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ABSTRACT 

MacroH2A1.1 is a histone variant and one of the least understood structural components of 

chromatin. Generated by alternative splicing, macroH2A1.1 differs from the other macroH2A1 

isoform in its capacity to bind NAD+-derived metabolites in vitro. This observation provoked 

the intriguing speculation that macroH2A1.1 could link metabolic and epigenetic regulation. 

We aimed to test this speculation by studying the function of macroH2A1.1 in a physiological 

setting. After having identified skeletal muscle as the tissue expressing highest levels of the 

isoform, we have focused our studies on myogenic differentiation and muscle-related functions. 

We demonstrate that a switch in macroH2A1 splicing from the metabolite non-binding isoform 

to macroH2A1.1 is a marker of normal myogenic differentiation. We provide evidence that 

macroH2A1.1 and in part the integrity of its metabolite-binding pocket are important for proper 

myoblast fusion and myotube maturation. In parallel we demonstrate that loss of macroH2A1.1 

alters the bioenergetic and metabolic capacities of committed myoblasts. We were able to 

identify a set of macroH2A1.1-regulated key effector genes of these phenotypes. Metabolic 

alterations correlated with a change in the relative expression of myosin heavy chain encoding 

genes that in adult muscle are markers of fiber types with different metabolic properties. A 

corresponding shift in the fibre type composition of skeletal muscles could be observed in adult 

macroH2A1-deficient mice.  

On the basis of these observations, we suggest that macroH2A1.1 is part of an epigenetic 

regulation that coordinates the differentiation and metabolic specification of muscle relevant for 

whole body health and metabolic homeostasis. Considering the central role of skeletal muscle in 

insulin-induced sugar absorption our results provide a possible explanation for the reported pre-

diabetic phenotype of macroH2A1-deficient mice.  
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RESUMEN 

MacroH2A1.1 es una variante de histona y uno de los componentes estructurales  menos 

entendidos de la cromatina. MacroH2A1.1 es generado por splicing alternativo y difiere de la 

otra isoforma de macroH2A1 en su capacidad para unirse a metabolitos derivados de NAD+ in 

vitro. Esta observación provocó la intrigante especulación que macroH2A1.1 podría vincular 

metabolismo y regulación epigenética. Nuestro objetivo fue probar esta especulación mediante 

el estudio de la función de macroH2A1.1 en un entorno fisiológico. Después de haber 

identificado el músculo esquelético como el tejido que expresa altos niveles de la isoforma, 

centramos nuestro estudio en la diferenciación miogénica y funciones relacionadas con los 

músculos. 

Demostramos que el cambio de la isoforma que no se une a metabolitos, macroH2A1.1, es un 

marcador de diferenciación miogénica normal. Disponemos de datos que evidencian que 

macroH2A1.1 y, en parte la integridad de su bolsillo de unión a  metabolitos, son importantes 

para la adecuada fusión de mioblastos y maduración de miotúbulos. En paralelo demostramos 

que la pérdida de macroH2A1.1 altera la capacidad bioenergética y metabólica de los 

mioblastos cometidos. Hemos identificado un conjunto de genes regulados por macroH2A1.1, 

efectores clave de estos fenotipos. Alteraciones metabólicas correlacionan con un cambio en la 

expresión relativa de los genes codificantes de la cadena pesada de la miosina; estos genes, en el 

músculo adulto, son marcadores de tipos de fibras con diferentes propiedades metabólicas. 

Correspondientemente, un cambio en la composición del tipo de fibra de los músculos 

esqueléticos se observó en ratones adultos deficientes en macroH2A1. 

Basándonos en estas observaciones, sugerimos que macroH2A1.1 forma parte de una 

regulación epigenética que coordina la diferenciación y especificación metabólica de los 

músculos relevantes para la salud de todo el cuerpo y la homeostasis metabólica. Teniendo en 

cuenta el papel central del músculo esquelético en la absorción de azúcar inducida por insulina 

nuestros resultados proporcionan una posible explicación para el fenotipo prediabético 

publicado en ratones deficientes en macroH2A1.  
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PREFACE 

The experimental study presented in this doctoral thesis was performed at the Institute of 

Predictive and Personalized Medicine of Cancer (IMPPC), Badalona in the laboratory of 

Chromatin, Metabolism and Cell Fate under the supervision of Dr. Marcus Buschbeck. The 

work was supported by a FI fellowship the Catalan Government organization L’Agència de 

Gestió d’Ajuts Universitaris i de Recerca (AGAUR).   

 

The data presented in the thesis provides novel insight into macroH2A1-dependent regulation of 

myogenesis and metabolic properties of myoblasts and muscles. Manuscripts summarizing the 

results are in preparation. 
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INTRODUCTION 



! "#!

General introduction 

Multicellular organisms consist of many cells of different types and functions that 

intercommunicate, interact and harmonically coexist. Animals, multicellular organisms, 

originate from a single cell – zygote. The zygote is totipotent and can thus during development 

commit to various lineages and differentiate into hundreds of distinct cell types. The zygote has 

its own specific DNA sequence or genotype and it transmits it to all progeny cells. This means 

that even after differentiation and development, all the cells in one organism will have the same 

genotype, except for very few mutations in some cells. The differential usage of DNA content 

in a multicellular organism will have as a consequence cells specializing to have very different 

functions, morphology and life time.  

 

Epigenetics – Definition and beginnings  

In the 1960s Conrad Hal Waddington in his work «The Strategy of the Genes» introduced the 

idea of an «epigenetic landscape» to explain development, which was particularly remarkable 

considering that the molecular nature of genes was not yet known (Waddington, 1957). 

Waddington suggested that during early development different tissues and organs will adopt 

distinguished characteristics. He postulated that these characteristics arise from «epigenetic 

reactions» and that they do not affect the entire cell or nucleus, but rather a small part of it. The 

phenotype was in the end a consequence of the genetic and environmental interplay and in spite 

of small perturbations of the mentioned factors; an organism could still end up with the same 

phenotype. This postulate is known as canalisation. He illustrated this in his model of balls 

running down the today so-called Waddington epigenetic landscape (Fig. 1.). Waddington 

considered that the developing embryo, while rolling down the developmental landscape, will 

be influenced by genetic factors and the landscape alone – the environment – and will be 

confronted with different buffered pathways eventually reaching its local minimum, 

mathematically speaking, or its equilibrium (Waddington, 1953). 

Waddington’s thinking was revolutionary for two reasons: First, because with his idea of 

«epigenetic landscape» he pioneered in connecting gene regulation with development and 

second, because his theories did not rely on Mendelian genetics.  
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Figure 1. The “epigenetic landscape” as Conrad Hal Waddington imagined it (taken from 
Slack, 2002). The famous depiction of epigenetic landscape, where the ball represents a cell of 
an embryo on its developmental path, facing different choices.. 
 
Another scientist pioneered back to back with Conrad Waddington in joining genetics and 

development – it was Ernst Hadorn who worked on Drosophila and believed that different 

embryonic tissues are determined to differentiate in specific manner and that this determined 

state is heritable (reviewed in Holliday, 2006). In 1990 the term dual inheritance was introduced 

by John Maynard Smith in order to separate the known Mendelian genetics and the not known 

mechanisms of mitotically heritable alternative states of gene activity (reviewed in Holliday, 

1990). 

The term “epigenetics” comes from the Greek “epi” and “genetics”, where “epi” means “on top 

of” or “in addition to”. Therefore nowadays epigenetics is seen as being on top of the genetics 

or as something that is in addition to the complex genetic basis of inheritance. 

Seminal discoveries of 1960s and 1970s opened the door for epigenetics. A scholar example 

and one of the breaking-point discoveries of the early epigenetics epoch was the identification 

of the X chromosome as nature of the Barr body, discovered in 1967 by Susumu Ohno (Ohno, 

1967). The discovery of DNA methylation in different species is another example. As it was 

later shown, methylation was concentrated on CpG sequence and it was symmetrical (Bird, 

1978). These discoveries made it clear to the scientific community that except for classical 

genetic inheritance there is another type of somatic inheritance. With the publication of Robin 

Holliday “The inheritance of epigenetic defects” (Holliday, 1987) the word and concept of 

epigenetics became fashionable and in 1990 a redefinition of epigenetics was proposed as “the 

study of the mechanisms of temporal and spatial control of gene activity during the 

development of complex organisms” (Holliday, 1990). Another definition was given by Arthur 

Riggs with epigenetics being “the study of somatically and meiotically heritable changes that do 

not depend on changes in primary base sequence” (Riggs, 2002). One of the most recent and 

still actual definition, as it includes also transient short-lived modifications and considers 

epigenetic processes as buffers of genetic alterations, is the one given by Adrian Bird in 2007: 
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“the structural adaptation of chromosomal regions so as to register, signal or perpetuate altered 

activity states” (Bird, 2007).  

In the past to study genes and genomes scientists relied greatly on microscopy. For a while 

microscopic investigation of how the DNA is packed was neglected, but most recent studies 

again concentrate their attention on how the genetic information in the DNA is arranged in the 

3D space and how the chromosomes are packed and located inside the nucleus. DNA packed 

with the help of distinct proteins and other factors builds up chromatin. The accessibility and 

consequentially the usage of the information written in the DNA depends on chromatin 

structure. The mechanisms that impact on chromatin and alter its structure are DNA 

modifications, non-coding RNAs, nucleosome alterations including histone variants and post-

translation modifications (PTMs) of histones (Margueron and Reinberg, 2010) as well as 

higher-order chromatin structures and topology (Cavalli and Misteli, 2013).  

To understand how these mechanisms work, one should first introduce the nucleosome, the 

basic unit of chromatin compaction. Each cell inclines toward organising its long DNA 

molecule in the small space of nucleus with the help of architectural factors otherwise the long 

DNA filament would aggregate into thermodynamically most favourable structure. At the same 

time, it is essential to allow accessibility to the organized DNA. In the nucleus the genomic 

DNA is packed in arrays of nucleosomes forming “beads-on-a-string” fiber of diameter 11 nm, 

which can further be wrapped with H1 linker histones to form 30 nm fiber thus contributing to 

the high-degree of chromatin compaction (Kornberg, 1977). By this point, the linear DNA 

molecule has been compacted by a factor of 30-40. A nucleosome consists of basic histone 

proteins and the negatively charged DNA. Two copies of histone proteins H2A, H2B, H3 and 

H4 form an octamer. First the two H3-H4 pairs form a very stable tetramer, which binds the 

H2A-H2B heterodimers. The organized octamer wraps 145-147 base pairs (bp) of DNA in 1.65 

turns around it through binding to the DNA phosphodiester backbones. In this way the 

nucleosomal core is formed and the DNA is compacted in a left-handed superhelix (Luger et al., 

1997). Nucleosomes occur every 200 ± 40 bp in the eukaryotic genome. The tails and regions 

outside of the histone fold contribute as well to the higher order compaction, most likely 

through extensive posttranslational modifications (Bannister and Kouzarides, 2011; Malik and 

Henikoff, 2003). Nevertheless, nucleosomes are highly dynamic and therefore ensure DNA 

accessibility and directly affect processes in cells like transcription, recombination, replication 

and mitotic condensation.  
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Figure 2. Evolution of histones. rRNA sequence comparison-based universal phylogenetic tree 
showing organisms not having (black) and having (in red) histones (taken from Sandman et al., 
1998). 
 
It is believed that the emergence of histones compacting the DNA in euryarchaeotal lineage 

(kingdom/phylum inside the Archaea), as showed in Fig. 2., was fundamental for the genome to 

expand and for the evolution of Eukaryota (Minsky et al., 1997; Sandman et al., 1998). The 

requirement to have quickly well condensed mitotic chromatin could have further provided 

selection pressure for the refinement of DNA compaction, as opposed to archaeota lacking 

mitosis. Moreover, the importance of the histones and octamer function is manifested in their 

rate of evolution as the histones H3 and H4 are the most slowly evolving eukaryotic proteins 

showing almost no amino acid sequence changes from plants to animals (Malik and Henikoff, 

2003). Core histones and histone variants share the same structural organization depicted in Fig. 

3., consisting of the histone fold domain (HFD) comprising of three central alpha helices, two 

loops as well as N-terminal and C-terminal helices (Talbert and Henikoff, 2010). 
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Figure 3. The famous X-ray crystal structure of the nucleosome core particle and histone 
fold domains organization. A, 146 bp of DNA (in black) are wrapped around the histone 
octamer. H2A is depicted in yellow, H2B in red, H4 in green and H3 in blue. Unstructered 
histone tails emerge from the complex structure of the nucleosome. The image has been taken 
from Luger et al. (Luger et al., 1997). B, H2A domains organization. All histones adopt the 
structure comprising of three alpha helices (!1, !2, !3), two loops (L1, L2), N-terminal and C-
terminal helices (!N and !C respectively) and unstructured histone tails (from Vardabasso et 
al., 2014).  
 
  

Epigenetic mechanisms 

DNA methylation, posttranslational modifications and topology 

DNA methylation has been described as epigenetic mechanism in the 1970s (Holliday and 

Pugh, 1975; Riggs, 2002) and greatly contributed to the popularity of epigenetics. Since then it 

has been demonstrate to participate in genome stability, development and gene expression 

(Jaenisch, 2003; Smith et al., 2012) and that it is dynamically regulated during development 

(Bergman and Cedar, 2013). While DNA methylation is actively established through the action 

of methyltransferases DNMT3A, DNMT3B and DNMT1 (Wu and Zhang, 2014), the removal 

can be passive as a consequence of replication or active through the enzymatic action of the ten-

eleven translocation (TET) proteins (Wu and Zhang, 2010). The TET dioxygenases in mammals 

oxidizes the 5mC and its derivatives until the final state of 5-carboxycytosine. Importantly, they 

are regulated by a number of metabolites and cofactors, such as oxygen, iron, vitamin C and !-
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ketoglutarate, adding up to the body of evidence of the metabolism and chromatin crosstalk 

(Wu and Zhang, 2014). 

Nucleosome structure resolution by high-resolution X-ray coming from Karolin Luger (Fig. 3, 

and (Luger et al., 1997) provided insight into how specific alterations of that structure could 

impact nuclesome alone and higher-order chromatin structures and therefore its function. The 

most elegant way of changing nuclesome and chromatin structure is by imposing distinct 

posttranslational modifications (PTM) on the histone tails protruding out of the nucleosome. 

The discovery of histone modifications dates back to 1860s when acetylation was described as 

the first histone modification (Phillips, 1963). Additionally, Vincent Allfrey further suggested 

that acetylated histones could have lost their capacity to inhibit RNA synthesis and predicted a 

subtle mechanism that will “permit both inhibition and reactivation of RNA production at 

different loci along the chromosome” (Allfrey et al., 1964). The discovery of histone 

modification and maybe even more Allfrey’s foresighted prediction got the chromatin field 

going to identify the large number of histone modifications and its catalogue of writers, readers 

and erasers known today. The complex code of histone modifications is known today as the 

histone code. Although it is not clear whether all histone PTMs encode function as initially 

suggested by Allis and Jenuwein in the histone code hypothesis (Jenuwein and Allis, 2001), it is 

clear that many of them affect the processes of the underlying DNA template (Kouzarides, 

2007). The majority of histone PTMs occur on the unstructured tails that emerge from the 

compact structure of the nucleosome (see Fig. 3.A) but also PTMs within the histone-fold have 

been identified. With increasing sensitivity of detection methods more histone modifications 

were and are still discovered. For instance, in 2011 67 novel post-translational modifications on 

histone tails and globular histone domain were reported (Tan et al., 2011). Known modifications 

of histone tails decorate over 60 different amino acid residues and include methylation, 

acetylation, propionylation, butyrylation, formylation, phosphorylation, ubiquitylation, 

sumoylation, citrullination, glycosylation, proline isomerisation and ADP rybosylation.  

The function of histone PTMs largely depends on the modified residue and histone. Methylation 

for instance can influence transcription initiation (H3K4, H3K36, H3K79), elongation (H3K4, 

H3K36) or repress transcription when on H3K9, H3K27 or H4K20 (Kouzarides, 2007). As far 

as we can tell today all histone PTMs are reversible. Methylation was considered to be an 

irreversible modification until 2004 when LSD1 as first lysine-specific demethylase was 

identified (Shi et al., 2004).  

Peculiarly, many of the enzymes catalysing these PTMs or their removal depend on 

intermediates of the central metabolism as cofactors. De-acetylation, the removal of acetyl 

groups, is performed by diverse families of histone deacetylases (HDACs). Class III HDACs 
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are also called sirtuins and are NAD+-dependent. Besides HDACs function, they also function 

as mono(ADP)-ribosyl transferases and have been shown to remove acetyl groups from histones 

as well as from non-histone proteins. They owe this also to their localization: out of 7 sirtuin 

proteins only two – SIRT1 and SIRT6 – are absolutely nucleoplasmic, SIRT7 is specifically 

located to the nucleolus while the SIRT3 is a facultative nuclear sirtuin (Vaquero and Reinberg, 

2009). Histone methylation occurs mostly on lysines and arginines of histone tails and it does 

not change the net charge of the protein. There are over 25 histone lysine methyltransferases 

(HKMT) and almost a dozen of arginine methyltransferases (PRMT), all enzymes use S-

adenosylmethionine (SAM) as cofactor that provides methyl group and modify mostly H3 and 

H4 tails but also histone globular domain (Bannister and Kouzarides, 2011; Kouzarides, 2007). 

The demethylases LSD1 and its paralogue LSD2 are flavin adenine dinucleotide (FAD) 

dependent enzymes (Kaelin and McKnight, 2013). The first trimethyl lysine demethylase, 

JMJD2 acting on K3K9me3 and H3K36me3, was discovered later in 2006 and as it turned out 

is also uses a compound from intermediate metabolism as its cofactor – !-ketoglutarate and iron 

(Whetstine et al., 2006). Histone phosphorylation is another highly dynamic modification that is 

transferred via the action of kinases to the hydroxyl group of the mentioned residues, using ATP 

as the donor of the phosphate. H2A, H2B and H4 histones have been shown to possibly possess 

residues that are glycosylated (Sakabe et al., 2010). "#N-acetylglucosamine (O-GlcNac) 

transferase uses UDP-GlcNac to transfer the sugar unit to serine or threonine of the target 

protein. Adenine diphosphate (ADP)-ribosylation is a reversible reaction involved in a number 

of biological processes. ADP-ribosylation acts largely as phosphorylation by bringing the 

negative charge to the target protein, moreover the chromatin structure seems to be more 

relaxed upon ADP-ribosylation (Messner and Hottiger, 2011). Apparently all histones, 

including the linker histone H1 can be subjected to ADP-ribosylation (Hassa et al., 2006). The 

modification happens as the ADP-ribose (ADPr) moiety originating from NAD+ gets 

transferred and covalently linked to the target protein residues often being aspartate, glutamate 

and lysine via the enzymatic activity of ADP-ribose transferases, leaving nicotinamide (NAM) 

as side product. PARP1 and PARP2 are the most famous poly(ADP-ribose) polymerases and 

PARP1 was shown to play central role in managing cellular responses being activated by a 

plethora of different signals, including metabolism and inflammation. PARP1 holds crucial 

function in DNA repair, transcriptional regulation and chromatin structure (Gibson and Kraus, 

2012).  

It was debated recently in a review by Tropberger and Schneider (Tropberger and Schneider, 

2013) on whether the histone tail PTMs are actually the causal event or just a mere consequence 

of the processes they have been implicated in, as for example transcription. On the other hand, 
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modifications located on the lateral surface of the nucleosome and belonging to the globular 

fold can have a direct structural impact on nucleosome dynamics. PTMs located in the lateral 

surface of octamer, in the proximity of the DNA entry/exit region of the nucleosome and those 

next to the dyad axis of the nucleosome in fact have a direct role in nucleosomal dynamics and 

chromatin structure and could have a causal role in gene regulation, DNA repair and replication.  

In summary, there is no doubt that chromatin alterations ranging from small PTMs to long-

range interactions affect all DNA-dependent processes.  

 

Histone variants 

Nucleosomes are dynamic organizations of DNA and a combination of histones in an octamer 

depending on the context of cell, its cycle, stage and finally species. The octamer is a features of 

all eukaryotes excluding only dinoflagellates (Hackett et al., 2005). Up till today larger number 

of evidence accumulated asserting that the crystal structure of nucleosome with 147 bp wrapped 

around a histone octamer is less but a mere ‘snapshot’ of a dynamic structure (Bonisch and 

Hake, 2012). Replication of DNA during cell division sets a special challenge as the cell needs 

to heavily synthesize, transport and incorporate the newly synthesized histones onto both copies 

of DNA in the right manner. Histone chaperons perform this action of transport and 

incorporation and importantly, each histone has a dedicated chaperone. To ensure enough of 

histone proteins for deposition, histone genes are expressed from tandem gene arrays, 

containing all four core histones plus the linker histone H1 gene (Malik and Henikoff, 2003), 

during S phase at high levels, do not posses introns and their mRNAs which are not 

polyadenylated harbour a 3’ stem loop responsible for stability, transport and translation 

(Bonisch and Hake, 2012; Skene and Henikoff, 2013). The histones expressed during the S 

phase are called the canonical ones and today are considered to have the basic packaging DNA 

function as opposed to the non-canonical ones – histone variants.  

Histone variants are non-allelic isoforms of canonical histones that adopted throughout the 

evolution discriminating functions in gene expression, replication, recombination and 

chromosome segregation (Malik and Henikoff, 2003). They are expressed independently of the 

S phase from single or lower copy genes than the canonical histones and also have dedicated 

chaperones for their incorporation (Skene and Henikoff, 2013). Histone variants unlike 

canonical histone have generally polyadenylated mRNAs, though exceptions exist (Bonisch and 

Hake, 2012; Marzluff et al., 2002). Histone variants finally gained their recognition when it was 

shown that the chromatin structure changes as a reaction of histone variant deposition. 

Consequently, histone variants were acknowledged as essential components of epigenetic 

mechanisms. Interestingly, if one looks at the pairs inside the histone octamer, H2A and H3 
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contain a group of really distinct variants that are remarkably specialized while H2B and H4 are 

almost invariable, which is presumably evolutionary favourable (Malik and Henikoff, 2003).  

H4 is the slowest evolving histone as it varies least between species and has least variants 

(Malik and Henikoff, 2003). The first true H4 variant was reported in 2011 in urochordate 

Oikopleura dioica where apparently it evolved as a necessity to couple with the process of 

endoreduplication (Moosmann et al., 2011). H2B apparently also evolved additional variants in 

the mentioned urochordate that were not reported so far in other species (Moosmann et al., 

2011). H2B group is quite invariant but has specialized for gametic functions in lilies and 

animals (Aul and Oko, 2002; Ueda et al., 2000). The histone variant TH2B, for example, 

functions in male germ cells during the histone-to-protamine packing (Montellier et al., 2013). 

Previous data and more recent structural studies on H3 set the total number of the known H3 

variants in humans to eight (Tachiwana et al., 2011) including: H3.1, H3.2, H3.3, H3.X, H3.Y, 

CENP-A and the testis-specific variants H3.4 and H3.5. These variants have different functions 

as they harbour differences in primary sequence, chromatin localization and timing and 

machinery of the deposition. H3.1 and H3.2 are actually the so-called ‘canonical’ variants of H3 

(Talbert and Henikoff, 2010). CENP-A is one of the most recognized H3 variants as it is 

necessary and sufficient for formation and maintenance of centromeres (Black and Cleveland, 

2011; Warburton, 2004), but also as it moderates chromosome segregation by enabling the basis 

for kinetochores assembly (Barnhart et al., 2011; Foltz et al., 2006; Warburton, 2001). H3.3 

variant, just as CENP-A, was found upregulated in cancer and notably it is the first discovered 

histone-variant gene to be mutated in human cancers. H3.3 is a variant related to active 

chromatin as it is generally located at promoters and gene bodies of active genes (Vardabasso et 

al., 2014). 

While the variants of H2B, H3 and H4 histone represent smaller groups of variants with 

sometimes only a single amino acid change, the group of H2A is the most diverse having 19 

variants found in humans so far which also represent the most extensive structural changes for 

nucleosome upon their incorporation (Bonisch and Hake, 2012; Vardabasso et al., 2014). The 

reason for this most likely is the marginal position of H2A in the nucleosome (Bonisch and 

Hake, 2012). Most of the modifications of H2A variants are located on the C-terminus that is 

situated in the entry/exit region of the nucleosome. As previously discussed (Tropberger and 

Schneider, 2013), the modifications at this location could provoke actual structural changes 

altering the stability and dynamics of the nucleosome and adjacent or associated factors, as for 

example H1.  

 



! #"!

The true H2A variants or the non-canonical variants are H2A.X, H2A.Z, macroH2A1, 

macroH2A2, H2A.B and H2A.J and their splicing isoforms (Bonisch and Hake, 2012). Apart 

from these, for the bdelloids was reported that during evolution they developed a special lineage 

of H2A variants most likely as adaptation to the environmentally induced desiccation causing 

DNA damage (Talbert and Henikoff, 2010; Van Doninck et al., 2009). H2A.B, also known as 

H2A.Bbd for Barr-body deficient, is the fastest evolving histone variant and found only in 

mammals. As it does not contain the acidic patch, it has a third name – H2A.Lap1 for “lack of 

acidic patch”. H2A.B is expressed in testes and lowly in brain, while it is almost undetectable in 

other tissues. Its specific function involves creation of distinct chromatin landscape during 

spermatogenesis. The latest investigation on H2A.B done in HeLa cells suggested it could have 

a distinguished chromatin localization (Ioudinkova et al., 2012). H2A.X or better-said its 

phosphorylation is best known for its role in the DNA damage response. DNA doubles strand 

breaks induce the local phosphorylation of H2A.X which, induces structural changes and pushes 

forward the DNA repair. A more recent report by Nashun et al. (Nashun et al., 2010) pointed 

toward a unique role of H2A.X in development of the mouse embryo not dependent on the 

phosphorylation event, but instead on the C-terminus. H2A.Z is quite different from canonical 

H2A but highly conserved among species emphasizing its functional importance. The major 

difference between the canonical H2A and H2A.Z is in the L1 loop, which is key for the H2A-

H2B dimer interaction inside the nucleosome. Therefore H2A.Z containing nucleosome were 

considered to be less stable. As H2A.Z possesses a longer acidic patch and a distinct docking 

domain, it is considered to have impact on internucleosomal interactions as well (Bonisch and 

Hake, 2012). Probably the most fascinating histone variant, not just among the H2A variants but 

wider, is the macroH2A variant. 

 

MacroH2A 

A unique structure 

MacroH2A is the extraordinary histone variant best known for its unique tripartite structure and 

molecular weight three times bigger than canonical H2A (~40 kDa). The HFD of macroH2A1.2 

spanning from amino acid 1 until 122 is 64% identical to canonical H2A. The rest of the 

macroH2A shares no homology to the HFD and consists of 2 domains: the linker region (amino 

acid 123-160) and a so-called globular macro domain, which spanns through amino acids 161-

371 (Chakravarthy et al., 2005). The linker, also named macro-linker (Chakravarthy et al., 

2012), although it does not affect assembly of nucleosomal arrays in vitro, it was shown that it 
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induces salt-dependent oligomerization (or compaction) of nucleosomal arrays even at low 

nucleosomal occupancy and it even promoted cellular chromatin-like fiber-fiber interactions 

(Muthurajan et al., 2011). The linker is of highly basic nature and its amino acid composition 

resembles that of linker histone H1 (Pehrson and Fried, 1992). As it is believed that the linker is 

located at the DNA entry/exit site of the nucleosome, it was suggested to function as a “built-in” 

linker histone (Chakravarthy et al., 2012). Most recent study on the linker showed that the linker 

compacts more and protects the extranucleosomal DNA making it less accessible (Chakravarthy 

et al., 2012). However, the presence of the macro domain suppresses linker-intrinsic chromatin 

condensation in vitro (Muthurajan et al., 2011).  

 

The metabolite-binding pocket of macro domain 

The name macroH2A was coined by Pehrson and Fried when they identified macroH2A1 as an 

usual long coding transcript encoding a HFD and a non-histone region (Pehrson and Fried, 

1992). The non-histone region was only later recognized to contain a globular domain termed 

macro domain, when Allen and colleagues crystallized a protein with high homology (Allen et 

al., 2003). The macro domain fold is an evolutionary very old and highly conserved fold found 

in hundreds of proteins in all kingdoms including viruses (Han et al., 2011; Till and Ladurner, 

2009). It consists of six "-sheets intermixed with five !-helices and has the size of 25 kDa 

(Allen et al., 2003). The structural resemblance of the first resolved macro domain with the P-

loop nucleotide hydrolase fold, a commonly found ATP binding fold, indicated directly the 

chance that macro domains bind nucleotides (Allen et al., 2003). All the solved macro structures 

forming parts of non-related proteins harbour a pocket where a ligand could be fitted in and for 

majority of macro domain-containing proteins binding of mono- or poly-ADP-ribose (PAR), 

poly(A) or O-acetyl-ADP-ribose (OAADPr) was demonstrated (Han et al., 2011; Karras et al., 

2005; Kim et al., 2012a; Neuvonen and Ahola, 2009). Structural analyses performed on all 

macroH2A proteins show that macroH2A1.1, just like poly(ADPr) glycohydrolase (PARG), 

bind PAR on the most distal ADPr unit (Slade et al., 2011; Timinszky et al., 2009). The binding 

pocket of macroH2A1.1 can bind also the monomer ADPr, OAADPr and also ADP albeit with 

much reduced affinity. On the other hand, the macro domain of AF1521 (protein from the 

archaea Archaeoglobus fulgidus) binds ADPr with nanomolar affinity demonstrating that macro 

domains are ancient ADPr binding modules (Karras et al., 2005). Some of the macro domains 

harbour catalytic activity so upon the binding can hydrolase not just the terminal unit of PAR as 

PARG, (Slade et al., 2011) but also the proximal protein-bound ADPr unit, as it was shown very 

recently for stand-alone human macro domain proteins MacroD1 and MacroD2 and C6orf130 

(Chen et al., 2011; Peterson et al., 2011). Still, not all macro domains were found to bind ADPr 
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or related metabolites. Out of the three existing macroH2A histones only one – macroH2A1.1 – 

has the ADPr binding capacity.  

 

 
 
Figure 4. MacroH2A coding genes in mammals. A, Two genes for macroH2A, H2AFY and 
H2AFY2, encode three proteins in total. B, Mutually exclusive exons splicing in macroH2A1 
gives rise to two new mRNAs and proteins. Strikingly, the exon 7 of macroH2A1.1 is necessary 
for its metabolite binding capacity (Kustatscher et al., 2005). 
 

Two distinct but related genes in mammals exist that give rise to two mRNAs, macroH2A1 and 

mH2A2. After alternative splicing of macroH2A1, where the most critical is event of mutually 

exclusive exon splicing, two new mRNAs potentially originate: the mRNA macroH2A1.1 in 

mice bearing the mutually exclusive exon 7 and the mRNA macroH2A1.2 with the exon 6 (Fig. 

4.). The alternative exon 7 in mouse macroH2A1.1 was shown to be necessary for its ADPr 

binding, while for macroH2A1.2 the binding could not be observed (Kustatscher et al., 2005). 

Structural studies showed that because of the amino acid sequence change in macroH2A1.2, the 

glutamate, isoleucine and serine formed an insertion that protruded into the adenine-binding 

pocket while the phenylalanine 348 flipped and disabled the binding. The structural alterations 

changing from one isoform to the other, as well as the conformation changes of the binding 

pockets of all three mH2A proteins are shown in Fig. 5.  
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Figure 5. Structural implications for macroH2A1.1-metabolite binding capacity. A, 
Structural studies by the Ladurner group showed that three amino acids form an insertion inside 
the binding pocket of macroH2A1.2 (blue ribbon) and hinder the binding (figure taken from 
Kustatscher et al., 2005). The structures of binding pockets of all three macro histones are 
shown in figure B, where the surface representations were cut open. The black colour represents 
the protein interior, proteins surface is coloured in gray, and the amino acids inside the pocket 
are colours according to their surface charges: read meaning acidic, blues basic and white for 
not-charged (Posavec et al., 2013). 
 

PTMs possibly decorating macroH2A 

Similar to canonical histones also macroH2A can be modified. Mass spectrometry analyses 

identified a number of PTMs including ubiquitylation of K115 and K116, methylation of 

macroH2A1.2 at K17, K122, K238, phosphorylation of macroH2A1.2 on T128, and 

phosphorylation of both macroH2A1.1 and macroH2A1.2 on S137. Even though the function of 

most of this PTMs is still unclear, the ubiquitylation has been suggested to be mediated by 

CULLIN3/SPOP ubiquitin ligase complex and to be important for Xi localization (Hernandez-

Munoz et al., 2005; Takahashi et al., 2002). Phosphorylation of S137 is mediated by haspin 

(Maiolica et al., 2014) and is excluded from macroH2A1 on Xi (Bernstein et al., 2008; Chu et 

al., 2006; Ogawa et al., 2005). Furthermore, as phosphorylation of S137 is present throughout 
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the cell cycle, but enriched during mitosis, it has been suggested to be cause or consequence of 

cell cycle regulation (Vardabasso et al., 2014).  

 

Physiological implications of macroH2A histone variant 

Historically looking, macroH2A became popular as one of the players in X chromosome 

inactivation in females (Costanzi and Pehrson, 1998). Approximately a decade later macroH2A 

was shown to be also enriched on autosomes where it generally correlated with low 

transcriptional activity (Buschbeck et al., 2009; Gamble et al., 2010). Other reports suggested 

that macroH2A could act as a repressor by preventing transcription factors binding 

(Agelopoulos and Thanos, 2006). Further support came from in vitro studies showing that 

macroH2A provides increased resistance to chromatin remodelling especially in the absence of 

chaperones, steric inhibition of transcription factor binding, histone acetylation and 

transcriptional initiation inhibition (Angelov et al., 2006; Angelov et al., 2003; Chang et al., 

2008; Changolkar et al., 2007; Doyen et al., 2006). Later on it was demonstrated that 

macroH2A is not necessarily located solely on the promoters but can cover larger chromatin 

areas (Buschbeck et al., 2009; Changolkar et al., 2010; Gamble et al., 2010; Mietton et al., 

2009). The confusion around macroH2A started when it was shown in three different cells lines 

using distinct external cues that macroH2A is also required for proper signal-induced gene 

activation (Creppe et al., 2012; Gamble et al., 2010; Ouararhni et al., 2006). In mouse  

embryonic stem cells, for instance, macroH2A is required for the activation of developmental 

target genes (Creppe et al., 2012). Even though macroH2A1 is lowly expressed in mouse ES 

cells (Creppe et al., 2012; Pehrson et al., 1997; Tanasijevic and Rasmussen, 2011), when 

depleted, the mouse ES cells suffered from reduced differentiation capacity and showed higher 

capacity to form undifferentiated cancer tissue inside the teratomas of the nude mice (Creppe et 

al., 2012). Human primary keratinocytes deprived of macroH2A1 showed increased 

proliferative capacity and in the 3D culture of keratinocytes macroH2A1 levels correlated with 

more differentiated cells (Creppe et al., 2012). That macroH2A levels correlate with 

differentiation state and age was supported by few more publications arising from different labs 

examinating macroH2A levels in early development as well as during aging (Chang et al., 2005; 

Creppe et al., 2012; Dai and Rasmussen, 2007; Nashun et al., 2010; Pasque et al., 2012; Pehrson 

et al., 1997; Tanasijevic and Rasmussen, 2011). Several other investigations pointed into the 

same direction: macroH2A was shown to inhibit reprogramming and at least macroH2A1.1 and 

macroH2A2 act as tumour suppressors (Cantarino et al., 2013). MacroH2A successfully 

inhibited cellular reprogramming to pluripotency either by nuclear transfer (Pasque et al., 2011) 

or by Yamanaka factors (Barrero et al., 2013a; Gaspar-Maia et al., 2013; Pasque et al., 2012). 
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The role of macroH2A in the context of cancer is becoming more clear and its potential as 

prognostic marker has been recognized (Sporn et al., 2009). Function of macroH2A is defined 

by its macro domain and as there are three different macroH2A proteins, this is the first thing to 

bear in mind. Secondly, not all produced macroH2A will be incorporated into the chromatin and 

also, the exact site of incorporation will matter for further regulation of chromatin structure and 

gene function. The first evidence that macroH2A can act as tumour suppressor came in 2009 

when the splicing isoform abundance was shown to correlate with prognosis: macroH2A1.1 and 

macroH2A2 expression were correlated with good prognosis, while high macroH2A1.2 

correlated with lung cancer recurrence (Sporn et al., 2009). Additionally, macroH2A1.1 was 

shown to inversely correlate with cell proliferation (Novikov et al., 2011). Previous reports had 

already pointed out that macroH2A forms part of heterochromatin foci during during 

senescence (Zhang et al., 2005), a specific cell response to presented stress (Serrano et al., 

1997). The isoforms dependence was further validated in an animal model of metastatic breast 

cancer (Dardenne et al., 2012) and various human cancers including testicular, lung, bladder, 

cervical, breast, colon, ovarian and endometrial cancer (Novikov et al., 2011; Sporn and Jung, 

2012). First functional study and correlation with a gene arrived in 2009 from the Bernstein lab 

that was able to show that macroH2A proteins suppresses the cell cycle regulator CDK8 and 

thereby suppresses melanoma metastasis (Kapoor et al., 2010). While macroH2A1.1 and 

macroH2A2 are bona fide tumor supressors, the situation is more complicated for macroH2A1.2 

which has been shown to both positively and negatively affect tumorigenic behaviour. While in 

melanoma it acted as a suppressor, in breast cancer cells it displayed oncogenic behaviour. The 

differential function of macroH2A1.2 might depend on the cell context. Two mechanism of 

macroH2A1.2 were proposed in order to reconcile the contrasting functions reported: 

macroH2A1.2 either is competing with tumor suppressive macroH2A1.1 or macroH2A1.2 has 

its own tumorigenic functions (Cantarino et al., 2013). MacroH2A histone variants might be 

exerting their role on several levels: as transcriptional modulators, as cell cycle and senescence 

regulators, as DNA damage monitors and controllers of proper and timely-regulated 

differentiation. These roles put them forward as important players in physiological and 

pathological states.  

 

Even with all the knowledge presented, macroH2A histone variants, especially macroH2A1.1 

represent a mystery for the scientific community as its metabolite-binding capability has not 

been demonstrated in vivo nor has its function in physiology been explored. An intriguing 

thought one has when thinking of a macro domain-containing histones is that they would be 

able to convey chromatin metabolite-sensing capacity. In particular, macroH2A1.1-containing 
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loci would thus be able to senses the metabolic state of the cell and respond adequately. This 

implies that environmental cues could have a direct influence on chromatin. A solid line of 

evidence of macroH2A being one of the responses to the environmental changes is the seasonal 

adaption in the common carp Cyprinus carpio (Pinto et al., 2005). The acclimatization of the 

common carp serves as a model to investigate response to the environmental changes (Tiku et 

al., 1996; Vera et al., 1993). In winter, the adaption of the common carp was accompanied by 

reorganization of the nucleolar structure, increase in the H3K4me3 and as the most extensive 

change – an increase in macroH2A occupancy. This was the first proof of macroH2A 

expression being regulated by environment. Auboeuf and colleagues revealed that the reduction 

of normal levels of macroH2A1.1 led to a state of more transformed phenotype due to the 

deregulation of genes involved in oxidative stress response, namely SOD3 downregulation 

(Dardenne et al., 2012). This study pointed out that absence of macroH2A1.1 could influence 

metabolic characteristics of the cells. The metabolic defects of macroH2A1 knock-out (KO) 

mice were first described in 2007 by the Pehrson laboratory (Changolkar et al., 2007). 

MacroH2A1 KO mice were performed in the C57BL/6 background known to be susceptible to 

metabolic phenotypes due to a mutation in nicotinamide nucleotide transhydrogenase (NNT) 

(Huang et al., 2006). MacroH2A1 KO induced slightly distinct phenotype in female and male 

mice, when adult liver gene expression was examined. In total around 50 genes were found to 

be upregulated and 50 to be downregulated. Though most of the deregulated genes were 

affected in both sexes, sex did seem to affect the degree of gene expression deregulation in the 

case of two genes, Serpina7 and Krt1-23. Few other genes also exhibited sex-dependent 

deregulation, but not a substantial increase upon the KO (Ar, Sucnr1, GTPbp4). Sexual 

dimorphic effect on the deregulation might have the basis in the fact that Serpina7 in normal 

liver has higher expression in males, while Krt1-23 is higher in females. Thyroid hormone 

responsive SPOT14 homolog gene (Thrsp) and CD36 (fatty acid translocase) were also found 

upregulated in male mice. Another gene Lpl involved in hydrolysis of circulating triglycerids 

was upregulated in both male and female liver. In summary, many genes involved in fatty acid 

metabolism were upregulated upon macroH2A1 KO. Interestingly, in newborn liver the authors 

could not observe the same macroH2A1 regulation of fatty acids-related genes. This was 

explained by the upregulation of all macroH2A1 proteins with age. Nevertheless, increased Lpl 

and CD36 levels are related to glucose tolerance and insulin resistance (Kim et al., 2001), but in 

their oral glucose tolerance test the authors could observe only a subtle difference between wild 

type and KO male mice in their ability to clear a bolus injection of glucose. In females the 

difference was ignorable. The analysis of female macroH2A1 KO liver performed by Boulard et 

al. (Boulard et al., 2010), coming from the Bouvet laboratory and using mice of mixed 129/Ola 
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and C57BL/6 background, identified independently upregulation of 4 genes involved in lipid 

metabolism. Among them, the Thrsp gene was found downregulated, as opposed to seeing no 

deregulation upon macroH2A1 KO in the study of Changolkar et al., while both studies 

observed CD36 and Serpina7 upregulation upon macroH2A1 KO. Another discrepancy was 

observed concerning the two macroH2A1 KO mouse models - Boulard et al. could observe the 

formation of liver steatosis at a penetrance of 50% in females. The steatosis was shown to be a 

consequence of triglycerides accumulation, but could not be correlated with the deregulation of 

the genes mentioned above (CD36 and Thrsp). Boulard et al. argued that Serpina7 also know as 

Tbg (thyroid hormone-binding protein), an X-linked gene, which was found to be deregulated in 

dependence of both macroH2A1 deficiency and steatotic phenotype, could be the main player of 

the steatotic phenotype in macroH2A1 KO female mice. As another X-linked gene could not be 

confirmed as deregulated in steatotic liver, the authors suggest a differential reactivation and 

regulation of Xi-linked genes. A study on epigenetic landscape of steatotic livers induced by 

different means demonstrated elevated levels of macroH2A1 (Pogribny et al., 2009). The 

elevated macroH2A1 levels were suggested to be the homeostatic response of the liver to 

prolonged and extensive exposure to lipids (Boulard et al., 2010). A recent report by Rappa et 

al. proposed also a function for elevated macroH2A1 isforms in pathology of the liver, more 

precisely in hepatocellular carcinoma (HCC) as they observed both isoforms upregulated in 

HCC patients samples and two mouse models of HCC (Rappa et al., 2013). Interestingly, the 

authors found macroH2A1.2 increase in the mouse model of steatosis and no changes in 

macroH2A1.1, while both macroH2A1.1 and macroH2A1.2 were present in the human samples 

in the steatotic areas proximal to tissue affected by HCC. Although this observation was not 

fully explained, the authors postulate that both isoforms contribute to pathogenesis of HCC 

promoted by steatosis. The same group went further to elucidate the isoform-specific control of 

lipid metabolism in human and mouse cells of hepatic origins (Pazienza et al., 2014). Although 

the authors used cancer cell lines (which already by definition might exhibit differences in lipid 

metabolism, inflammation and the content of macroH2A1 isoforms) to overexpress both 

isoforms independently, they could observe mild but opposite effects on lipid accumulation and 

genes involved in lipid metabolism. The authors performed the experiments of gene expression 

analyses in macroH2A1.1 and macroH2A1.2 overexpressing cells fed simultaneously with fatty 

acids. As expected, deregulated genes were not overlapping in the two cell lines tested, as the 

cells lines bear species-, genetic- and cancer-specific properties. Nevertheless, an anti-

lipidogenic role for macroH2A1.1 isoform was proven in both hepatic cancer cell lines used, as 

opposed to macroH2A1.2 isoform, which could be confirmed by Oil Red staining and 

triglycerides and cholesterol measurements. MacroH2A1.1 overexpression also induced 
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augmented glycogen synthesis and insulin-mediated glucose uptake in both cell lines. Despite 

of the very artificial set-up of the experiments, the authors could correlate macroH2A1.1 with 

improved metabolic aspects of liver. Liver was since the discovery of the macroH2A considered 

to be a tissue of extraordinary high macroH2A content, estimated to reach 3% of total H2A 

(Pehrson and Fried, 1992; Pehrson and Fuji, 1998) and the above mentioned discoveries point 

out that liver is indeed affected by macroH2A histones presence. Nonetheless, other highly 

metabolic tissues like skeletal muscle or pancreas have not been explored at all so far.  

 

Until now we can firmly say that only the evolutionary older macroH2A1.1 form binds NAD+-

derived metabolites. Hence, the following question arises: Have macroH2A1.2 and macroH2A2 

evolved further to bind different type of metabolites and this presents a gain-of-function 

evolutionary event or is it really just a loss-of-function event and a control mechanism put out 

there? The obvious conclusion for macro histones is that their macro domains present a large 

surface for interaction. Apart from metabolite binding in the case of macroH2A1.1, many 

interaction partners have been reported for macro domains, but it is unclear which part of the 

macro domain is mediating the interaction, whether the interactions were direct, how are they 

regulated and what part could the environment have in the induction or cancelation of these 

interactions (Buschbeck and Di Croce, 2010; Kim et al., 2012b; Li et al., 2012; Ratnakumar et 

al., 2012). In total, macroH2A1.1 could induce great number of interactions in the (poly)ADP-

ribosylated chromatin or chromatin-associated proteins. For PARP1, it was shown that 

macroH2A1.1 binds the terminal ADPr moiety of the PAR chain on PARylated PARP1 

(Timinszky et al., 2009). This means that macroH2A1.1 caps the PAR chain on PARP1, but it 

could also do it on other PARylated proteins, including many that are incorporated into 

chromatin. In the first case, macroH2A1.1 would present a barrier for further PARP1 activity. 

Indeed, overexpression of macroH2A1.1 mimicked PARP1 inhibition in reducing cell 

proliferation in a study performed by Gamble and colleagues (Novikov et al., 2011). During 

DNA damage, extensive PARylation is carried out by PARP1 on PARP1 itself and on histones 

(Kim et al., 2005). This induces recruitment of many readers of PAR (Ahel et al., 2008; Karras 

et al., 2005; Pleschke et al., 2000). The direct consequence of chromatin PARylation is 

chromatin relaxation making DNA accessible and DNA repair more efficient (Poirier et al., 

1982). The recruitment of macroH2A1.1 to DNA damage sites was shown to be dependant on 

the chaperone APLF (Mehrotra, 2012), but incorporation at the DNA damage bearing locus 

does not seem to happen (Xu et al., 2012). This hints that macroH2A1.1 might move together 

with the bound chromatin to the sites of DNA damage inducing thereby local chromatin 

compaction (Posavec et al., 2013), a phenomena already reported for macroH2A1.1 (Timinszky 
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et al., 2009). This means that dependently on ADP-ribosylation and macroH2A1.1 presence and 

binding of the ADP-ribosylated or PARylated chromatin, higher-order chromatin structures 

could be formed. A prolonged life time of these higher-order structures is questionable as more 

and more proteins hydrolyzing PAR or protein-proximal ADPr unit are being discovered in 

humans (reviewed in Posavec et al., 2013; Steffen and Pascal, 2013). In summary, local 

metabolite concentrations could affect different enzymes activities and chromatin restructuring, 

though this might be short-lived structures possibly necessary for the cell to react instantly and 

transiently to environmental changes.  

 

On the other hand, as suggested by Ladurner and Till (Till and Ladurner, 2009), macroH2A1.1 

could serve as a buffer system for PARG and sirtuins-dependent reactions by binding their end 

products thereby reducing their local concentration. Thermodynamically, preventing the 

accumulation of the end point product would enable further enzymatic activity. Therefore, one 

could predict sirtuin-dependent acetylation to be favoured on macroH2A1.1-containing 

chromatin. Whether this really happens is not known and will require empirical 

experimentation. Moreover, as macroH2A1.1 preferentially binds OAADPr over ADPr, the 

additional question arising is whether this could have any importance in the local chromatin 

milieu where both sirtuins and PAPR1 are present. In total, the free metabolites and the 

modifications put on proteins that could be bound by macroH2A1.1 could present a complex 

network of competitive interactions that further might be impacted by the local macroH2A1.1 

interactors, finally delivering the dynamic and diversified chromatin structure. If this is true, we 

might think that the intermediate metabolites – the products of the metabolic state of the cell – 

directly communicate with macroH2A1.1 to direct cell transcriptional response to metabolic 

needs according to nutrient availability.  
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The nexus of chromatin and metabolism  
The hypothesis of epigenetic sensors of intermediate metabolism could influence gene 

transcription originated about a decade ago (Ladurner, 2006; Shi, 2004). A seminal study on 

honeybee (Apis mellifera) provided first strong evidence for this hypothesis by demonstrating 

that transient changes in nutrient availability lead to phenotypes and stable changes in gene 

expression that persisted over several generations (Kucharski et al., 2008). There is an 

increasing body of evidence showing that “we are what we eat but also what our parents ate” 

(Dominguez-Salas et al., 2012). The connection of available nutrients and metabolic states with 

chromatin and its response to gene expression is becoming increasingly more evident (Kaelin 

and McKnight, 2013; Lu and Thompson, 2012; Teperino et al., 2010; Wellen and Thompson, 

2012). A direct link between metabolism and chromatin comes from the fact that chromatin-

modifying enzymes use intermediary metabolites as their cofactors and translate them into 

PTMs that regulate transcriptional behaviour of the genes (Gut and Verdin, 2013). In other 

words, every nutrient and metabolite fluctuation will result in a unique adaption of gene 

transcription program. A summary of what was also mentioned when introducing epigenetic 

mechanisms; histone-modifying enzymes and their intermediate metabolism cofactors are 

numbered in the Table 1.  

 

Table 1. Histone-modifying enzymes and their cofactors and inhibitors coming from 
intermediate metabolism. 

 
Enzyme Cofactor = 

intermediate 
metabolite 

Modification Inhibitor 

KAT Acetyl-CoA Acetylation  
Sirtuins NAD+ Deacetylation  

LSD1, LSD2 FAD Demethylation  
JMJ HKDMs Fe(II), !-

ketoglutarate 
Demethylation  

HKMT SAM methylation SAH 
DNMT1, 
DNMT3a, 
DNMT3b 

SAM DNA methylation  

TET hydroxylases Fe(II), O2, !-
ketoglutarate 

DNA 
demethylation 

2-
hydroxyglutarate 

Kinases ATP phosphorylation  
HDAC class I, II  deacetylation butyrate 

 

Though the cofactors necessary for chromatin-modifying enzymes form a complex network, 

importantly, a set of other intermediate metabolites can inhibit certain enzymes. For example, 
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succinate and fumarate, TCA cycle components, can inhibit TET enzymatic activity as can be 

seen in Table 1. (reviewed in Gut and Verdin, 2013; Xiao et al., 2012).  

In eukaryotes, acetyl-CoA produced during catabolic metabolism serves as the unique donor for 

acetylation reactions, but also serves to produce ATP by fueling the tricarboxylic acid (TCA) 

cycle during fasting conditions (Kaelin and McKnight, 2013). Over 20% of mitochondrial 

proteins involved in life span and metabolism are acetylated (Kim et al., 2006a). During feeding 

acetyl-CoA is used for anabolic reactions (anabolism is a set of metabolic reactions directed to 

construct macromolecules from smaller units, while catabolism implies the opposite). It can also 

be transferred to nucleus to provide acetate for the histone acetylation reactions. It has been 

shown that histone acetylation of mammalian cells depends on glucose-derived cytosolic pools 

of acetyl-CoA, which promotes chromatin configuration that selectively regulates genes 

involved in proliferation, lipogenesis and adipocyte differentiation (Wellen et al., 2009; Wellen 

and Thompson, 2012). Acetyl-CoA has also been proven to correlate with mouse ES cells 

differentiation (Wang et al., 2011; Wang et al., 2009). Pluripotent mouse ES cells express much 

higher levels of the enzyme threonine dehydrogense (Tdh), which converts threonine to acetyl-

CoA and glycine. The Tdh gene gets immediately repressed upon retinoic acid-induced 

differentiation of mouse ES cells. If an inhibitor blocks the Tdh, the acetyl-CoA levels also drop 

immediately (Alexander et al., 2011). Additionally, Tdh activity is important as it drives SAM 

production, the main donor of methyl groups used by HMTs. In pluripotent mouse ES cells, the 

Tdh levels and activity are kept extremely high to provide constant production of SAM and 

H3K4 di- and trimethylation. If Tdh is withdrawn, H3K4 di- and trimethylation levels decrease 

and cells suffer from impaired growth and loose pluripotency (Shyh-Chang et al., 2013).  

Fundamentally, cell fate decisions are directly under the influence of metabolism and this has 

been proven in many models – in yeast the exit from quiescence requires glucose catabolism at 

least to the point of the pyruvate (Laporte et al., 2011) and though the process is still not well 

understood, it is clear that the metabolic state imposes a regulation on the transcription and gene 

programs (McKnight, 2010). The same stands for stem cells and for cancer cells (Gut and 

Verdin, 2013; Kaelin and McKnight, 2013; Panopoulos et al., 2012; Yanes et al., 2010), highly 

proliferative cells, which all adopted the Warburg metabolic effect (Vander Heiden et al., 2009). 

The main characteristic of these cells is that they rely primarily on “aerobic glycolysis” for ATP 

production and more importantly fuelling the penthose-phosphate pathway (PPP). The rationale 

for increased PPP is to accumulate building blocks for macromolecules synthesis, which 

supports rapid divisions and growth, and to fight oxidative stress through NADP+/NADPH 

system. Cancer cells harbour few more metabolic characteristics. Frequent mutations in 

glioblastoma and acute myeloid leukemia are found in IDH1 and IDH2 enzymes that form part 
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of the TCA cycle. They convert the normal product of IDH, !-ketoglutarate, into 2-

hydroxyglutarate that acts as competitive inhibitor of HKDM4 and TET hydroxylases. This 

inhibition might contribute to the undifferentiated phenotype of the cells, possibly favouring the 

transformation of the cells (Dang et al., 2010; Turcan et al., 2012). Butyrate, the short-chain 

fatty acid produces from dietary fiber in the lumen of the colon, has been suggested to have 

beneficiary effects on human colon (Donohoe et al., 2012; Kim and Milner, 2007). Butyrate is a 

class I and class II HDACs inhibitor and has been demonstrated to reduce transcription of genes 

implicated in proliferation (Comalada et al., 2006; Donohoe et al., 2012).  

NAD+, next to being the electron acceptor and carrier in the oxidative reactions of 

carbohydrates, serves as the essential cofactor for the sirtuins activity. Sirtuins deacetylate not 

only histones but other nuclear or cytosolic enzymes. The enzyme AceCS2, acetyl-CoA 

synthase, is deacetylated by mitochondrial SIRT3 and thereby activated so it can convert acetate 

to acetyl-CoA when needed. In the same way, the transcription factor peroxisome proliferator-

activated receptor $ co-activator 1 ! is deacetylated by the nuclear SIRT1 inducing a PGC1-! 

down-stream effect and controlling intermediate metabolism, for example mitochondrial and 

lipid utilization genes in skeletal muscles (Canto et al., 2010). One of the direct mechanisms 

how cells start to spare energy is to stop producing macromolecules like proteins. Proteins from 

the body can be utilized as energy source and skeletal muscle serves the body as a very reliable 

protein reservoir (Schiaffino and Reggiani, 2011). Proteins synthesis is regulated by ribosomes 

and therefore ribosomal DNA loci. During starvation, as NAD+/NADH ratio increases, in 

contrast to early beliefs based on studies by Krebs and Veech (Krebs, 1969; Veech et al., 1969), 

SIRT1 deacetylates H3K9 at the rDNA loci and allows the HKMT SUV39H1 to methylate H3 

histone tails at the loci, which induces a chromosomal switch from loose to condensed 

chromatin (Murayama et al., 2008).  

 

NAD+ and its metabolites and their roles in signalling  

Unlike in metabolic redox reactions, both in Sirtuin- as well as in PARP-dependent signalling 

reactions NAD+ gets continuously consumed (Chiarugi et al., 2012). Therefore it is inevitable 

to assure means to recover and maintain the NAD+ pool in the cell. In the conditions of ATP 

abundance, NAD+ synthesis starts with exogenous precursors such as nicotinamide (NAM), 

nicotinic acid (NA), NAM riboside (NR) or NA riboside (NAR) that serve as the precursor of 

pyridine mononucleotide, nicotinamide mononucleotide (NMN) or nicotinic acid 

mononucleotide (NAMN). In mammalian cells tryptophan can be used also as starting point to 

generate NAD+ (Magni et al., 2008), though alone it cannot support the requirements of NAD+ 
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pool maintenance. Recycling NAM is one of the main pathways to assure NAD+ maintenance 

through the action of the cytosolic enzyme NAM phosphoribosyltransferase (NAMPT) as it is 

direct and most economical way (Chiarugi et al., 2012). Intriguingly but probably not 

accidentally, NAMPT and ADP-ribosylation co-appeared during evolution (Chiarugi et al., 

2012). As NAMPT reaction was found to be rate limiting, any disturbed recovery of NAD+ 

through that route jeopardizes the redox reactions and NAD+-dependent signalling (Revollo et 

al., 2004; Rongvaux et al., 2002; Samal et al., 1994). The NAD+ consumption and recovery 

routes are summarized in Fig. 6. Interestingly, the generation of NAD+ from the precursor 

NMN is restricted to nucleus and mitochondria (Berger et al., 2005; Lau et al., 2009) where the 

majority of NAD+ - signalling occurs, as both SIRT1, 6 and 7 just as PARP1 and 2 are localized 

to nucleus while SIRT3 localizes to mitochondria. Hence, the regeneration of NAD+ pool will 

directly influence the poly(ADP)-ribosylation and SIRT-dependent deacetylation reactions 

happening in the nucleus and mitochondria. Importantly, the NAD+ consuming enzymes 

located in the nucleus and mitochondria have been implicated in cancer biology. This means 

that NAD+ metabolism is closely in association with transcriptional program alterations in the 

nucleus and metabolic shifts especially those occurring in the mitochondria (Chiarugi et al., 

2012). 

The byproduct of sirtuin activity originating from NAD+ is 2’- or 3’-OAADPr. The product of 

PARP consumption of NAD+ is an ADP-ribosylated unit added to existing ADPR chain or to a 

protein side chain. Intriguingly, both OAADPr and last ADP-ribosylated unit in a PAR chain 

can be bound by macroH2A1.1. There is an increased interest within the scientific society to 

explain the assumption that both NAD+-derived metabolites act as signalling molecules in 

diverse biological processes. Additional to these two types of signals generates, NAD+ also 

serves as the precursor of Ca2+-mobilizing molecules. The existence of the metabolite OAADPr 

was shown in 2000 when the Denu group showed that during the reaction of deacetylation a 

novel product 1’-OAADPr, arising from the NAD+ breakdown, gets formed (Tanner et al., 

2000; Tanny and Moazed, 2001). This functional role of sirtuins to produce OAADPr is well 

conserved from bacterial proteins to mammalian sirtuins (reviewed in Tong and Denu, 2010). 
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Figure 6. The NAD+ metabolism. NAD+ and NADH, the reduced form of NAD+, are the 
basis of the redox reactions in a cell. They get constantly interconverted as they serve to 
transport electrons from the glycolysis through the TCA cycle to the electron transport chain 
(ETC). NAD+ additionally serves as substrate for sirtuins and PARPs and get consumed by 
these enzymes. So, NAD+ recycling and de novo generation pathways serve to maintain the 
NAD+ pool stable. Abbreviations: NAM = nicotinamide, NA = nicotinic acid, NR = NAM 
riboside, NMN = nicotinamide mononucleotide, NAMN = nicotinic acid mononucleotide, 
NAMPT = NAM phosphoribosyltransferase, NMNAT = NMN adenyltransferase, PDE = 
phosphodiesterase , cADP = cyclic ADP, mADPRRyl / PARyl = mono(ADPr) or PARylated 
protein, RC = respiratory chain, LDH = lactate dehydrogenase, Trp = tryptophan (adapted from 
Posavec et al., 2013). 
 

That OAADPr has a physiological role was shown more than a decade ago when OAADPr (and 

ADPr) injection into starfish oocytes inhibited their maturation (Borra et al., 2002). Though till 

today the mechanism behind it remains elusive, the experiment did show that NAD+ breakdown 

metabolites in vivo have a role and are well controlled. Additional role for OAADPr was shown 

in the establishment or increased formation of silent chromatin at the nucleosomal level ((Liou 

et al., 2005; Martino et al., 2009). Potentially, in yeast OAADPr could act positively on the 

efficiency of Sir3 to bind to Sir2/4 and to chromatin and thus speed up the silent chromatin 

formation. OAADPr and ADPr are considered to be involved in TRPM2 channel gating 

(Grubisha et al., 2006; Perraud et al., 2005). The NudT9H domain of TRPM2 channel, 

homologus to mitochondrial NUDIX hydrolase NudT9, binds ADPr and OAADPr. The 

NudT9H domain has no enzymatic activity pointing out the role of ADPr and OAADPr in stress 
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induced TRMP2 channel gating. Initial events resulting in the accumulation of OAADPr or 

ADPr may differ substantially - in one case it is the sirtuins activity who will build up the 

OAADPr pool, while the PARP-PARG activities balance will induce ADPr build up. OAADPr 

can be converted into ADPr and additionally stimulate the TRPM2 channel (Rafty et al., 2002). 

A more important discovery came from the Denu lab when they showed that in yeast the 

NUDIX hydrolase Ysa1 has a role in regulating the cellular reactive oxygen species (ROS) 

levels (Tong et al., 2009). Ysa1 deficient yeast cells showed increased OAADPr/ADPr levels 

and consequentially they were resistant to ROS-induced stress and displayed 40% decrease in 

cellular ROS levels. The former was attributed to the direct inhibition of crucial glycolysis 

enzymes such as glyceraldehyde dehydrogenase (GAPDH) by the ADPr which resulted in 

rerouting of the metabolic flux to the PPP and increased NADPH production that can fight 

ROS. On the other hand, ROS was shown to decrease as a consequence of ADPr – induced 

inhibition of Complex I of the mitochondrial Electron Transport Chain (ETC). This effect of 

OAADPr and ADPr accumulation is extremely intriguing because of the compartmentalization 

of the processes generating accumulated OAADPr and ADPr. Given the fact that different 

enzymes in different compartments can produce OAADPr and ADPr, the NAD+ levels and 

OAADPr and ADPr levels can be controlled well locally on the organelle level but also on the 

cellular levels.  

Among all the organs, liver is considered to be the hub of the NAD (NAD+ and NADH) 

metabolism. Still, how the NAD+ levels and its metabolites are tightly regulated on the 

organelle levels, is not well understood but potentially has great implications for the 

improvement of cancer therapy (Chiarugi et al., 2012). Regulating NAD+ levels could have a 

direct effect on glycolysis as many glycolytic enzymes use NAD+ as a cofactor. Eventually, 

what needs to be prevented is the sustained growth of cancer cells through the metabolic influx 

into the PPP and decreased sensitivity to ROS, maybe by regulating NAD+ levels in the cells. 

One strategy to control the NAD+ levels would be to control the NAMPT enzyme activity in the 

cells and there are inhibitor against it available (Chiarugi et al., 2012). Another situation where 

NAD+ levels might be important is in aging-associated muscle wasting, also called sarcopenia, 

and muscle metabolism in general, as this is also highly metabolic tissue with great energy 

needs. NAD+/NADH levels have been shown to be indicative of pre-sarcopenia state in rhesus 

monkeys (Pugh et al., 2013) and in summary all energy metabolism changes were concluded to 

contribute directly to the skeletal muscle aging in these animals. 

The chromatin milieu is likely to be highly sensitive to NAD+ fluctuations as SIRT1 and 

PARP1 and PARP2 are important NAD+ consumers localized in the nucleus and as they 

catalyzing posttranslational modifications. Moreover, because of the more or less structured and 
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compacted chromatin, local concentrations of NAD+ could vary substantially from one part of 

the nucleus to the other, meaning that local concentrations of NAD+ and spatio-temporal co-

occurrence of NAD+ consuming enzymes is critical for the local alterations in chromatin 

structure.  

Altogether, external (nutrient/hormonal cues) and internal metabolic and redox signalling force 

cells to change their behaviour and adapt to the newly set conditions. This specific behaviour of 

the cells is known as cellular phenotypic plasticity, which relies on changeable gene 

transcription programs defined by chromatin alterations (Feinberg, 2007). The inappropriate and 

disrupted cellular plasticity (e.g. a state in which an aged cell finds itself) is a basis for disease 

development. Moreover, as suggested by Feinberg and Pujadas (Pujadas and Feinberg, 2012), 

epigenome acts as a key modulator of cellular plasticity in development and disease by 

buffering the effects of distinct noise sources, stochastic and internal (i.e. pluripotent cells are 

supposed to have the highest internal noise) or based on non-genetic heterogeneity (external).  

However, the majority of communication mechanisms of metabolic cues to chromatin is still 

largely unclear and so the unravelling of the basis of disease mechanisms in cancer or metabolic 

syndromes, where external cues have been proven critical for the cell characteristics, present a 

challenge for the scientific and medical community. 
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Skeletal muscle metabolism and function  
Cell survival depends on its metabolic homeostasis and therefore is essential for the tissue 

homeostasis and finally for the overall organism’s health state, vitality and viability. Skeletal 

muscle accounts for 45% of lean body mass (O'Neill, 2013) and it performs several functions 

that are vital for the organism on the systemic level: from a structural point of view maintaining 

posture and allowing moving and performing physical activity; therefore contributing to the 

whole-body energy expenditure and metabolism (O'Neill, 2013) and in addition skeletal muscle 

has been recognized as a secretory organ (Pedersen and Febbraio, 2012). Skeletal muscle is high 

metabolic organ consuming 80% of the insulin-stimulated glucose of which most is metabolized 

and stored in the form of glycogen while only smaller part enters glycolysis (DeFronzo and 

Tripathy, 2009). If stimulated by exercise skeletal muscle can efficiently oxidize fat and this 

dependance becomes more pronounced and accompanied by decreased glucose and glycogen 

utilization after exercise which is starvation-like condition (Phillips et al., 1996). As for the 

skeletal muscle secretory functions, it has been recognized that myokines, factors produced and 

released from the muscle, can act in endocrine, paracrine and autocrine manner. The best known 

myokines are interleukin-6 (Il-6), interleukin-7 (Il-7), myostatin, insulin-like growth factor 1 

(IGF-1), brain derived neuronal factors, irisin and others. Myokines are crucial for enabling 

communication of muscle with other tissue such as liver, brain, fat and pancreas and hence 

directly involve muscle in the patho/physiology of the mentioned tissues (reviewed in Pedersen 

and Febbraio, 2012). Altogether, skeletal muscle is crucial for an organism to perform any type 

of activity and besides has an important metabolic function. The ability of muscle to change its 

metabolism tightly linked to its fiber type composition (as detailed below) in response to 

external stimuli is a phenomena called muscle plasticity (Schiaffino and Reggiani, 2011).  

 

Satellite cells 

In all sites of skeletal muscles formation and no matter the life period, a defined network of 

transcription factors executes the right myogenic program. The four principal transcription 

factors are: myogenic factor 5 (Myf5), muscle-specific regulatory factor 4 (MRF4, also known 

as Myf6), myoblast determination protein 1 (MyoD1, more often called MyoD) and myogenin 

(Myog). These factors, with Myf5 and MyoD1 being hierarchically the most important, form a 

self-enforcing network (Penn et al., 2004) that regulates many down-stream muscle-specific 

genes as also corroborated by ChIP-seq analyses (Cao et al., 2010), direct the myogenic cells to 

terminal differentiation, drive them to express genes that ensure irreversibility of the myogenic 

differentiation finally forming functional muscles (reviewed in Aziz et al., 2012). 
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Figure 7. Transcriptional network governing the determination and terminal 
differentiation of muscle cells. Dashed lines represent indirect control, while solid lines 
represent direct control (adapted from Aziz et al., 2012). 
 
Skeletal muscles form during murine embryonic development through the processes of primary 

and secondary myogenesis (reviewed in Braun and Gautel, 2011). At the stage of secondary 

myogenesis some of the proliferating Pax3+/Pax7+ cells get enveloped beneath the basal lamina 

of developing myofibers (Gros et al., 2005; Relaix et al., 2005), which is the canonical satellite 

cell compartment. It is considered that these cells subsequently become the satellite cells of the 

trunk and limb muscles in the postnatal life (Yin et al., 2013). In neonatal mouse muscle 

satellite cells comprise 30-35 % of the total myofiber-asssociated nuclei (Allbrook et al., 1971; 

Hellmuth and Allbrook, 1971; Schultz, 1996) and contribute to postnatal growth, which makes 

this percentage drop 6-fold by the time of eigth week of postnatal life when myonuclei number 

inside the myofiber can be increased (White et al., 2010). The satellite cells then enter 

quiescence (G0 phase), and if the muscle is healthy, satellite cells stay quiescent localized 

beneath the basal lamina exhibiting very low turn-over during adult life (Spalding et al., 2005).  

Satellite cells were first identified by electron microscopy by Mauro in 1961 and got their name 

according to their anatomical localization and distinguishable cell morphology (Mauro, 1961). 

They were proven to be the long sought candidates responsible for muscle regeneration 

(Bischoff, 1975; Collins et al., 2005; Konigsberg et al., 1975; Kuang et al., 2007; Lipton and 

Schultz, 1979; Montarras et al., 2005; Moss and Leblond, 1971; Sherwood et al., 2004; Snow, 

1978). Satellite cells tend to be heterogenic in expressing surface markers and Myf5 and MyoD 

expression (Sherwood et al., 2004), which likely influence their regenerative potential. 

However, Pax7 expression is the key characteristic of all adult satellite cells (see Fig. 8.). 
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Figure 8. Myogenic stem cell populations and their dependence on Pax genes. Pax7 and 
Pax3 are established transcriptional regulators of myogenic progenitors function. Their 
expression varies depending on the developmental stage (taken from Relaix and Zammit, 2012). 
 

Satellite cells division is defined by its niche – the basal membrane acting as the basement 

membrane and the sarcolema of the host myofiber as the apical part. The ability of the satellite 

cells to return to quiescence finally delineates the potential of skeletal muscles to regenerate. As 

the niche changes, the satellite cells regenerative capacity changes as well. The number of 

satellite cells decreases with age and additionally, though satellite cells of old muscles have a 

good regenerative capacity (Shefer et al., 2006), the aging microenvironment seems to interfere 

the satellite cells regenerative capacity (Cosgrove et al., 2009). Very recently it was reported 

that in very advanced age the quiescent satellite cells switch to a senescence-like state and 

p16/INK4a was shown responsible for the loss of the reversible quiescence of the satellite cells 

(Sousa-Victor et al., 2014). Many more factors produced and/or secreted by the satellite cell 

niche have been described so far to regulate the satellite cells function (reviewed in Kuang et 

al., 2008). 

 

Fusion 

Fusion is a process not specific only of myoblasts but also of other mammalian cells (as 

placental trophoblasts or macrophages) and other organisms, such as yeast or worms. In 

myoblasts fusion, the following sequence of cellular event occurs: after mitogen withdrawal, 

myoblasts will adopt an elongated spindle-like morphology (reviewed in Pavlath, 2010; 

Simionescu and Pavlath, 2011), they will migrate, force cell-to-cell contact and therefore 

differentiation (Krauss et al., 2005), recognize the myoblast they can fuse with, adhere and the 

membrane of the two cells will fuse (reviewed in Pavlath, 2010). In this way a nascent myotube 

will be formed. In order for this myotube to become mature, more myoblasts will fuse with it 

and more proteins will get produced in the mature myotube. Detailed mechanistic work 

conducted with C2C12 cells proved that fusion with nascent myotubes or mature myotubes are 
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two distinguishable processes that are controlled by distinct factors (Muroya et al., 1994). The 

description and list of factors regulating these two steps in myogenesis is still incomplete, as are 

the spatial windows in which many other factors control fusion and myogenesis (Simionescu 

and Pavlath, 2011).  

 

 
Figure 9. The complex language of signalling during myoblasts fusion in primary and 
secondary myogenesis (taken from Hindi et al., 2013). 
 

Fusion in summary induces several down-stream signalling pathways (reviewed in Mukai et al., 

2009; Simionescu and Pavlath, 2011), extensive plasma membrane and adhesion molecules 

reorganization (Mukai et al., 2009) and crucial cytoskeleton remodelling (Kurisu and 

Takenawa, 2009; Nowak et al., 2009) and is a well-coordinated process controlled by a variety 

of factors, as can be seen in Fig. 9. Several fusion factors are integrated into complex signalling 

pathways specific for murine fusion and they include: Follistatin, NFATc2 and M-cadherin. 

Follistatin is best known as the negative regulator of myostatin activity, best known for its 

negative regulation of muscle mass (Lee and McPherron, 2001). NFATc2, nuclear factor of 

activated T cells c2, is a transcription factor controlling the fusion of myoblasts with the nascent 

myotube (Horsley et al., 2001; Pavlath and Horsley, 2003). In the absence of NFATc2, the 

newly formed myotubes are smaller. Additionally, NFATc2 controls interleukin 4 (Il4), another 

promoter of fusion (Horsley et al., 2003), which in turn controls the expression of mannose 

receptor, yet another fusion promoter (Jansen and Pavlath, 2006).  

The best-studied mammalian model of fusion is during regenerative myogenesis. Upon 

traumatic injury, muscle needs to be repaired and for this satellite cells are recruited (in more 

details explained in one of the following chapters) which ultimately fuse to form new muscle. In 

culture, rodent myoblasts fusion has been extensively studied. One of the most famous models 

is the C2C12 differentiation system, generated in the 1980s by Helen Blau from a clone 

previously obtained by crush injury of a dystrophic mouse (Blau et al., 1985; Yaffe and Saxel, 

1977). C2C12 myoblasts were elementary for the identification of many signalling pathways 
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regulating fusion. Fusion arises as the crucial component of prenatal but also postnatal 

development and growth of the muscles 

 

Fiber types in skeletal muscle 

The heterogeneity of mammalian skeletal muscles is the consequence of the diverse functions a 

specific muscle should perform. To flip the sentence and change the context, the ability of a 

muscle to perform diverse functions will depend on fiber composition of that specific muscle. 

The basic unit of a muscle, the motor unit, is comprised of a motor neuron and muscle fiber 

bundle composed of structurally and functionally similar and/or identical fibers controlled by 

the motor neuron (Schiaffino and Reggiani, 2011). Nerve activity is considered to be the main 

contributor to fiber profile. Additionally, fiber profile will depend also on exposure to hormones 

and other environmental factors. The recognition of fiber types dates back to 19th century when 

the muscles were classified as being “white” or “red”. By the end of the 20th century all 4 

skeletal fiber types present in rodents were discovered. Fiber heterogeneity has the basis in the 

fibers expressing different myofibrilar proteins, having distinct metabolic enzymes, 

transmembrane ion flux and intracellular Ca2+ signalling (Gan et al., 2013; Schiaffino, 2010; 

Schiaffino and Reggiani, 2011; Scott et al., 2001). Very generally, fiber types can be divided 

into two big groups: slow-twitch or type I fibers and fast-twitch or type II fibers. Type II fibers 

can further be subdivided into type IIa, IIx and IIb. The expression of a certain myosin heavy 

chain (MHC) protein serves as the main criteria to classify the fiber types so type I fibers 

express MHCI as the product of the gene Myh7, while type II fibers express MHCs IIa, IIx and 

IIb, encoded by Myh2, Myh1 and Myh4. The type I fibers are the historically “red” fibers whose 

characteristic color arises because of high myoglobin content and capillary density. These fibers 

are of oxidative character and they are very efficient in pyruvate-based ATP generation through 

the TCA cycle and fatty acid utilization through the TCA cycle (Schiaffino and Reggiani, 

2011). This is based on higher mitochondrial content and enzyme activity in type I fibers. 

Actually, type I fibers can completely balance ATP consumption and recovery via TCA cycle. 

Type I fibers contain also distinct myofibrilar ATase which hydrolazes ATP at a very slow rate 

enabling in that way the contractile activity to persist for a long period without showing signs of 

fatigue, which is important for muscle that are continuously active. Additionally, fiber type I 

containing muscles use up much more of the substrates throughout the day than type II fibers so 

type I fibers substantially increase whole-body energy expenditure. In contrast, type II fibers are 

called “white” as they contain less myoglobin and exhibit lower capillary density. Type II fibers 

show gradually faster ATP hydrolyzing activity being the slowest in type IIa and fastest in type 

IIb fibers. Fatigue susceptibility correlates with ATPase activity speed. Glycolytic potential of 
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the type II fibers also correlates with the ATPase activity speed and is 2-fold higher than in type 

I fibers. Type II fibers tend to convert the glucose only to lactate which then gets exported, 

while in type I fibers the balance is moved to pyruvate generation and its decarboxylation in the 

TCA cycle. Interestingly, in type I fibers the number of SC associated is higher than in fast 

fibers (Christov et al., 2007; Manzano et al., 2011). The exact importance of this still needs to 

be investigated.  

Muscle fiber composition varies between species as different body sizes ultimately correlate 

also with different energy metabolism requirements. Special demands have as an answer the 

distinct fiber profiles: small animals like rodents have their muscles composed of mostly type 

IIx and IIb fibers while muscles of bigger mammals such as humans do not express IIb fibers 

and predominantly contain oxidative fibers type I and type IIa. According to Kleiber’s law 

(Kleiber, 1947), energy metabolism for unit body mass in inversely correlated with the body 

size. Therefore the metabolic activity of skeletal muscle in smaller animals will be higher than 

in bigger species.  

In line with this, sex will also have an influence on energy metabolism and muscle fiber 

composition. Testosterone seems to be the main determinator of the fiber type expression in 

male mice (Eason et al., 2000) and is the driver of the fiber type composition in men and 

transcript differences between men and women (Welle et al., 2008). Metabolic differences 

between men and women have also been noted – intramuscular triacylglycerol content and fatty 

acid translocase (FAT/CD36) protein levels have been higher in women and women tend to 

utilize more lipids while exercising than men. 

During developmental stages in mammals fiber type diversification is independent of neuronal 

activity (Condon et al., 1990a, b). Postnatal period exhibits extensive fiber type diversifications, 

primarily because of the maturation of neuro-muscular junctions (Slater, 1982), secondly 

because of the mechanical load imposed and the third major contributor is the thyroid hormone 

(d'Albis et al., 1990; Gambke et al., 1983). The first event of post-natal fiber type diversification 

is the continuous loss of embryonic and neonatal MHC proteins (Schiaffino et al., 1988) and the 

second is the increased expression of fast MHC proteins (DeNardi et al., 1993). Thyroid 

hormone, unexpressed until birth, reaches its maximum 2-4 weeks after birth and causes 

directly (independently of the nerve activity) the transition from neonatal MHC to fast MHC 

proteins (Gambke et al., 1983; Russell et al., 1988). As for aging, it has been observed that in 

humans type II fibers are reduced because of greater atrophy potential (Lexell et al., 1988). This 

might be due to selective denervation of these fibers (Suzuki et al., 2009) and lower contractile 

activity of fast type II fibers, which is probably a reflection of PGC-1! activity (Sandri et al., 

2006). Use and disuse as well as induced muscle regeneration in adult muscle show how 
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responsive muscles are. Nevertheless, the changes of fiber type profile in adult muscle never are 

extreme (Schiaffino and Reggiani, 2011). Upon mechanical load, exercise, hormonal treatments 

and altered nerve activity it is very likely for type II fiber to become slower or more oxidative. It 

is less likely though for the slow programme to be diminished as it can persist long even in 

denervated muscle (reviewed in Schiaffino and Reggiani, 2011). Only long-term complete 

inactivity of the nerve, as in the case of spinal cord injury, can lead to the complete loss of slow 

fibers.  

 

Epigenetic regulation of myogenesis 

A decade of studies on transcriptional control of myogenesis helped to elucidate many specific 

detailed epigenetic mechanisms controlling myogenesis (summarized in Fig. 10.). Furthermore, 

the Dynlacht lab has provided the most comprehensive view of epigenetic landscape during 

myogenic differentiation in the last few years (Asp et al., 2011; Vethantham et al., 2012).  

MyoD, the master regulator of myogenic program (Tapscott, 2005), enables other factors 

through a feed-forward mechanisms to temporally activate gene expression programs (Penn et 

al., 2004). MyoD associates with phosphorylated E proteins to bind the specific E-box 

seguences in muscle gene promoters, but also with phosphorylated BAF60c subunit and 

promotes incorporation of the dimmer into SWI/SNF based remodelling complex, while at the 

same time the dimmer directs the right recruitment of SWI/SNF complex to appropiate muscle 

loci (Forcales et al., 2012). The p38 MAPK, next to E proteins and BAF60c, phosphorylates 

another transcription factors, MEF2D to induce its transcriptional activity and to recruit Ash2L 

methyltransferase-containing Trx complex (Rampalli et al., 2007). An previous study pointed 

out that p38 MAPK and IGF-1/AKT signalling converge to positively regulate chromatin of 

muscle genes through activating the acetyltransferase p300 and increasing its interaction with 

MyoD (Serra et al., 2007). In SCs, the inactive genes are decorated with H3K9me2 and 

H3K27me3 mark. H3K27 trimethylation is achieved through Ezh2 activity, which is recruited 

by the Ying Yang 1 (Caretti et al., 2004). Polycomb activity (Ezh2) in myogenic lineage was 

shown to be required for specification and commitment of adult Pax7+ population of SC (Juan 

et al., 2011). In proliferating myoblasts HDACs of different classes keep the transcriptional 

regulators in deacetylated state and the genes deacetylated and inactive. This interplay of Ezh2 

and HDACs crates the repressive local environment. Upon differentiation cues, two 

mechanisms will control the activation of genes; one is the active methylation of H3K4 residue 

until the trimethyl state, which marks actively transcribed genes (Guenther et al., 2007) and is 

put by Ash2L embedded in Trx complex (Rampalli et al., 2007). The other is active removal of 

the repressive methylation on H3K27 (Seenundun et al., 2010) which permits acetylation of 



! %&!

genes at the transcriptional start site (Guasconi and Puri, 2009). Upon these chromatin changes, 

RNA Polymerase II and supporting activating complexes can be recruited and expression of 

muscle genes is initiated. A recent research gave insight into MEF2D! transcription factor 

temporal regulation of myogenic differentiation. Its two splicing isoforms control 

antagonistically early or late differentiation genes by their ability to associate with distinct 

repressive or activating chromatin-related factors (Sebastian et al., 2013).  

Though MyoD has been related with promoter control, a panel of recent studies identified E-

box elements that MyoD binds distally from muscle gene promoters (reviewed in Blum and 

Dynlacht, 2013). These sequences were confirmed to be enhancers in a recent genome wide 

study determining enhancer marks prior and following myogenic differentiation (Blum et al., 

2012). The authors suggest that main MyoD function is to bind and recruit other activating 

factors to enhancer sites.  

 

 

Figure 10. Epigenetic regulation of proliferative state and epigenetic landscape in 
differentiated cells (taken from Perdiguero et al., 2009).  
 

Genome-wide description of chromatin scenery in proliferating myoblasts and differentiated 

myotubes uncovered many unexpected facts. In their study, Asp et al. sequenced the regions 

enriched for 10 different histone marks and factors both in undifferentiated C2C12 myoblasts 

and fully differentiated myotubes (Asp et al., 2011). Roughly, process of myogenic 

differentiation generates pronounced epigenetic landscape changes. Additionally, the dataset 

serves as a comprehensive source for regulatory sequences identification. To challenge the 
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dogma of H3K27me3 repressive mark, both in myoblasts and myotubes H3K27me3 was found 

to be widely covering the genome. Further analyses revealed that indeed all of the genes 

enriched for H3K27me3 were repressed, but belonged to distinct classes of genes: one class 

were the repressed non-muscle genes while the other group of genes, less enriched for 

H3K27me3, consisted of genes induced upon differentiation. This group of genes was also 

sensitive to ablation of the Polycomb repressive complex 2 (PRC2) component Suz12 and  

showed lower H3K27me3, higher expression and the cells exhibited exceptional differentiation.  

Provocatively, ablation of Bmi1 or Ring1b, both components of PRC1, substantially 

compromised myogenic differentiation. The authors suggest a “protective” mechanism in which 

PRC1 shields H3K27me3 mark rendering it independent of the presence of PRC2. Another 

clinically relevant observation was made as it was seen that other mesenchymal lineages-

specific genes were found in active states, namely those belonging to adipogenic or osteogenic 

lineage. This finding reveals the high impact epigenetics has on controlling muscle plasticity 

and its physiology and pathophysiology. 

Furthermore, the metabolic profile of muscle fibers is as well controlled by miRNAs and 

chromatin modifiers. Transcriptional activation of MEF2 who is preferentially activated in slow 

fibers and downstream activates PGC1-!, is blocked by the action of class II HDACs, 

particularly by HDAC4 (Potthoff et al., 2007).  

 

Metabolic regulation of myogenesis 

A decade ago it was suggested that during murine development certain metabolic changes occur 

and delineate the destiny of the cells (Johnson et al., 2003). Single-cell embryos were shown to 

depend on oxidative phosphorylation, but as the one-cell embryo developed into morula and 

blastocyst, it shifted to glycolysis. Another rather recent study on metabolic profile of ES cells 

and differentiated cardiomyoblasts and neuronal cells showed a switch in metabolites with 

differentiation (Yanes et al., 2010). ES cells were found to have increased levels of unsaturated 

metabolites in comparison to differentiated cells tested, that contained higher proportions of 

saturated free fatty acids (FFA) and acyl-carnitines. The authors suggested that specific 

metabolic signature renders the cells amenable for differentiation. The study on Xenopus 

embryonic retina demonstrated that the shift form glycolysis to oxidative phosphoprylation was 

tightly connected to cell differentiation (Agathocleous et al., 2012). Notably, glycolysis was 

indispensible for progenitor cells proliferation, independently of the need to produce ATP, 

suggesting again that glycolysis intermediates support heavily genesis of new macromolecules 

that can support high proliferation rates demands (Ryall, 2013). In zebrafish, a metabolic 
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compartmentalization was observed between the tail bud (progenitor part) and somites as more 

differentiated segments (Ozbudak et al., 2010). The genes downregulated upon commitment to 

differentiation included glutamine biosynthetic pathway and NADP metabolic processes, while 

the upregulated genes belonged to the group of genes related to translation of proteins and 

oxidative metabolism. These data imply that also satellite cells, going from quiescence to 

proliferation and as well myoblasts upon commitment to differentiation, pass through severe but 

necessary metabolic changes.  

As found in many other stem cell populations, also SCs contain only scarce mitochondria 

concentrated around the nuclei (Latil et al., 2012). Upon differentiation and later fusion into 

myotubes, an increase of mitochondria but also their organization occurs. Fukada et al. 

identified genes involved in lipid transport regulation as major group changing upon SC 

activation (Fukada et al., 2007). Calorie restriction was also found to positively regulate SC 

function with aging (Cerletti et al., 2012). The metabolic changes upon differentiation of 

myoblasts were extensively studied in C2C12 myoblasts. Early studies showed clearly that 

proliferating myoblasts rely on glycolysis while following differentiation the committed cells 

shift to oxidative phosphorylation, which is accompanied by the mitochondrial density increase 

(Kraft et al., 2006; Leary et al., 1998; Lyons et al., 2004). Pivotal study came from the Sartorelli 

lab in 2003 when it was demonstrated that upon NAD+/NADH changes Sir2 can regulate gene 

expression programs and therefore also myogenic differentiation (Fulco et al., 2003). These data 

were further supported by another study claiming that reducing environment will favour, while 

oxidative environment will jeopardize C2C12 myogenesis implying that increased oxidative 

state of aged muscle puts myogenesis at stake (Hansen et al., 2007). In another study the 

Sartorelli lab showed that glucose restriction massively impaired myogenic differentiation 

(Fulco et al., 2008). This impairment could not be rescued by incubation with FFA. The authors 

also showed that the glucose restriction induced transcription of NAMPT, the main enzyme of 

NAD+ salvage pathway. NAMPT was induced in the dependence of AMPK, and the resulting 

NAD+/NADH increased ratio activated SIRT1 that negatively regulated C2C12 differentiation. 

In the absence of SIRT1, myogenic differentiation proceeded without impairment independently 

of the glucose availability. Interestingly, in normal conditions (no starvation) nor the C2C12 nor 

the primary myoblasts seemed to be affected by the SIRT1 depletion. Glycolysis leads to 

deprivation of NAD+ pool, but NAD+ can be recovered via oxidative phosphorylation. In 

C2C12 myoblasts, NAD+ levels have been found to decrease with differentiation, despite of the 

increment of the rate of oxidative phosphorylation (Fulco et al., 2008). During starvation, 

glycolysis rate could slow up and NAD+ could accumulate, which could be sensed by SIRT1. 

On the other hand, starvation will cause incremented levels of AMP/ATP, meaning that AMPK 
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will get activated. Both of these energy-sensing enzymes get activated in myoblasts upon 

starvation to control myogenesis (Fulco et al., 2008). 

 

Global alternative splicing regulating myogenesis 

The function and evolutionary purpose of alternative splicing is the increment of the existing 

proteome and the diversification and advancements of the same, specially in the context of cell-, 

tissue- or organ-specific specialization of a protein function (Pan et al., 2008). Implication of 

alternative splicing has been documented in development of heart (Kalsotra et al., 2008) and 

neurogenesis (Chawla et al., 2009; Li et al., 2007b; Licatalosi et al., 2008), but also in 

pathogenic processes (Cooper et al., 2009; Grosso et al., 2008; Kuyumcu-Martinez and Cooper, 

2006). In muscle splicing seems to regulate both physiological and pathophysiological 

processes, in particular myotonic dystrophy (Kuyumcu-Martinez and Cooper, 2006). High-

throughput sequencing studies revealed that in human tissues more than 50% of the alternative 

splicing isoforms is subjected to tissue-specific regulation (Wang et al., 2008). Tissue-specific 

isoforms can be partly explained by the tissue-specific expression of splicing factors (reviewed 

in Chen and Manley, 2009). Splicing factors relevant for muscle belong to the families CELF, 

MBNL, RBFOX and PTB. A study by Bland et al. described several years ago the global 

alternative splicing changes occurring during differentiation of C2C12 myoblasts into mature 

myotubes (Bland et al., 2010). These changes were conserved also in avian differentiation of 

myoblasts and were proven not to be cell-cycle withdrawal dependent, but instead myogenic 

differentiation specific. Computational analyses further showed the implication of the splicing 

factors RBFOX, CELF, PTB, MBNL and hn-RNP-L in the splicing events during myogenic 

differentiation. The evidence that mouse H2afy gene is alternatively spliced during myogenic 

differentiation came from the study on mouse developing heart (Kalsotra et al., 2008). The exon 

6 included into the mRNA giving rise to the macroH2A1.2 protein showed to have a pattern of 

late decrease during differentiation from the embryonic development of the heart to adult heart 

and this event was shown to be regulated by the CUGBP1 and MBNL1 splicing factors.  

 

Physiological and pathophysiological contribution of muscle structure and 
metabolism to whole body health state  

!
Muscle regeneration 

The main role of satellite cells in the adult muscle is to repair the damaged muscle post- 

exercise or regenerate the muscle in the extreme cases of muscle injury. Muscle regeneration is 
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comprised of three main stages that additionally overlap: 1) the inflammation as the response to 

injury 2) the activation, differentiation and fusion of the resident satellite cells; and 3) 

maturation and remodelling into functional newly formed myofibers (see Fig. 11). Upon muscle 

injury, the disrupted myofibers membrane integrity enables calcium-dependent proteolysis 

(Alderton and Steinhardt, 2000; Armstrong, 1990; Belcastro et al., 1998). The necrosis of the 

damaged muscle tissues triggers the inflammatory response, which provokes anti-inflammatory 

response (Chazaud et al., 2009; Fielding et al., 1993; Orimo et al., 1991). The necrotic and 

inflammatory environment pushes the satellite cells to exit quiescence and actively proliferate. 

Adult Pax7+ satellite cells form the basis for successful muscle regeneration in adult life 

(Lepper et al., 2011; Murphy et al., 2011; Sambasivan et al., 2011).  

 

 
Figure 11. Satellite cell activation and differentiation as the central part of muscle 
regeneration. Quiescent cells activate in order to replace for the damaged muscle tissue. Each 
stage - quiescence, proliferation, differentiation, quiescence re-entering – is controlled by cells 
expressing different myogenic regulators defining their fate (taken from Perdiguero et al., 
2009). 
 
Subsequent divisions generate highly mobile cells known as myogenic precursor cells or adult 

myoblasts (Schultz et al., 1985) which are highly myogenic (Cornelison et al., 2000; Cornelison 

and Wold, 1997; Grounds et al., 1992; Smith et al., 1994; Yablonka-Reuveni and Rivera, 1994). 

One of the genes directly induced by MyoD is also p21 (Waf1/Cip1), that induces cell cycle exit 

of myoblasts (Guo et al., 1995). Committed myogenic cells exhibit morphological changes and 
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move so they could start fusing (reviewed in Simionescu and Pavlath, 2011). The myogenic 

cells fuse either with each other or with the damaged fiber in order to re-establish the damaged 

tissue. In this sense, muscle regeneration recapitulates embryonic myogenesis, though not in all 

aspects (Yin et al., 2013). Like in embryonic myogenesis, the myofiber formation in muscle 

regeneration is comprised of nascent myotubes generation and mature myotubes formation. In 

early regeneration phase, the regenerated myofibers can be distinguished by the central 

localization of the myonuclei in the myofiber looking at the cross section of a regenerating 

muscle. At the end of the regeneration process, all myofiber nuclei will move to myofiber 

periphery and on a cross-sectional cut will be seen in proximity of other nuclei (satellite cells, 

interstitial cells).  

Activated satellite cells must re-enter quiescence. It is believed that this is mainly controlled by 

the niche (Le Grand et al., 2009). In mice, approximately 6 days after the freeze injury the 

satellite cells have exited the cell cycle and returned to their sub-laminar position (Le Grand et 

al., 2009).  

 

Muscle Hypertrophy and Atrophy  

Muscle mass increment is controlled through two mechanisms: one involves myonuclei 

accretion after satellite cells activation, while the second mechanisms involves increase in 

cellular protein content and is called hypertrophy. In physiological conditions satellite cells will 

not contribute to muscle mass growth unless in the situations of overloading or extreme 

exercise. Still, satellite cells are not indispensable for muscle hypertrophy and satellite-cells 

depleted skeletal muscle are able to increase their mass under overloading conditions 

(McCarthy et al., 2011). Satellite cells in the adult muscle might be more important to maintain 

tissue homeostasis by coupling the muscle mass with the according number of satellite cells 

potentially necessary for growth or repair (Wang, 2012). Protein content in a muscle fiber is 

controlled by anabolic and catabolic reactions in the muscle, and the ratio between the protein 

synthesis and protein degradation defines whether a muscle growth, declines or maintains its 

mass. As muscles are composed of different structural proteins (different myosin proteins 

defining the fiber type metabolism), they have different properties and exhibit specific 

behaviour during nutrient deprivation, hormonal treatments (catabolic or anabolic factors) or 

exercise (reviewed in Schiaffino et al., 2013). There are several overlapping mechanisms of 

muscle mass control and they include: transcriptional and signalling networks, mechanical 

sensors, hormonal control and metabolic control (Sandri, 2008).  

IGF-1 is a growth factor secreted by myocytes as a response to mechanical stress. It was 

demonstrated that IGF-1 expressed specifically in the muscle could support persistent muscle 
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hypertrophy (Musaro et al., 2001). Importantly, localized IGF-1 expression was responsible for 

the age-independent regenerative capacity of these mice, while another study showed that local 

IGF-1 injection is sufficient to suppress atrophy following disuse (Stitt et al., 2004). IGF-1 

signalling through its receptors leads to PI3K/AKT signalling activation and FOXO repression, 

thereby also negatively regulating atrogenes (Lee et al., 2004; Sandri et al., 2004; Stitt et al., 

2004). Protein synthesis is controlled through mTOR signalling and perturbations of mTOR 

complex 1 signalling lead to progressive atrophy (Bentzinger et al., 2008; Raben et al., 2008; 

Risson et al., 2009). 

Leptin is a major regulator of energy expenditure and intake (reviewed in Braun and Gautel, 

2011). Androgen receptors such as for testosterone and "-adrenergic agonists also have an 

anabolic effect. Clenbuterol, a "-adrenergic agonist, acts on AKT-mTOR axis through IGF-1 

(Kline et al., 2007; Minetti et al., 2011) but possibly via other pathways as well (Minetti et al., 

2011).  

 

 
Figure 12. Complex network of factors controlling fiber size (taken from Sandri, 2008). Two 
main pathways controlling fiber size are the antagonistically acting IGF-1/PI3K/AKT pathway 
positively regulating the fiber size and myostatin/Smad pathway, negative regulator of fiber 
size. Green lines mean positive regulation, while red lines depict negative regulation. Dashed 
lines represent less-understood pathways.  
 

Muscle atrophy comprises of controlled loss of organelles, cytoplasm, proteins and even 

myonuclei, in order to keep the myonuclear space at a constant level (Dalla Libera et al., 2001; 

Ferreira et al., 2008). During fasting, disuse and denervation, causes of acute muscle wasting, 

protein turnover is dominant over cell turnover and muscle serves as the main reservoir of 

protein (Schiaffino and Reggiani, 2011). The set of genes deregulated in conditions do diabetes, 
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cancer cachexia, chronic renal failure, denervation and fasting that control the atrophy are called 

atrophy-related genes or atrogenes (Sacheck et al., 2007). The two genes considered to be the 

master regulators of atrophy, atrogin-1/MAFbx and MuRF1/Trim63, are ubiquitin ligases that 

are found virtually in all types of muscle atrophy (Sandri, 2008). The FOXO transcription 

factors positively regulate atrophy by inhibiting protein synthesis and activating protein 

breakdown. While siRNA againt FOXO can block the induction of atrogin-1/MAFbx (Liu et al., 

2007; Sandri et al., 2004), FOXO1 transgenic mice exhibit decreases muscle mass and atrophy 

(Kamei et al., 2004; Southgate et al., 2007). On the other hand, IGF-1 can suppress the two 

master atrogenes, atrogin-1 and MURF and hence suppress muscle mass decline (Sacheck et al., 

2004). Myostatin, also known also as growth and differentiation factor 8 (GDF8), is the muscle 

growth inhibitor with the biggest reputation. It is a member of TGF" superfamily expressed and 

secreted by the skeletal muscle. Myostatin is synthesised as inactive precursor (McPherron et 

al., 1997) and proteolytic processed to be able to bind to its receptor, the Activin receptor type 

IIB (ActRIIB). In the cascade further down, Smad proteins get activated, translocate to the 

nucleus and regulate gene expression. There is evidence that also in humans inhibition of 

myostatin increased muscle mass (Schuelke et al., 2004). This is a result of hyperplasia (cell 

number augmentation) and hypertrophy (increased protein content and cell size) (Lee, 2004; 

Lee and McPherron, 1999; McPherron et al., 1997). Even though some animals like mice, sheep 

or cattle bearing a mutation in myostatin gene exhibit obvious hypertrophy, the study on mouse 

muscle-specific overexpression of myostatin has been shown to lead to very humble muscle 

atrophy and specifically only in males (Reisz-Porszasz et al., 2003). This diminished the 

importance of an earlier research where myostatin induced a fatal atrophy (Zimmers et al., 

2002). Despite of that, myostatin has been demonstrated to act on atrogenes, and in dependence 

of FOXO, in cell culture (McFarlane et al., 2006). Another study supported the notion that 

forced myostatin expression negatively regulated muscle mass by decreasing muscle gene 

expression (Durieux et al., 2007). Myostatin inhibition effects are of big interest for the clinical 

society as cancer-associated cachexia leads to weakness, cardiac atrophy and ultimately death. 

An important finding came from the Han’s lab when they showed that Activin IIB blockade 

(receptor to which myostatin binds) reverses cancer-induced muscle loss, cardiac atrophy and 

anorexia in mice (Zhou et al., 2010). Also, these mice had prolonged life span even without 

decreased tumour growth. These findings might be also important in the light of the muscle as 

secretory organ with beneficial actions.  

AMPK serves as the energy rheostat and if muscle cells are metabolically stressed with 

oligomycin treatment or 2-deoxyglucose treatments (both of which compromise energy 

production), myotube atrophy is initiated (Aguilar et al., 2007). PGC-1!, the master regulator of 
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mitochondrial biogenesis genes, declines as muscle wasting occurs (Sandri et al., 2006). 

Conversely, sustained levels of PGC-1! can protect from atrophy induced by several means 

(fasting, denervation and FOXO3 expression). This partly clarifies why oxidative fibers resist 

atrophy better than glycolytic fibers as slow fibers express more PGC-1! (Li et al., 2007a). 

Glucocorticoids were reported to diminish the production of IGF-1 and augment myostatin 

secretion and were shown to induce atrogin-1 and MURF1 expression followed by muscle 

wasting both in culture as well as in vivo (Bodine et al., 2001; Clarke et al., 2007; Sacheck et 

al., 2004; Sandri et al., 2004; Schakman et al., 2008).  

 

Systemic function of muscle metabolism (Type 2 diabetes and related metabolic 
syndromes, Exercise) 

The key role of muscle in regulating metabolism is caused by the fact that muscle serve as 

energy hub during prolonged periods of starvation to maintain plasma glucose levels through 

gluconeogenesis in the liver. Also, since it consumes 80% of the glucose taken up under the 

control of insulin, muscle controls majority of plasma glucose disposal. Skeletal muscle is the 

major acceptor of glucose after feeding and this function is mediated by the insulin-dependent 

translocation of the glucose transproter GLUT4 to the sarcolemma. If muscles are defective and 

cannot take up glucose, hyperglycemia occurs in the blood. This is typical of insulin resistance 

and type 2 diabetes (T2D) (Schiaffino and Reggiani, 2011). Fiber type profile defines the 

metabolism of the muscle. Therefore the right fiber type composition in a muscle not only 

provides the ability to perform a specific physical activity, but also executes the proper 

metabolic circuit to keep the whole body healthy or healthier. In metabolic syndrome 

volunteers, type I fibers were found to be decreased while type II fibers were found to be 

increased (Stuart et al., 2013). Type I fibers and increased mitochondrial activity have been 

linked to improved glucose tolerance and insulin sensitivity (Daugaard et al., 2000; Henriksen 

et al., 1990; Lillioja et al., 1987; Song et al., 1999). Defects in the muscular insulin response are 

regarded as the major characteristic of T2D (DeFronzo and Tripathy, 2009). The paramount 

importance of the skeletal muscle for the whole body metabolism is undoubted as recent work 

showed that muscle-specific overexpression of a gene inducing insulin resistance triggered a 

metabolic syndrome on the level of the whole organism (Song et al., 2013). 

Exercise can additionally stimulate skeletal muscle to efficiently oxidize fat and this 

dependence is more pronounced as the exercise continues. In addition, exercise is accompanied 

by decreased glucose and glycogen dependence after exercise (Phillips et al., 1996). Exercise 

was also proven to partly reverse the progression of metabolic syndrome (O'Gorman et al., 

2006). On the other hand, physical inactivity is associated with “bad” metabolic changes 
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including insulin resistance, attenuation of postprandial lipid metabolism, accumulation of 

adipose fat and decrease of muscle mass (Krogh-Madsen et al., 2010; Olsen et al., 2008). 

Strikingly, physical inactivity has been proven related with numerous diseases (Borer, 2005; 

Monninkhof et al., 2007; Nocon et al., 2008; Tuomilehto et al., 2001; Wolin et al., 2009). 

Therefore sedentary life today represents a big threat for health. Importantly, regular physical 

activity combined with diet was demonstrated to be more successful than drugs in treating and 

preventing T2D (Knowler et al., 2002). 

Muscle has been proven to secrete many factors that act in autocrine, paracrine or endocrine 

manner. These factors, as they are secereted by the muscle, are called myokines and they 

include: Il-6, Il-7, myostatin, IGF-1, BDNF, irisin and others. It has been shown that in humans 

and rodents exercise attenuated the myostatin expression and that myostatin inactivation boosts 

beneficial effects of endurance exercise on metabolism (Allen et al., 2011). Myostatin increased 

expression has been correlated with obesity, T2D and insulin insensitivity (Allen et al., 2008; 

Hittel et al., 2010; Palsgaard et al., 2009). Intriguingly, it was suggested that myostatin might as 

well directly affect insulin signalling in the liver of mice (Hittel et al., 2010). In support of this 

statement, myostatin could induce a gene reporter after administration in the HepG2 

hepatoblastoma cell line (Rios et al., 2004). Follistatin levels were reported to increase 

systemically following acute bicycle exercise in healthy individuals. Although follistatin should 

be classified as hepatokine rather than myokine, the data on myostatin and follistatin levels 

upon exercise point out a putative cross-talk of muscle and liver as the results of exercise 

(Hansen et al., 2011).  

 

Pathological muscle wasting conditions 

Progressive weakness of muscle and loss of their function happening with age is known as 

sarcopenia. Although anabolic effects of exercise on muscle are known, therapeutic strategies 

counteracting the age-related wasting of muscles are not well developed. A recent genomic and 

proteomic study on sarcopenia in rats revealed PGC-1! and mitochondria-related functions and 

genes to be most affected in aging muscle (Ibebunjo et al., 2013). Moreover, mice with muscle-

specific overexpression of PGC-1! were resistant to sarcopenia and metabolic disease and 

surprisingly showed increased life span (Wenz et al., 2009). The fact that testosterone can 

induce PGC-1! sets a challenge, especially as it can simultaneously induce 

mitochondriogenesis and anabolic processes when combined with IGF-1/AKT pathway 

activation (Ibebunjo et al., 2011). In middle aged rhesus macaques the onset of sarcopenia was 
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correlated with decreased NAD+/NADH ration and shift in fiber type distribution. In this model 

PGC-1! and mitochondria also showed to be altered (Pugh et al., 2013). 

Cancer cachexia is described as progressive loss of muscle and fat tissue resulting in decreased 

body weight appearing secondary to a cancer illness. It is a result of decreased food intake and 

abnormal metabolism which arises from the cancer cells metabolism and patients body reaction 

to the neoplastic tissue (Fearon et al., 2012). Muscles are protein last recourse because liver, 

metabolically rebutting chronic and systemic inflammation, guards the amino acid pool. Other 

already mentioned factors additionally modulate the chronic muscle loss (e.g. myostatin). The 

aftermath is extremely thin and weak patient.  

Myotonic dystrophy 1 (DM1) is a muscle disease identified as muscle weakness and wasting 

(Harper, 2001). Additional clinical features include myotonia and insulin resistance, which arise 

as a consequence of aberrations in alternative splicing regulated by MBNL and CELF1 proteins. 

A challenge lies in the fact that in DM1 the muscle fibers that are specifically hit by the wasting 

are the type I fibers. Having in mind the type I fibers metabolic properties, DM1 initially does 

provoke locomotion issues, but later with progressive wasting metabolic function of muscles 

gets seriously threatened. Recent results from the Cooper lab demonstrated that PKM2 gets 

aberrantly expressed in DM1 muscles in comparison to healthy muscles and strikingly, this 

overexpression is seen only in type I fibers (Gao and Cooper, 2013). In cultured myotubes 

aberrant PKM2 expression lead to increased glucose consumption but decreased oxidative 

phosphoprylation. The authors suggested the PKM2 expression to be induced by MBNL1 and 

MBNL2 endangered expression in combination with CELF1 upregulation, as in DM1 patients 

MBNL sequestration is one of the well-known hallmarks and probably causes of the disease. 

 

Rhabdomyosarcoma 

Rhabdomyosarcoma (RMS) are soft tissue tumours that show very aggressive phenotype. It is 

generally accepted that they have myogenic origin as it could be confirmed that they express 

skeletal muscle transcription factors (MyoD, myogenin) and structural muscle proteins 

(myosins etc.) (Dias et al., 2000; Hatley et al., 2012; Sebire and Malone, 2003; Tonin et al., 

1991). RMS can be grouped into two subtypes of which the embryonal subtype has a favourable 

prognosis while the alveolar subtype of RMS (aRMS) has a higher rate of metastasis and 

presents a bigger threat (Perez et al., 2011). The main deviant event in aRMS is the 

translocation of two transcription factors, FOXO1A and PAX3 or PAX7. As in all tumours, 

aberrant proliferation is interconnected with decreased differentiation, which leads to the cancer 

phenotype. In aRMS many myogenic differentiation features concerning main regulators are 
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altered. Transcriptional activity of MyoD is inhibited through its association with Suv39 

supressing in that way myogenin induction (Mal, 2006). As MyoD can activate p21 to induce 

cell cycle exit independently of differentiation, sequestered MyoD in aRMS fails to activate p21 

and stop proliferation (Crescenzi et al., 1990; Halevy et al., 1995). In an aRMS cell line 

myostatin blockade has been able to push rhabdomyosarcoma cells differentiation (Rossi et al., 

2011). Cell proliferation and growth is also favoured in aRMS. Genes whose aberrant 

expression is involved in elevated proliferation are FGFR4 (Crose et al., 2012) and c-MET 

(receptor or hepatocyte growth factor receptor) (Epstein et al., 1996; Miekus et al., 2013). Il-4 

receptor, whose action menaces differentiation, was found increased in human and mouse RMS 

tumours and also in primary and metastatic tissue (Hosoyama et al., 2011; Nanni et al., 2009). 

Even though enforced myogenic differentiation emerges as a promising therapeutic approach 

but will require further studies. This is particular important in the light of the fact that even 

more differentiated tumour cells can contribute to the successfulness of the dissemination of the 

tumour (Ignatius et al., 2012).  
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RATIONALE AND OBJECTIVES 

A decade has passed since the seminal discovery of the metabolite-binding capacity of the 

macro domain of macroH2A1.1. Facultative incorporation of macroH2A1.1 into nucleosomes 

thus has the potential to couple the sensing of metabolic states to chromatin structure and 

epigenetic regulation. However, the physiological relevance of this link has remained elusive. 

Indeed, most efforts to understand the function of macroH2A histones have been conducted in 

tissues and cell lines that primarily express the non-metabolite binding proteins macroH2A1.2 

or macroH2A2. 

 

The overall aim of this thesis is to understand the function of macroH2A1.1 and its metabolite-

binding activity in a physiological context and in disease. In our initial experiments we have 

identified skeletal muscle as an ideal model system expressing the highest relative amounts of 

macroH2A1.1. 

 

Our specific objectives were: 

1.    To characterize the expression of macroH2A1 splicing isoforms during myogenic 

differentiation of myoblasts and in muscle-derived cancer cell lines. 

2.    To elucidate the loss-of-function phenotype of macroH2A1 and its isoforms in 

differentiation, acute-injury induced muscle regeneration, muscle fiber composition and 

metabolism.  

3.    To dissect the underlying mechanism of macroH2A1.1 function and to understand the 

contribution of its metabolite-binding capacity. 

!
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Non-metabolite binding macroH2A1 isoform switches to 
metabolite-binding macroH2A1.1 during myogenic 
differentiation 
In order to find the right model to study macroH2A1.1 isoform, we performed restriction 

fragment length polymorphism (RFLP). The technique consists of amplifying a short part of the 

gene which includes alternatively spliced exons. After the amplification by the PCR reaction, 

we cut the amplicons with the restriction enzyme MspI and observe the patterns obtained (Fig. 

13.A). If the MspI enzyme cuts the sequence containing exon 6, corresponding to the 

macroH2A1.2 isoform, the results are 2 bands: one of 87 and one of 88 bp. If the sequence cut 

contains the exon 7, coming from macroH2A1.1 mRNA, the restriction patter shows 2 bands: 

one of 130 and one of 35 bp (Fig. 13.A). We screened a panel of metabolically relevant mouse 

tissues doing RFLP, as can be seen in Fig. 13.B. We observed that in most of the tissues 

macroH2A1.2 mRNA is prevalent, except maybe in kidney and in the lung where the levels 

might be very similar (as the method we perform is qualitative, we cannot discuss the 

quantities). Surprisingly, adult muscle stood out as the only tissue where macroH2A1.1, the 

metabolite-binding isoform, was not just prevalent but was the only macroH2A1 isoform 

expressed (Fig. 13.B).  

 

 
Figure 13. MacroH2A1.1 is uniquely expressed only in skeletal muscle.  
A, Scheme of the performed restriction fragment length polymorphism (RFLP) analysis. The 
PCR amplified region spanned exon 5 to exon 8 of mouse H2afy transcripts. After restriction 
with MspI, the PCR products showed differential restriction patterns. The amplicon 
corresponding to macroH2A1.1 (pink exon = exon 7) gave a restriction pattern containing bands 
of 130 and 35 bp. Restriction of the macroH2A1.2-derived amplicon (blue exon = exon 6) 
results in fragments of very similar size (88 and 87 bp). B, Relevant metabolic tissues were 
tested by RFLP. Note that the macroH2A1.2-corresponding fragments are not resolved and 
appear as single band and that the 35 bp-is not visible.  
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As macroH2A1.1 was the only isoform we could detect by RFLP in adult muscles, we turned to 

myoblast cell line C2C12 to investigate macroH2A1.1. As it is known that myoblasts 

experience extensive epigenetic remodelling while differentiating (Asp et al., 2011; Perdiguero 

et al., 2009), we differentiated the C2C12 myoblasts using the differentiation medium (DM). As 

differentiation progressed (depicted with the yellow-orange-dark red colour gradient, Fig. 

14.A), the cells changed morphology, became more elongated, started fusing and expressing 

embryonic myosin heavy chain (eMHC) protein, as can be seen on Fig. 14.A. We wondered 

what happens with macroH2A1 isoforms during differentiation so we performed RFLP using 

proliferating cells, cells in early differentiation and late differentiation - myotubes (Fig. 14.B).  

 

 
Figure 14. MacroH2A1 isoforms switch during C2C12 myoblasts differentiation.  
A, C2C12 myoblasts were differentiated by switching the growth medium (GM) to 
differentiation medium (DM) for the time indicated. Cells were stained by 
immunohistochemistry using anti-embryonic myosin heavy chain (eMHC) as marker for 
myogenic differentiation. We use the yellow-to-orange-to-dark red colour gradient to illustrate 
the degree of differentiation throughout the results section. B, proliferating (GM) and 
differentiating C2C12 myoblasts (DM) were used in RFLP analysis, performed as in the Fig. 1.  
 

Proliferating myoblasts showed prevalent macroH2A1.2 expression, but upon differentiation 

induction and commitment the ratios of the isoforms changed and macroH2A1.1 dominated 
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over macroH2A1.2. At the end of the differentiation only macroH2A1.1 was detectable (Fig. 

14.B).  

We wanted to check quantitatively too how the isoforms expressions change so we performed 

semi-quantitative qRT-PCR analysis. All the values were normalized for the average of 2 

housekeeping genes, Rpl7 and Rpo. Additionally, we created a reference sample that enabled us 

to normalize the splicing isoforms between them. We created another reference sample to 

normalize the macroH2A1 and macroH2A, just as we did it with macroH2A1 splicing isoforms. 

This normalization allowed us to put the macroH2A1.1 and macroH2A1.2, and on the other 

hand macroH2A1 and macroH2A2 on the same scale and give a statement about the relative 

levels of the isoforms.  

We checked the total macroH2A1 expression, the expression of the each splicing isoform and 

also macroH2A2 mRNA expression levels. We observed that total macroH2A1 levels 

substantially decreased upon commitment and differentiation induction, just like macroH2A2 

levels (Fig. 15.A). More importantly, macroH2A1.2 expression levels dropped heavily down 

while macroH2A1.1 being approximately 2-fold upregulated represented the majority of the 

macroH2A1 pool by the end of differentiation (Fig. 15.A). As we normalized the samples using 

our reference samples, we observed that macroH2A2 was up to 10 times less expressed that 

total macroH2A1. In proliferating myoblasts, macroH2A1.2 was up to 4 times more abundant 

that macroH2A1.1. This situation reversed and at the end of differentiation - macroH2A1.1 was 

up to 6 times higher than macroH2A1.2. To ensure ourselves that the differentiation was carried 

out properly, we tested 2 control genes, a marker of early differentiation – Myogenin (Myog) 

and Creatine kinase muscle (Ckm), late differentiation marker (Fig. 15.B). Both markers got 

upregulated immediately after medium change to DM, with distinguished patterns of 

expression. Myog expression augmented earlier than Ckm, which was expected. In summary, we 

observed a total macroH2A1 mRNA decrease upon differentiation induction with the 

exceptional switch between the two macroH2A1 splicing isoforms which results in exchange of 

macroH2A1.2 for macroH2A1.1 at the end of differentiation (summarized in Fig. 15.C). 

MacroH2A1.1 got slightly upregulated and maintained macroH2A1 pool.  
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Figure 15. Semi-quantitative analysis of the macroH2A1 isoforms switch during C2C12 
myoblasts differentiation.  
A, qRT-PCR analysis was performed to relatively quantify the macroH2A mRNA levels during 
C2C12 differentiation. Expression levels were normalized using 2 housekeeping genes (Rpl7 
and Rpo). The relative mRNA ratio of MacroH2A1.1 and macroH2A1.2 was determined using a 
reference sample containing equimolar amounts of both amplicons. MacroH2A1 and 
macroH2A2 were also normalized and their expression levels showed as relative ratios, after 
normalization with the reference sample containing equimolar amounts of macroH2A1 and 
macroH2A2 amplicons. Pink-light blue colour code is used to stress macroH2A1 isoforms. B, 
qRT-PCR analysis of two differentiation control genes. Myog and Ckm are commonly used 
markers for early and late differentiation, respectively. C, Scheme summarizing the switch of 
macroH2A1 splice isoform observed during myogenic differentiation.  
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Observing the splicing switch in both C2C12 myoblasts on the mRNA, we wanted to confirm 

this switch on the protein levels. We used the C2C12 cells that originated from the same 

experiment as those used for the qRT-PCR and RFLP analyses. We loaded equal protein 

concentrations on the gel and performed western blot using isoform-specific antibodies, kindly 

provided by Andreas Ladurner form Munich. We were able to confirm the splicing switch on 

the protein level as macroH2A1.2 signal decreased upon differentiation while macroH2A1.1 

expression increased (Fig. 16.A). That the total macroH2A1 pool got reduced with 

differentiation was apparent looking at the total macroH2A1 signal. Even though macroH2A2 

mRNA levels decreased with differentiation, we were able to observe a slight upregulation of 

macroH2A2 on the protein levels upon cell cycle exit and differentiation induction (Fig. 16.A). 

Nevertheless, macroH2A2 protein levels are much lower than macroH2A1, as it is shown in Fig 

16.B. By using two reference samples, one containing transfected Flag-tagged macroH2A1.2, 

and the other Flag-tagged macroH2A2, we assessed the protein ratios in C2C12 cells. The 

reference samples contained equal amounts of the Flag-tagged proteins. Loading them next to 

C2C12 sample and exposing together membranes incubated with different antibodies, we could 

show that total macroH2A1 is much more abundant than macroH2A2.  

We also checked protein markers of myogenic differentiation. These included MyoD, Myog and 

eMHC, a structural protein induced upon differentiation of C2C12 myoblasts in culture. We 

detected no expression of Myog and eMHC in proliferating myoblasts and almost no expression 

in myoblasts that just committed to terminal differentiation (GM and DM day 2) (Fig. 16.A). At 

day 5 of differentiation the expression was apparent and even stronger when only the population 

of pure myotubes was used. MyoD was very lowly expressed in proliferating myoblasts but got 

upregulated upon medium change to DM. The canonical histone H3 was used as loading 

control, on top of measuring the protein concentration in samples prior to loading.  

As there is always a population of C2C12 myoblasts that never commit to terminal 

differentiation but rather stay quiescent attached directly on the plate (the myotubes form 

actually on top of them), we decided to collect only or predominantly the myotubes. We did this 

by short trypsinization, as the myotubes detach very easily and fastly, while the non-

differentiated myoblasts stay attached to the plate. The expression of different protein markers 

checked did not essentially change from day 5 differentiated C2C12 myoblasts containing 

mixed population to day 5 differentiated myoblasts containing enriched myotubes (Fig. 16.A, 

*enriched MT).  
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Figure 16. MacroH2A1 switch happens also on the protein level.  
A, The C2C12 differentiation time course used for RFLP and qRT-PCR analyses was also used 
to test macroH2A1 switch by WB. All relevant macroH2A proteins were tested, used home-
mode or other antibodies. MyoD, Myog and eMHC were used as differentiation controls. 
Protein concentration was measured to ensure equal protein concentration loading and H3 WB 
was additionally performed to ensure correct loading. B, Two reference samples, HEK 293T 
cells samples containing transfected equal amounts of Flag-macroH2A1.2 and Flag-macroH2A2 
proteins, were used to estimate macroH2A1 and macroH2A2 protein levels and ratio in C2C12 
cells.  

 

We wanted to confirm the macroH2A1 isoforms switch in another cell line so we turned to 

primary myoblasts. Primary myoblasts were isolated as inactive satellite cells from a mouse by 

the group of Monica Suelves. The cells were differentiated in culture and together the muscle 

quadriceps used to perform RFLP. Primary myoblasts showed the same splicing switch of 

macroH2A1 during differentiation (Fig. 17.C) as seen in C2C12 myoblasts (Fig. 14.B). 

Additionally, quadriceps showed the same restriction pattern as the late myotubes - dominant 

macroH2A1.1 expression. As with C2C12 myoblasts, we checked also in primary myoblasts by 

semi-quantitative qRT-PCR the ratios of the splicing isoforms and of the macroH2A1 and 

macroH2A2. All the samples were normalized using the average of 2 housekeeping genes and 

using the reference samples. Again we observed the total macroH2A1 decline upon 

commitment and differentiation induction, which is the reflection of macroH2A1.2 decline (Fig. 

17.A, both panels). On the other hand, macroH2A1.1 levels were again initially kept constant 

and then increased towards the end of differentiation so that macroH2A1.1 was up to 9 times 

more expressed than macroH2A1.2. In proliferating primary myoblasts, macroH2A1.2 
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expression was 2-3 times higher than the expression of macroH2A1.1 (Fig. 17.A). Meaning, the 

splicing switch from macroH2A1.2 to macroH2A1.1 upon differentiation was observed in 

primary myoblasts as well.  

 

 
Figure 17. MacroH2A1 isoforms switch happens also when primary myoblasts are 
differentiated.  
A, qRT-PCR analysis was performed to relatively quantify the macroH2A mRNA levels during 
primary MPCs differentiation. The macroH2A1 bars again bear the colours used for exons in 
Fig. 16.: pink for macroH2A1.1 and light blue for macroH2A1.2. MacroH2A1.1 and 
macroH2A1.2, and macroH2A1 and macroH2A2 were normalized and their expression levels 
showed as relative ratios, as explained in Fig. 16. B, Two control genes were used: Myog as 
early and Ckm as late differentiation marker. All genes were normalized using 2 housekeeping 
genes (Rpl7 and Rpo). C, RFLP analysis of differentiated primary MPCs and muscle quadriceps 
(quadri.) is shown. Both macroH2A1.1-derived bands (130 and 35 bp) can be observed.  
!
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Just as in C2C12 myoblasts, in primary myoblasts the total macroH2A1 was up to 4 times 

higher than macroH2A2 no matter whether we checked proliferating myoblasts or differentiated 

cells and formed myotubes (Fig. 17.A). To monitor differentiation process, we checked the 

myogenic differentiation markers, Myog and Ckm. Both of them got nicely upregulated with 

differentiation induction and showed the pattern of early myogenic factor and the pattern of late 

myogenic marker, respectively (Fig. 17.B).  

 

We performed RFLP analysis on human samples to confirm the splicing switch conservation 

between species. The human H2AFY gene bears the alternative exons 7 and 8. The amplified 

region from the exon 6 to exon 9 was digested with the MspI enzyme. The restriction pattern 

observed in the case of macroH2A1.1 consists of a band of 191 bp, while in the case of 

macroH2A1.2 two bands appear, of sizes 119 and 79 bp (Fig. 18.A).  

We tested two human primary myoblasts cell lines by RFLP: we differentiated the cells and 

checked the expression of the isoforms in proliferating and differentiated cells. In both cell lines 

(13A and E3), we observed quite a strong band for macroH2A1.1, which increased 

progressively with differentiation (Fig. 18.B). In proliferating cells macroH2A1.2 was present 

as well, but conversely to mouse primary and C2C12 myoblasts, proliferating human myoblasts 

expressed more macroH2A1.1 than macroH2A1.2 (compare Fig 14.B, 17.C and 18.B). By the 

end of differentiation the macroH2A1.2 bands completely disappeared. We tested also two 

aRMS cells lines, Rh30 and Rh4, by RFLP to investigate if the splicing switch occurs upon 

(impaired) differentiation in these cancer cells. As it can be seen on the Fig. 18.B, aRMS cell 

lines fail to diminish the macroH2A1.2 right upon differentiation and additionally, Rh30 cells 

actually never manage to complete the switch and abolish macroH2A1.2, even though 

macroH2A1.1 levels increased (Fig. 18.B). Rh4 cells did not manage to increase macroH2A1.1 

levels even though late but complete reduction of macroH2A1.2 was observed (Fig. 18.B).  
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Figure 18. The same macroH2A1 isoform switch occurs in human primary myoblasts but 
is impaired in myoblast-derived cancer cells.  
A, Scheme of RFLP of human H2AFY gene, amplifying the exons 6 to 9. After restriction with 
MspI, macroH2A1.1 remains uncut, but macroH2A1.2 gets cut into two (119 and 79 bp band). 
Exons are colour-coded as in Fig. 16. B, RFLP of two distinct human primary myoblasts cell 
lines (13A and E3) upon differentiation is shown, but also differentiation of two distinct aRMS 
cell lines (Rh4 and Rh30).  
 

We investigated also semi-quantitatively by qRT-PCR the levels of relevant isoforms in both 

human primary and aRMS cell lines. MacroH2A2 levels were again lower than macroH2A1 

levels (Fig. 19.A) and additionally, this difference was even more pronounced than in mouse 

cell lines (Fig. 15.A and 17.A). Total macroH2A1 levels did not drop during differentiation 

(Fig. 19.A), which is another difference when compared to mouse cells. During differentiation 

of primary human myoblasts, both 13A and E3 primary cells, macroH2A1.2 levels dropped, 

while macroH2A1.1 levels increased up to 1.5-fold (Fig. 19.A, left panel). The splicing switch 

of the two isoforms was consisted also during human cells differentiation, although in GM 

levels of macroH2A1.2 were not as dominant over macroH2A1.1 levels as it was seen in mouse 
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cells (Fig. 15.A and 17.A). As differentiation markers we tested MYOD, MYOG and CKM 

during a time course of E3 primary human myoblasts (Fig. 19.B). MYOD, which was already 

expressed in GM, got upregulated with differentiation. MYOG, early differentiation marker, got 

upregulated early indifferentiation while CKM, marker of late differentiation, increased 1000-

fold at the end of differentiation. 

 

 
Figure 19. Semi-quantitative analysis of macroH2A mRNA levels during human primary 
myoblasts differentiation.  
A, qRT-PCR analysis of relative quantification of the macroH2A mRNA levels during human 
primary myoblasts differentiation. Samples were normalized with the corresponding reference 
samples as mentioned in Fig. 3. Pink-light blue colour code is used to stress macroH2A1 
isoforms. B, MYOD, MYOG and CKM were used as differentiation controls and results for E3 
cells are shown. All genes were normalized for 2 housekeeping genes (HPRT1 and RPO). 
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In aRMS cells lines the picture differed slightly. We observed that Rh30 cells do not express 

macroH2A2 at all (Fig. 20.A, right panel). On the other hand, Rh4 cells do express macroH2A2, 

but its expression was lower than the expression of total macroH2A1. While upon 

differentiation of Rh4 cells macroH2A1 got 2-fold downregulated, the downregulation upon 

differentiation in Rh30 cells was less pronounced. When macroH2A1.1 and macroH2A1.2 

levels in Rh4 and Rh30 time course were explored, we observed that macroH2A1.2 levels drop 

2-fold in Rh4 and 3-fold in Rh30 cells (Fig. 20.A, left panel), less than observed in mouse and 

healthy human cell lines. Moreover, at the end of differentiation macroH2A1.1 levels were just 

2-fold higher than levels of macroH2A1.2 in both Rh4 and Rh30 cells. We were able to 

additionally observe that Rh30 cells have almost 2-fold higher macroH2A1.2 expression in GM 

than the Rh4 cells, but also in differentiation show higher levels of macroH2A1.2. To confirm 

differentiation of these cells, we tested again MYOD, MYOG and CKM (Fig 20.B).  We could 

not detect any CKM expression at any time point of Rh4 or Rh30 differentiation (data not 

shown). Regarding Rh4 cells, they downregulated with differentiation both MYOD and MYOG. 

Rh30 cells showed slight upregulation of MYOG with differentiation, but constant MYOD 

levels.  
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Figure 20. Semi-quantitative analysis of macroH2A mRNA levels in aRMS cells upon 
differentiation.  
A, qRT-PCR was performed to relatively quantify the macroH2A mRNA levels during 
differentiation of aRMS cell lines. Samples were normalized with the corresponding reference 
samples as in Fig. 20. Pink-light blue colour code is used to distinguish macroH2A1 isoforms. 
B, MYOD and MYOG were used as differentiation controls. All genes were normalized for 2 
housekeeping genes (HPRT1 and RPO). 
 

In order to understand better the splicing switch, we depleted several splicing factors known to 

regulate macroH2A1 splicing (Ddx5, Ddx17, Qki, Mbnl1) or to be important during myoblasts 

differentiation (RBFox1, RBFox2, CUGBP1, Etr3) in C2C12 myoblasts using siRNAs. The 

siRNA used against Cugbp1 induced no effect on Cugbp1 expression. RBFox1 was very lowly 

expressed in C2C12 myoblast (as seen from the amplification cycle in qRT-PCR analysis, data 
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not shown). All other siRNAs were shown to be efficient in knocking down the wanted splicing 

factor (Fig. 21.B).  

We were able to show upregulation of macroH2A1.1 upon both Ddx proteins downregulation, 

meaning Ddx5 and Ddx17 (Fig. 21.A). On the other side, Qki, Mbnl1 and RBFox1+2 depletion 

induced increase of macroH2A1.2 (Fig. 21.A). We also observed that the knock-down of the 

ETR3 splicing factor induced no significant changes in macroH2A1 transcripts. 

 

 
Figure 21. MacroH2A1 switch is regulated by many splicing factors.  
A, Transfection of siRNAs were used to repress a panel of splicing factors and the relative 
change on macroH2A1 isoforms was assessed by qRT-PCR. Initial levels of both isoforms were 
set to one. B, The degree of the repression was monitored by qRT-PCR of the respective 
splicing factors’ mRNA levels. 
 



! (%!

MacroH2A1 isoforms genome-wide distribution and relevant 
metabolites levels in myoblasts and myotubes 
As in proliferating myoblasts macroH2A1.2 is the main protein, while in differentiated 

myotubes macroH2A1.1 represents the main macroH2A protein, we decided to take these two 

conditions and explore genome-wide dynamics of these two isoforms. First, we decided to 

obtain an antibody performing well in chromatin immunoprecipitation (ChIP). For this we used 

serum from the rabbit immunized with fusion protein composed of glutathione S-transferase 

(GST) and macro1.2, to purify the antibody. MacroH2A histones are highly conserved and the 

amino acid sequence difference between humans and rabbits is not enough to induce extensive 

immunological response for optimal antibody quantity production. Our strategy included two 

distinct columns for antibody purification (two different columns strategy, TDCS, Fig. 22.A). 

First column was GST-column to purify anti-GST antibody from the serum, as GST acts as 

strong immunogen in rabbits. The pre-cleaned serum we used then to purify the remaining anti-

macro1.2 antibody. As the antibody is polyclonal, it can recognize both macroH2A1.2 and 

macroH2A1.1 proteins. We confirmed that the newly purified antibody by the TDCS was better 

than the existing ones by testing the different antibodies in ChIP using normal mouse ES cells 

and cells depleted for macroH2A1 (Fig. 22.B). Two genes enriched for macroH2A1 in mES 

cells, Ranbp6 and Wnt8a, showed much higher enrichment for macroH2A1 when the TDCS 

antibody was used, in comparison to other macroH2A1 antibodies (lot#1 mH2A1 and lot#2 

mH2A1). Specificity of the antibody was confirmed by doing the knock-down of macroH2A1 

in mES cells and ChIP-ing the DNA from these cells – signal for macroH2A1 on the tested 

genes dropped as macroH2A1 was depleted (Fig. 22.B, sh mH2A1 condition). For our genome-

wide analysis we choose the GM sample that contained high macroH2A1.2 levels and the DM 

sample that showed high macroH2A1.1 expression. Sonicated DNA containing mostly di- and 

tri-nucleosomes was immunoprecipitated using the TDCS macroH2A1 antibody and sequenced. 

Bioinformatical analysis pointed out that the two isoforms, macroH2A1.2 in GM and 

macroH2A1.1 in DM, cover large genomic areas (Fig. 23.A) with the mean peaks width around 

28 and 31 kb, respectively. MacroH2A1.2 and macroH2A1.1 both cover around 16% of the 

genome and form 15078 and 13282 broad peaks, respectively (Fig. 23.A). The area that the two 

isoforms cover actually mostly overlaps (more than 70%,) and this applies to all chromosomes 

(Fig. 23.C).  
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Figure 22. Two different columns strategy used to purify high-performance antibody 
against macroH2A1 isoforms performs better in ChIP than previously purified antibodies.  
A, The polyclonal antibody was raised against a fusion protein of GST (glutathione S-
transferase) and the macro domain of macroH2A1.2 in immunized rabbits. The antibody 
recognizes both macroH2A1.1 and macroH2A1.2. The serum was first depleted for anti-GST 
antibody by repeated affinity binding to immobilized GST. Subsequently, anti-macro domain 
antibody was affinity purified using the immobilized fusion protein. The recovered antibody 
was used in subsequent experiments and referred to as anti-macroH2A1 two different columns 
strategy (TDCS). We compared the purified anti-macroH2A1 antibody (TDCS) with other lots 
of anti-macroH2A1 antibody for their suitability in chromatin immunoprecipitation (ChIP). 
Mouse ES cells were fixed and chromatin was immunopreciptiated using distinct macroH2A1 
antibodies. “Beads” refers to beads alone incubated with the chromatin without the addition of 
any antibody. To confirm the specificity of the antibody, ChIP experiment on macroH2A1-
depleted mouse ES cells was included as control. Two genes, known to be enriched for 
macroH2A1 in mouse ES cells (Creppe, 2012), were tested by qChIP-PCR. 
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Figure 23. MacroH2A1 isoforms are similar in peaks number, coverage and distribution 
over the genome.  
A, The reads obtained by ChIP-Seq for macroH2A1 and Input experiments were quality-cleaned 
and trimmed using Sickle and Cutadapt, aligned with the mouse genome (NCBIM37/mm9) 
using Bowtie version 0.12.7. Two mismatches were allowed for the alignment within the seed, 
only reads mapping to a single position in the genome were used. To detect genomic region 
enriched for multiple overlapping (peaks) SICER software version 1.4.1 was used. For peaks 
calling, a p-value cutoff of 1E10-5 and a FDR of 5% were used, parameters of window and step 
were set on 1000 and 3000, respectively. Genes were considered targets if a peak was found in 
the gene body, 3kb from the TSS on the 5', or 3kb from the TES to the 3'. The annotations of the 
peaks were performed using ChIPpeakAnno package. B, C, Coverage and distribution were 
calculated using R package. B, Coverage of the macroH2A1 in GM and DM represented as the 
percentage of shared base pairs. C, Distribution of the macroH2A1 peaks isoforms around 
chromosomes (represented as number of base pairs per chromosome). 
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Figure 24. MacroH2A1 enrichment in the gene body correlates negatively with expression.  
A, Genome browser snapshot of a 2 Mb big area, and a zoomed-in 200 kb big area where the 
gene Atp9a is located. Input and macroH2A1 ChIP of GM (Genome Browser tracks in red) and 
DM (Genome Browser tracks in dark green) condition are shown, and also the publically 
available RNA-Seq data of proliferating (GM) and 60 h differentiating myocytes (DM) 
(ENCODE/Caltech). B, The enriched profile around gene body for macroH2A1 in DM 
condition was calculated using ngsplot version 2.0. 
 

As can be seen on Fig. 24.A, macroH2A1 enrichment in GM mostly correlated with the 

enrichment in DM, but the slight differences in localization can be spotted when zoomed in 

(200 kb resolution). Actually, a slight decrease in macroH2A1 enrichment on the Atp9a gene 

correlated with augmented Atp9a expression in DM (Fig. 24.A). Therefore, we crossed our data 

from the gene expression analyses of macroH2A1.1 (explained in more details later) and from 

the ChIP-sequencing (the DM condition) to explore to correlation of macroH2A1.1 and gene 

expression. The data show that the genes that are not expressed (Fig. 24.B, grey line) are 

covered by macroH2A1.1 upstream, downstream of the gene, but also at TES and inside the 
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gene body, while the enrichment decreased at the TSS. Genes with highest expression showed 

enrichment of macroH2A1.1 upstream of the gene and just after TSS, but a substantial decrease 

at TSS (which corresponds to nucleosome skipping at TSS), further down in the gene body and 

slight increase of enrichment after TES and 2kb downstream of the gene. Genes with lowest 

expression (Fig. 24.B, yellow line) showed the same enrichment profile of macroH2A1.1 

upstream of the gene, but a substantial enrichment decrease just after TSS in comparison to all 

other profiles and the lowest macroH2A1.1 levels inside the gene body. 

 

As macroH2A1.1 binds NAD+-derived metabolites, among them OAADPr and ADPr, we 

decided to explore the concentrations of ADPr and other NAD+-associated compounds in 

proliferating myoblasts (GM) and enriched differentiated myotubes (DM). We tested NMN, 

NAM, NAD+, NADH, AMP and ADPr concentration in both mentioned conditions. We did not 

test OAADPr as it is known to be instable.  

For the quantification of the metbaolites we performed targeted metabolomics. We prepared the 

cells and differentiated myotubes and first took a small part of the biological triplicate to 

determine nuclei number in each sample, as we used the nuclei number to normalize the 

samples. Afterwards, we analysed the samples as shown in the scheme on Fig. 25.A by LC/MS-

MS technique. After the analyses and normalization, we could observe an extreme drop of 

ADPr concentration upon myoblasts differentiation (Fig. 25.B). NAD+ and AMP concentration 

decreased about 2-fold upon differentiation, while NADH concentration was not robust and 

varied substantially in three different biological replicates witnessed by the extreme standard 

deviation. Only NMN concentration increased upon myoblasts differentiation, approximately 2-

fold. The concentration of NAM did not change substantially with differentiation.  
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Figure 25. ADPr, macroH2A1.1-relevant metabolite, is downregulated upon myoblasts 
differentiation.  
A, Scheme of targeted metabolomics work-flow: Pure compounds are used to set the parameters 
for liquid chromatography coupled to tandem mass spectrometry (LC/MS-MS). This allows the 
quantification of metabolites of interest in a complex mixture of metabolites that can be 
extracted from biological samples. B, A panel of NAD+ related metabolites was analyzed in 
extracts from biological triplicates of proliferating myoblasts (GM) and fully formed myotubes 
(DM, day 5). Abbreviations: ADPr = Adenosine diphosphate ribose, AMP = adenosine 
monophosphate, NAD = Nicotinamide adenine dinucleotide, NADH = reduced form of NAD, 
NAM = nicotinamide, NMN = nicotinamide mononucleotide.  
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MacroH2A1 KO mice show reduced fiber size after in vivo 
muscle regeneration, while the primary macroH2A1 KO and 
macroH2A1.1-depleted C2C12 myoblasts exhibit impaired fusion 
in culture 
MacroH2A1 KO mice show no expression of macroH2A1 in gastrocnemius and quadriceps, 

two muscles tested (Fig. 26.A). They also show no compensational expression of macroH2A2 

upon the KO (Fig. 26.A). Nevertheless, the KO muscles and KO mice do not show any overt 

phenotype. So we decided to use the macroH2A1 KO mice, both males and females, in order to 

perform the in vivo muscle regeneration experiment upon cardiotoxin-induced muscle damage 

and to check whether in this stress condition the macroH2A1 deficiency might impact the 

muscle homeostasis. The experiment consisted of injuring the muscles quadriceps, 

gastrocnemius and tibialis anterior by cardiotoxin. We collected the control (not-injured) 

muscles, muscles to confirm the damage, and regenerating muscles (Fig. 26.B). Testing eMHC 

by immunoblotting showed no differences between WT and KO regenerating muscles (Fig. 

26.C). We prepared cross-sectional cuts of muscles to analyse by H&E the morphological and 

metrical properties of regenerating muscles. We could observe that both WT and KO muscles 

regenerated without major differences (Fig. 27.A). Nevertheless, we could observe a reduced 

cross-sectional area (CSA) of myofibers in the KO muscles (Fig. 27.A), which we could 

confirm by quantifying the CSA of the muscles (Fig. 27.B).  Indeed, all KO muscles tested 

(tibialis, quadriceps and gastrocnemius) showed decreased CSA after regeneration at all stages 

of muscle regeneration, including at the end of muscle regeneration in mice (Fig. 27.C). This 

lead us to conclude that macroH2A1 KO muscles do not show a striking regeneration 

phenotype, but never manage to properly form muscles as the WT mice do. 



! )"!

 
Figure 26. MacroH2A1 KO mice can regenerate their muscles when cardiotoxin-induced 
regeneration is induced.  
A, Two muscles, gastrocnemius and quadriceps, were tested in WT and macroH2A1 KO mouse 
to test expression of macroH2A1 and macroH2A2 protein expression. B, Scheme of muscle 
regeneration experiment. WT and KO mice were injured by injecting carditotoxin into three 
limb muscles (tibialis, gastrocnemius and quadriceps). Mice were sacrificed and muscles 
collected prior or after injury as indicated. C, Western blot analysis of embryonic myosin heavy 
chain (eMHC) on the non-injured and injured muscles of WT and KO mice.  
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Figure 28. The regenerating fibers of macroH2A1 KO mice are of smaller size than the 
WT fibers.  
A, Cross-sections of muscle tissue was cut and stained with hematoxylin and eosin (H&E). 
Tibialis muscles of WT and KO during the course of muscle regeneration are shown. B, Fiber 
cross-sectional area (CSA) of WT and KO tibialis muscles are measured before and after injury 
at the days indicatd and their frequencies are given. C, Quantification of the fiber CSA in all 
muscles injured and collected at day 40.  
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As liver steatosis was observed in female mice (Boulard et al., 2010), we decided to take female 

WT and macroH2A1 KO mice to obtain muscles and isolate primary myoblasts, as shown in 

Fig. 45. Isolated primary myoblasts were expanded, seeded cells at equal densities and the 

number of cells that proliferated was counted. We could not detect any major differences 

between female WT and KO primary myoblasts proliferative capacities (Fig. 28.).  

 

 

 
Figure 28. Primary macroH2A1 KO myoblasts show no differences in proliferation 
capacity.  
Proliferation of primary WT and KO primary myoblasts was assessed. Cells were seeded on 
plates and then counted 24, 48 and 72 h after seeding. Relative numbers are represented as the 
starting number of the cells varied in experiments. Two different WT-KO female pairs from 
different litters were tested. 
 
 
As the primary macroH2A1 KO myoblasts showed no proliferation defect but the KO mice 

showed smaller fiber size upon cardiotoxin-injury, we decided to test the differentiation and 

fusion capacity of the primary KO myoblasts. We differentiated primary WT and KO myoblasts 

using DM and immunostained the differentiated myotubes with eMHC (Fig. 29.A, left panel). 

Though at first sight it seemed that the KO myoblasts differentiate better than the WT, 

measuring differentiation index (nuclei in eMHC+ cells/myotubes in respect to all) showed no 

difference between primary WT and KO myoblasts (Fig. 29.A, middle panel). Nonetheless, 

assessing fusion ability (nuclei in polynucleated eMHC+ myotubes, in respect to nuclei in all 

eMHC+ cells/myotubes) revealed that the primary KO myoblasts fuse worse than the WT 

myoblasts (Fig. 29.A, right panel). As we wanted to obtain a better insight into the fusion 

capacity of the primary KO myoblasts, we counted nuclei number in all myotubes and measured 

the maximal diameter of each myotube and plotted them. We concluded that the primary KO 

myoblasts fuse less as there were more myotubes with smaller number of nuclei per myotube 

(Fig. 29.B, left panel) and that the primary KO myotubes have smaller diameter (Fig. 29.B, 
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right panel). The observed differences between WT and KO myotubes were statistically 

significant (p < 0,05). 

 

 
Figure 29. Primary macroH2A1 KO myoblasts commit to differentiation as the WT 
myoblasts, but fail to fuse as successfully as the WT myoblasts.  
A, Differentiated primary WT and KO myoblasts were immunostained with anti-embryonic 
myosin heavy chain (eMHC) as marker for commitment. The proportion of nuclei in marked 
cells (differentiation index) and the number of nuclei in polynucleated, eMHC-positive cells 
(fusion index) has been assessed. B, Nuclei number per myotube was counted and represented 
on the left panel (each dot is a count of nuclei per myotube). Median was calculated and is 
represented with the red line. On the right panel, the maximal relative diameter of the myotubes 
was measured in ImageJ and plotted. Statistical significance was calculated using the Wilcoxon 
test: ***, p=0,0006; *, p=0,017. 
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Observing the splicing switch between the two splicing isoforms, and seeing the macroH2A1 

KO phenotype, we decided to deplete both isoforms independently in differentiating C2C2 

myoblasts to approach their functions. We first tried chemically modified antisense oligos that 

can efficiently modulate splicing and target specifically one isoform or the other. This approach, 

in other cases reported to be successful (Dardenne et al., 2012), did not work in our hands as 

shown in Fig. 30.A, so we decided to take a different approach (Fig. 30.B). We tested siRNAs 

that target specifically each isoforms and this approach turned out to be successful as specific 

siRNAs induced specific depletion and overall good knock-down (Fig. 30.B and 31.B) Our 

experimental design consisted of isoform depletion starting before changing to DM, as shown 

on the scheme in Fig. 30.C. As in Fig. 14.A, yellow-orange-dark red colour gradient shows 

proliferation to differentiation transition, and blue-to-pink transition represents the isoforms 

splicing switch (Fig. 30.C). We changed the DM regularly and always included siRNA 

transfection to ensure the knock-down of the wanted isoform. The eMHC 

immunohistochemistry clearly showed that macroH2A1.2 depletion induced no overt phenotype 

as the cells seemed to have no problems fusing. Actually, macroH2A1.2-depleted cells, though 

not very distinct from the control cells, looked slightly better regarding fusion in respect to the 

control cells (Fig. 31.A). On the other hand, the macroH2A1.1-depleted cells had a very 

different morphology as it can be seen on Fig. 31.A. Though they did stain well for eMHC, their 

fusion process obviously was different than that of the control cells. Because of that, we 

performed large-scale gene expression analysis, to identify the macroH2A1.1 targets. 

Bioinformatical analysis revealed that there were in total 799 genes deregulated upon 

macroH2A1.1-depletion (Fig. 31.D), 410 of the upregulated and 389 downregulated. 

Upregulatation was much more extreme than the downregulation (Fig. 31.C). When gene 

ontology was explored, downregulated genes were shown to belong to groups: biological 

adhesion, cell adhesion, signalling, cell migration and extracellular structure (Fig. 32.A). 

Upregulated genes belonged all to muscle system development groups (Fig. 32.B).  
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Figure 30. Experimental design of macroH2A1.1 depletion in C2C12 myotubes.  
A, A chemically modified antisense oligonucleotides previously reported to affect slicing of the 
macroH2A1 transcript (Dardenne et al., 2012) was tested in C2C12 cells but had no effect on 
the expression levels of macroH2A1 isoforms as checked by qRT-PCR. B, the transfection of 
siRNAs lead to a specific reductions in mRNA levels as demonstrated by qRT-PCRC, 
schematic representation of the siRNA-induced knock-down and differentiation of C2C12 cells. 
Cells were seeded in a way they would not be confluent until the medium change which is when 
the siRNA effect was expected to appear. Fresh medium with siRNAs was put after 2 days. 
Cells were collected third or fourth day after differentiation induction. The differentiation 
process is depicted with the yellow-orange-dark red gradient, and the macroH2A1 isoforms 
expression with the pink-light blue gradient.  
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Figure 31. MacroH2A1.1-deficient myotubes deregulate 799 targets and suffer from a 
serious phenotype, while macroH2A1.2-deficient myotubes show no obvious phenotype.  
A, Control cells, macroH2A1.1- and macroH2A1.2-depleted myotubes were immunostained 
with eMHC after 4 days of differentiation. The control cells and macroH2A1.1-depleted cells 
were used to perform transcriptomics analysis B, WB analysis of control and macroH2A1.1-
depleted cells. Total macroH2A1 antibody recognized both isoforms. MacroH2A1.1 antibody is 
specifically directed against the unique exon of macroH2A1.1. C, Fold change of the genes 
regulated by macroH2A1.1 is shown on log2 scale. D, Pie chart showing the number of 
upregulated and downregulated genes upon macroH2A1.1 knock-down.  
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Figure 32. Genes downregulated and upregulated upon macroH2A1.1 knock-down.   
A, B, Gene ontologies of downregulated and upregulated genes were summarized using the 
REVIGO algorithm. The enriched GO terms of up- and downregulated genes are shown in 
semantic similarity-based scatterplots. The colour of the spheres represents the p-value, while 
the size indicates a measure for the enrichment of the GO term in the data set in respect to the 
underlying GO database (GOA). Terms were further grouped according to the semantics 
(encircled dots) and the general semantic term is given next to the group. 
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MacroH2A1.1 and macroH2A1.2 share a set of targets in the 
myotubes, but on some they exhibit opposite regulation direction 
We next explored in details the macroH2A1.1-knock-down phenotype in order to understand 

the contribution of macroH2A1.1 to myoblasts and myotubes structure and function. We first 

confirmed the top downregulated and top upregulated genes by qRT-PCR. These included 

genes of different functions: Tmem171, Cdhr1, Itga11 and Foxo1 were confirmed to be 

downregulated, while Atp9a, Myf6 and Fabp3 were confirmed as top upregulated genes (Fig. 

33.A). Early and late differentiation markers, Myog and Ckm, showed no indication of worsened 

phenotype in macroH2A1.1-depleted cells. Actually, Ckm seem to be slightly upregulated upon 

the macroH2A1.1 knock-down (Fig. 33.A). We checked the expression of the top deregulated 

genes during normal differentiation time course to check whether the observed macroH2A1.1-

depletion phenotype is not a differentiation delay. Downregulated genes showed different 

profiles: Tmem171 abruptly got downregulated upon differentiation while Itga11 and Foxo1 

were slowly but constantly upregulated during differentiation (Fig 33.B and Table 2.). Cdhr1 

expression increased after differentiation induction, but remained constant afterwards. Atp9a 

was upregulated during differentiation, just like Fabp3 (Fig 33.B and Table 2.). Myf6 showed 

the same pattern as Cdhr1 (Table 2.).  

In order to understand better the phenotype, we tested also few factors known to be important 

for fusion of myoblasts. Tmem8c, Nfatc2, Il4 and Cdh15 (known as M-cadherin) were tested in 

the knock-down condition and during a time course. While Tmem8c, Il4 and Cdh15 increased 

with differentiation (Table 2.), Nfatc2 was downregulated. While Il4 seemed to show the 

biggest deregulation, in general still none of these genes showed a notable change of expression 

upon macroH2A1.1 knock-down (Table 2.). Even Cdh15, detected to be 1.29 upregulated in our 

transcriptomics analysis, showed almost no upregulation after the knockdown in the qRT-PCR 

validation performed (Table 2.). 

We went further on to characterize the knock-down effect in proliferating cells. We could 

confirm few genes to be regulated by macroH2A1.1 in proliferating cells (GM) (Table 2.), as 

Apo9a, Fabp3, Tmem171 and Cdhr1 showed the same behaviour as when macroH2A1.1 was 

depleted in differentiated cells. 
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Figure 33. MacroH2A1.1 depletion in C2C12 myotubes induces deregulation of very 
distinct targets, some possibly related to adhesion and mobility, as seen in the 
transcriptomics analysis.  
A, Top deregulated targets observed in the transcriptomics analysis were tested in qRT-PCR. 
Green line depicts downregulated genes, while the red one the upregulated ones. Grey line 
marks the myogenic differentiation controls. B, The expression of the some of the top targets of 
macroH2A1.1 during a normal C2C12 differentiation time course was assessed by qRT-PCR. 

 

 

 

 

 



! *"!

As the macroH2A1.1-depleted myotubes size and shape differed substantially from the control 

ones, we looked better and detected a substantial number of genes involved in muscle mass 

homeostasis also altered upon macroH2A1.1 depletion. These included Mstn, Fst, Igf1, Igf2, 

Pdgfr, Fstl1 and Slc2a4 (Glut4) (Fig 34.A), among which Mstn, Igf2 and Fstl1 were found 

deregulated also in proliferating macroH2A1.1-deficient cells (Table 2.). While Mstn and Igf2 

were found to be augmented upon the knock-down, Fst, Fstl1, Igf1 and Pdgfr were found to 

have reduced expression. Mstn was very lowly expressed in proliferating myoblasts, but its 

expression in a normal differentiation time course increased with time (Table 2.). All other 

muscle growth-related genes, Fst, Igf1, Igf2, Pdgfr and Fstl1, showed the same trend of 

upregulation upon differentiation (Table 2.), but while the first four genes showed a gradual but 

marked upregulation, Pdgfr and Fstl1 exhibited slightly different patter of upregulation where 

the expression levels augment only 2-fold until end of differentiation (Table 2.). Glut4 or Slc2a4 

encodes for glucose transporter activated by insulin and is involved in glucose uptake in 

muscles. Though we could observe a 1,6-fold induction of Slc2a4 upon the macroH2A1.1 

knock-down, we could not corroborate a consistent upregulation of the gene by qRT-PCR 

(Table 2.). A set of other genes known to be involved in muscle mass homeostasis including 

PGC1!1 targets CoxVb, Cycs, Cpt1b, Acadm, and PGC1!4 targets Vegfa, Esrra and Pdk4 as 

well as the two best known atrogenes, Trim63 and Fbxo32, were not affected by the 

macroH2A1.1 deficiency (Fig. 34.B).  
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Figure 34. MacroH2A1.1 depletion in C2C12 myotubes causes deregulation of genes 
involved in muscle growth.  
A, qRT-PCR analysis of the genes involved in muscle growth and deregulated upon 
macroH2A1.1 knock-down. Yellow colour depict muscle growth related factors. B, Muscle 
growth-related genes regulated by macroH2A1.1 were tested by qRT-PCR during a normal 
differentiation time course of C2C12 myoblasts.   
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Table 2. Summary of qRT-PCR analysis on gene expression in dependence of 
macroH2A1.1, macroH2A1.2, DM or GM growth conditions; and during a normal 

differentiation time course. 
 

Microarray qRT-PCR validation 
DM DM GM  

 
Category 

 
 

Gene 
si 

mH2A1.1 
si 

mH2A1.1 
si 

mH2A1.2 
si 

mH2A1.1 

 
 

Time course 
behavior 

       
Top 

targets Atp9a Up Up Up Up Up 
 Myf6 Up Up   Up 
 Fabp3 Up Up nc Up Up 
 Tmem171 Down Down Up Down Down 
 Cdhr1 Down Down Up Down Up 
 Itga11 Down Down nc  Up 
 Foxo1 Down Down nc  Up 
       

Muscle 
growth Mstn nc Up nc Up Up 

 Fst nc Down Up  Up 
 Igf1 Down Down nc  Up 
 Igf2 nc Up Down Up Up 
 Pdgfr Down Down nc  Up 
 Pdgfb nc nc nc   
 Fstl1 Down Down nc Down Up 
 CoxVb nc nc    
 Cycs nc nc    
 Cpt1b nc nc    
 Acadm nc nc    
 Vegfa nc nc    
 Esrra nc nc    
 Pdk4 nc nc    
 Trim63 nc nc    
 Fbxo32 nc nc    
 Slc2a4 Up  nc   
       

Fusion-
related Tmem8c nc nc Up  Up 

 Nfatc2 nc nc Up  Down 
 Il4 nc nc   Up  
 Cdh15 Up nc Up  Up 
       

Fiber 
types Myh7 Down Down Down   

 Myh7b Down Down    
 Myh2 Up Up Up   
 Myh1 Up Up Up   
 Myh4  Down Up   
 Myh8 Up Up    
       

nc=no change, blank=not determined; gene colour code as indicated through out the Results 
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The targets confirmed in macroH2A1.1-depleted myotubes were also tested by qRT-PCR in 

macroH2A1.2-deficient cells. In total 10 genes were found to be regulated by both macroH2A1 

isoforms (Table 2.). These genes included some of the top targets (Atp9a, Cdhr1, Tmem171), 

muscle growth-related genes (Fst, Igf2) and and fiber type genes (Myh7, Myh2, Myh1, Myh4). 

Cdhr1 and Tmem171, just as Myh4 and Fst, showed upregulation upon macroH2A1.2 depletion, 

which is opposite to macroH2A1.1 knock-down effect (Fig. 33.A, 42.A and Table 2.). Igf2 was 

also conversely affected by the knock-down of the two isoforms, and in the case of 

macroH2A1.2 knock-down Igf2 expression decreased. Atp9a, Myh2 and Myh1 mRNA levels 

augmented upon the knock-down of the macroH2A1 isoforms, while Myh7 got downregulated 

upon the knock-down of macroH2A1.1 and macroH2A1.2 (Table 2.).  

MacroH2A1.2 was shown not to affect many targets that were under macroH2A1.1 control 

including Fabp3, Itga11, Foxo1, Mstn, Igf1, Pdgfr, Pdgfb, Fstl1 and Slc2a4 (Table 2.), as 

opposed to almost 2-fold increment of fusion factors expression (Table 2.). Just as in the case of 

macroH2A1.1 knock-down, also upon macroH2A1.2 knock-down the expression levels of 

Myog and Ckm basically did not change.  

 

As macroH2A1.2 and macroH2A1.1 showed to just partially regulate the same targets in the 

same way, we postulated that the binding-pocket of macroH2A1.1 might be a reason for that. So 

we conducted rescue experiments using a binding-pocket mutant known to be unable to bind 

ADPr or OAADPr in vitro. This mutant contains one amino acid change (G224E), which causes 

great steric alterations of the binding pocket (Kustatscher et al., 2005; Timinszky et al., 2009).  

Rescue experiments were performed in C2C12 cells as illustrated in Fig. 35.A.  
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Figure 35. Experimental design of the rescue in C2C12 myotubes.  
A, The peak of siRNA transfection-induced knock-down was combined with retroviral infection 
of the wanted constructs and medium change to DM so that the knock-down, the expression of 
rescue constructs and differentiation would all start approximately at the same time. Fresh 
medium and siRNA was provided every two days so the knock-down would be ensured during 
the course of entire experiment. B, Rescue experiments were performed using a wild type 
protein-encoding transgene bearing silent mutations to avoid efficient siRNA binding (pink 
macro domain with a lila line), and a mutant bearing the same silent mutation but also a G224E 
mutation affecting the binding-pocket (pink macro domain with a green-lila line). This mutation 
inhibits binding to metabolites (Kustatscher, 2005). N-terminal FLAG (F)-tags have been added 
for differential protein detection. C, Two different oligo pairs were designed to detect only the 
endogenous macroH2A1.1 mRNA or both endogenous and transgenic transcripts. The 
macroH2A1.1 oligos do not detect mRNAs encoding the mutated rescue constructs of 
macroH2A1.1, but detect the endogenous mRNA and therefore serve to check the knock-down. 
The total macroH2A1 oligos will detect all the macroH2A1 mRNAs and were used to check 
exogenous macroH2A1 mRNA levels. 



! *'!

The knock-down was induced in the way it would approximately start at the point of C2C12 

myoblasts commitment to differentiation and re-expression of the Flag-tagged wild type and 

G224E mutated macroH2A1.1 transgene. Both wild type and G224E mutated macroH2A1.1 

contained silent mutations to avoid siRNA targeting (Fig. 35.A). Infection efficiency was 

followed using a GFP-containing construct. Infected cells were not selected as the day after 

infection all committed myoblasts (fully confluent at that point) infected with GFP transgene 

were GFP positive. To assess the mRNA levels of the rescue constructs and the knock-down, 

we used two distinct pairs of oligos that enable us to track the knock-down (macroH2A1.1 oligo 

pair) and the expression of the Flag-tagged rescue macroH2A1.1 transgenes (total macroH2A1 

oligo pair) (Fig. 35.B). As shown in Fig. 36.A, total macroH2A1 levels increased up to 8-fold 

upon the rescue, and macroH2A1.1 levels declined 3 to 4-fold upon the knock-down (Fig. 

36.A). The downregulation of the endogenous protein and the expression of the Flag-tagged 

rescue macroH2A1 transgenes were checked by WB using the anti-macroH2A1.1 antibody (Fig. 

36.B). Endogenous macroH2A1.1 was successfully downregulated and the expression of rescue 

constructs was apparent on the protein level. Both Flag-tagged rescue transgenes, wild type and 

G224E mutant macroH2A1.1, showed equal expression when checked by anti-FLAG WB (Fig. 

36.B, middle panel).  

Top downregulated macroH2A1.1 targets, Tmem171, Cdhr1 and Itga11, could be rescued with 

the wild type and could be equally rescued upon G224E mutant re-expression in C2C12 cells 

(Fig. 37.A). Both rescue proteins equally successfully rescued Igf1 too (Fig. 37.B). In the case 

of Mstn, the expression was decreased upon rescue and equally rescued in the case of wild type 

and G224E rescue (Fig. 37.B). Mstn was the only upregulated gene whose rescue could be 

observed in the experiment. Cells containing expressed either of the rescue proteins when no 

depletion of macroH2A1.1 was induced (si Control + F-mH2A1.1, and si Control + F-mH2A1.1 

G224E), could already additionally decrease the expression of Mstn. Similar effect was seen 

with other genes: Cdhr1 and Tmem171 got slightly upregulated upon both macroH2A1.1 

constructs expression and Itga11 and Igf1 exhibited the same behaviour, but a much more 

pronounced expression increase upon both macroH2A1.1 transgenes rescues.  
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Figure 36. Rescue constructs can successfully be transduced into committed myoblasts and 
are expressed during the rescue experiment.  
A, qRT-PCR check of the siRNA-mediated knock-down and expression of rescue constructs in 
committed C2C12 myoblasts. B, Immunoblot analysis of the resulting levels of knock-down 
and transgene expression using anti-FLAG and anti-macroH2A1.1 antibodies. The 
macroH2A1.1 recognized several macroH2A1 proteins: the exogenous/rescue macroH2A1.1 
proteins, the endogenous protein and the ubiquitinated exogenous macroH2A1.1.  
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Figure 37. MacroH2A1.1 targets expression can be rescued with the wild type 
macroH2A1.1 but also with the G224E mutant.  
A, Genes found to be downregulated by macroH2A1.1 depletion and possibly involved in 
fusion were tested for rescue by qRT-PCR. B, qRT-PCR analysis of the rescue of the 
macroH2A1.1-dependent genes involved in muscle growth. Statistical significance was 
calculated for difference between the si mH2A1.1 and both rescue conditions for triplicates and 
indicated by a star (*, p < 0.05). 
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As we could observe rescue effect in C2C12 cells, we wanted to try to rescue the fusion 

phenotype of the primary macroH2A1 KO myoblasts with wild type and G224E mutant of 

macroH2A1.1. The experiment was performed as shown in Fig. 38.A where the white-to-pink 

gradient illustrates the macroH2A1 status in these cells (no macroH2A1-to-macroH2A1.1). 

Expression of the rescue transgenes was induced in the way that it coincided with the 

differentiation triggering. Infection efficiency was confirmed using the same GFP-containing 

transgene as for C2C12 rescue. As the GFP-positive signal was typically positive in around 

80% of the cells, the cells were not subjected to any selection. In Fig. 38.B the images of 

control, wild type rescued and G224E mutant rescued primary myotubes are shown. While the 

control cells (macroH2A1 KO cells, as already seen on Fig. 29.A) demonstrated to be 

inefficient in fusing into mature myotubes as most of them were thin and there were a lot of 

them (yellow arrows). The wild type macroH2A1.1 rescued the fusion as many mature 

myotubes were formed (dark red arrows). The G224E mutated macroH2A1.1 could induce 

fusion into more mature myotubes (dark red arrows) though there were still groups of nascent 

myotubes present (yellow arrows).  
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Figure 38. Re-expression of wild-type macroH2A1.1 improves fusion of primary 
macroH2A1 KO myoblasts in a manner only partially dependent on the integrity of the 
binding pocket. 
A, Experimental design of the rescue in primary macroH2A1 KO myoblasts. White-to-pink 
colour gradient depicts the fact that these are macroH2A1 KO myoblasts and that at the point of 
the medium change to DM the expression of macroH2A1.1 rescue proteins was induced. B, 
Bright field images of primary macroH2A1 KO myoblasts, control and rescued two days after 
induction of differentiation. Yellow arrows point to bigger groups of small nascent myotubes 
(nascent) while dark red arrows point to mature myotubes. One representative experiment is 
shown. 
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Committed C2C12 myoblasts depleted of macroH2A1.1 exhibit 
compromised bioenergetical potential and altered substrate 
preferences and utilization, while macroH2A1 KO mice show a 
fiber type profile shift 
When medium containing phenol red is used to culture the cells, the medium colour change to 

yellow can serve as an indication of acidification. Acidification can be results of lactate 

production, or amino acids or fatty acids secretion. When simple knock-down and rescue 

experiments were performed in C2C12 cells, the colour of the medium repeatedly changed to 

more magenta as the knock-down of macroH2A1.1 was induced (Fig. 39.A). Therefore we 

sought to investigate the metabolic properties of the cells. 

Glycolytical stress test (GST) was performed using Seahorse Flux technique to test glycolytic 

flexibility and it consisted of period of starvation (to prime the cells for glycolysis) followed by 

maximal glycolysis induction by glucose, followed by glycolysis inhibition by addition of 2-

deoxy-glucose (2-DG). After glucose administration, the knock-down cells showed decreased 

glycolytic capacity as measured by ECAR (Fig. 39.B, left panel). Similar experiment was 

performed to test maximal respiratory capacity of the macroH2A1.1 knock-down cells using the 

Mitochondrial Stress Test (MST). First, basal respiration was monitored and then with the 

addition of oligomycin proton leak was monitored and in the both cases there were no 

differences between control and knock-down cells OCR (Fig. 39.B, right panel). Nevertheless, 

when maximal respiratory capacity was induced by administration of uncoupling compound 

FCCP, the macroH2A1.1 knock-down cells responded worse than the control cells.  

Seeing affected mitochondrial respiration, we wanted to examine the intrinsic rate and capacity 

of the cells to oxidize fatty acids under basal conditions and in the case of stressed energy 

demands. A classical MST was combined with fatty acids Palmitate and Etomoxir (Eto, CPT-1 

inhibitor). The test measured oxidation of exogenous fatty acids (FAs), of endogenous FAs and 

uncoupling due to FFA. On the Fig. 40.A the differences of MST profiles of FAO assay 

performed in control and macroH2A1.1-depleted cells are shown. The OCR due to FFA 

uncoupling of mitochondria was determined from the MST profiles in both control and knock-

down cells. MacroH2A1.1-depleted cells show decreased OCR due to FFA uncoupling (Fig. 

40.C). ATP production was also calculated out of the MST profiles as the basal respiration 

minus the proton leak and in all situations declined for the macroH2A1.1 knock-down cells 

(Fig. 40.B). Actually, macroH2A1.1-depleted cells produced always almost the same amount of 

ATP, no matter the administration of exogenous FAs or Eto.  
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Figure 39. Bioenergetical potential of macroH2A1.1-depleted C2C12 committed myoblasts 
is impaired.  
A, The photo of the plate of a representative rescue experiment is shown after 24 hours of media 
change. A change in media color indicative of acidification can be observed in dependence of 
wild-type macroH2A1.1 levels. B, Glycolytic potential of control and macroH2A1.1-depleted 
C2C12 committed myoblasts was assessed by using a glycolytic stress test (GST) assay using 
Seahorse flux technology. Cells were grown over night in normal medium, but prior to assay 
were changed to glucose-free starvation medium The extracellular acidification rate was used as 
an indirect measure for glycolysis, which was induced by glucose addition  and inhibited by 
adding 2-deoxy-D-glucose (2-DG). Values were normalized for DNA content. B, Maximal 
mitochondrial capacity of control and macroH2A1.1-depleted C2C12 committed myoblasts was 
assessed in a mitochondrial stress test (MST). Mitochondrial capacity was assessed by 
subsequent additions of the inhibitor oligomycin, the uncoupling  compound FCCP and the 
inhibitor Rotenone/Antimycin A (AA). The oxygen consumption rate (OCR) was measured. 
Values were normalized for DNA content. 
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Figure 40. MacroH2A1.1-depleted C2C12 committed myoblasts show decreased FAs 
oxidation rates and reduced ATP production.  
A, A modified version of the MST assay was used to assess fatty acid oxidation (FAO). Cells 
were initially grown in normal medium and then shifted to a substrate-limited medium. 
Palmitate (Palm) and Etoxomir (Eto) were added as indicated. Palmitate was used as the source 
of exogenous FAs. Eto, a CPT1 inhibitor, was used to block fatty acids transport into 
mitochondria. Values were normalized for DNA content. OCR profiles are shown for control 
and macroH2A1.1-depleted C2C12 committed myoblasts in FAO assay. B, ATP production, 
determined from the FAO assay, as basal respiration minus proton leak. C, OCR due to 
uncoupling by FAO, calculated from the FAO assay. D, Basal and maximal respiration due to 
utilization of exogenous and endogenous FAs measured with FAO assay in control and 
macroH2A1.1-deficient myoblasts. * p=0,0565; *** p=0,01. 
 

Maximal and basal respiration due to endogenous and exogenous FAs utilization was measured 

also as OCR. In all cases again the macroH2A1.1 knock-down cells showed decreased OCR 
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(Fig. 40.D). We observed that the knock-down cells, just as the control cell, will rely on 

exogenous FAs if energy stressed, but with a significantly lower OCR. The difference in 

maximal respiration due to exogenous FAs oxidation was statistically significant (p < 0,05) 

(Fig. 40.D). 

 

We investigated also the preference of the macroH2A1.1-depleted cells for distinct carbon and 

nitrogen substrates using Biolog Phenotyping Microarrays. MacroH2A1.1 knock-down cells 

demonstrated to preferentially use glucose, mannose, maltose and few other simple carbon 

moleucles as main energy sources (Fig. 41). 

!

!
Figure 41. MacroH2A1.1-depleted C2C12 committed myoblasts show altered substrate 
utilization.  
Biolog Microarray plates were used to measure substrate preference in control and 
macroH2A1.1-depleted cells. Cells were seeded in substrate-limited medium onto Biolog 
Microarray plates containing lyophilized carbon and nitrogen substrates. Consumption of the 
substrates was read colorimetrically and normalized for DNA content. Differential utilization of 
substrates is shown. The distinct substrates are grouped by specific characteristics and 
according to metabolic pathway involved, and accordingly coloured-coded. In the inlay, the 
log2 of absorbance difference is shown. 
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In our transcriptomics analysis some of the strongest targets detected were myosin heavy chain 

(Myh) genes encoding for fiber types. Most of these fiber type encoding genes were highly 

deregulated (Myh7, Myh7b, Myh1, Myh2), while others less (Myh8). We validated them by 

qRT-PCR. Both very oxidative fiber type encoding genes, Myh7 and Myh7b (lowly expressed in 

skeletal muscle) were downregulated 5 and 1,5-fold, but also the expression of Myh4 gene 

coding for the most glycolytic fiber type was decreased (Fig. 42.A and B), though we did not 

detect Myh4 in our transcriptomics analysis (Table 2.). Myh2 and Myh1 genes, encoding 

intermediate oxidative but fast fiber types, were upregulated 4 and 2-fold, respectively. Also 

Myh8, encoding the neonatal isoform, was upregulated.  

As we demonstrated altered fiber type genes expression and altered metabolic characteristics 

upon macroH2A1.1 knock-down in cell culture, we decided to check fiber type profile and 

metabolic properties in two types of muscles, soleus (slow muscle) and tibialis anterior (TA; 

fast muscle), in WT and macroH2A1 KO mice. Immunohistochemical analysis of type I and 

type IIa fibers in the KO soleus muscle using fiber type-specific antibodies (A4840 and A474, 

respectively) demonstrated a decrease of anti-type I antibody signal and increase of anti-type IIa 

antibody signal (Fig. 42.C). In TA muscle, we checked immunohistochemically type IIa and IIb 

fibers, as TA has no fiber type I. We observed increased signal for type IIa fibers and reduced 

staining when anti-type IIb antibody was used to immunostain fibers (Fig. 42.C). Also, we were 

able to correlate the staining pattern seen by immunohistochemistry with the histochemical 

staining of succinate dehydrogenase (SDH) activity where the SDH activity corresponded to 

type IIA staining, meaning that the TA of macroH2A1 KO mice stained stronger for SDH 

activity (Fig. 42.C).  
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Figure 42. Fiber type genes are deregulated upon macroH2A1.1-depletion in C2C12 
myotubes and a comparable fiber type shift canbe observed in macroH2A1 KO mouse 
soleus and tibialis muscles.  
A, Fiber type genes relative expression levels in macroH2A1.1-deficient myotubes were 
assessed by qRT-PCR. B, Scheme of the metabolic characteristics of different fiber types, and 
genes they originate from. C, Soleus muscles of WT and KO mice were analyzed for fiber types 
performing IHC using specific antibodies for type I and type II fibers. Tibialis (TA) muscles of 
WT and KO mice were analyzed histochemically and immunohistochemically using fibre type 
specific antibodies and succinate dehydrogenase (SDH) activity, respectively. 
 

 

 

 


