TGG
*gRNA exon 1b + exon 1c is reverse complement
**bolt: ATG (CAT is reverse complement) of the exon 1

Table 3: Genotyping PCR mix (final volume 25ul)
Reagents

Volume (µl)

Tag Buffer Mg2+ free 2.5
MgCl2

2

dNTP

2

Primer (each)

0.1

Ex tag polymerase

0.125

H2O

17.275

DNA

1
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Table 4: Genotyping Program
Temperature Time
95°C

2min

95°C

30s

58°C

30s

72°C

1min (go to step 2, 34x)

72°C

5min

Table 5: Primer sequences used for genotyping
Primer Sequence
P1ex1a

TCTCAGTAAGGGGCTGGTTG

P2 ex1a

CAGGAATCATTGCATCTGAG

P3 ex1a

ACATGTCCCAAGCCTTGTCG

P4 ex1a

TCGGGAGCTCCATGTACCCC

P1 ex1bc

ATCTGCACTCCAGCAGAATG

P2 ex1bc

CAGTCTCCTGATCTTATGTC

Table 6: Primer combinations used for genotyping
Primer combination PCR product WT PCR product KI
P1ex1a – P2 ex1a

199bp

304bp

P1 ex1a – P4 ex1a

No band

215bp

P3 ex1a – P2 ex1a

No band

221bp

P1ex1bc – P2 ex1bc

186bp

441bp

P1ex1bc – P4 ex1bc

Not done yet

Not done yet

P3ex1bc – P2 ex1bc

Not done yet

Not done yet

Table 7: Restriction enzyme (RE) digest
Master Mix Volume (µl)
H2O

7

RE Buffer

2

RE

1

DNA

10

*digestion was performed 1h at 37°C.
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8. Discussion
Skeletal muscle (SKM) has enormous capacity to adapt to diverse external stimuli and disease associated
changes, leading to SKM plasticity and whole body adaptations (Egan and Zierath, 2013). Hence, physical
inactivity has been linked to metabolic disorders like T2D, obesity, cardiovascular diseases, cancer and
others, which could be prevented by physical activity (Booth et al., 2012; Colberg et al., 2010b; Egan and
Zierath, 2013; Haskell et al., 2007). The molecular mechanism how SKM is able to regulate the
transcriptional as well as the morphological and functional adaptations are not fully understood yet (Egan
and Zierath, 2013; Schiaffino and Reggiani, 2011). Key regulators in energy homeostasis, SKM plasticity
and whole body metabolism are the PGC-1 coactivators (Arany et al., 2007; Baresic et al., 2014; Cantó and
Auwerx, 2009; Chinsomboon et al., 2009; Fernandez-Marcos and Auwerx, 2011; Gali Ramamoorthy et al.,
2015; Handschin et al., 2007a; Handschin et al., 2007b; Handschin and Spiegelman, 2006; Knutti and Kralli,
2001; Kressler et al., 2002b; Kupr and Handschin, 2015; Lin et al., 2005; Lin et al., 2002a; Lin et al., 2003;
Lin et al., 2002b; Lin et al., 2004a; Martinez-Redondo et al., 2015; Mootha et al., 2004; Pérez-Schindler,
2013; Puigserver and Spiegelman, 2003; Puigserver et al., 1998; Rowe et al., 2011; Schnyder et al., 2017b;
Summermatter and Handschin, 2012; Zechner et al., 2010a). PGC-1α and PGC-1β regulate a large and
complex transcriptional network by the interaction with numerous TFs (Baresic et al., 2014; Handschin and
Spiegelman, 2006; Kupr and Handschin, 2015; Lin et al., 2005; Perez-Schindler et al., 2012; Salatino et al.,
2016a). In this thesis, we investigated the molecular mechanism of SKM plasticity by multi-omics
approaches such as transcriptomics and methylomics as well as ChIPseq in different PGC-1α and PGC-1β
models in vivo and in vitro combined with two external stimuli, namely exercise and cold exposure.

The first manuscript discussed in this thesis is based on previous work performed by our group where the
genome-wide transcriptional network and new binding partners of PGC-1α in SKM cells were elucidated
(Baresic et al., 2014). Next to new binding partners as the activity protein 1 (AP-1), ERRα was found as
strong partner of PGC-1α in the regulation of PGC-1α target genes (Baresic et al., 2014). The relationship
between PGC-1α and ERRα in the control of nearly the whole mitochondrial and oxidative phosphorylation
gene program was already shown earlier (Huss et al., 2002; Mootha et al., 2004; Schreiber et al., 2004). In
addition, the interaction of PGC-1α and ERRα regulates angiogenesis in SMK by inducing VEGF (Arany et
al., 2008). Hence, we were interested on the impact of ERRα on PGC-1α target genes and performed
ChIPseq and gene expression analysis of ERRα in the context of PGC-1α overexpression in C2C12 myotubes.
Surprisingly, we found that ERRα could be transcriptionally active and regulate PGC-1α target genes with
and without coactivation by PGC-1α. This new observation might explain the fraction of indirectly
regulated PGC-1α targets found in our previous study (Baresic et al., 2014). Even more, PGC-1α is able to
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regulate ERRα gene expression and thus, indirectly regulate its target genes (Mootha et al., 2004).
Furthermore, we discovered that ERRα might interact with the specificity protein 1 (SP1) to regulate PGC1α target genes without coactivation by PGC-1α. Interestingly, the interaction of ERRα with SP1 was
genomic context specific and favored high GC content genomic regions. Since GC level is often associated
with DNA methylation (Moore et al., 2013; Schubeler, 2015; Stadler et al., 2011), we hypothesized that
methylation might affect PGC-1α recruitment. However, previous studies in vascular smooth muscle cells
observed binding of SP1 to the Mitofusin 2 promoter, which is a known PGC-1α target gene in SKM and
hence, regulates its expression (Sorianello et al., 2012; Zorzano, 2009). Even more, it was reviewed that
ERRα binds to the SP1 promoter and regulates its transcription in humans (Sumi and Ignarro, 2005).
Further studies are needed to elucidate the exact role of ERRα interaction with or without PGC-1α as well
as with other TFs, dependent on the ERRα response elements on the promoter site. It was already shown
that changes in the ERRα binding site influence the conformation of ERRα and thus, the interaction with
PGC-1α (Barry et al., 2006), which might as well be the case in our study. In addition, the motif similarity
between the ERR family members could implicate that PGC-1α might coactivate as well ERRβ and ERRγ, as
it was already shown that they are able to regulate PGC-1α target genes in hepatic and SKM cells (Cho et
al., 2013; Zhang et al., 2006). Next to ERRα, other TFs might be induced by PGC-1α and regulate its target
genes via interaction with other TFBPs, this would need further investigation. Interestingly, the role of
PGC-1α is mostly discussed in its activator character, however, we observed that PGC-1α played a role in
suppression as well (Baresic et al., 2014), which might reveal new aspects of the transcriptional control by
PGC-1α and its partner usage. These findings show the complexity of the transcriptional network regulated
by PGC-1α in SKM cells. The new aspect of genomic context leading to diverse coactivator - TF interaction
brings new insights in the control of SKM plasticity by PGC-1α. Therefore, the interesting observation we
made of diverse binding upon genomic GC content could indicate a new role of PGC-1α in DNA methylation
regulation, which is associated with various GC and CpG content (Moore et al., 2013; Schubeler, 2015;
Stadler et al., 2011). Regulation of DNA methylation by PGC-1α might serve as an additional layer of control
for PGC-1α target genes and thus, allow to regulate the network influencing SKM plasticity and whole body
homeostasis under external stimuli as e.g. exercise or disease conditions (Baar, 2010; Bajpeyi et al., 2017;
Barres et al., 2009; Barres et al., 2012; Begue et al., 2017; Brunk et al., 1996; Carrió and Suelves, 2015;
Howlett and McGee, 2016; Hupkes et al., 2011; Kanzleiter et al., 2015; Laker et al., 2014; Lochmann et al.,
2015b; Murashov et al., 2016; Nitert et al., 2012; Voisin et al., 2015). Besides PGC-1α, the other PGC-1
family members as PGC-1β and PRC were not studied in detail yet. Therefore, genome-wide studies of
these coactivators would further dissect the large and complex network regulated by the PGC-1 family of
coactivators, not only in SKM cells. Finally, the whole project was performed in an in vitro model system,
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which reflects the metabolic influences and pathways in vivo only to some extent. Therefore, the next step
would be to dissect the transcriptional network of PGC-1α in vivo SKM, first under basal conditions and
then with external stimuli as e.g. exercise or food and compare the findings to the in vitro approach.

As discussed above, not many studies were done about the role of PGC-1β (Arany et al., 2007; Brault et
al., 2010; Gali Ramamoorthy et al., 2015; Lai et al., 2008; Lee et al., 2017; Lelliott et al., 2006; Lin et al.,
2002a; Lin et al., 2003; Mortensen et al., 2007; Rowe et al., 2011; Shao et al., 2010; St-Pierre et al., 2003),
especially on a genome-wide level to elucidate the transcriptional network as well as the binding partners
of this coactivator in SKM. Therefore, the second manuscript aimed to reveal a global picture of the
transcriptional network regulated by the coactivator PGC-1β in SKM cells, the TFBP interaction and
compare it with the analysis performed for PGC-1α in muscle cells (Baresic et al., 2014; Salatino et al.,
2016a). We combined genome-wide binding data from ChIPseq experiments with computational
predictions of TFBSs and RNAseq gene expression profiles in response to PGC-1β overexpression in muscle
cells. The transcriptional outline of PGC-1β resembled to a large extend the profile of PGC-1α in SKM cells
with high involvement in mitochondrial biogenesis and energy homeostasis (Baresic et al., 2014;
Handschin and Spiegelman, 2006; Lin et al., 2005; Puigserver and Spiegelman, 2003). In big contrast to the
previously performed ChIPseq analysis of PGC-1α in muscle cells (Baresic et al., 2014; Salatino et al.,
2016a), only mild recruitment of PGC-1β to the mouse genome could be found. These findings were
inconsistent with the high level of differentially expressed genes measured in the RNAseq. Hence, this data
indicated that most of the PGC-1β target genes were indirectly regulated. As our previous report for PGC1α showed, there was control of PGC-1α target genes without direct coactivator - TF interaction (Salatino
et al., 2016a). Some TFs, as e.g. ERRα, can interact with other TFs dependent on the genomic context and
thus, regulate PGC-1α target genes (Salatino et al., 2016a). An explanation for the observed difference in
the number of binding site detection between PGC-1α and PGC-1β ChIPseq as well as the discrepancies to
the large number of regulated transcripts under PGC-1β overexpression might be the time point of the
performed experiment. Hence, only a snapshot was taken from a large and complex network and thus by
chance, a moment of low recruitment was harvested. Nevertheless, the large transcriptome detected by
PGC-1β overexpression in myotubes indicated already an important role in metabolic balance, although
our data directed towards that most of the genes were regulated indirectly by PGC-1β. However, we
confirmed ERRα as the main interaction partner of PGC-1β, involved in the regulation of mitochondrial
biogenesis and energy homeostasis, as it was already observed in other studies (Gali Ramamoorthy et al.,
2015; Scarpulla, 2011; Shao et al., 2010) as well as for PGC-1α (Arany et al., 2008; Baresic et al., 2014; Huss
et al., 2002; Mootha et al., 2004; Salatino et al., 2016a; Schreiber et al., 2004). In addition, we found
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interactions with new binding partners as Ets-like and Hox-like TFs. Interestingly, literature already showed
a role of Ets-like TFs in the NMJ formation (Hippenmeyer et al., 2007) and Hox-like TFs important for SKM
differentiation and DNA methylation (Tsumagari et al., 2013a). However further evaluation has to be done
to explain the biological output of this interactions, either by knockdown experiments of the TFs in the
context of PGC-1β overexpression or by reporter assays. Even more, the detailed definition of the diverse
function of PGC-1β compared to PGC-1α in muscle cells could not be fulfilled since the comparison of the
two data sets was not possible as they were too different. Therefore, to clarify the transcriptional network
overlap and diversity between PGC-1α and PGC-1β as well as to prove the interesting observation of
indirect regulation by PGC-1β, a new experimental setup should be applied, where the ChIPseq and
RNAseq of PGC-1β and PGC-1α overexpression in muscle cells will be performed together. This would allow
a direct comparison between the two coactivators and would show if PGC-1β really controls only few genes
directly. The repetition of the experiment would be of great importance to dissect in a clean and unbiased
manner the very complex regulatory transcriptional network of PGC-1α and PGC-1β in SKM cells.

The third and fourth project were combined and resulted in two manuscripts, a main chapter 5.1
elucidating the role of acute and chronic exercise on the transcriptional and DNA methylation control in
SKM as well as on muscle memory combined with PGC-1α involvement in vivo and in vitro. A supplemental
chapter 5.2 analyzed the impact of PGC-1α and PGC-1β on the transcriptome and the methylome in an in
vitro system. The aim of those projects was to dissect the mechanism how global as well as local DNA
methylation is regulated in a specific tissue and whether external stimuli as exercise influence not only
transcription but also DNA methylation and if these two events are coupled to each other (Barres et al.,
2012; Lochmann et al., 2015a; Nitert et al., 2012). Even more, we aimed to understand the mechanism of
SKM memory, an important feature in regard of therapeutic training after injury or disuse (Gundersen,
2016; Lindholm et al., 2016; Seaborne et al., 2018; Sharples et al., 2016). Finally, the role of PGC-1α was
brought into the game as possible key mediator of DNA methylation combined with gene expressional
adaptations upon exercise (Bajpeyi et al., 2017; Barres et al., 2009; Barres et al., 2012; Lochmann et al.,
2015b). Our first study discussed in chapter 3 indicated that DNA methylation might affect PGC-1α
recruitment (Salatino et al., 2016a), which is supported by other studies (Bajpeyi et al., 2017; Barres et al.,
2009; Barres et al., 2012; Lochmann et al., 2015b). However, whether PGC-1α is able to manipulate
methylation is not known yet.
We observed that acute exercise modified gene expression in a time course dependent manner and this
was accompanied with DNA methylation changes. Even more, acute and chronic exercise led mostly to
hypomethylation and gene activation, whereas hypermethylation tended to repress genes. The fact of
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gene repression due to methylation by blocking the binding of TFs or changing the chromatin structure is
known from literature, specifically in cancer cells (Jones and Takai, 2001; Robertson, 2005; Schubeler,
2015; Siegfried and Simon, 2010). Other studies analyzed the effect of exercise on DNA methylation and
gene expression in SKM and observed mostly hypomethylation correlating with gene induction upon acute
exercise (Barres et al., 2012; Lindholm et al., 2014). Nevertheless, there is still a debate whether acute
exercise affects methylation and hence, gene expression and in which direction the methylation and
transcript regulation goes (Kanzleiter et al., 2015; Lochmann et al., 2015b). We clearly identified that
hypomethylation occurred more frequently compared to hypermethylation and this correlated nicely with
gene activation in acute and chronic exercised mice. Even more, we could show that there was a strong
time dependency of DNA methylation and transcriptional adaptation. Interestingly, the chicken or egg
question arose, since it is not clear whether there is first DNA methylation and then gene expression
adaptation or vice versa. We observed all possible combinations in our acute time course exercise data.
Therefore, an acute exercise experiment where the system is not able to change its methylation status by
blocking the DNMT and TETs would give the answer to this question. This huge combinatorial variety
observed, opens new insides in the control of a large complex involved in SKM adaptations and plasticity.
Interestingly, chronic training resulted in only mild transcriptional changes whereas the amount of DMRs
was large. Since chronic exercise is a long-term adaptation, stable DNA methylation changes might occur
leading to muscle memory and hence, reduced total transcriptional activity due to quicker response
(Seaborne et al., 2018; Sharples et al., 2016). This fact was supported by the large overlap of chronic
training induced DNA methylation with acute exercised transcriptional changes in our data set.
Nevertheless, the exercise memory effect after chronic training has to be further characterized. Thus, we
are currently performing a follow-up study with chronically exercised mice, which will be killed after a final
acute exhausted test in a time course dependent manner of 0h, 4h, 6h, 8h, and 24h post exhaustion test.
Transcriptome analysis of this data set will help to understand the potential memory effect in SKM after
chronic training due to epigenetic markers on the DNA, allowing a much quicker adaptive response of the
muscle. Furthermore, the exercise memory outcome could be tested by a chronic training paradigm
followed by detraining and a possible faster retraining, as it was already performed for resistance exercise
(Gundersen, 2016; Mutin-Carnino et al., 2014; Seaborne et al., 2018; Sharples et al., 2016). This knowledge
may help to improve therapeutic trainings upon injury or disease (Alibegovic et al., 2010; Booth et al.,
2012; Coffey and Hawley, 2007; Gabriel and Zierath, 2017; Jorge et al., 2011; Lindholm et al., 2016;
Lindholm et al., 2014; Phillips and Mastaglia, 2000). In addition, the memory effect of parental training on
the offspring in regard of methylome profile and performance would gain new insights in SKM memory
and germline transmission. So far, only the effect of epigenetic changes and transfer to the next generation
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in regard of obesity and T2D was studied (Carter et al., 2013; Laker et al., 2014; Murashov et al., 2016) but
not during exercise. A parental transmission of “healthy epigenetic marks” to the offspring would allow a
priming of the children either to have a heathier phenotype, be resistance to metabolic diseases or to be
more sportive, which would open novel therapeutic strategies. Since PGC-1α and its target genes are
induced by exercise and is hence, a main player in energy homeostasis and SKM plasticity by regulating a
large transcriptional network, we elucidated the role of PGC-1α in acute exercise-induced transcriptional
and methylation changes in wild type (WT) and skeletal muscle-specific PGC-1α knockout animals (MKO).
PGC-1α was already shown to undergo methylation changes upon different stimuli as exercise leading to
transcriptional adaptations (Barres et al., 2009; Barres et al., 2012; Lochmann et al., 2015b; Murashov et
al., 2016). However, we showed the first time that PGC-1α plays a major role in the combined approach of
DNA methylation and gene transcription not only during acute exercise but as well in sedentary conditions.
MKO mice had reduced and distinct DMRs leading to changed and diminished transcription patterns
following the acute exercise time course. Even more, the observed exercise pattern in WT animals of
mostly hypomethylation was inversed in the knockout animals. Interestingly, both genotypes showed
transcriptional regulation as most important function, although the genes used were distinct. The role of
PGC-1α in the control of DNA methylation could even be strengthened by the large methylome and
transcriptome in gain-of-function models of skeletal muscle-specific PGC-1α overexpressing mice and in
vitro by PGC-1α overexpression in C2C12 myotubes. Both systems had an impact on transcription and on
methylation, although the in vitro system exhibited only mild DNA methylation changes. It was shown that
hypomethylation is essential to define muscle lineage and induce differentiation, hence, the methylation
levels in differentiated myotubes are lower compared to myoblasts as mostly used for in vitro studies
(Brunk et al., 1996; Carrió and Suelves, 2015; Hupkes et al., 2011; Lucarelli et al., 2001; Smith and Meissner,
2013). Finally, the role of PGC-1α in the control of DNMTs and TETs should be further elucidated under
different conditions and in different genotypes. Combined approaches of exercise with knockout or
overexpression of individual DNMTs and TETs in WT and MKO animals would show the regulatory
dependency and power of PGC-1α on methylation and transcription. Furthermore, the importance of the
DNMTs and TETs for the memory effect in muscle upon chronic training could be validated by chronic
exercise in knockout models for DNMTs and TETs, followed by detraining and retraining. Combined
approaches of methylomics and transcriptomics with morphological analysis would reveal more details.
Taken together, our data provide inside into the close correlation of exercise, transcription and
epigenetics. The importance of the exercise intervention, acute versus chronic, as well as the time
dependency of DNA methylation and transcriptional output is an important feature, which has to be
considered also in future studies. To understand the next layer of control by which PGC-1α is able to
201

Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der hier angezeigt werden soll.

regulate and fine-tune the complex transcriptional network in SKM, will help to adjust interventions and
treatments used against metabolic disease or to support quality of life in myopathies and sarcopenia.
In the supplemental project, the transcriptional and the DNA methylation profile in C2C12 myotubes
overexpressing PGC-1α and PGC-1β was elucidated. As already observed in the main chapter 5.1 and
discussed above, PGC-1α regulates transcription and methylation in SKM in vivo and in vitro. We found
that PGC-1β, as PGC-1α, was involved in the regulation of a large transcriptome and a smaller methylome
in myotubes. Interestingly, both coactivators tended to more hypermethylation, which was opposite to
the observations in vivo. Hence, the closed in vitro system might differentially regulate the metabolic
pathways as the in vivo system, although several studies used both systems and revealed similar results
(Brzeszczynska et al., 2018; Kurdiova et al., 2014; Lund et al., 2017; Salatino et al., 2016a). However, our
observation might be explained by reduced methylation activity after development (Moore et al., 2013;
Okano et al., 1999; Reik et al., 2001; Smith and Meissner, 2013), although this is in large contrast to the in
vivo methylome measurements performed in the main chapter 5.1. Especially in the myogenic lineage,
demethylation was shown to play a critical role to define muscle tissue and induce differentiation (Brunk
et al., 1996; Hupkes et al., 2011; Lucarelli et al., 2001; Montesano et al., 2013; Tsumagari et al., 2013b).
Nevertheless, a comparison of PGC-1α and PGC-1β regulated target genes and DMRs in differentiated
myotubes would help to observe the overlapping as well as the distinct control and hence, support to
define the role of each PGC-1 member in more detail. Furthermore, knockdown of one coactivator would
indicate, whether there is a compensatory mechanism by the other family member in regard of DNA
methylation and the corresponding gene regulation. Since the effect on methylation in vitro was not large,
an in vivo approach with skeletal muscle-specific PGC-1β knockout and overexpressing animals combined
with external stimuli as e.g. fasting, which was shown to be an important stimulus in regard of the control
of PGC-1β target genes involved in muscle atrophy (Schnyder et al., 2018 (not published yet)), would
further define the role of PGC-1β in the control of SKM metabolism. Finally, siRNA-based knockdown of
different DNMTs and TETS revealed only very mild impact on PGC-1α and PGC-1β target genes. This might
be due to compensatory functions, since the transcriptional network controlled by those coactivators is
very large and is involved in essential metabolic signals, which has to be preserved (Arany et al., 2008;
Cantó and Auwerx, 2009; Fernandez-Marcos and Auwerx, 2011; Handschin and Spiegelman, 2006, 2008;
Kupr and Handschin, 2015; Lelliott et al., 2006; Lin et al., 2005; Puigserver et al., 1998; Rowe et al., 2011;
Scarpulla, 2011). As already discussed above, an in vivo system with impaired DNMTs and TETs combined
with PGC-1α/β under different conditions would give further ideas about the regulation of target genes.
However, our data demonstrate a combined control of transcription and DNA methylation, which allows
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a fine-tuned regulation of a large and complex transcriptional network in SKM cells by PGC-1α and PGC1β.

The fifth project discussed in this thesis focused on the SKM contraction-induced transcriptional profile
after different external stimuli as acute exercise and acute cold exposure combined with the PGC-1α
dependency. Exercise is an widely accepted treatment to counteract metabolic diseases such as obesity
or T2D and improve cardio vascular functions (Colberg et al., 2010a; Haskell et al., 2007) but also to
increase quality of life in myopathies as well as in sarcopenia (Egan and Zierath, 2013; Gill et al., 2018; Law
et al., 2016a; Phillips and Mastaglia, 2000). Many of the exercise-induced beneficial effects on whole body
metabolism are mediated by SKM metabolic and molecular alterations (Egan and Zierath, 2013), which
comprise adaptations in mitochondrial and metabolic function (Green et al., 1992; Spina et al., 1996), in
the contractile apparatus (Adams et al., 1993; Widrick et al., 2002), in signaling cascades (Benziane et al.,
2008) and in the transcriptional responses (Pilegaard et al., 2003). Several of these adaptations in SKM are
discussed in context of exercise-induced muscle contraction, nevertheless, also cold-induced muscle
shivering lead to numerous metabolic changes and adaptations. One of the most important mediators of
the transcriptional adaptations to exercise and cold in SKM is PGC-1α (Catoire et al., 2012; Egan and
Zierath, 2013; Lin et al., 2004a; Puigserver et al., 1998). However, the underlying mechanism of SKM
contraction subsequent to exercise or cold is still largely unexplored and hence, it is not clear whether the
same mechanisms and pathways are involved. We now defined for the first time the transcriptional profile
of SKM during acute exercise in a time course dependent manner together with the acute cold
transcriptional response. Furthermore, we observed a clear distinct transcriptional response to acute
exercise and acute cold in SKM, showing that muscle contraction uses different molecular mechanisms
dependent on the stimuli and biological output needed. Shivering, which is a repetitive contraction of
muscle, is not sufficient to maintain body temperature over longer period of cold, thus non-shivering
thermogenesis coming from BAT and from SKM has to be activated to generate sustained heat by
uncoupling (Bal et al., 2012; Rowland et al., 2015). Nevertheless, the time-dependent switch from shivering
to non-shivering thermogenesis in SKM is not defined yet. In addition to shivering, also exercise-induced
muscle contraction was shown to generate heat (Henstridge et al., 2016; Kregel, 2002), specially maximal
contraction as upon intense exercise or shivering bout was displayed to count up to 90% of oxygen
consumption, hence massive heat production (Egan and Zierath, 2013; Rowland et al., 2015;
Summermatter and Handschin, 2012; Zurlo et al., 1990). However, those mechanisms of heat production
are very costly and limited by nutrition and are therefore, only acutely used (Egan et al., 2016; Egan and
Zierath, 2013; Rowland et al., 2015). Anyway, the generated heat during cold is important as first line of
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defense during acute cold to maintain body temperature (Rowland et al., 2015), contrarily, too much heat
production during exercise is detrimental for the metabolism and reduces performance (Henstridge et al.,
2016; Kregel, 2002; Noble and Shen, 2012). Hence, our data support those findings that different
mechanism are controlled after exercise- or cold-induced muscle contraction. Even more, we observed
PGC-1α as a major regulator of a proper and healthy response to acute cold- and acute exercise-induced
stressors. In our cold experimental setup, we decided to use 6h cold exposure because PGC-1α gene
expression peaked at this time point. From literature it is know that PGC-1α-Null mice are not able to
survive longer than 6h during cold (Lin et al., 2004a). We observed no problems keeping body temperature
in MKO animals due to induced uncoupling proteins in BAT and SKM to the same extend as in WT animals.
However, in contrast to WT animals, the knockout mice had deficits on the transcriptional level, leading to
transcriptional apoptotic responses. PGC-1α was already linked previously to apoptotic control and
inflammatory processes, although not in association with cold (Adhihetty et al., 2009; Chen et al., 2011;
Eisele et al., 2015; Handschin and Spiegelman, 2008). It seems that PGC-1α is important to cope with the
switch from room temperature into cold in a healthy manner. Since we did not observe any body
temperature related deficits in the MKO animals, further studies with chronic cold exposure or repetitive
acute cold exposure would give more details about potential detrimental effects of the increased stress
level and differentially regulated transcriptional profile in those mice compared to WT animals. The aim of
this study was to elucidate the muscle contraction transcriptional profile following acute cold and acute
exercise and elucidate the PGC-1α importance. Many studies already discussed the role of PGC-1α in SKM
plasticity and energy homeostasis after exercise stimuli (Akimoto et al., 2008; Akimoto et al., 2005; Baar
et al., 2002; Bajpeyi et al., 2017; Chinsomboon et al., 2009; Egan and Zierath, 2013; Gill et al., 2018;
Handschin, 2016; Handschin et al., 2007a; Handschin and Spiegelman, 2008; Koves et al., 2005; Kupr et al.,
2017; Miura et al., 2008; Miura et al., 2007; Pilegaard et al., 2003; Russell et al., 2005; Summermatter and
Handschin, 2012; Tadaishi et al., 2011; Terada and Tabata, 2004; Ydfors et al., 2013a). However, a time
course of acute exercise as well as the comparison of muscle contraction after external stimuli compared
with the role of PGC-1α in this adaptation process was not investigated so far. We could confirm that MKO
animals are not able to run as long as WT animals and that they have much higher lactate production
following acute exercise (Handschin et al., 2007a; Summermatter et al., 2013). Importantly, we found
massive transcriptional changes in both genotypes during all time points of the acute exercise time course,
pointing the importance of time-dependent regulation, which should be considered for further studies
instead of taking only a snapshot (Egan and Zierath, 2013; Gabriel and Zierath, 2017). The main response
in WT animals upon acute exercise, regardless of any time point, was the cellular response to calcium as
well as the response to stress including heat shock proteins (HSP). It is known that neuronal stimulation
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increases cytoplasmic calcium levels and hence, activating different cascades such as Ca2+/calmodulindependent protein kinases (Gehlert et al., 2015). In addition, cytosolic calcium concentrations can lead to
hyperthermia, thus, a possible link of calcium concentration and HSP response might be considered since
it has been shown that the heat shock TF (HSF) is able to regulate calcium (Mosser et al., 1990). Opposite,
calcium was shown to induce some HSPs by inhibiting the Hsp90 in human keratinocytes (Chang et al.,
2006; Wakita et al., 1994), which is missing in our MKO mice. Importantly, the core exercise response
found in WT animals contained HSP, which were distinct from the response to stress in MKO animals
containing different HSP. HSPs are chaperons that help to correctly fold newly synthesized proteins or to
prevent protein aggregation and they have been shown to be upregulated upon an acute bout of exercise
in different tissues, including SKM (Henstridge et al., 2016; Lancaster et al., 2004; Noble and Shen, 2012;
Tsuzuki et al., 2017). Next to heat stress, they can be regulated also by other physiological stressors such
as exercise, calcium, hypoxia, energy depletion or ischemia (Henstridge et al., 2016; Kregel, 2002). To
elucidate whether the core exercise response of HSP induction found in our exercise model is only due to
mechanical heat-stress or a mix of the mentioned stressors above is not clear yet and would need to be
further analyzed. Due to our observation of induced calcium signaling in WT animals, the study of HSP
regulation by increased cytosolic calcium level might be of interest in SKM and exercise physiology.
Therefore, an exercise experiment such as treadmill running or swimming in a temperature-controlled
room or pool should be performed to monitor and prevent overheating of SKM by mechanical contraction
and hence, elucidate the role of the HSPs (Ishihara et al., 2009). Furthermore, it would be interesting to
describe the role of SKM PGC-1α in this context, which is known to be regulated by calcium and has been
shown to associate with HSF to induce the transcription of HSPs, which might explain the reduced and
different response in the MKO animals (Handschin et al., 2003; Wu et al., 2002; Wu et al., 1999; Xu et al.,
2016a). Recently, PGC-1α- and exercise-dependent myokines termed irisin, meteorin-like and βaminoisobutyric acid have been identified to promote browning of white adipose tissue and thereby
increasing energy expenditure (Bostrom et al., 2012; Rao et al., 2014; Roberts et al., 2014). It seems
paradoxical that exercise triggers the release of myokines to induce thermogenesis and energy
expenditure. The authors claim that this might be a possible evolutionary consequence of muscle
shivering, however, direct correlations are missing yet. Therefore, these findings suggest that there might
be overlap between SKM response to exercise and cold, although this is only a hypothesis so far. However,
our combined analysis of acute cold and acute exercise revealed involvement of secreted peptides but
none of the genes transcribing the three myokines mentioned above could be detected. Probably, plasma
analysis would give more information than transcript levels. Interestingly, the combined analysis of acute
exercise and acute cold response in SKM exposed the response to stress including HSPs as an exercise205
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specific feature, which could not be found in the acute cold response. This might be due to different stress
outputs needed during cold, as first line of defense, or exercise as already discussed before (Rowland et
al., 2015). Contrary, a common attribute of general muscle contraction found in both stimuli was the term
of transcription, which was depicted by a fraction of TFs. However, the TFs found were stimuli-specific and
thus, mainly distinct from each other in acute exercise or acute cold. Nevertheless, the common “core
SKM contractile response” in both conditions contained the TFs Nr4a1 (Nur77), Nr4a2 (Nurr1), and Nr4a3
(Nor1), which are known to play a role in SKM metabolism and have only been associated to exerciseinduced muscle contraction but not to shivering thermogenesis yet (Chao et al., 2012; Kupr et al., 2017;
Mahoney et al., 2005; Pearen et al., 2008; Tontonoz et al., 2015). This indicates that an important function
upon acute muscle contraction is the maintenance of energy balance in the muscle and the whole body.
Further evaluation of the nuclear receptor interaction during cold has to be considered. Mostly, the
interaction of nuclear receptors with the coactivator PGC-1α has been studied so far. Thus, a combined
new approach of PGC-1α with the Nr4a family of TFs would declare the interaction between those factors.
ChIPseq would show whether there is direct interaction and if this interaction could be changed by
different stimuli as exercise and cold. Even more, study of MKO mice would clarify the importance of PGC1α in this context and whether there is compensation by other factors to still induce the Nr4a TFs. In
addition, skeletal muscle-specific PGC-1α overexpressing mice could be used to elucidate if external stimuli
and thus, PGC-1α induction is needed to activate this cascade or whether the high level of PGC-1α by
overexpression is already enough to induce the same response as observed after exercise and cold. Taken
together, our data demonstrate a distinct transcriptional response in SKM subsequent to acute exerciseor acute cold-induced contraction. Even more, we show the importance of PGC-1α in the normal and
healthy response to acute muscle contraction as induced by cold or exercise. Hence, long-term exercise or
cold exposure in WT and MKO mice combined with morphological and transcriptional analysis would
reveal the detrimental effect of missing PGC-1α in SKM over a long period. Thus, a possible accumulation
of stress factors, apoptotic markers and toxins might result in functional and morphological changes, which
could be only discovered in aged and long-range treated animals. Since physical activity is already a wellestablished treatment against metabolic diseases, our results could help to improve and adapt treatments
containing muscle contraction, such as exercise and cold, to improve further patients’ quality of life.

The last and most pioneering chapter of this thesis, chapter 7, considered the generation of a multiplex
epitope containing knock-in mouse at the Ppargc1a locus engineered by the CRISPR/Cas technology. We
aimed to elucidate the promoter usage and the resulting isoforms of PGC-1α since the exact role of the
proximal and distal PGC-1α promoters as well as the impact of the isoforms is not clear yet. PGC-1α can
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be transcribed from two promoters, a proximal and a distal promoter, later one located 13.8 kilo base (kb)
upstream (Martinez-Redondo et al., 2015; Miura et al., 2007; Ruas et al., 2012). Dependent on the
promoter usage, different isoforms are generated, leading to diverse biological outputs. To date, it is not
proven what isoform is generated by which promoter under changing conditions (Martinez-Redondo et
al., 2016; Martinez-Redondo et al., 2015; Miura et al., 2007; Popov et al., 2015; Ruas et al., 2012; Ydfors
et al., 2013b). However, recently PGC-1α4 was discovered to be transcribed from the distal promoter and
contrarily to the so far described isoforms, involved in SKM hypertrophy (Ruas et al., 2012). By the
CRSIPR/Cas technology, a non-tissue specific knock-in at the N-Terminus of Ppargc1a can be reached and
thus, the promoter usage and the transcribed isoforms of PGC-1α can be studied in detail upon different
stimuli and importantly and uniquely in different tissues. Nevertheless, several challenges had to be
overcome in this project. First, the CRISPR/Cas genome editing technology to generate a knock-in model
was mostly used in simpler organisms or when in mouse models then only for knockout. Only few studies
reported successful knock-in approaches in the mouse genome yet (Singh et al., 2015; Wang et al., 2013;
Yang et al., 2014). Secondly, the distance of the two PGC-1α promoters of 13.8kb did not allow to generate
one knock-in construct, which could be inserted at once. Rather two independent constructs had to be
designed for each promoter and each corresponding exon 1 individually, which had to be injected into
pseudopregnant mice separately. Finally, the correct construct design and CRISPR/Cas system strategy to
avoid off-targets, missing construct pieces, inactive gRNAs and the right conditions of all reagents and the
template oligonucleotides to inject successfully into oocytes had to be tested and proved. Thus, the first
goal was to generate at least one of the two new mouse lines, either with an epitope knock-in at the
proximal promoter containing exon 1a or with the epitopes at the distal promoter containing exon 1b and
exon 1c. For the first time, a mouse with a very complex multi-epitope construct at the proximal promoter
of Ppargc1a could be generated, containing the construct in all cells of the body. Next, this mouse has to
be mated with WT mice from the same genetic background to allow germline transmission. Once
successful transmission could be achieved and the new mouse line increased in size, first validation
experiments could be done. On one hand, it has to be proved that the mouse behaves still like a WT animal
and that the expression of PGC-1α from the proximal promoter is still expressed like in WT mice and can
react following external stimuli as e.g. exercise (Handschin and Spiegelman, 2006; Lin et al., 2002b;
Pilegaard et al., 2003; Puigserver et al., 1998; Spiegelman and Heinrich, 2004). In addition, the second
knock-in mouse line for the distal promoter should be generated individually, finally to have two stable
knock-in lines. Thus, both lines can be used to already start experiments in regard of IP, ChIP and protein
level characterization for each promoter individually. On the other hand, one of the stable mouse lines can
be used to insert the second missing epitope tag construct for the other promoter by CRISPR/Cas
207

Fehler! Verwenden Sie die Registerkarte 'Start', um Heading 1 dem Text zuzuweisen, der hier angezeigt werden soll.

technology. The final goal of this project would be a mouse containing both epitope constructs for both
promoters at once to have the full authority of promoter and isoform dissection of the PGC-1α protein.
Taken together, the CRISPR/Cas technology is a new rising tool allowing innovative new genome editing
approaches. Nevertheless, the theory and the practice do not always fit and thus, knowing all challenges
we had to overcome at the beginning, we probably would have chosen the classical way of ES cells and
homologous recombination, which would have been much faster in the end but would also involve
limitations as tissue specificity. However, we managed half of the projects’ aim with the generation of the
first multiplex epitope knock-in mouse at the Ppargc1a proximal promoter, which is a great success for the
whole PGC-1α community. Nevertheless, the main work with the characterization and experimental
possibilities with this new mouse line as well as the generation of the second and finally the complete
knock-in mouse, starts now.
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9. Conclusion and Outlook
The PGC-1α and PGC-1β coactivators are involved in pleiotropic functions in SKM and whole body
metabolism. The different projects discussed in this thesis illustrate the multiplicity of regulatory
mechanisms in SKM plasticity and the impact of PGC-1α/β in those processes.
The first two projects revealed a genome-wide recruitment of PGC-1α and PGC-1β to the mouse genome
in SKM cells. New TFBPs could be identified and novel regulations of PGC-1α target genes in new contexts
were elucidated. Nevertheless, as already discussed in the section above, further studies need to be done
in a combined PGC-1α/β ChIPseq approach in SKM cells to describe in detail the common and distinct
features of those two coactivators. The projects three and four combined with project five revealed the
first time a global overview of SKM controlled plasticity on transcriptional and methylation level in vivo
and in vitro under diverse external stimuli as exercise and cold, associated with different PGC-1α and PGC1β genotypes. Importantly, the transcriptional and methylation profiles following acute exercise, chronic
exercise or cold-induced muscle shivering are distinct and PGC-1α dependent. The multi-omics approaches
used revealed enormous new insides in the molecular mechanism of SKM plasticity and hence, opened
new doors for novel studies. However, the combination of different projects, setups and analysis are
important to dissect and understand the global molecular mechanism of SKM plasticity and the complex
transcriptional network regulated by PGC-1α/β in this context. Finally, the last project focused on the
generation of a unique multiplex epitope knock-in mouse at the Ppargc1a locus. This mouse, specially the
complete knock-in mouse, will allow to dissect the molecular mechanism and control by PGC-1α under
pleiotropic stimuli and in each cell of the body. A detailed dissection of promoter usage and isoform
generation can be studied in detail. New TFBP can be identified by ChIPseq experiments for each generated
isoform under different condition and various tissues. The new potential of this model is massive and will
clearly have huge impact on the detailed global description of the PGC-1α coactivator.
Taken all together, we contributed many important new aspects to the current knowledge of the function
and role of PGC-1α and PGC-1β coactivators in SKM metabolism. Nevertheless, numerous new questions
arose and have to be further explored to fully understand the SKM plasticity and its impact on the whole
body metabolism as well as the role of the PGC-1 coactivators. Still limited knowledge is around of PGC1α protein, which now might be answered by the generated CRISPR mouse. Even less is known about PGC1β and its transcriptional network in different physiological and pathophysiological conditions. Therefore,
future studies have to focus more on the protein modification of PGC-1α and PGC-1β and their
contribution to the body homeostasis. Since especially PGC-1α has been implicated to be a potential
therapeutic target in metabolic disorders and other pathophysiological conditions, new findings will
increase the knowledge and hence allow to develop new intervention strategies to specifically bring PGC209
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1α and PGC-1β into the game in disease conditions to exert their beneficial effects on tissue- and whole
body-specific metabolism.
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Appendices
Appendix 1: Transcriptional Network Analysis in Muscle Reveals AP-1 as a Partner of PGC-1α in
the Regulation of the Hypoxic Gene Program
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Appendix 2: Role of Nuclear Receptors in Exercise-Induced Muscle Adaptations
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Appendix 3: Complex Coordination of Cell Plasticity by PGC-1α-controlled Transcriptional
Network in skeletal Muscle
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