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Summary 

 

LSD1 and PHF2 are lysine de-methylases that can de-methylate both histone proteins, 

influencing gene expression and non-histone proteins, affecting their activity or stability. 

Functional approaches using Lsd1 or Phf2 inactivation in mouse have demonstrated the 

involvement of these enzymes in the engagement of progenitor cells into differentiation. 

  One of the best-characterized examples of how progenitor cells multiply and differentiate 

to form functional organ is myogenesis. It is initiated by the specific timing expression of 

the specific regulatory genes; among these factors, MYOD is a key regulator of the 

engagement into differentiation of muscle progenitor cells. Although the action of MYOD 

during muscle differentiation has been extensively studied, still little is known about the 

chromatin remodeling events associated with the activation of MyoD expression. Among 

the regulatory regions of MyoD expression, the Core Enhancer region (CE), which 

transcribes for a non-coding enhancer RNA (CEeRNA), has been demonstrated to control 

the initiation of MyoD expression during myoblast commitment.  

  We identified LSD1 and PHF2 as key activators of the MyoD CE. In vitro and in vivo 

ablation of LSD1 or inhibition of LSD1 enzymatic activity impaired the recruitment of RNA 

PolII on the CE, resulting in a failed expression of the CEeRNA. According to our results, 

forced expression of the CEeRNA efficiently rescue MyoD expression and myoblast fusion 

in the absence of LSD1. Moreover PHF2 interacts with LSD1 regulating its protein stability. 

Indeed in vitro ablation of PHF2 results in a massive LSD1 degradation and thus absence 

of CEeRNA expression. However, all the histone modifications occurring on the CE region 

upon activation cannot be directly attributed to LSD1 or PHF2 enzymatic activity.  

  These results raise the question of the identity of LSD1 and PHF2 partners, which co-

participate to CEeRNA expression and thus to the engagement of myoblast cells into 

differentiation. 
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Epigenetics and cellular differentiation 

 

Numerous studies have indicated that stem cells respond to a combination of intrinsic 

programs and extracellular cues from the environment that determine which types of 

progeny they will produce. One of these intrinsic programs is epigenetic modification, 

which encompasses DNA methylation, chromatin modification and non coding RNA 

mediated processes. Epigenetics modifications are temporally regulated and reversible, 

thereby ensuring that stem cells can generate different types of cells from a fixed DNA 

sequence.  

Human embryonic stem cells (hESCs) as well as tissue and organ precursors, named 

somatic stem cells are self-renewing and have the potential to commit into multiple 

lineages. Lineage commitment, migration, proliferation and differentiation of these cells are 

regulated by the coordinated activation and repression of several subsets of genes in 

response to external stimuli.  

 

So far one of the most challenging questions in regenerative medicine is the therapeutic 

repopulation of diseased organs and tissues by endogenous progenitor cells. Indeed 

understanding how the epigenetic mechanisms control gene expression at different 

differentiation stages would be critical to devise strategies and tools aimed at manipulating 

stem cells for therapeutic regeneration of tissue and organs.   
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Chromatin structure and chromatin modification factors 

 

Within all eukaryotic nuclei, DNA is organized into a highly dynamic and regulated 

structural polymer termed chromatin. Nucleosomes are the basic structural unit of 

chromatin and they represent two turns of genomic DNA (147 base pairs) wrapped around 

an octamer of two subunits of each of the core histones H2A, H2B, H3 and H4 (Figure 1). 

The histones within the nucleosome core interact via a three α-helical “hand shake” motif 

termed the histone fold (Rhodes, 1997). The core histones are structurally similar highly 

basic proteins consisting of the histone fold motif and a N-terminal structurally undefined 

tail. The histone tails are subjected to significant posttranslational modifications and, in 

part, determine the level of chromatin condensation (Zheng and Hayes, 2003).                 

 

 

Figure 1: Chromatin structure 

 

Individual nucleosomes are separated from neighboring nucleosomes by a short segment 

of linker DNA between 10 and 80 bp in length. This chromatin fashion is referred to as 

“beads on a string” and results in an approximately 10-fold compaction of DNA (Felsenfeld 

and Groudine, 2003). “Beads on a string” chromatin is compacted a further 5-fold into a 30 

nm chromatin fiber by the binding of the linker histone, H1 (Figure 1). Within the 

interphase nucleus of a cell, the condensation of the DNA into chromatin fiber is 

heterogeneous with regions of 30 nm chromatin fiber between more highly condensed 

regions of 100nm (Horn and Peterson, 2002). Chromatin is the physiological substrate for 
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most DNA-dependent process including transcription, DNA repair and replication. As a 

result, changes in its structure have significant effects on these processes. The 

condensation of chromatin is refractory to DNA replication and transcription therefore 

mechanisms exist within the cell to locally de-condense the chromatin. 

Chromatin modifications can occur through covalent additions to histones. Histones 

amino-terminal tails are targets of modifications including acetylation, ADP-ribosylation, 

methylation, phosphorylation, sumoylation and ubiquitination at numerous residues. The 

biological role of these modifications depends not only on the type of modification but also 

the location of the modified site within the histone protein. Moreover several reports raised 

the possibility that all these modifications are combinatorial and interdependent and 

therefore may form the “histone code”, which means that combination of different 

modifications may result in several and consistent cellular outcomes (Jenuwein and Allis, 

2001; Strahl and Allis, 2000). 

 

Chromatin Remodeling enzymes 

 

Histone Acetyltransferases 

 

Histone acetyltransferases (HATs) are divided into two classes, the nuclear HATs or type 

A, which include gen5, PCAF, p300 and TAFII250 and are involved in transcriptional 

regulation; the cytoplasmic HATs or type B, which includes Hat1 that acetylates newly 

synthesized histones in the cytoplasm prior to nuclear import (Roth et al., 2001). Based on 

sequence similarities, type A can be further subdivided into the Gen5-related family, 

including PCAF, the MYST family, the TFII250 family and the p300/CBP family.  

All HATs can catalyze the transfer of an acetyl group from acetyl coenzyme A to the ε-

NH3
+ groups of lysine residues within a histone substrate. However, individual HATs have 

different substrate preferences. In addition to acetylating histones, several HATs including 

p300/CBP and PCAF target non-histone substrates such as E2F1, p53 and MyoD, 

modulating their activity.   

Hyperacetylation of histone is generally considered a mark of transcriptionally active 

regions (Allfrey et al., 1964). Moreover, studies have revealed that the role of acetylation 

may also affect other DNA-based cellular processes such as DNA repair and replication 

(Hasan and Hottiger, 2002). 
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Histone Deacetylases 

 

Histone deacetylases (HDACs) are a group of proteins, which catalyze the removal of 

acetyl residues from both histone and non-histone proteins. Based on sequence 

similarities HDACs can be classified into three groups, Class I include HDAC1, HDAC2, 

HDAC3 and HDAC8, Class II include HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and 

HDAC10 and Class III include the SIR2 related proteins SIRT1 to SIRT7 (Khochbin et al., 

2001; Thiagalingam et al., 2003). Similar to HATs, HDACs are involved in several 

signaling pathways such as cycle progression, transcriptional regulation, DNA replication 

and damage response. 

Class I HDACs share a common catalytic domain and are expressed ubiquitously. 

Members of this family are mostly required for appropriate cell cycle progression (Zhang et 

al., 2000). Moreover these HDACs are components of several co-repressor complexes like 

the N-CoR complexes. Except for HDAC3, class I HDACs are strictly nuclear proteins 

(Takami and Nakayama, 2000). Unlike Class I HDACs, class II HDACs are expressed in 

tissue specific and are shuttled between the cytoplasm and nucleus. 

The Class III group is considered an atypical category of its own, which is NAD+- 

dependent, whereas other groups require Zn2+ as a cofactor. 

 

Histone Methyltransferases and Demethylases  

 

Protein methylation is a covalent modification that represents the addition of a methyl 

group from the donor S-adenosylmethionine (SAM) on a carboxyl groups of glutamate, 

leucine and isoprenylated cysteine, or on the side-chain nitrogen atoms of lysine, arginine 

and histidine residue (Clarke, 1993). However histone methylation occurs only on lysine 

and arginine residues. Arginine can be mono- or di-methylated whereas lysine can be 

mono- di- or tri-methylated (Kouzarides, 2007). 

The enzymes responsible for histone methylation are grouped into three different classes: 

the lysine-specific SET domain-containing histone methyltransferases (HMTs) involved in 

the methylation of lysines 4, 9, 27 and 36 of histone 3 and lysine 20 of histone 4; the 

lysine-specific non-SET domain-containing lysine methyltransferases involved in the 

methylation of lysine 79 of histone 3; and arginine methyltransferases. 

Lysine methyltransferases have enormous specificity compared to HATs. They usually 
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modify one single lysine on a single histone and their output can be related to activation, 

elongation or repression of gene expression. 

In particular H3K4 mono-, di or tri-methylated are methylation marks of transcription 

initiation and elongation (Hon et al., 2009; Krogan et al., 2003; Noma et al., 2001; Strahl et 

al., 1999). Indeed, depletion of H3K4 methyltransferase complexes causes drastic 

reductions in global H3K4me3 amounts. However, impairment of these complexes, results 

in minimal transcriptional effects (Jiang et al., 2011; Kizer et al., 2005), raising the 

possibility that direct transcriptional regulation is not the primary function of H3K4me3. 

Moreover H3K4 mono-methylated (H3K4me1) is a chromatin signature for enhancers. 

Indeed, enhancers are distinguished by robust levels of H3K4me1 and H3K27 acetylation 

(H3K27ac), as well as recruitment of RNA polymerase II (Pol II) and the histone acetyl-

transferase, p300. However, despite extensive studies related to H3K4me1 at enhancers, 

a clear function for this mark has not yet emerged. H3K36 di- or tri-methylated have been 

correlated to transcriptional elongation (Kizer et al., 2005; Krogan et al., 2003; Strahl et al., 

1999). Nevertheless, loss of the H3K36 methyltransferase Set2 has only minor effects on 

transcription (Kizer et al., 2005) suggesting that such histone modification may function as 

regulatory module.  

On the other hand, three lysine methylation sites are connected to transcriptional 

repression: H3K9, H3K27, and H4K20 (Lachner et al., 2001; Nakayama et al., 2001; 

Noma et al., 2001). Very little is known regarding the repression functions of H4K20 

methylation compared to the other two. Methylation at H3K9 is implicated in the silencing 

of genes as well as forming silent heterochromatin. Consisted with this, methylation of 

H3K9 is carried out by SUV39H1 and SUV39H2. These HMTs have been found to contain 

a SET domain, which consists of 130-140 amino acids commonly present in Trithorax 

(Thx) and Polycomb (PcG) group proteins, which are respectively involved in activation 

and repression of the gene expression. H3K27 methylation is involved in silencing of the 

inactive X chromosome and during genomic imprinting.  

Whereas most covalent histone modifications are reversible, until recently it was unknown 

how methyl groups could be actively removed from histones and thus thinly regulates gene 

expression.  

In 2004, Shi et al (Shi et al., 2004) have characterized the first histone demethylase, LSD1 

(Lysine-Specific Demethylase-1; KDM1A) a nuclear amine oxidase homolog. After the 

LSD1 discovery researchers have focused on the identification of new demethylases with 

a mechanism based on the one used by Escherichia coli DNA repair AlkB demethylase 
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(Trewick et al., 2002). 

In 2006, Yamane et al (Yamane et al., 2006) have reported a new class of demethylases 

JHDM (JmjC domain-containing Histone DeMethylase). Subsequently it has been shown 

that JHDM enzymes form a large and evolutionarily conserved histone demethylase family 

(Figure 2).  

 

 

Figure 2: List of mammalian lysine histone-demethylases (Park et al., 2016) 

 

  



Lysine-specific demethylase-1 (LSD1/KDM1A) 

 

LSD1/KDM1A structure 

 

Lysine (k)-specific histone demethylase (LSD1/KDM1A) is an amino-oxidase, which de-

methylates histones through a FAD-dependent reaction (Shi et al., 2004). LSD1 has been 

identified (Shi et al., 2004) as part of a multiprotein co-repressor complex that contains 

both HDAC1 and 2 and demethylase activity (Lee et al., 2005). It is highly conserved in 

organisms ranging from S. pombe to human.  

 

Figure 3: LSD1 structure 

 

The structure of LSD1 contains three domains: the SWIRM, the AOL and Tower domains 

(Figure 3). 

 

• SWIRM domain  

The SWIRM domain consists mostly of -helices and is a structural module often found in 

chromatin-associated proteins (Da et al., 2006; Qian et al., 2005; Tochio et al., 2006). It is 

named after the proteins SWI3, RSC8 and MOIRA in which it was first described. SWIRM 

domain from other proteins has been shown to bind DNA and has been proposed to 

recruit and properly present their associated protein or protein complexes to nucleosomal 

substrates (Da et al., 2006; Qian et al., 2005; Yang et al., 2006). However gel-mobility shift 

assay has demonstrated that the SWIRM domain of LSD1 did not shift DNA indicating that 

it is not a DNA- binding motif (Chen et al., 2006). Moreover, although the structure and the 

biochemical data suggest that the SWIRM domain of LSD1 is important for the stability of 

LSD1, the exact function of this domain within LSD1 need to be more investigated. 

 

 



• AOL domain 

The AOL domain folds into a compact structure that exhibits a topology found in several 

flavin dependent oxidases (Fraaije and Mattevi, 2000). In particular it contains two 

subdomains, a FAD binding subdomain and a substrate-binding subdomain. The two 

subdomains together form a large cavity creating a catalytic center at the interface of the 

two subdomains.  

Trough a demethylase assay in vitro it has been demonstrated that LSD1 can catalyze the 

demethylation of lysine 4 residue of histone 3 (Shi et al., 2004) by cleavage of the -

carbon bond of the substrate to generate an imine intermediate. The intermediate is 

subsequently hydrolyzed and the carbinolamine produced degrades releasing 

formaldehyde and amine. The formation of the imine intermediate requires a protonated 

lysine, thus LSD1 can only demethylate mono- or di-methylated lysine residues because 

tri-methyl-lysine residues are not protonated. The AOL domain contains a large insertion 

that forms an additional domain and adopts a tower-like structure (tower domain).  

 

• TOWER domain 

The tower domain directly interacts with one of the LSD1-interacting proteins, CoREST. In 

particular the two CoREST SANT (Swi3/Ada2/NCoR/Transcription factor IIIB) domains 

have been proposed to be a histone-tail-presenting module (Boyer et al., 2002). Indeed it 

has been demonstrated that the SANT2 domain of CoREST is sufficient to provide LSD1 

the ability to demethylate nucleosomal substrates (Shi et al., 2004). Consistent with this, 

the interaction between the tower domain and SANT2 domain allows LSD1 to connect with 

its substrates.  

Moreover it has been shown that the tower domain is essential for the demethylase activity 

of LSD1 (Chen et al., 2006). However, how the tower domain can affect the activity of 

LSD1 still needs to be deeply investigated.  

 

LSD1 can be recruited in different chromatin complexes thus, depending on chromatin 

context and protein partners, whom it is associated with, it can act as a transcriptional co-

repressor or co-activator. Moreover it has been described that LSD1 is able to de-

methylate non-histone proteins affecting their activity and stability. 
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LSD1 as a transcriptional co-repressor 

 

LSD1 is the first histone demethylase identified and it has been originally described as a 

component of the co-repressor complex, which contained the REST co-repressor 

(CoREST) and HDAC1/2 (Shi et al., 2005). This transcriptional co-repressor complex is 

recruited to RE1 element-containing gene promoters by REST and represses the 

transcription of neuron specific genes, as muscarinic acetylcholine receptor M4 (M4AchR), 

SCN1A, SCN2A, SCN3A and p57, in non-neuronal cells (Shi et al., 2004). As previously 

described, the link between the SANT2 domain of CoREST and LSD1 is necessary to 

stimulate the binding and activity of LSD1 towards di-methylated lysine 4 of histone 3 

(Figure 4). Consistent with this, mutations in SANT2 domain, which disrupt the DNA-

binding activity of CoREST also diminish demethylation of H3K4, leading to the 

transcription activation (Yang et al., 2006).  

 

                                                      

 

Figure 4: The proposed multivalent interaction between KDM1–CoREST and the nucleosome. Histone H3 

tail binds to the active site of KDM1 while CoREST SANT domains bind to DNA. 

 

LSD1 has also been described as part of the SIRT1/HDAC complex where it acts as a 

transcriptional repressor of Notch target genes (Mulligan et al., 2011). Since the 

characterization of the LSD1-REST/NRSF complex as a master regulator of neuronal gene 

expression, many studies have focused on the role of LSD1 in the maintenance of 

silenced state of several developmental genes in embryonic stem cells (ESCs) (Adamo et 

al., 2011; Sun et al., 2010). In 2012 Whyte and colleagues by using chromatin 
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immunoprecipitation sequencing have shown that LSD1 is mostly enriched at enhancer 

regions of actively transcribed genes in ESCs, where, upon differentiation, it is required to 

decommission them to allow ESCs proper differentiation (Whyte et al., 2012). Indeed it has 

been shown that LSD1 inhibits ESC differentiation toward the neural lineage suggesting its 

importance in the maintenance of pluripotency and specification of neural or neuronal 

commitment of pluri- multipotent cells (Han et al., 2014). Moreover it has been established 

that LSD1 is crucial not only for immature hematopoietic stem cell differentiation (Adamo 

et al., 2011; Whyte et al., 2012) but also for differentiation of mature hematopoietic cells. 

Indeed, differentiating LSD1 knockout cells aberrantly express hematopoietic stem and 

progenitor cell’s (HSPC) genes normally expressed only in hematopoietic stem cells 

(HSCs) and progenitors. Thus the failure to silence these genes in LSD1 mutants 

interferes with proper hematopoietic differentiation (Kerenyi et al., 2013). Furthermore 

LSD1 has been described as a key regulator of brown adipocyte differentiation, where 

directly repressing some Wnt pathway genes initiates adipogenesis (Chen et al., 2016).  

Due to LSD1 key role in the control of many cell differentiations and the increased 

interests in the so-called epigenetic therapies, there is a growing interest in LSD1 as a 

potential drug target (Pollock et al., 2012; Wang et al., 2011). Very recently it has been 

also demonstrated that LSD1 controls the osteogenic differentiation of human adipose-

derived stem cells (hASCs) negatively regulating the expression of osteogenesis-

associated genes, such as OSX and OC genes (Ge et al., 2014). This discovery has 

provided a new tool to promote osteogenic differentiation of hASC, which is a critical issue 

in the bone tissue-engineering field.  

 

LSD1 as a transcriptional co-activator 

 

One of the first indicators that LSD1 might also function as a transcriptional co-activator 

came from a study published in the 2005, which suggests that LSD1 interacts with 

androgen receptor in vitro and in vivo, and stimulates androgen-receptor-dependent 

transcription (Metzger et al., 2005).  Two years after it has been reported that LSD1 is 

required also for estrogen receptor (ER) –dependent gene transcription (Garcia-Bassets et 

al., 2007). Therefore, while REST/CoREST-dependent genes clearly employ LSD1 in 

repression for a cohort of the REST-dependent programs, these findings have also 

revealed that LSD1, associated with other complexes is required for a surprisingly wide 
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range of regulated gene activation events. While an in vitro demethylase assay has 

demonstrated the H3K4me2 demethylase activity of LSD1, it failed to do so for the 

demethylation of H3K9me2, suggesting that the LSD1 activity and substrate specificity 

may be altered by and required association with other cofactors. 

More recently the crucial role of epigenetic mechanisms in activation of cells differentiation 

has became more important, thus many studies have focused to unveil the role of LSD1 in 

this cellular process. In particular it has been reported that LSD1, during adipogenesis, 

induces the expression of CebpA gene opposing the function of a KTM SETDB1 (Musri et 

al., 2010) (Figure 5).  

 

                                 

 

Figure 5: Model showing the interplay between LSD1 and SETDB1 the regulation of the histone methylation 

status of the cebpa promoter in 3T3-L1 preadipocytes (Musri et al., 2010). 

 

Moreover it has been proposed a role for LSD1 in the skeletal muscle differentiation. 

Indeed it has been reported that LSD1 has a key role in the early step of myoblast 

differentiation modulating MyoD expression (Scionti et al., 2017) as well as a key role 

during late myogenesis regulating Myogenin promoter (Choi et al., 2010).  
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LSD1 de-methylates non-histone proteins 

 

Since the initial characterization of LSD1, many evidences have shown that histones are 

not the only targets of LSD1, opening new lines of research on how LSD1 regulates gene 

expression.  

The first LSD1 non-histone target described was P53 (Huang et al., 2007). P53, like 

histone proteins, is subject to different post-translational modifications, including 

acetylation, phosphorylation, methylation, sumoylation and ubiquitination (Bode and Dong, 

2004; Huang et al., 2007). While P53 acetylation is commonly associated with activation of 

its transcriptional activity, methylation can either activates or represses the transcriptional 

activity depending on the residue involved and on the number of methyl group present. 

Indeed while di-methylation of P53 at lysine 370 promotes its binding to 53BP1, activating 

the pro-apoptotic function of P53, LSD1 specifically de-methylating di-methylated lysine 

370 of P53, generates mono-methylated lysine 370 which cannot interact with 53BP1 

anymore thus repressing P53 transcriptional activity (Huang et al., 2007).  

In addition it has been demonstrated that Hypoxia-inducible factor-1α (HIF-1α), which is a 

key transcriptional regulator responsible for the adaptation of cells and tissues during 

hypoxia, is finely regulated by LSD1. Indeed LSD1 demethylating HIF-1α stabilizes it and 

allowed the expression of adaptation to low oxygen genes (Baek and Kim, 2016). 

Moreover LSD1 has been shown to influence the global DNA methylation, stabilizing the 

DNMT1 protein. By using an in vitro approach it has been demonstrated that DNMT1, 

which is methylated by SET7/9 and degraded, upon LSD1 de-methylation is stabilized. 

Such observation has suggested that LSD1 could regulate gene transcription acting both 

on histones, on transcription factors and DNA methylation (Wang et al., 2009).  
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PHD finger protein 2 (PHF2/KDM7C) 

 

PHF2/KDM7C structure 

 

PHD Finger Protein 2 (PHF2/KDM7C) is a JmjC domain-containing Histone DeMethylase, 

which de-methylates histones using Fe2+ and α-ketoglutarate (αKG) as cofactors. 

PHF2/KDM7C has been firstly identified as a candidate transcriptional regulator gene for 

hereditary sensory neuropathy type I, Hsn1 (Hasenpusch-Theil et al., 1999).  

 

 

 

Figure 6: PHF2 structure 

 

The structure of PHF2 contains two main domains: the PHD and the JmjC domains 

(Figure 6). 

 

• Plant HomeoDomain (PHD) 

The PHD is an 50-residue module characterized by a conserved Cys4-His-Cys3 motif 

that coordinates two zinc ions in a cross configuration, where each zinc ion is coordinated 

by alternate pairs of Cys/His ligands. Proteins containing PHD domain are a subfamily of 

zinc finger proteins and thus the PHD finger domain is involved in protein/protein or 

protein/nucleic acid interactions. One of the fundamental mechanisms by which histone 

methylation regulates chromatin state is to create dynamic signatures at chromatin that are 

recognized by other proteins named effectors. Proteins containing the PHD domain have 

been described to strongly bind the H3K4me3 mark and promote both transcription 

silencing recruiting the histone de-acetylase activity of mSin3a–HDAC1 (Shi et al., 2006) 

or transcription initiation stabilizing the ATP-dependent chromatin-remodeling complex on 

promoters regions (Wysocka et al., 2006). 

 

• JmjC domain 

The evidence that the LSD1 family de-methylases were unable to de-methylate tri-methyl-

lysine residues, raises the possibility that additional de-methylases that use a different 

reaction mechanism exist. The JmjC domain was first defined based on the amino-acid 



 

 19

similarities in the Jarid2 (Jumonji), Jarid1C (Smcx), and Jarid1A (RBP2) proteins (Clissold 

and Ponting, 2001; Takeuchi et al., 1995). The JmjC domain is structurally conserved, 

each of the two-layered β-sheets containing four antiparellel β-strands that produce the 

typical jellyroll-like structure. A highly conserved His-Y-ASP/GLU-Yn-His motif (Y: any 

amino-acid; Yn: various number of amino-acid in between) provides three chelating 

positions for the Fe2+. αKG interacts with the iron and is further stabilized by the interaction 

with two additional conserved residues (Phe/Thr/Tyr for the first and Lys for the second 

amino acid). To catalyze histone de-methylation, the cofactor-bound JmjC domain 

produces a highly reactive oxoferryl species that hydroxylates the methylated substrate, 

allowing spontaneous loss of the methyl group as formaldehyde (Clifton et al., 2006).  

However, the Fe2+ binding site in PHF2 differ from the other Jumonji domains examined, 

indeed the histidine at 321 position is replaced by tyrosine making the Fe2+ move away 

from the corresponding place and thus reduces the PHF2 de-methylase capacity (Horton 

et al., 2011). 

 

PHF2 is ubiquitously expressed in adult tissues, and in situ hybridization has shown that 

the majority of PHF2 gene expression is concentrated in the mouse embryonic neural tube 

and root ganglia (Hasenpusch-Theil et al., 1999). The expression pattern and 

chromosomal localization have suggested PHF2 as a candidate gene for hereditary 

sensory neuropathy type 1, HSN1 (Hasenbusch-Theil et al. 1999). However, mutations in 

PHF2 has been identified in different malignancies including gastric, colorectal cancer (Lee 

et al., 2017b) and breast cancer (Sinha et al. 2008). Furthermore deregulation of PHF2 

gene has been found to negatively correlate with the overall survival of esophageal 

squamous cell carcinoma patients (Sun et al., 2013) and clear cell renal cell carcinoma 

patients (Lee et al., 2017a). However the PHF2 function is still not yet dissected. 

 

PHF2 as a transcriptional co-activator  

 

PHF2 has no enzymatic activity by itself (Horton et al., 2011; Wen et al., 2010) but it is 

functionally activated through post-translational phosphorylation by PKA. PHF2 active is 

able to assembly with and demethylates ARID5B; this last modification allows PHF2-

ARID5B complex to bind to the DNA and activate gene transcription through de-

methylation of H3K9me2 (Baba et al., 2011). Two years after it has been demonstrated 
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that the PHF2-ARID5B complex is a transcriptional SOX9 co-activator and has a key role 

in promoting chondrocyte differentiation both in vitro and in vivo (Hata et al., 2013). PHF2 

has also been shown to interact with C/EBPδ or C/EBPα and promote the transcription of 

PPARG, CEBPA and FABP4 supporting the hypothesis that PHF2 controls adipogenesis 

and it would be a interesting candidate for diabetes treatment (Lee et al., 2014; Okuno et 

al., 2013). 

 

PHF2 de-methylates non histone proteins 

 

As described above post-translational modifications (PTMs) change the chemical nature 

and structure of aminoacids and lead to diversity in the localization, stability, and function 

of proteins. PHF2, as well as LSD1, is able to demethylate non-histone proteins. In 

particular, PHF2 has been described to demethylate RUNX2 on its DNA binding site 

enhancing its transcriptional activity on osteocalcin (OCN) promoter, suggesting PHF2 as 

a positive regulator of osteoblast differentiation (Kim et al., 2014). However, while the 

transcriptional activation mechanism of ARID5B-PHF2 co-activator complex is a 

combination between ARID5B protein demethylation that drives the complex to target 

promoters and H3K9me2 gene promoter demethylation (Baba et al., 2011), knocking 

down PHF2 in osteoblasts does not change the H3K9me2 rate at the OCN promoter 

during differentiation (Kim et al., 2014).  

  



 

 21

Myogenesis 

 

Skeletal muscle is a striated muscle tissue with complicated and heterogeneous features 

that serves multiple critical functions in the organism. Vertebrate skeletal muscle of the 

trunk and limbs originates from the somites, which are mesodermal structures that are 

located on either side of the neural tube in vertebrate embryos (Ordahl and Le Douarin, 

1992). In response to the signals from distinct environmental cues, somites differentiate 

and subdivide into two compartments, the dorsal dermomyotome and the ventral 

sclerotome. Some myogenic precursors in the dermomyotome subsequently give rise to 

myotomes, which are responsible for the formation of the trunk and deep back muscles 

(Kalcheim and Ben-Yair, 2005) (Figure 7) and others undergo epithelial-mesenchymal 

transition, delaminate and migrate to the limb buds, where they give rise to limb 

musculature (Chevallier et al., 1977; Dietrich et al., 1999). 

               

 

Figure 7: The embryonic origin of limb and trunk skeletal muscle (Parker et al., 2003) 

 

During murine skeletal muscle development, myoblasts are derived from two distinct 

progenitor populations and contribute to two phases of myogenesis (Hutcheson et al., 

2009). The first wave of mononucleated myocyte fusion into multinucleated myofibers 

occurs at approximately embryonic day 11 (E11) and is defined as primary or embryonic 

myogenesis, in which basic muscle patterning occurs. The secondary, or fetal myogenesis 
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that occurs between E14.5 and E17.5 is characterized by fusion of fetal myocytes with 

each other, or their alignment and fusion with the scaffold-like primary myotubes to form 

secondary myofibers (Messina and Cossu, 2009). At the end of this phase, each myofiber 

is coated by basal lamina, underneath which some muscle stem cells named satellite cells 

are located (Figure 8).  

 

                          

Figure 8: Representation of skeletal muscle and the satellite cell niche (Bentzinger et al., 2012). 

 

Satellite cells normally remain quiescent in adult muscles, but they can be activated upon 

injury and support muscle regeneration. Satellite cell-mediated muscle regeneration is 

highly similar to developmental myogenesis, as evidenced by common transcription 

factors and molecular signals that modulate them (Tajbakhsh, 2009; Yin et al., 2013). 
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Myogenic transcription factors 

 

Paired-homeobox transcription factors 

 

Myogenesis is finely controlled by gene expression cascade of myogenic transcription 

factors. During mouse muscle development, the precursor cells in the dermomyotome 

express paired-homeobox transcription factors Pax3 and Pax7, with preferential 

expression of Pax3 in the dorsalmedial and ventrolateral lips, and Pax7 in the central 

region where satellite cells originate (Gros et al., 2005; Kassar-Duchossoy et al., 2005). Of 

note, only Pax3 is detected in the migrating cells that enter the limb bud. To support this 

observation, Splotch mice with a Pax3 loss-of-function mutation fail to develop limb 

muscles, and no PAX3-positive cells are detected in the limb, indicating a lack of 

progenitor migration to the site (Daston et al., 1996). Consistently, Pax3-knock out (KO) 

mice loose all of their embryonic myofibers (Hutcheson et al., 2009), further supporting the 

hypothesis that Pax3 is required for normal skeletal muscle development. In contrast, 

Pax7 is dispensable for fetal myogenesis because Pax7 KO mice do not display skeletal 

muscle formation defects (Seale et al., 2000). Instead, a complete absence of satellite 

cells is observed in the mutant mice (Relaix et al., 2006; Seale et al., 2000). However, 

Hutcheson et al. demonstrated an essential role for Pax7 in fetal myogenesis by ablating 

Pax7 gene in mouse embryos (Hutcheson et al., 2009). Pax7 lineage deletion resulted in 

the loss of fetal myofibers, consistent with the observation that Pax7 is expressed in fetal 

myoblasts (Biressi et al., 2007; Horst et al., 2006). These studies suggest different role for 

PAX3 and PAX7: the first one is critical for initial myofiber formation and the second is 

required to maintain the satellite cell pool. 

 

Myogenic regulatory factors 

 

PAX3+PAX7+ progenitors are mitotically active and cannot differentiate into myotubes 

(Kassar-Duchossoy et al., 2005), suggesting that molecules other than PAX3 and PAX7 

are responsible for myogenic induction and myoblast cell differentiation. The discovery of 

MYOD, a transcription factor that is able to convert mouse pluripotent mesenchymal 

C3H10T1/2 cells into fusion-capable myoblasts (Davis et al., 1987) sheds light on the 
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molecular nature of muscle differentiation. Subsequent studies revealed three more 

transcription factors: MYF5, Myogenin and MRF4, which are also able to induce myoblast 

traits in non-muscle cells (Braun et al., 1990; Braun et al., 1989; Edmondson and Olson, 

1989). Characterized by their specific expression in the skeletal muscle lineage, these four 

transcription factors are termed myogenic regulatory factors (MRFs). MRFs have a 

conserved basic helix-loop-helix (bHLH) DNA binding domain and relatively variable N-

terminal and C-terminal domains to mediate transcriptional activation. The bHLH domain 

also facilitates heterodimerization between MRFs and E-proteins that recognize the E-box 

consensus sequence CANNTG, which is present in many muscle specific gene promoters 

(Singh and Dilworth, 2013). 

Myf5 is the first MRF expressed within the dermomyotome at embryonic day (E) 8 of 

mouse embryonic development, and its expression starts to decrease on E11 

(Buckingham and Tajbakhsh, 1993). In contrast, MyoD expression is initiated at 

approximately E10.5, and Myogenin transcripts begin to accumulate immediately after 

MyoD activation (Braun et al., 1994). Two waves of MRF4 expression have been observed 

in mouse embryogenesis. The first one occurs between E9 and E11.5 and the second 

wave starts at E16 and persists through adulthood (Patapoutian et al., 1995). Genetic 

studies in mice indicate redundant and differential roles of MRFs during muscle 

development. Ablation of Myf5 or MyoD in mice results in normal muscle development. 

Myf5-KO mice have normal skeletal muscle morphology and muscle-specific gene 

expression, while the appearance of myotome cells is delayed until MyoD is expressed 

(Braun et al., 1992). Indeed, myogenesis in Myf5-KO mice is fully restored by a MYOD-

expressing lineage (Gensch et al., 2008; Haldar et al., 2008). On the other hand, MyoD 

deletion results in prolonged and elevated Myf5 expression, which functionally leads to 

normal skeletal musculature (Rudnicki et al., 1992). However adult MYOD-KO muscle 

have a severe regenerative defect, supporting the idea that MYOD is required for 

commitment into differentiation program during adulthood (Asakura et al., 2007; Megeney 

et al., 1996). Interestingly, Myf5/MyoD double-KO mice show no skeletal myoblasts or 

myofibers as well as Myogenin expression (Rudnicki et al., 1993). These observations 

indicate that Myf5 and MyoD have redundant roles in myogenic cell fate determination and 

myoblast commitment during embryonic development. 

Conversely, Myogenin-KO mice have severe defects in muscle fiber formation with 

reduced muscle-specific gene expression such as myosin heavy chain and MRF4. 

However, Myf5 and MyoD expression appears normal, and mono-nucleated myoblasts are 
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observed in the limbs (Hasty et al., 1993; Nabeshima et al., 1993), suggesting that 

Myogenin is essential for committed myoblast to fuse to form myofibers and acts 

downstream of MYF5 and MYOD. 

 

 

Figure 9: Hierarchy of transcription factors regulating progression through the myogenic lineage (Bentzinger 

et al., 2012) 

 

MRF4-KO mice have normal skeletal muscle development and demonstrate strong 

Myogenin up-regulation, which may compensate for the absence of MRF4 (Rawls et al., 

1998). However, MyoD/Mrf4 double-KO results in a severe muscle deficiency that is 

similar to the Myogenin-mutant mice (Lassar et al., 1991) suggesting that MRF4 and 

MYOD have overlapping functions in myoblast differentiation. 

All together these studies reveal a hierarchical relationship between MRFs whereby MYF5 

locates at the top of the hierarchy and collaborates with MYOD in a redundant fashion to 

commit myoblasts, while Myogenin and MRF4 act genetically downstream to induce 

myocytes fusion and muscle-specific gene expression (Figure 9). 
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Interaction of MRFs with transcriptional cofactors 

 

A cooperation among MRFs and others molecules has been claimed by many studies to 

be necessary for myotubes formation and myogenic gene expression. Indeed as stated 

above, during myogenesis, MRFs act as heterodimers together with E proteins (E12, E47 

and HEB) that belong to the same transcription factor family, and bind to E boxes of many 

muscle-specific gene promoters (Christy et al., 1991). In proliferating myoblasts, active 

MYF5/E protein or MYOD/E protein heterodimers are disrupted by the HLH protein Id 

(inhibitor of differentiation), which can form complexes with E proteins or MRFs through 

HLH domain interactions. Id proteins lack the basic DNA binding domain; thus, Id/E or 

Id/MRF heterodimers fail to bind E boxes in muscle promoters (Jen et al., 1992; Molkentin 

et al., 1995). Id protein levels are decreased at the onset of differentiation (Molkentin et al., 

1995), allowing the formation of heterodimers MYF5/E protein or MYOD/E protein, and 

thus myogenic gene specific expression. Full activation of muscle-specific gene 

expression by MRFs requires their collaboration with myocyte enhancer factor 2 proteins 

(MEF2A-D), which belong to the MADS (MCM1, agamous, deficiens, SRF) family of 

transcription factors (Molkentin and Olson, 1996). MEF2 proteins cannot activate muscle-

specific genes on their own, but they potentiate the transcriptional activity of MRFs by 

interacting with the MRF/E protein complexes (Gossett et al., 1989; Molkentin and Olson, 

1996). Consistently, the DNA consensus sequence for MEF2 is often close to the E-box 

sequences within muscle genes promoters (Johanson et al., 1999). In addition to 

activating muscle genes transcription, MEF2 proteins mediate myogenic bHLH gene 

expression in a positive feedback mechanism. Indeed upstream signals activate MYF5 

and MYOD, which cooperate with MEF2 proteins to induce Myogenin expression (Cserjesi 

and Olson, 1991; Yee and Rigby, 1993). Next Myogenin up-regulates MEF2 (Edmondson 

et al., 1992), which not only acts on the Myogenin promoter to amplify gene expression 

(Wang et al., 2001), but also auto regulates its own promoter (Black et al., 1995). 

Moreover, Mrf4 expression requires synergistic function between MEF2 and Myogenin 

(Naidu et al., 1995). During mouse skeletal muscle development, Mef2c is the first 

member of the MEF2 family to be expressed followed by Mef2a and Mef2d (Potthoff et al., 

2007a). Mef2a or Mef2d homozygous mutant mice display no muscle developmental 

defects (Potthoff et al., 2007b). However, skeletal muscle-specific Mef2c ablation resulted 

in disorganized myofibers, disrupted muscle structural gene expression and perinatal 

lethality, although embryonic and fetal myogenesis appear to be normal (Potthoff et al., 
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2007b), indicating that MEF2C is required for the skeletal muscle postnatal maturation, but 

not early development.  

Interaction of MRFs with chromatin remodeling factors 

 

In proliferating myoblast the condensed nucleosomal organization, which is present on 

muscle-specific gene promoters, prevents access of transcription factors including MRFs 

and MEF2 proteins to the regulatory regions of these genes, resulting in transcriptional 

repression. Thus in order to induce the muscle specific gene expression cascade the 

coordinated action between MRFs but also between MRFs and chromatin-remodeling 

enzymes is required. Therefore, chromatin modification and remodeling are required to 

relax the chromatin and allow the access of transcription factors. Thus several 

transcriptional co-activators in muscle have been described, including p300, a functional 

homolog of CREB-binding protein (CBP) and p300/CBP-associated factor (PCAF), which 

have intrinsic histone acetyltransferase (HAT) activity; conversely, histone deacetylases 

(HDACs) repress transcription in skeletal muscle (McKinsey et al., 2001). MRFs and MEF2 

interact with HATs and HDACs that modulate their transcriptional activity (Figure 10).  

 

 

 

Figure 10: A model for the roles of HATs and HDACs in the control of muscle gene expression (McKinsey et 

al., 2001). 

 

The enhanced MYOD-mediated gene transcription is not only because of chromatin 

acetylation and relaxation, but also because of direct acetylation of MYOD by p300 and 

PCAF (Duquet et al., 2006; Polesskaya et al., 2000; Puri et al., 1997a; Puri et al., 1997b; 

Sartorelli et al., 1997; Sartorelli et al., 1999; Yuan et al., 1996). Moreover, p300 interacts 

with MEF2 and acetylating it in skeletal muscle, results in enhanced DNA binding ability, 
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transcriptional activity and myogenic differentiation (Lu et al., 2000; Ma et al., 2005). 

Conversely, HDACs inhibit muscle-specific gene expression and myogenic differentiation 

by interacting with MYOD and MEF2 (Mal et al., 2001; Puri et al., 2001) (Figure 10).  

In addition to acetylation, chromatin remodeling is also modulated by factors that loosen 

histone-DNA interactions using energy from ATP hydrolysis. The SWI/SNF 

(switching/sucrose non-fermenting) complex is an important chromatin-remodeling enzyme, 

which consists of an ATPase subunit brahma-related gene 1 (BRG1) and BRG1- 

associated factor BAF. Several studies have demonstrated that the SWI/SNF complex 

plays a crucial role in MYOD and Myogenin-mediated muscle gene activation and 

myogenic differentiation (Forcales et al., 2012; Ohkawa et al., 2006; Ohkawa et al., 2007). 

Indeed, MYOD interacts with SWI/SNF subunit BAF60c, which recruits the catalytic 

subunit BRG1 to form a functional SWI/SNF complex in differentiating muscle cells, 

thereby facilitating chromatin remodeling and MYOD-targeted gene expression (Forcales 

et al., 2012) (Figure 11). 

 

                         

 

Figure 11: Cartoon of the stepwise recruitment of SWI/SNF to MYOD-target genes by pre-assembled 

BAF60c–MYOD complex (Forcales et al., 2012). 

 

Until 2010, the involvement of histone methylation in the regulation of myoblast 

differentiation process was not clearly investigated. The first studies have been conducted 
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to dissect the chromatin remodeling factors that are involved in the regulation of Myogenin 

expression. Choi and co-workers have demonstrated for the first time that LSD1 

demethylates MEF2D increasing its transcriptional activity (Choi et al., 2014). Moreover 

LSD1 in complex with MYOD/MEF2D is required to erase the H3K9me2 mark from 

Myogenin promoter (Choi et al., 2010). However, in proliferating myoblast the Myogenin 

promoter is strongly inhibited by the presence of the H3K9me3 and H3K27me3 marks, 

which are not LSD1 targets, thus supporting the idea of the presence of other JMJC-

histone demethylases on the Myogenin promoter. Indeed, ∆N-KDM4A/KDM4C complex 

has been described at the Myogenin locus where it demethylates H3K9me3 to activate 

Myogenin expression (Verrier et al., 2011). Four years later another JMJC demethylase, 

KDM4B, has been observed to interact with MYOD and participate to the activation of 

Myogenin transcription, demethylating the H3K9me3 (Choi et al., 2015). Moreover, very 

recently the UTX/KDM6A demethylase together with MYOD and SIX4 has been identified 

as a key regulator of Myogenin expression, both in vitro and in vivo, erasing the 

H3K27me3 mark at Myogenin promoter during myoblast differentiation (Chakroun et al., 

2015; Faralli et al., 2016; Seenundun et al., 2010).  

All these reports have supported the idea that Myogenin promoter is finely controlled by a 

large multiproteic complex where each component might be required for the right 

assembly of the complex itself and/or for the substrate specificity and activity of each 

enzyme (Cai et al., 2014; Metzger et al., 2010; Metzger et al., 2005; Shi et al., 2005).  
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MYOD  

 

As mentioned previously, forced MyoD expression in non-muscle cells in vitro let them to 

be converted to muscle (Davis et al., 1987). To achieve this, genes must be silenced, new 

genes activated, and chromatin remodeled. Thus MYOD has the ability to perform all of 

these functions. MYOD belongs to a subfamily of bHLH transcription factors, which falls 

into two broad categories: Class I, broadly expressed in many cell types and contains the 

E protein family, and Class II expressed in a tissue specific manner and includes the 

MRFs. 

 

MYOD Structure 

 

MYOD shares two domains with other bHLH (basic helix-loop-helix) transcription factors, 

the DNA binding and dimerization domains. Variability among these factors lies in the 

presence, absence, or combination of activation domains and repressive domains. The 

common element is comprised of approximately 60 amino acids containing the DNA 

binding region (basic) followed by two α-helices, separated by a variable loop region (HLH) 

(Ferre-D'Amare et al., 1993). The HLH domain allows for dimerization between two HLH 

containing factors, either through homo-dimerization, which is uncommon, or through 

hetero-dimerization (Kadesch, 1993) (Figure 12).  

                                    

 

Figure 12: Model of transcriptional regulation by heterodimeric bHLH protein (Kadesch, 1993) 
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Once hetero-dimerized the basic regions of the two transcription factors bind specific DNA 

sequences. MYOD has also a strong, single transcriptional activation domain (TAD) at the 

amino terminal end and a histidine-cysteine rich domain containing a tryptophan amino 

acid necessary for interaction with the Pbx/Meis complex, a known transcriptional activator 

(Okada et al., 2003; Tapscott, 2005) (Figure 13).  

 

                 

 

Figure 13: Structure and functional domains of MyoD.  

 

MYOD Function 

 

MYOD is a master transcription factor that remodels chromatin and recruits activating 

transcriptional complexes to the loci of many genes involved in all aspects of myogenesis. 

Not all genes are simultaneously expressed in response to MYOD activation (Bergstrom et 

al., 2002). Some are induced immediately, whereas others are involved in the late stage of 

differentiation. In addition, some genes are expressed transiently and some are directly 

decreased. Following the expression of MYOD, therefore, the first sets of genes activated 

might affect cell migration and positioning, followed by the activation of a set of 

transcription factors; only later in the differentiation program are expressed many of the 

muscle contractile proteins. MYOD has been shown to directly bind both early and late 

gene targets via CHiP data in a fibroblast cell line containing an estrogen induced MyoD 

allele (Bergstrom et al., 2002). Moreover, MYOD is able to initiate the myogenic 

differentiation program and subsequently this program is able to regulate the activity of 

MYOD itself, thus MYOD is able to act on the regulation of its own activity. The proposed 

cause of this phenomenon is a feed-forward mechanism, where early targets of MYOD are 

needed to cooperate with MYOD to activate the next temporal level of genes (Penn et al., 
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2004). Post-translational modification of the MYOD protein has also been shown to affect 

target gene selection (Di Padova et al., 2007). 

Briefly, MYOD heterodimerizes with E-proteins (E12 and E47) to activate myogenic genes 

through their shared HLH domains. P38 phosphorylates E47 at serine 140, and this 

modification is essential for the association with MYOD (Lluis et al., 2005). Then, through a 

combination of the activation domain of MYOD and the variable activation/repression 

domains of the E-proteins, target genes are activated or repressed. Strangely, the target 

DNA sequence of MYOD is short and frequently through out the mammalian genome. 

Thus a large amount of regulation via protein interactions is therefore required to obtain 

target gene and temporal specificity. Specificity is achieved either by tandem E boxes, or a 

combination of E boxes and binding sites for cooperative factors that directly interact with 

the activation domain of MYOD, such as MEF2, PBX, MEIS, AND SP1 (Sartorelli et al., 

1997; Tapscott, 2005). Even though MYOD and the MEF2 family bind different consensus 

DNA sequences, both sequences are found at almost every skeletal muscle genes 

promoter region, and efficient transcription of those genes only occurs when both factors 

are bound (Li and Capetanaki, 1994; Relaix et al., 2013). 

 

Transcriptional control of MyoD expression 

 

Conversely to the abundant knowledge accumulated on how MYOD affects chromatin 

organization at its target genes promoters during muscle cell differentiation (Bergstrom et 

al., 2002; Berkes and Tapscott, 2005; de la Serna et al., 2005; Forcales et al., 2012; 

Sartorelli et al., 1997; Tapscott, 2005), the early epigenetic events involved in the 

activation of MyoD expression still lack an in depth understanding. Moreover, since it has 

been shown that MyoD-KO myoblasts serve as better transplant material than wild type 

myoblasts in mice (Asakura et al., 2007), dissect the chromatin remodeling factors, which 

activate regulatory regions of the powerful transcription factor MYOD, is of ultimate 

importance in understanding transcriptional pathway of myoblast commitment and it may 

be applicable in therapy to humans with muscle wasting diseases. 

So far most of the studies concerning the regulation of MyoD gene expression come from 

the embryonic development. Indeed using upstream regions of MyoD to drive lacZ or CAT 

expression have revealed two more distinct elements, the Core Enhancer (CE) 

(Goldhamer et al., 1995) and the Distal Regulatory Region (DRR) (Asakura et al., 1995). 
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Transgenic analysis has shown that the CE controls initiation of expression in newly 

forming myoblasts, while the DRR maintains expression in differentiating muscle. CE-lacZ 

transgenic embryos exhibit activity in a manner similar to MyoD mRNA detection (Faerman 

et al., 1995; Goldhamer et al., 1992). DRR-lacZ transgene expression is limited to sites of 

differentiating muscle (Asakura et al., 1995). Indeed in MyoD/Myf-5 double-KO embryos 

the CE transgene is active while the DRR is not (Kablar et al., 1999) indicating the ability 

of the CE to initiate de novo MyoD expression. The 2.5 kilobases immediately upstream of 

the transcriptional start site, including the proximal promoter does not contribute to 

specificity of expression. Thus the genomic region upstream of MyoD that had the highest 

activity contains the CE (Goldhamer et al., 1992). However, when the expression profile of 

the -24lacZ construct, which fully copies endogenous MyoD expression, is compared to a 

similar construct, which lacks only the CE, there is only a delay in MyoD expression in the 

brachial arc and limb buds up to E11.5, after which a normal expression profile is restored 

(Chen and Goldhamer, 2004; Chen et al., 2001) (Figure 14). These results suggest that 

the initial timely activation of MyoD is CE dependent in only a subset of early myogenic 

cells. 

 

Figure 14: Representative whole mount embryos from E9.75 to E12.5 comparing expression of lacZ in 

transgenic lines (Chen et al., 2001). 
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The CE and DRR of human and mice share extremely high sequence similarity and 

genomic position (Asakura et al., 1995; Goldhamer et al., 1995). The highly conserved 

DRR maintains all putative binding sites between the two species, which are four E-boxes 

(CANNTG) and two MEF2 sites (Chen et al., 2001). The sequence similarities between the 

CE of humans and mice are approximately 90% and all putative binding sites are 

maintained, including four E-boxes, an AP-1 site, and a H4TF-1 site (Goldhamer et al., 

1995).  

One of the positive MyoD regulators is SRF (serum response factor), and when inhibited in 

myoblasts or differentiating myotubes, the MyoD locus is rapidly shut down (Gauthier-

Rouviere et al., 1996; L'Honore et al., 2003). Another group of interacting factors is SP1, 

YY1 and p300/CBP, which are involved in chromatin remodeling (L'Honore et al., 2003; 

Roth et al., 2003; Wilson and Rotwein, 2006). Cell-based assays and in vitro studies show 

a partnership between FOX03, PAX3, and PAX7 in the recruitment of RNA Polymerase II 

during the formation of the pre-initiation complex at the MyoD promoter in myoblast 

cultures. FOX03 is further implicated as a direct activator of MyoD through Fox03 KO 

experiments, where MyoD is down regulated in regenerating muscle (Hu et al., 2008). 

Recent findings regarding the transcriptional control of MyoD have shown many factors 

bind the CE directly. SIX1/4 regulates MyoD by binding the CE (Relaix et al., 2013), as 

does CLOCK and BMAL1, regulators of the circadian rhythm of MyoD expression 

(Andrews et al., 2010; Zhang et al., 2012). A limb specific activator of MyoD, PITX2, has 

also been shown to bind the CE (L'Honore et al., 2010). Repression of MyoD expression 

has also been linked to the CE as SIM2 and YB1/P32 bind to the CE and repress the 

locus by both gain and loss of function experiments (Havis et al., 2012; Song and Lee, 

2010). Moreover in vitro cell culture analysis shows that the histone variant H3.3, 

associated with transcriptionally active genes, is required on the CE for proper expression 

of MyoD in myoblasts and differentiating myotubes (Yang et al., 2011), showing a role for 

epigenetic remodeling in the activation of the MyoD locus via the CE.  
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Enhancer RNAs  

 

The development, differentiation and growth of cells rely on the specific spatiotemporal 

regulation of gene expression and the activation and repression of enhancer elements are 

instrumental to initiate such gene transcription cascade. Indeed disrupting this finely 

controlled process may lead to abnormal tissue growth and disease.  

Until 2010 enhancer regions have been defined as cis- or trans-acting DNA sequence 

bound by specific activator proteins that interacting with mediator complex, were able to 

recruit RNA polymerase II (RNAPII) on gene promoters thus enhancing the transcription of 

the target gene. Enhancers may be located several hundred thousand base pairs 

upstream or downstream of the gene promoter, as well as on another chromosome, since 

their orientation does not affect its function.   

The development of next generation sequencing (NGS) techniques has increased the 

understanding of the complexity of the human transcriptome. Indeed through a genome-

wide analysis many extragenic regions, such as enhancers, have been found enriched by 

transcription factors and RNA polymerase II (RNApolII), suggesting that enhancers 

themselves are transcribed (Carroll et al., 2006; Kim et al., 2010; Koch et al., 2011; 

Nielsen et al., 2008). This new family of non-coding RNAs, named enhancer RNAs 

(eRNAs), has made the gene transcriptional regulation mechanism more complex.  

Enhancer RNAs are non-coding RNA of 50-2000 nucleotide in size transcribed from the 

DNA sequence of enhancer region. Conversely from a messenger RNA (mRNA) 

transcription, eRNAs are generally transcribed bi-directionally. However, there is also a 

group of enhancers that are induced uni-directionally (Hah et al., 2013; Li et al., 2013; 

Schaukowitch et al., 2014). Moreover while most of eRNAs consisted of one exon and 

they are not polyadenylated, there have been cases where eRNAs are spliced and 

polyadenylated (Kim et al., 2010; Koch et al., 2011). However, it is still not clear why some 

enhancers are transcribed from both strands and others are unidirectional, as well as 

which is the mechanism by which the primary transcripts of eRNAs proceed to their mature 

forms. Thus understanding how eRNAs contribute to the gene regulation mechanism has 

become an area of active interest since their key role in the cell fate. Indeed it has been 

demonstrated that super-enhancers, which regulate the transcription of master genes, 

involved in the establishment of cell identity, transcribed for eRNAs in a tissue and time 

specific fashion.  
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Chromatin immunoprecipitation sequencing (ChIP-seq), and chromatin-conformation-

capture studies have defined the chromatin signature of transcribed enhancer regions. 

Indeed such regions are characterized by robust enrichment of H3K4me1 and H3K27ac 

marks (Creyghton et al., 2010; Heintzman et al., 2007) and are associated with HAT p300 

and CREB Binding Protein (CBP) (Shen et al., 2012; Visel et al., 2009). eRNA-expressing 

enhancers are also enriched with the transcriptional initiation complex and serine 5 

phosphorylated RNA PolII, characteristics of coding gene promoter regions (Koch et al., 

2011).  

 

Transcription and function of eRNA 

 

To date the exact requirements for eRNAs in activation of their target genes are not 

completely understood. So far some reports have provided evidence linking the eRNAs to 

transcriptional activation. Using knockdown approaches, it has been demonstrated that 

eRNAs positively activate the transcription of master genes and thus have a key role in 

many biological processes (Lai et al., 2013; Mousavi et al., 2013; Orom et al., 2010).  

While these reports have revealed for the first time a role for long non-coding RNAs in the 

activation of neighboring protein-coding genes expression, they did not assess their 

specific pathway of activation.  

Genome-wide studies have revealed that P53 is associated with a larger number of 

binding sites than expected (Melo et al., 2013). In particular two distinct extragenic P53 

sites transcribed for eRNAs that were stimulated following treatment of cells with Nutlin-3, 

an inducer of P53. Indeed their knocked down abolished the Nutlin-3 induction of 

transcription of the P53-target genes (Melo et al., 2013). A similar scenario was observed 

following activation of estrogen-responsive genes in MCF7 cells (Li et al., 2013). 

Treatment of MCF7 cells with estradiol (E2) induced the binding of estrogen receptor alpha 

(ER-alpha) to a large number of extragenic binding sites that transcribed for eRNAs. 

These eRNAs are transcribed bi-directionally and their abolishment diminished the E2-

induced activation of their target genes. Indeed they demonstrated that in the case of the 

FOXC1 enhancer, involved in the activation of FOXC1 gene, only the sense strand of the 

eRNA has the capacity to enhance the transcription of the gene (Li et al., 2013).  

Furthermore genome-binding site and RNA-seq studies during myoblast differentiation 

have also demonstrated that the master genes, MyoD and Myogenin, also bind to 
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extragenic sites inducing the expression of many eRNAs. In particular the knocking down 

of eRNAs transcribed from the two super-enhancers of MyoD gene, the Core enhancer 

region (CE, CEeRNA) and the distal regulatory region (DRR, DRReRNA), results in the 

perturbation of the myoblast differentiation, affecting MyoD or Myogenin expression 

respectively (Mousavi et al., 2013). However, while these eRNAs are transcribed bi-

directionally only one strand is able to activate the target genes expression (Mueller et al., 

2015; Scionti et al., 2017). 

Conversely the nuclear receptor Rev-Erbs is also binding to enhancers and results in 

repression of eRNAs expression, leading to silencing of the targeted genes (Lam et al., 

2013). Significantly, they also show that only one strand of the eRNA is involved in the 

activating function, which leaving open the question of the functional importance of the 

other strand. 

All together these data suggest eRNAs to be part of a genome-wide activity-dependent 

epigenetics mechanism. 

 

Mechanism of eRNAs action 

 

Until now many evidences have suggested that eRNA transcripts per se can play 

functional roles, however, it is currently not clear whether these functions are primarily 

performed in trans or in cis. The Chromatin interaction studies have demonstrated that 

enhancers, which are responsible of looping with promoters of protein-coding genes, 

possess higher expression of eRNAs (Lin et al., 2012; Sanyal et al., 2012). Such studies 

have suggested a potential role of eRNAs in the process of proper formation of 

chromosomal looping between enhancers and gene promoter. Recent experiments have 

suggested that two multi-protein complexes, Mediator and Cohesin, play an important role 

in such stimulus-dependent chromatin looping (Kagey et al., 2010; Kim et al., 2015; 

Phillips-Cremins et al., 2013). More importantly, these experiments have suggested a role 

for eRNAs in either the establishment or the maintenance of enhancer–promoter contacts 

(Figure 15). 
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Figure 15: Cartoon of eRNA functional activity in cis (Lai and Shiekhattar, 2014). 

 

On the other hand it has been proposed that eRNA transcripts facilitate RNA PolII 

recruitment to the promoter of the target gene. Consistent with this hypothesis the 

CEeRNA has been demonstrated to act in cis improving the RNA PolII recruitment on the 

MyoD promoter at the onset of myoblast differentiation (Mousavi et al., 2013; Scionti et al., 

2017). Thus, absence of CEeRNA decreased RNA PolII recruitment at the promoter and 

gene body of MyoD. Furthermore it has also demonstrated that Arc eRNA facilitates the 

dissociation of NELF complex from paused RNA PolII which can be phosphorylated and 

thus able to transcribe (Schaukowitch et al., 2014)(Figure 16). 

 

 

Figure 16: Schematic model of Arc eRNA action upon neural activity (Schaukowitch et al., 2014) 
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Even if eRNAs mediate expression of other genes in trans has not been systemically 

addressed, several observations suggest this possibility through the differential recruitment 

of protein complexes by eRNAs at promoter regions. For instance, in 2006 it has been 

demonstrated that the intergenic region Dlx-5/6 transcribes for an eRNA Evf-2 which 

increases the transcriptional activity of the DLX2 protein, which in turn enhance the activity 

of the Dlx-5/6 enhancer region (Feng et al., 2006). Moreover very recently knocking down 

the DRReRNAs has resulted in a down-regulation of MYOD target genes, such as 

Myogenin (Mousavi et al., 2013; Mueller et al., 2015).  

Taken together these results suggest how eRNAs can also exert their function as co-

activator of master regulatory genes (Figure 17). 

 

 

 

Figure 17: Schematic model of eRNAs mechanism of action for the transcriptional regulation of MyoD and 

Myogenin genes (adjusted from (Buckingham and Rigby, 2014)). 
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LSD1 and PHF2 role during muscle denervation in vivo  

 

Previous laboratory results have shown that in muscle the gene repression by electrical 

activity is mediated by a global inhibition of histone acetylation in muscle fibers, mediated 

by the histone deacetylase 9 (HDAC9) (Mejat et al., 2005). Muscle denervation eliminating 

electrical activity and the associated transcriptional repression, induces the activation of 

Myogenin expression all along the muscle fibers, and provokes a strong histone hyper 

acetylation in all muscle nuclei. Immunofluorescence experiments with anti H3K9me2 

antibodies performed with innervated muscle fibers revealed that this modification, 

associated to transcription repression, was specifically absent in subsynaptic nuclei 

whereas it was present in extra synaptic nuclei. The same experiments performed on 

denervated muscle fibers revealed that in the absence of innervation, H3K9me2 

disappeared from extra synaptic nuclei, concomitantly to the activation of Myogenin gene 

expression. To identify the demethylases responsible of this change, RT-PCR approach 

has been used to compare the expression of histone demethylases in innervated and 

denervated muscle and the expression of Lsd1 and Phf2 came out increased in 

denervated muscle (Figure 18A). This result was confirmed at protein level by western 

blot analysis (Figure 18B). 

 

Figure 18: A) Lsd1 and Phf2 expression evaluated by RT-PCR on 4 innervated and denervated (48h) tibialis 

anterior muscles. B) Kinetics of total LSD1 and PHF2 protein expression after denervation at tibialis anterior 

muscle at different time-point. 
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Consistent with recent studies, which focus on the crucial role of epigenetic mechanisms in 

tissue differentiation we have decided to deeply study the role of LSD1 and PHF2 in 

skeletal muscle differentiation.   
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Summary 

 

MyoD is a master regulator of myogenesis. Chromatin modifications required to 

trigger MyoD expression are still poorly described. Here we demonstrate that the histone 

demethylase LSD1/KDM1a is recruited on the MyoD core enhancer upon muscle 

differentiation. Depletion of Lsd1 in myoblasts precludes the removal of H3K9 methylation 

and the recruitment of RNA polymerase II on the core enhancer, thereby preventing 

transcription of the non-coding enhancer RNA required for MyoD expression (CEeRNA). 

Consistently, Lsd1 conditional inactivation in muscle progenitor cells during 

embryogenesis prevented transcription of the CEeRNA and delayed MyoD expression. 

Our results demonstrate that LSD1 is required for the timely expression of MyoD in limb 

buds and identify a new biological function for LSD1 by showing that it can activate RNA 

polymerase II-dependent transcription of enhancers. 

 

Keywords: MyoD, LSD1, Enhancer RNA, Chromatin modifying enzyme. 
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Introduction 

 

During development, somatic progenitor cells engage into differentiation to form organs. In 

adult tissues, stem cells, which have self-renewal capacities, differentiate to maintain 

tissue homeostasis or to repair damages. The balance between self-renewal and 

differentiation has to be tightly controlled to allow adequate development and prevent 

aberrant growth of tissues. The switch between self-renewal and differentiation states is 

associated with profound changes in gene expression and global genomic rearrangements. 

Activation and repression of enhancer elements embedded in chromatin are instrumental 

to orchestrate these changes. Extensive studies on the role of chromatin modifications in 

the regulation of cell stemness and differentiation have demonstrated the importance of 

histone modifications and enzymes involved in the control of lysine methylation have 

particularly emerged as key regulators of cell fate (Agger et al., 2007; Amente et al., 2013; 

Pereira et al., 2010; Rajasekhar and Begemann, 2007; Zylicz et al., 2015).    

Lysine specific demethylase 1 (LSD1, AOF2, KDM1A) is a monoamine oxidase that can 

de-methylate mono- and di-methylated lysine 4 and 9 residues of the N-terminal of histone 

H3 (H3K4Me1, H3K4Me2 and H3K9Me1, H3K9Me2), thus promoting either transcriptional 

repression or activation (Metzger et al., 2005; Mulligan et al., 2011; Shi et al., 2004; Yang 

et al., 2006). Whole genome distribution studies have shown that in stem cells, LSD1 

preferentially localizes at enhancers, where it represses the enhancers involved in 

stemness maintenance at the onset of differentiation (Whyte et al., 2012). Functional 

approaches using Lsd1 inactivation in mouse have also demonstrated the involvement of 

LSD1 in the engagement of progenitor cells into differentiation (Wang et al., 2007). The 

requirement of LSD1 for differentiation of progenitor cells can be explained by the need to 

decommission stemness enhancers to allow differentiation (Whyte et al., 2012).  One of 

the best-characterized examples of how progenitor cells multiply and differentiate to form 

functional organs is myogenesis. The complex signaling and transcriptional cascades that 

control the specific timing expression of muscle-specific regulatory genes have been 

extensively studied. Among these factors, MYOD is a key regulator of the engagement into 

differentiation of muscle progenitor cells (Conerly et al., 2016; Tapscott et al., 1988). 

Conversely to the abundant knowledge accumulated on how MYOD affects chromatin 

organization to promote muscle cell differentiation (Bergstrom et al., 2002; Berkes and 

Tapscott, 2005; de la Serna et al., 2005; Forcales et al., 2012; Sartorelli et al., 1997; 

Tapscott, 2005), the chromatin changes on the MyoD promoter that trigger MyoD 
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expression, still lack an in depth understanding. Among the regulatory regions of MyoD, 

the Core Enhancer region (CE), located about 25 kb upstream the MyoD promoter, has 

been demonstrated to control the initiation of MyoD expression during myoblast 

commitment (Asakura et al., 1995; Chen and Goldhamer, 2004; Chen et al., 2001; 

Goldhamer et al., 1995). Recent findings regarding the transcriptional initiation of MyoD 

gene have shown that many different factors bind the CE (Andrews et al., 2010; L'Honore 

et al., 2010; Relaix et al., 2013). Moreover, involvement of epigenetic remodeling in the 

activation of the CE have been demonstrated by in vitro studies that showed the 

requirement of histone variant H3.3 deposition on the CE for proper expression of MyoD in 

differentiating myoblasts (Yang et al., 2011). Consistent with the association of H3.3 with 

transcriptionally active regions, it has been discovered that the CE region was transcribed 

to produce a non-coding RNA enhancer (CEeRNA) playing a key role in MyoD expression 

during early differentiation steps (Mousavi et al., 2013).  

On this basis, we decided to investigate the possibility that LSD1 could regulate positively 

or negatively the core enhancer of MyoD and therefore the initiation of MyoD expression in 

muscle precursor cells. LSD1 inhibition in myoblasts drastically decreased MyoD up-

regulation indicating that LSD1 might be involved MyoD expression control. Further 

functional and ChIP experiments revealed that upon induction of differentiation, LSD1 was 

recruited on the MyoD core enhancer where it promoted the expression of the CEeRNA, 

which consequently controlled the timely transcription of MyoD. Finally, the involvement of 

LSD1 in the regulation of CEeRNA expression during myogenesis was provided by 

conditional inactivation of Lsd1 in muscle precursor cells using a Pax3-cre knock-in mouse 

strain (Engleka et al., 2005; Li et al., 2000). LSD1 conditional inactivation in PAX3 positive 

cells recapitulated the effect of the deletion of the MyoD core enhancer (Chen and 

Goldhamer, 2004; Chen et al., 2001). The expression of the CEeRNA and MyoD in the 

forelimbs at embryonic day E10.5 was drastically reduced. Altogether, our results indicate 

that during muscle cell commitment, LSD1 is necessary for MyoD core enhancer 

expression. LSD1 is required to prevent H3 lysine 9 (H3K9) tri-methylation and recruit 

RNA polymerase II for the transcription of an essential non-coding RNA enhancer. 
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Results 

 

LSD1 inhibition in cultured myoblasts prevents differentiation by affecting the 

timely increase of MyoD expression 

During C2C12 myoblast differentiation, an increase in LSD1 protein level was observed 

and coincided with that of MYOD protein and mRNA levels (Figure S1). Thus, we asked if 

LSD1, by modulating MyoD expression, could play a role in the entry of muscle cells into 

the differentiation process.  

To test our hypothesis, LSD1 activity was inhibited in cultured myoblasts with the two 

LSD1 inhibitors Pargyline and OG-L002 (Figure S2A and B) (Choi et al., 2010; Liang et al., 

2013; Metzger et al., 2005). After 72 hours in differentiation medium (DM), C2C12 

myoblasts treated with Pargyline or OG-L002 showed a dose-dependent decrease of 

MyoD expression (Figure S2C), indicating that LSD1 de-methylase activity was required 

for the increase of MyoD expression. To further investigate the mechanism of action of 

LSD1 on MyoD transcription, C2C12 cells were stably transduced with a lentivirus 

expressing either an shRNA directed against LSD1 (named shLSD1) or a control shRNA 

(named shSCRA) (Figure S3A). Consistent with previous reports (Choi et al., 2010; 

Munehira et al., 2016), while shSCRA and shLSD1 cells had identical growth rates (Figure 

S3B) and reached the same density after 72 hours in DM (Figure S3C), shLSD1 cells 

showed a marked reduction in their ability to fuse and form myotubes (Figure S3D). Only 

3% of shLSD1 cells underwent fusion, with the majority of myotubes containing only 2 to 5 

nuclei, whereas 63% of shSCRA myoblasts formed myotubes, most of them containing 

more than 10 nuclei (Figure S3E and F). As previously reported, this lack of differentiation 

was paralleled by a reduction of both Myogenin protein (Figure S3G), and mRNA levels 

(Figure S3H) (Cheng et al., 2014; Choi et al., 2010). In addition, shLSD1 cells as well as 

primary fetal satellite cells (FSC) transiently infected with LSD1 shRNA, showed a 

dramatic decrease of MyoD mRNA level (Figure 1A and B), strongly suggesting that LSD1 

and its catalytic activity are required at early stages of differentiation to up-regulate MyoD 

expression.  

 

LSD1 is recruited on the MyoD Core Enhancer during differentiation 

So far three regulatory regions have been identified to independently control MyoD 

expression: the proximal promoter, the distal regulatory region (DRR) and the core 

enhancer (CE) (Asakura et al., 1995; Goldhamer et al., 1995). While the DRR region is 



 

 49

required to maintain MyoD expression in differentiating muscle cells, the CE region 

controls the initiation of MyoD expression in newly determined myoblasts, (Asakura et al., 

1995; Chen et al., 2001; Goldhamer et al., 1995). To further examine the regulatory role of 

LSD1 on the MyoD transcription we performed ChIP experiments on shSCRA myoblasts. 

In our in vitro model, 72 hours after switching cells to DM, MyoD expression reaches its 

maximal and myoblasts are committed to differentiate as evidenced by Myogenin 

expression (Figure 1A, Figure S1A-B and figure S3C). At that time, LSD1 was strongly 

enriched at the MyoD core enhancer (Figure 2A and Figure S4).  

Furthermore, the presence of LSD1 on the CE coincided with a reduction of the H3K9me2 

and H3K9me3 repressive marks, along with a reduction of H3K4me1. Similar ChIP 

experiments performed on shLSD1 myoblasts placed 72 hours in DM showed that 

conversely to what we observed in shSCRA cells the H3K9me3 repressive mark did not 

only fail to decrease, but strongly increased in shLSD1 cells (Figure 2B).  

Previous ChIP-seq studies have suggested that transcriptional enhancers are associated 

with high level of H3K4me1 (Heintzman et al., 2009). Pekowska and colleagues further 

demonstrated that H3K4me1 is not indicative of enhancer activity but that there is a 

functional link between enhancer activity and H3K4me3 enrichment (Pekowska et al., 

2011). Interestingly the presence of LSD1 positively correlates with a strong increase of 

the activation mark H3K4me3 (Figure 2B) in that region after 72 hours in DM. Consistently, 

by analyzing two published ChIP-seq data (Asp et al., 2011; Mousavi et al., 2012), we 

observed an enrichment of H3K4me3 in the CE region during myoblast differentiation 

(data not shown). Altogether, these results pointed to a central role of LSD1 in the 

activation of the CE region.  

 

LSD1 participates to the activation of the CEeRNA transcription 

Activation of the CE region was recently shown to trigger the transcription of the CEeRNA 

that improves the recruitment of RNApolII on the MyoD proximal promoter and thus 

participates to the timely increase of MyoD expression and myoblast differentiation 

(Mousavi et al., 2013). A possible role of LSD1 in the transcription of the CEeRNA was 

investigated. Seventy-two hours in DM induced a significant increase of the of CEeRNA 

level in shSCRA cells (Figure 3A) whereas it remained unchanged in shLSD1 cells as well 

as in myoblasts treated with Pargyline or OG-L002 (Figure 3B). Accordingly, FSC 

transduced with LSD1 shRNA (Figure 3C) failed to activate CEeRNA expression during 

differentiation. Consistently, RNApolII was less enriched on the CE and near the MyoD 
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transcription start site (TSS) in shLSD1 cells than in shSCRA myoblasts after 72 hours in 

DM (Figure 3D).  

To ensure that the inhibition of CEeRNA expression was due to the knockdown of LSD1, 

rescue experiments were performed by expressing either a human wild-type LSD1 

(hLSD1) or a catalytically inactive LSD1 mutant (hLSD1 K661A; (Lee et al., 2006)) that are 

not targeted by the mouse LSD1 shRNA (Figure 3E). Expression of hLSD1 efficiently 

restored the expression of the CEeRNA after 72 hours in DM in shLSD1 cells. Conversely, 

the hLSD1 K661A mutant failed to rescue the CEeRNA expression (Figure 3F). These 

results demonstrate the requirement of LSD1 and of its de-methylase activity for the 

activation of the CEeRNA expression.  

To determine if allowing transcription of the CEeRNA is the main function of LSD1 in the 

activation of MyoD expression, the CEeRNA was overexpressed in shLSD1 cells and their 

ability to differentiate was explored. ShLSD1 myoblasts were transfected with either an 

empty vector, or CEeRNA expression vectors (Figure 4A and Figure S5A). After 72 hours 

in DM, examination of MyoD mRNA levels revealed that neither the empty vector, nor the 

vector containing the CEeRNA cloned in the + orientation rescued MyoD expression in 

shLSD1 cells (Figure 4B). Conversely, in shLSD1 cells transfected with the vector 

expressing the CEeRNA (- strand), MyoD expression was restored to the same level than 

in shSCRA cells (Figure 4B). Consistently, MYOD protein levels were also restored in 

these cells (Figure 4C and Figure S5B-C). Moreover, expression of the CEeRNA (- strand) 

in shLSD1 cells allowed a 10-fold improvement of their ability to form myotubes (Figure 

5A-B). Indeed, 30% of the cells fused to form myotubes with an average of 6 to 10 nuclei 

per myotube, whereas only 3% of the shLSD1 cells transfected with the empty or CEeRNA 

(+ strand) vectors underwent fusion (Figures 5B and C). In conclusion, our data 

demonstrate that LSD1 controls MyoD expression during myoblast differentiation via the 

activation of the CEeRNA transcription.  

 

Lsd1 inactivation in muscle precursor cells prevents the timely expression of MyoD   

The CE region upstream of the MyoD locus has long been known to control the 

spatiotemporal pattern of expression of MyoD during embryogenesis (Chen and 

Goldhamer, 2004; Chen et al., 2001). In vivo, removing the core enhancer from the MyoD 

regulatory regions induces a temporary inhibition of MyoD expression. At embryonic day 

(E) 11.5, a mild reduction of MyoD expression in the somites and a major impairment of 

MyoD expression in the forelimbs can be observed, indicating that in the forelimb region 
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MyoD expression is Core-enhancer dependent (Chen and Goldhamer, 2004). One day 

later, MyoD expression is back to normal (Chen and Goldhamer, 2004; Chen et al., 2001). 

LSD1 immunofluorescence on E11.5 control embryo transverse sections showed that 

LSD1 was more expressed in muscle progenitors (PAX3 positive cells) in the forelimb than 

in the somite region (Figure 6A). To evaluate the requirement of LSD1 for CE dependent-

MyoD expression in vivo, we conditionally ablated Lsd1 in muscle progenitors (LSD1 cKO, 

Figure S6A) by crossing Lsd1tm1Schüle mice carrying a new conditional allele for Lsd1 

deletion engineered in the Schüle group (Zhu et al., 2014) and Pax3Cre/+ mice (Engleka et 

al., 2005; Li et al., 2000). In situ hybridization on E11.5 LSD1 cKO embryos showed that 

LSD1 inactivation in muscle progenitor cells resulted in a mild and strong temporary 

impairment of MyoD expression in the somites and in the forelimbs respectively (Figure 

6B). Indeed at E12.5, MyoD expression was restored to the same levels observed in 

control embryos (Figure 6B). In vivo ablation of LSD1 fully mimics that of the core 

enhancer. Of note, other PAX3-expressing cells, such as the neural crest derived lineage, 

were not affected as seen with Sox10 expression (Figure S6B). To confirm MyoD down-

regulation, western blot experiments were performed on E11.5 LSD1 cKO and control 

embryo total protein extracts.  MYOD protein level was reduced in the absence of LSD1 

(Figure S6C). No alteration of PAX7 and MYF5 protein levels were observed (Figure S6C), 

supporting the idea that at early stages of muscle progenitor differentiation LSD1 

specifically controls MyoD expression but does not affect the expression of other early 

myogenic determination factors. This would explain why in the absence of MYOD (Conerly 

et al., 2016; Rawls et al., 1998) and LSD1 myogenesis is delayed but ultimately proceeds. 

To evaluate the impact of LSD1 inactivation on the proportion of progenitors that turned on 

MyoD expression, MYOD and PAX3 positive cells in the forelimb of E11.5 embryos were 

visualized by immunofluorescence. Counting PAX3 and MYOD positive cells revealed that 

the percentage of MYOD positive cells in the forelimb at E11.5 was significantly lower in 

LSD1 cKO compared to control (Figure 6C). Consistent with the delay in MyoD expression 

and with the previously reported role of LSD1 on Myogenin activation (Cheng et al., 2014; 

Choi et al., 2010), a strong reduction in Myogenin expression was observed in LSD1 cKO 

forelimbs at E11.5 (Figure S6C-D).  

 

Lsd1 inactivation in muscle precursor cells prevents CEeRNA expression   

In vitro results indicated that the control of MyoD expression by LSD1 was mediated by the 

expression of the CEeRNA. CEeRNA expression was therefore evaluated in E10.5 control 
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and LSD1 cKO embryos, both by in situ hybridization and by RT-qPCR on dissected 

forelimbs. Both approaches showed that in LSD1 cKO embryo forelimbs, CEeRNA and 

MyoD mRNA levels were dramatically reduced (Figures 7A-B and Figure S7B). Consistent 

with our in vitro results, only the CEeRNA (- strand) was significantly expressed in the 

forelimb region (Figure S7A). These results demonstrate that in vivo LSD1 is essential for 

the MyoD core enhancer transcription in muscle cells commitment.  

 

Discussion  

 

Although the action of MYOD on chromatin remodeling during muscle differentiation has 

been extensively studied, still little is known about the chromatin remodeling events 

associated with the increase of MyoD expression. The core enhancer of MyoD is required 

for the initiation of MyoD expression in newly determined myoblasts (Asakura et al., 1995; 

Chen and Goldhamer, 2004; Chen et al., 2001; Goldhamer et al., 1995). In this work, we 

have demonstrated that LSD1 is required for the transcription of the CEeRNA from the 

Core Enhancer region. So far, LSD1 is the first chromatin-modifying enzyme identified to 

regulate the activity of the core enhancer of MyoD. 

The inhibition of myoblast differentiation and of CEeRNA expression by two different LSD1 

pharmacological inhibitors (Pargyline and OG-L002) or a catalytically inactive LSD1 

mutant shows that LSD1 enzymatic activity is required to increase MyoD expression. 

However, the loss of H3K9 tri-methylation cannot be directly attributed to LSD1 enzymatic 

activity, suggesting that LSD1 might work together with other histone de-methylases to 

prevent H3K9 tri-methylation upon differentiation. Consistently, the absence of LSD1 in 

differentiating myoblasts induced a strong increase in H3K9 tri-methylation (Figure 2B). 

Increased H3K9me3 in the absence of LSD1 could be due to the fact that LSD1 prevents 

H3K9 tri-methylation by removing mono- and di-methylation, or/and that LSD1 prevents 

the recruitment/activity of a methyl transferase. This possibility would fit with the idea that 

LSD1 belongs to large multiproteic complexes and could affect the composition of the 

complexes recruited on the core enhancer.   

Indeed, the function of histone de-methylases is not only defined by their active site. Both 

interactions with the histone substrates and with protein partners can profoundly affect 

substrate specificity and activity (Cai et al., 2014; Metzger et al., 2010; Metzger et al., 

2005; Shi et al., 2005). In addition, LSD1 could also de-methylate non-histone substrates, 

such as components of co-activator complexes. Regarding H3K4 methylation, as part of 
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co-activator complexes LSD1 could favor RNA polymerase II recruitment, which comes 

along with the COMPASS complex that catalyzes H3K4 tri-methylation (Dehe and Geli, 

2006; Terzi et al., 2011). In the absence of LSD1, RNA polymerase II recruitment on the 

MyoD Core enhancer is reduced and the level of H3K4 tri-methylation is strongly impaired 

indicating that LSD1 could be required for RNA polymerase II recruitment on the Core 

enhancer of MyoD.  

In 2013, Mousavi et al., have shown that transcription of the core enhancer by RNA 

polymerase II generated a non-coding enhancer RNA that promoted the recruitment of 

RNA polymerase II on the proximal promoter of MyoD (Mousavi et al., 2013). However, 

which strand of the CEeRNA had to be transcribed to regulate MyoD transcription 

remained unknown. Our results show that only the transcription of the minus strand of the 

CEeRNA promotes MyoD transcription and that in forelimbs, only this strand is expressed. 

Whether this is due to unidirectional transcription of the core enhancer or to different 

stabilities of the RNA transcribed from the plus and minus strands remains an open 

question. 

Recently, LSD1 was shown to bind and activate enhancers stimulated by androgen 

receptors (AR-stimulated enhancer) (Cai et al., 2014). However, the mechanism described 

in that case was different from the one we report here. While activating the transcription of 

AR-dependent genes, LSD1 still catalyzed H3K4 de-methylation on AR-stimulated 

enhancers. Our study shows that LSD1 can have a different enhancer-activating activity, 

which involves H3K4 methylation via RNA polymerase II recruitment on transcribed 

enhancer.  

Several observations argue in favor of the idea that the main function of LSD1 during 

muscle cells engagement is the timely control of MyoD expression via the activation of the 

CEeRNA: i) LSD1 inactivation effect can be efficiently rescued by the expression of the 

CEeRNA (- strand), ii) LSD1 inactivation in mouse muscle progenitors inhibits the 

expression of the CEeRNA and mimics MyoD core enhancer deletion phenotype, iii) LSD1 

inactivation does not interfere with the alternative mechanisms that allow delayed muscle 

differentiation in the absence of MyoD, indeed the expression of other muscle 

determination factors such as PAX7 and MYF5 is not affected by the inactivation of LSD1.  

The specific action of LSD1 in the early steps of differentiation does not exclude the 

possibility that LSD1 may also be involved in later stages of muscle differentiation. Indeed, 

LSD1 has been shown to directly regulate Myogenin expression in cultured myoblasts 

(Cheng et al., 2014; Choi et al., 2010). This could explain why in the rescue experiments 
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with the CEeRNA, Myogenin expression is only partially rescued (figure S5B). This would 

also explain why although expression of the CEeRNA efficiently restored myoblast fusion 

in the absence of LSD1, myotubes remained thinner and incorporated less nuclei than 

control cells (figure 5).  

In conclusion, our data show that LSD1 is required for the timely expression of MyoD via 

the activation of the MyoD core enhancer. More generally, our results indicate that in 

addition to repress stemness enhancers, LSD1 can participate to cell engagement into 

differentiation by activating pro-differentiation enhancers. This raises the question of the 

mechanisms that drive LSD1 to selectively silence stemness enhancers and/or activate 

pro-differentiation enhancers upon progenitor cell commitment.   

 

Experimental Procedures 

 

Cell lines, culture conditions, infection and transfection  

C2C12 mouse myoblasts were maintained as myoblasts in growth medium (GM): 

Dulbecco modified Eagle medium, supplemented with 15% fetal calf serum and antibiotics. 

Primary fetal satellite cells (FSC) were maintained on Matrigel coated dishes in growth 

medium (GM): Dulbecco modified Eagle medium F12, supplemented with 20% fetal calf 

serum, 5 ng/ml of FGF and antibiotics. C2C12 cells and FSC cells were differentiated into 

myotubes by replacing GM with media containing 2% horse serum with antibiotics 

(differentiation medium, DM). For stable knockdown of Lsd1 in C2C12 cells, lentiviral 

vector containing the mouse Lsd1-targeting sequence pLKO.1-sh-LSD1 

(TRCN0000071377, ShLSD1), purchased from Open Biosystem, was used. As a 

scrambled control (shSCRA), the pLKO.1 vector SHC016V purchased from Sigma-Aldrich 

was used. Twenty-four hours after lentiviral infection, C2C12 were selected with puromycin 

(1µg/ml) for fourteen days. To avoid problems with clonal variation, all the clones (50–100 

per transfection) were pooled and then used for experiments.  

Primary fetal satellite cells were infected with the pLKO.1-sh-LSD1 (FSC shLSD1) and 

with the pLKO.1 vector SHC016V (FSC shSCRA). Twenty-four hours after lentiviral 

infection, FSC were induced to differentiate.  

Pargyline (1mM) and OG-L002 (5µM, 7µM or 10 µM) were added to C2C12 cells 

concomitantly to DM and again 48 hours after.  

Cell transfections with pRNAT vector (pRNAT-CMV3.1/Neo by GenScript), CEeRNA 

vectors were performed as follows: 300,000 shSCRA and shLSD1 cells were seeded in 35 
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mm petri dishes. Three hours later, shSCRA cells were transfected with pRNAT empty 

vector, shLSD1 cells were transfected with pRNAT empty vector or CEeRNA (+ strand) or 

CEeRNA (- strand) with jetPRIME® (polyplus transfection) according to manufacturer’s 

instructions. Twenty-four hours after transfection, cells were seeded (150,000 cells per 35 

mm petri dishes) in DM for 72 hours for RNA or protein analysis and 120 hours for nuclei 

counting. Cell transfections with hLSD1 and hLSD1 K661A plasmids were performed as 

previously described. Twenty-four hours after transfection, cells were seeded (150,000 

cells per 35 mm petri dishes) in DM for 72 hours for RNA or protein analysis. 

 

Cloning  

CEeRNA constructs were generated with the Phusion Green High-Fidelity DNA 

Polymerase (Thermo Scientific) and confirmed by DNA sequencing. The full length 

CEeRNA was cloned in the pRNAT vector (pRNAT-CMV3.1/Neo by GenScript) in the 

sense [CEeRNA (+ strand)] and antisense [CEeRNA (- strand)] orientations under the 

control of the strong H1 promoter, using the BAMHI site. For oligonucleotides details, see 

also supplemental experimental procedures. 

 

Real-Time PCR (RT-qPCR)  

Total RNA was isolated from cultured cells grown in 100-mm dishes using Trireagent 

(Sigma). RNA was analyzed by real-time PCR using QuantiFast SYBR® Green PCR Kit 

(Qiagen). Relative gene expression was determined using the ∆Ct method. Total RNA 

from dissected forelimbs and heads of control and LSD1cKO embryos at E10.5 was 

isolated using the RNeasy Micro Kit (Qiagen) according to the manufacturer’s instructions. 

For oligonucleotides details, see also supplemental experimental procedures. 

 

Immunoblotting  

Proteins were extracted from total embryos and cells and quantified using the DCTM 

Protein assay (Bio-Rad). Total proteins were separated by 10% SDS-PAGE 

electrophoresis and transferred onto PVDF Immobilon®-P membranes (MilliporeTM). 

Immunoblots were performed with the ECL PLUS reagent (Amersham or GE Healthcare) 

according to the manufacturer’s instructions. For antibodies details, see also supplemental 

experimental procedures. 
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ChIP- Chromatin ImmunoPrecipitation 

1 x 107 C2C12 cells were incubated in 1% formaldehyde on a rotating wheel for 10 

minutes at room temperature. Reactions were stopped by adding glycine at a final 

concentration of 0,125 M and incubated on a rotating wheel for 10 minutes at room 

temperature. After PBS wash, pellet was dissolved in ice-cold cell lysis buffer (5mM PIPES, 

85mM KCl, 0,5% NP40) and incubated on ice for 10-20 minutes. Nuclei were centrifuged 

at 3000 rpm for 5 minutes at 4°C, dissolved in ice-cold RIPA (150mM NaCl, 0,5% NaDoc, 

1% NP40, 0,1% SDS, 50mM TrisHCl) buffer and incubated on ice for 10-20 minutes. 

Nuclei were sonicated with a Bioruptor® PLUS combined with the Bioruptor® Water cooler 

(Diagenode). The size of chromatin fragments was checked. Chromatin was then pre-

cleared by incubation with Protein A-Sepharose® 4B fast flow (Sigma) for 15 minutes at 

4°C with constant rotation. After centrifugation, specific antibodies were added and rotated 

overnight at 4°C. Protein A-Sepharose® 4B fast flow (Sigma) was added and incubated 

with constant rotation for 30 minutes at room temperature. Beads were then washed and 

chromatin IP was de-cross-linked with Proteinase K at 65°C for 6 hrs. Chromatin IP and 

INPUT were extracted and dissolved in 10 mM TrisHCl pH 8. Three sites: Core enhancer, 

Negative and Transcriptional start site regions (CE, NEG and TSS respectively) were 

tested for RT-qPCR amplification. RT-qPCR data analysis for LSD1 and RNApolII IPs has 

been performed calculating the percentage of input for each genomic region and then data 

are shown as the relative enrichment to the control genomic region (NEG region) that does 

not interact with the protein of interest.  RT-qPCR data analysis for H3, H3K9me2, 

H3K9me3, H3K4me1 and H3K4me3 IPs has been performed as previously described. 

Data were also normalized to the occupancy of H3 in each genomic region and shown as 

the relative enrichment to the control genomic region (NEG region). For oligonucleotides 

details, see also supplemental experimental procedures. 

 

Nuclei counting and percentage of fusion 

The nuclei counting of myotubes was performed as follows. 300,000 shSCRA and shLSD1 

cells were seeded in 35 mm petri dishes. Three hours later, shSCRA cells were 

transfected with pRNAt empty vector, shLSD1 cells were transfected with pRNAt empty 

vector or CEeRNA (+ strand) or CEeRNA (- strand). 24 hours after transfection, cells were 

seeded (150,000 cells per 35 mm petri dishes) in DM for 120 hours. Cells were then fixed 

for 20 min in 4% PFA in PBS and washed 3 times in PBS-0,1% triton-X100 to permeabilize 

membranes. Cells were then incubated for 20 minutes with DAPI to stain nuclei and 
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washed 3 times in PBS. Cells were mounted with Vectashield and observed with a 

fluorescent microscope (AxioImager).  

 

Mouse breeding and embryo harvesting 

Lsd1tm1Schüle and  Pax3Cre/+ mice were previously described (Engleka et al., 2005; Li et al., 

2000; Zhu et al., 2014). All mouse handling, breeding, and sacrificing were done in 

accordance with European legislations on animal experimentation. Experimental mice 

(LSD1 cKO) were generated by crossing Pax3Cre/+:Lsd1tm1Schüle /+ males with Lsd1tm1Schüle 

females. The uterus was removed and placed into dishes filled with PBS. Individual 

embryos were collected and placed into 4% paraformaldehyde (PFA) in PBS overnight at 

4°C on a shaker for whole mount in situ hybridization and immunofluorescence or frozen in 

liquid nitrogen for protein extraction. 

 

Whole mount in situ hybridization  

Gentle rocking of embryos occurred during all following incubations. Embryos were fixed in 

4% PFA in PBS at 4°C overnight. Embryos were rinsed and dehydrated in a gradient of 

methanol mixed with PBS-T (PBS with 0.1% tween-20) (25%, 50%, 75% and 100% 

methanol) for 10 minutes each. Embryos were stored at -20°C in 100% methanol until 

needed. Embryos were returned to room temperature and rehydrated in a reverse gradient 

in methanol and PBS-T. Embryos were digested with proteinase-K/PBS-T and then fixed 

in 0.1% glutaraldehyde/4% PFA/PBS-T for 20 minutes. Following rinses in PBS-T, 

embryos were incubated in a 1:1 mix of PBS-T and hybridization buffer, followed by 100% 

hybridization buffer. Digoxygenin labeled RNA probe (Sassoon et al., 1989) was then 

added and incubated at 68°C overnight. Embryos were washed in 68°C pre-warmed 

hybridization mix at 68°C. Embryos were then incubated for 10 minutes as 68°C in a 1:1 

mix of hybridization mix and MAB-T buffer. Embryos were then washed in MAB-T at room 

temperature and then incubated in 2% boehringer blocking reagent (bbr) in MAB-T for 1 

hour at room temperature. Anti-digoxygenin-ap fab fragment (roche #11093274910) 

antibody was then added to a 1:2000 dilution and incubated overnight at 4°C. Following 

incubation with the anti-dig antibody, embryos were washed three times in MAB-T, 

followed by three days of washing in MAB-T, all at room temperature. After replacing 

NTMT with BM purple AP substrate (Sigma-Aldrich, cat #11442074001) color is developed 

to appropriate level, usually 6-8 hours. After color development level is reached, embryos 

were re-fixed in 4% PFA and stored at 4°C. The MyoD, Myogenin and Sox10 riboprobes 
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were synthesized as described previously (Hayashi et al., 2011; Sassoon et al., 1989). 

CEeRNA probe were generated by PCR amplification from genomic DNA using the 

following primers: Forward 5'-GGAGCACCCCACAACATGAGC-3' and Reverse 5'-

AGTCTGTGCGGGTGAGGCAG-3'. The resulting 516 bp fragment was subcloned in 

pGEMT-easy (Promega). Antisense and sense riboprobes were synthesized using the DIG 

RNA labeling kit (SP6/T7) (Sigma). 

 

Immunofluorescence  

Embryos and cells were fixed with 4% PFA at 4°C 2 hours with rotation and at room 

temperature 20 minute respectively. The embryos and cells were washed with cold PBS. 

The fixed embryos were processed through a sucrose gradient of 15% sucrose in PBS 

overnight, followed by 30% sucrose in PBS overnight. The processed tissue was placed 

into OCT compound and quickly frozen in dry ice cooled isopentane. The frozen tissues 

were cryosectioned at 12 microns, washed and then permeabilized with 100% methanol 

for 6 min at -20°C. Slides and cells were saturated in PBS, 0,5% Triton X-100, 5% BSA 

(PBS-B-T) for 1 hour at room temperature, before being stained at 4°C overnight with 

primary antibodies diluted in PBS-B-T. After three 10 min washes in PBS, 0,1% Triton X-

100, slides were incubated for 1 hour at room temperature with secondary antibody diluted 

in PBS-B-T. After three washes, slides and cells were counterstained with DAPI and 

mounted. Fluorescent images were acquired on a confocal microscope (Leica TCS SP5) 

and processed with Photoshop CS4 (Adobe system).  For antibodies details, see also 

supplemental experimental procedures. 

 

Statistical analysis  

Statistical significance was determined by Bonferroni test after one-way ANOVA analysis 

using the software Graph-Pad Prism version 5.00 for windows, Graph-Pad Software, San 

Diego, California, USA, www.graphpad.com. A p value of <0.05 was considered 

significant. 
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Figure Legends 

 

Figure 1: Inhibition of Lsd1 in cultured myoblasts drastically reduces MyoD 

expression  

MyoD mRNA levels A) in shSCRA and shLSD1 cells and B) Primary fetal satellite cells 

infected with an shRNA scrambled or an shRNA against LSD1 (respectively FSC shSCRA 

and FSC shLSD1) during differentiation. RT-qPCR values were normalized to the Ppib 

mRNA. mRNA levels are shown as the fold variation compared to shSCRA or FCS 

shSCRA cells at DM0. Data are represented as mean ± SEM of at least three experiments. 

**p < 0.01, ***p <0,001 (Bonferroni test after one way-ANOVA). See also Figure S1-S3. 

 

Figure 2: LSD1 recruitment on the MyoD Core enhancer region correlates with its 

activation.  

A) Localization of LSD1 at the Core Enhancer (CE) region of MyoD gene locus after 72 

hours in DM. ChIP analysis was performed on shSCRA cells with an anti-LSD1 antibody. 

Enrichment values were normalized to input. B) ChIP analysis of the CE region on 

shSCRA and shLSD1 cells at DM0 and after 72 hours in DM, using antibodies against 

H3K9me2, H3K9me3, H3K4me1 and H3K4me3. Enrichment values were normalized to 

input and to the occupancy of the core H3. Two sites: Core enhancer and Negative 

regions (CE and NEG respectively) were tested for RT-qPCR amplification. Data are 

shown as fold difference relative to the NEG region and represented as mean ± SEM of at 

least three experiments. **p < 0.01, ***p < 0.0005 (Bonferroni test after one way-ANOVA). 

See also Figure S4. 

 

Figure 3: Demethylase activity of LSD1 is required to promote CEeRNA transcription. 

CEeRNA expression in A) shSCRA and shLSD1 cells, B) control C2C12 cells treated with 

pargyline or OG-L002 and C) FSC shSCRA and FSC shLSD1 . RT–qPCR values were 

normalized to the Ppib mRNA levels, and are shown as the fold difference with DM0. D) 

Localization of RNApolII at the MyoD gene locus. ChIP analysis was performed on 
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shSCRA and shLSD1 cells after 72 hours in DM with an anti-RNA polII antibody. Three 

sites; Core enhancer, Negative and Transcriptional start site regions (CE, NEG and TSS 

respectively) were tested for RT-qPCR amplification. Enrichment values were normalized 

to input, and are shown as the fold difference relative to NEG region. E) Western blot 

analysis of LSD1 protein levels after 72 hours in DM in shSCRA, shLSD1, and shLSD1 

cells expressing wild type or hLSD1 K661A hLSD1. F) CEeRNA expression after 72 hours 

in DM in shSCRA, shLSD1 and shLSD1 cells expressing wild type or hLSD1 K661A 

hLSD1. RT–qPCR values were normalized to the Ppib mRNA levels, and are shown as 

the fold difference with shSCRA at DM0. Data are represented as mean ± SEM of at least 

three experiments. **p < 0.01, ***p < 0.0005 (Bonferroni test after one way ANOVA). 

 

Figure 4: LSD1 driven CEeRNA expression is required for MyoD expression. 

A) Schematic representation of pRNAT constructs expressing the CEeRNA used in rescue 

experiment. B) MyoD mRNA levels in shSCRA transiently transfected with empty pRNAT 

vector, and in shLSD1 cells transiently transfected with empty pRNAT vector, CEeRNA (- 

strand) or (+ strand) vectors after 72 hours in DM. RT–qPCR values were normalized to 

the Ppib mRNA levels, and are shown as the fold difference with shSCRA at DM0. Data 

are represented as mean ± SEM of at least three experiments.  *p < 0.05 (Bonferroni test 

after one way ANOVA) C) Confocal pictures showing MYOD immunostainings in shSCRA 

myoblasts transiently transfected with pRNAT empty vector, and in shLSD1 cells 

transiently transfected with pRNAT empty, CEeRNA (- strand) or CEeRNA (+ strand) 

vectors after 72 hours in DM. Scale bar: 20 µm. Data are representative of at least 3 

independent experiments. See also Figure S5. 

 

Figure 5: CEeRNA (- strand) overexpression rescues myotube formation in absence 

of LSD1. 

A) Representative images of shSCRA transiently transfected with empty pRNAT vector, 

shLSD1 transiently transfected with empty pRNAT vector, CEeRNA (+ strand) or CEeRNA 

(- strand) cells after 120 hours in DM. Scale bars represent 50 µm. B) Percentage of fused 

cells was calculated as the proportion of GFP positive cells containing two or more nuclei. 

C) Nuclei were counted in shLSD1 cells transfected with pRNAT empty, CEeRNA (-strand) 

or CEeRNA (+strand) (180, 132 and 102 cells, respectively) vectors, and in 110 shSCRA 

cells transfected with pRNAT empty vector. Graphs represent three different experiments. 
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Figure 6: LSD1 depletion spatio-temporally impairs MyoD expression during 

embryogenesis 

A) LSD1 and PAX3 immunostainings of transverse sections of E11.5 control embryos in 

forelimb and somite regions. Scale bars represent 100 µm. B) Whole-mount in situ 

hybridization for MyoD mRNA in Control and LSD1 cKO embryos at E11.5 and E12.5. 

Insets are higher magnification of the forelimb C) PAX3 and MYOD immunostainings in the 

forelimbs of E11.5 control and LSD1 cKO embryos. Scale bar: 50 µm. Right panel shows 

quantification of the relative proportion of PAX3 and MYOD-positive cells in control and 

LSD1 cKO forelimb shown in left panel and data are expressed as percentage over total 

immunostained cell population. Histogram data are means ± SEM. ***p < 0.01 (n = 3 

embryos for each condition) (Bonferroni test after one way ANOVA). See also Figure S6. 

 

Figure 7: LSD1 depletion impairs CEeRNA expression in vivo at E10.5 

A) Whole-mount in situ hybridization for CEeRNA using a sense probe in control and LSD1 

cKO embryos at E10.5. Insets are higher magnification of the forelimb region B) CEeRNA 

level in dissected forelimb and head from control and LSD1 cKO embryos at E10.5. RT–

qPCR values were normalized to the Ppib mRNA levels, and are shown as the fold 

difference with control head. ***p<0,0001 (6 control and 4 LSD1 cKO embryos) (Bonferroni 

test after one way ANOVA). See also Figure S7. 
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Figure S1. [LSD1 and MyoD expression during C2C12 myoblast differentiation], Related to Figure 1. 

A) Lsd1 and MyoD mRNA levels in C2C12 cells during differentiation. RT–qPCR values were normalized to the Ppib 

mRNA levels. mRNA levels are shown as the fold variation compared to C2C12 cells at DM0, i.e., in proliferation 

conditions. Data are represented as mean ± SEM of at least three experiments. B) LSD1, MYOD and MYOG 

immunoblots on C2C12 cell extracts during differentiation. GAPDH was used as a loading control. 
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Figure S2. [LSD1 demethylase activity is required to induce myoblast differentiation], Related to Figure 1. 

A) Percentage of C2C12 cell death at 24, 48 and 72 hours of differentiation after treatment with Pargyline 1mM and 

OG-L002 at three different concentrations (5µM, 7µM and 10µM). Measurements were made by cytometry analysis 

after cell suspension staining with propidium iodide. Data are represented as mean ± SEM of at least three experiments. 

B) Phase contrast images of Pargyline 1mM and OG-L002 (5µM and 7µM) treated C2C12 cells after 120 hours in DM. 

Percentage of fusion (PF), calculated as the proportion of cells containing two or more nuclei, are shown below the 

pictures. Scale bar: 50 µm. C) MyoD and Myog mRNA levels in C2C12 cells treated with Pargyline 1mM and OG-

L002 5µM and 7µM during differentiation. RT–qPCR values were normalized to Ppib mRNA levels, and are shown as 

the fold difference with C2C12 at DM0. Data are represented as mean ± SEM of at least three experiments. *p <0,01 

(Bonferroni test after one way ANOVA).  
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Figure S3. [Absence of LSD1 does not affect myoblast proliferation but impairs their differentiation], Related to 

Figure 1. 

A) Immunoblot for LSD1 on shSCRA and shLSD1 cell extracts showing the efficiency of the shRNA targeting LSD1. 

Tubulin was used as a loading control. B) shLSD1 and shSCRA cell numbers at DM0, DM 24hours and DM 48 hours. 

C) shSCRA and shLSD1 cell cycle analysis by cytometry after 72 hours in DM. D) pRNAT vector expressing GFP was 

transfected in shLSD1 and shSCRA myoblasts to help distinguish cell contours. Cells were allowed to differentiate in 

DM for 120 hours and were stained with DAPI to visualize nuclei. Transfected cells, identified by green fluorescence, 

were observed by epifluorescence microscopy. Representative images of GFP positive shLSD1 and shSCRA cells are 

shown. DAPI was changed to grey to allow better visualization. Scale bars represent 50 µm. E) The percentage of fused 
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cells was calculated as the proportion of GFP positive cells containing two or more nuclei. F) The number of nuclei in 

100 shLSD1- and 110 shSCRA- GFP positive cells was counted. G) MYOD and MYOG immunoblots on shSCRA and 

shLSD1 cell extracts. GAPDH was used as a loading control. H) Myog mRNA levels in shSCRA and shLSD1 cells 

during differentiation. RT–qPCR values were normalized to the Ppib mRNA levels, and are shown as the fold 

difference with shSCRA at DM0. Data are represented as mean ± SEM. **p < 0.01, ***p <0,001 (Bonferroni test after 

one way ANOVA). 

 

 

 

 

 

 

 
 

Figure S4. [Validation of LSD1 antibody], Related to Figure 2. 

Localization of LSD1 at the Core Enhancer (CE) region of MyoD gene locus after 72 hours in DM. ChIP analysis was 

performed on shSCRA and shLSD1 cells with an anti-LSD1 antibody. Ct values were normalized to input. Two sites 

Core enhancer (CE) and Negative regions (NEG) were tested for RT-qPCR amplification. Data are shown as relative 

enrichment to the NEG region. Data are represented as mean ± SEM of at least three experiments. ***p < 0.0005 

(Bonferroni test after one way-ANOVA). 
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Figure S5. [CEeRNA expression is required for MyoD expression], Related to Figure 4. 

A) CEeRNA mRNA levels in shSCRA transiently transfected with pRNAT empty vector, and in shLSD1 cells 

transiently transfected with empty pRNAT, CEeRNA (- strand) or CEeRNA (+ strand) vectors after 72 hours in DM. 

RT–qPCR values were normalized to Ppib mRNA levels and are shown as the fold difference with shSCRA at DM0. B) 

MYOD and MYOG immunoblots on extracts of shSCRA cells transiently transfected with empty pRNAT vector and 

shLSD1 cells transiently transfected with empty pRNAT or CEeRNA (- strand) vectors after 72 and 96 hours in DM. 

GAPDH was used as loading control. C) Relative MYOD protein levels were quantified using Image J software and 

compared to MYOD in shSCRA control cells. Data are represented as mean ± SEM of at least three experiments. *p < 

0.05, **p < 0.01. ***p < 0.005 (Bonferroni test after one way ANOVA). 
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Figure S6. [LSD1 deficiency does not affect peripheral nervous system development but delayed myogenesis in 

vivo], Related to Figure 6. 

A) LSD1 and PAX3 immunostainings of transverse sections of E11.5 control and LSD1cKO embryos in the neural tube 

(NT) and the somites (S). Scale bars represent 50 µm. B) Whole-mount in situ hybridization with a Sox10 RNA probe 

in control and LSD1 cKO embryos at E10.5. C) MYOD, PAX7, MYF5 and MYOG protein levels were analyzed by 

immunoblotting E11.5 control (n=2) and LSD1cKO (n=3) total embryo protein extracts. Relative protein levels were 

quantified using Image J software and compared to levels in control embryos. D) Whole-mount in situ hybridization 

with Myog probe in control and LSD1 cKO embryos at E11.5. Arrowheads show forelimbs. Close-up of the forelimb 

region (lower panels). 
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Figure S7. [CEeRNA (– strand) expression in control and LSD1cKO E10.5 embryos], Related to Figure 7. 

A)Whole-mount in situ hybridization with two CEeRNA RNA probes in E10.5 control embryos. Antisense probe 

hybridizes the CEeRNA (+ strand) while the sense probe binds the CEeRNA (– strand). Insets are higher magnification 

of the forelimb region. B) MyoD mRNA levels in dissected forelimbs and heads from control (n=6) and LSD1cKO 

(n=4) embryos at E10.5. RT–qPCR values were normalized to the Ppib mRNA levels. Data are represented as mean ± 

SEM. ***p < 0.005 (Bonferroni test after one way ANOVA). 
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Supplemental Experimental procedures 

List of oligonucleotides 

Gene or region Application 

  

Sense primer Antisense primer 

MyoD  RT-qPCR  AGCACTACAGTGGCGACTCA GCTCCACTATGCTGGACAGG 

Ppib  RT-qPCR  GATGGCACAGGAGGAAAGAG AACTTTGCCGAAAACCACAT 

CEeRNA  RT-qPCR  GCCAAGTATCCTCCTCCAGC  AAGCTGAGCACTCTGGGAGA 

Myog RT-qPCR CAATGCACTGGAGTTCGGTC ACAATCTCAGTTGGGCATGG 

MyoD TSS  ChIP  AGATAGCCAAGTGCTACCGC  CCAGGGTAGCCTAAAAGCCC 

MyoD NEG ChIP  CCCTTCATCCAGGGCACTAC  TTGGGAACCCAGCAGTAAGC 

MyoD CE  ChIP  CTAAACACCAGGCATGAGAGG  ACTCACTTTCTCCCAGAGTTGC 

CEeRNA  Cloning  CACGTGATGAAAAGTGAGGACA  TGACGTCACCAACAACGGTA 

CEeRNA ISH GGAGCACCCCACAACATGAGC AGTCTGTGCGGGTGAGGCAG 

List of antibodies 

Name Application Compagny 

Anti-LSD1 ChIP 5µg/IP 

IF 1:100 

Abcam 

Anti-LSD1 Western blotting 

1:1000 

Active motif® 

Anti-MYOD Western blotting 

1:500 

IF 1:200 

Santa-cruz 

Biotecnology® 

Anti-MYOG Western blotting 

1:200 

Santa-cruz 

Biotecnology® 

Anti-GAPDH Western blotting 

1:10000 

Cell signaling 

technology® 

Anti-H3K4me1 ChIP 5µg/IP MilliporeTM 

Anti-H3K4me3 ChIP 5µg/IP MilliporeTM 

Anti-H3K9me2 ChIP 5µg/IP Active motif® 

Anti-H3K9me3 ChIP 5µg/IP MilliporeTM 

Anti-H3 ChIP 5µg/IP Active motif® 

Anti-MYF5 Western blotting 

1:500 

Santa-cruz 

Biotecnology® 

Anti-PAX3 IF 1:100 DSHB 

Anti-PAX7 Western blotting 

1:200 

Santa-cruz 

Biotecnology® 

Anti-RNApol II ChIP 5µg/IP Abcam 

Anti-α Tubulin Western blotting 

1:20000 

Sigma 
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PHF2 and skeletal muscle differentiation in vitro  

 

Phf2 inhibition in cultured myoblasts prevents MyoD expression and myoblasts 

differentiation 

 

So far, no evidences have been shown to assess if PHF2 may be directly involved in 

skeletal muscle differentiation. During myoblasts differentiation, an increase in PHF2 

protein level was observed one day before the increase of the LSD1 and MYOD proteins 

level (Figure 19). Thus, we asked if PHF2 could play a role in the commitment of myoblast 

cells into differentiation process, modulating MyoD expression in muscle precursor cells.  

 

 

 

Figure 19: A) Phf2 mRNA levels in C2C12 cells during differentiation. RT–qPCR values were normalized to 

the Ppib mRNA levels. mRNA level is shown as the fold variation compared to C2C12 cells at DM0. Data are 

represented as mean ± s.d. B) PHF2, LSD1, MYOD and MYOG western blots on C2C12 cells during 

differentiation. 

 

For this purpose, I have tested 5 different shRNAs stably infecting C2C12 myoblasts with 

lentiviral vectors containing the mouse Phf2-targeting sequences (purchased from Open 

biosystem). As a control, the pLKO.1 vector SHC016V purchased from Sigma was used 

(Figure 20). These cell lines will be named shPHF2#0-4 and shSCRA respectively.  
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Figure 20: Specific shRNA-mediated knockdown of PHF2 in C2C12 cells.  

 

The shPHF2#1 and #2 cells are characterized by the lowest PHF2 protein expression 

compared to shSCRA cells, and have been used for all the myoblast differentiation 

experiments. Immunofluorescence experiments have also confirmed that PHF2 is mostly 

localized in the nucleus of cells and is efficiently ablated in shPHF2# 1and #2 cells (Figure 

21). 
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Figure 21: Nuclear localization of PHF2 in C2C12 cells. Immunofluorescence analysis. shSCRA, shPHF2#1 

and #2 cells were immunostained with a rabbit polyclonal PHF2 antibody (red) and their nuclei were stained 

with DAPI (grey). Scale bar: 10um. 

 

Then I asked whether Phf2 down-regulation could be involved in myoblast differentiation 

affecting myotube formation. Indeed, after 5 days shPHF2#1 and #2 cells showed reduced 

ability to fuse and form myotubes (Figure 22A).  

 

 

 

Figure 22: A) Phase contrast images of shSCRA, shPHF2#1 and shPHF2#2 cells after 5 days in 

differentiation medium. The percentage of fusion (PF) is the proportion of cells containing two or more nuclei. 

B) shSCRA, shPHF2#1 and shPHF2#2 cells were transfected with pRNAt vector grown in GM for 24 hours 

and induced to differentiate in DM for 5 days. Cells were fixed, stained with DAPI and analyzed by 

epifluorescence microscopy. Transfected cells expressed GFP. Nuclei were counted in 140 pRNAt-

transfected shPHF2#1 cells, 120 pRNAt-transfected shPHF2#2 and 110 pRNAt-transfected shSCRA.  
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Actually only about 20% of shPHF2#1 and #2 cells underwent fusion with the majority of 

myotubes (Figure 22A) with 2-5 nuclei (Figure 22B) whereas 63% of shSCRA cells 

formed myotubes containing more than 10 nuclei (Figure 22). These results are 

reminiscent of shLSD1 cells phenotype (Scionti et al., 2017) and are consistent with the 

increased Phf2 expression after in vivo denervation, supporting the hypothesis that PHF2 

has a key role during myoblast differentiation. 

As previously described during muscle differentiation there is a hierarchical relationship 

between MRFs whereby MYOD is implicated in commitment of myoblasts, while Myogenin 

acts to induce myocytes fusion into myotubes.  

Considering the effect of PHF2 on cell fusion and myotube formation I wondered whether 

PHF2 could affect the expression of MyoD. Thus shPHF2#1, #2 and shSCRA cells were 

induced to differentiate and mRNA and protein expression level of MYOD and Myogenin 

(MYOG) were monitored during 4 days after DM addition (Figure 23). 

 

 

 

Figure 23: A) mRNA expression levels of MyoD gene under shSCRA, shPHF2#1 and #2 during 

differentiation. RT–qPCR values were normalized to the expression levels of the Ppib gene, and are shown 

as the fold difference against shSCRA DM0. B) mRNA expression levels of Myogenin gene under shSCRA, 

shPHF2#1 and #2 during differentiation. RT–qPCR values were normalized to the expression levels of the 
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Ppib gene, and are shown as the fold difference against shSCRA DM0. All histogram data are means ± s.d. 

of triplicate results. *p < 0.01 **p < 0.002, ***p <0,0001 (Bonferroni test after ANOVA). C) Total MYOD and 

MYOG protein levels were determined by western blot during differentiation in shSCRA, shPHF2#1 and #2. 

 

As shown in Figure 23 during myoblast differentiation MyoD mRNA and protein level in 

shPHF2#1 and #2 cells is significantly lower compared to shSCRA cells. As expected 

Myogenin mRNA and protein level in shPHF2#1 and #2 cells does not reach the same 

level of shSCRA (Figure 23 B-C). 

These results clearly show that PHF2 depletion perturbs MyoD expression and muscle 

differentiation process.  

PHF2 is recruited on the MyoD core enhancer during myoblast differentiation 

 

Given the inhibition of MyoD expression I observed in vitro with the inactivation of Phf2 

during myoblasts differentiation, I investigated a possible direct involvement of PHF2 in the 

MyoD expression. ChIP experiments were performed with an anti PHF2 antibody to detect 

the presence of PHF2 on the core enhancer (CE), which is directly involved in the increase 

of MyoD expression (Mousavi et al., 2013).  

After 3 days in differentiation medium, PHF2 was strongly enriched on CE region 

compared to negative one (NEG) (Figure 24A). Interestingly, similarly to LSD1, the 

enzymatic activity of PHF2 cannot be responsible for the histone modification at the CE at 

the onset of differentiation (Scionti et al., 2017). However, the CEeRNA expression in 

shPHF2#1 and #2 myocytes after 3 days in DM is not increased compared to the level 

reached in the shSCRA cells and such difference is statistically different (Figure 24B). 

Taken together these results strongly support the idea that PHF2, as LSD1, controls MyoD 

expression through the activation of the CE region. 
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Figure 24: A) Localization of PHF2 at the Myod Core enhancer region. ChIP analyses were performed in 

C2C12 cells with an anti-PHF21 antibody. Two sites (CE; NEG) were tested for RT-qPCR amplification. 

Enrichment values were normalized to input, and shown as the fold difference relative to region NEG. Input 

(white bars) control IgG (light grey bars), anti-PHF2 antibody (dark grey bars). B) CEeRNA expression in 

shSCRA, shPHF2#1 and shPHF2#2 cells after 3 days of differentiation. RT–qPCR values were normalized 

to the expression levels of the Ppib gene, and are shown as the fold difference against shSCRA DM0. 

All histogram data are means ± s.d. of at least triplicate results. **p < 0.01. (Bonferroni test after ANOVA). 

 

PHF2 ablation affects LSD1 protein stability  

 

Since ablation of PHF2 phenocopies the one observed down-regulating LSD1 (Scionti et 

al., 2017) I tested the hypothesis that PHF2 affects CEeRNA expression indirectly 

regulating Lsd1 gene expression. Thus shPHF2#1, #2 and shSCRA cells were induced to 

differentiate and Lsd1 mRNA level was monitored during 4 days after DM addition. As 

shown in Figure 24, during myoblast differentiation the expression of Lsd1 is not affected 

by the ablation of PHF2 (Figure 25).  
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Figure 25: mRNA expression levels of Lsd1 gene under shSCRA, shPHF2#1 and #2 during differentiation. 

RT–qPCR values were normalized to the expression levels of the Ppib gene, and are shown as the fold 

difference against shSCRA DM0. All histogram data are means ± s.d. of triplicate results. 

 

Surprisingly, the LSD1 protein level at DM3 is strongly reduced in the shPHF2#1 and #2 

cells and is comparable to the level of LSD1 protein in the shLSD1 cells after 3 days in DM 

(Figure 26 A-B). 
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Figure 26: A) Total LSD1 protein levels were determined by western blot at 3 days of differentiation in 

shSCRA, shPHF2#1 and #2. B) Immunofluorescence analysis, shSCRA, shPHF2#1, #2 and shLSD1 cells 

were immunostained with a mouse monoclonal LSD1 antibody (green) and their nuclei were stained with 

DAPI (grey). C) Immunofluorescence analysis, shSCRA and shLSD1 cells were immunostained with a rabbit 

polyclonal PHF2 antibody (red) and their nuclei were stained with DAPI (grey). Scale bar: 10um. 

 

Moreover the level of PHF2 in shLSD1 cells after 3 days in DM does not differ from the 

shSCRA cells (Figure 26C) suggesting that PHF2 regulates the turnover of LSD1 protein. 

Thus I performed a time course treatment with cyclohexamide, which blocks the protein 

synthesis, on shSCRA, shPHF2#1 and #2 at DM3. While nuclear LSD1 protein in shSCRA 

cells remain stable even after 4 hours of CHX treatment, in shPHF2#1 and #2 the 50% of 

LSD1 is already degraded at the same time point of treatment, supporting the hypothesis 

that PHF2 is involved in the stabilization of LSD1 (Figure 27). 
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Figure 27: Time course Cyclohexamide (CHX) treatment on shSCRA, shPHF2#1, #2 at 3 days of 

differentiation. Quantification of the relative levels of LSD1 protein after the CHX treatment. The amount of 

nuclear LSD1 protein was normalized to the histone 3 levels. 

 

Since ablation of PHF2 reduced the stability of LSD1 protein and such event might be 

responsible for the phenotype observed in shPHF2#1 and #2 cells, I checked if LSD1 is 

still recruited on the CE region. ChIP experiments performed with an anti LSD1 antibody in 

shPHF2#1 and #2 cells after 3 days in DM have demonstrated that LSD1 is still but much 

less enriched on the CE region compared to shSCRA cells. These data suggested that 

while PHF2 is not necessary for LSD1 recruitment on the CE, it is responsible of stabilizing 

LSD1 and the transcriptional complex and thus allowing the expression of CEeRNA 

(Figure 28).  
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Figure 28: ChIP analyses on shSCRA (left) and shPHF2#1 and #2 cells after 3 days in DM using an 

antibody against LSD1. Two sites (CE; NEG) were tested for RT-qPCR amplification. Enrichment values 

were normalized to input, and shown as the fold difference relative to region NEG. Input (white bars) control 

IgG (light grey bars), anti-LSD1 antibody (dark grey bars). All histogram data are means ± s.d. of at least 

triplicate results. 

 

PHF2 and LSD1 are in same complex 

 

These results support the idea that PHF2 could be necessary for LSD1 function, thus I 

have tested the hypothesis that PHF2 and LSD1 interact each other and cooperate to the 

proper activation of the CE region.  

Co-immunoprecipitation experiments in the nuclear fraction of C2C12 after 3 days in DM 

have been performed and as shown in Figure 29 PHF2 and LSD1 bound each other, 

suggesting that PHF2 might regulate the turnover of LSD1 via direct interaction.  
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Figure 29: Nuclei of C2C12 cells were isolated and lysed under non-denaturing conditions after 3 days in 

DM. Nuclear LSD1 was immunoprecipitated and membrane was immunoblotted for PHF2. The blot was then 

stripped and re-probed for LSD1. 

 

 

PHF2 and muscle development in vivo 

 

Generation of a Pax3 conditional Knock-out mouse for PHF2 

 

Phf2 mRNA is widely expressed at low level in all developing organs during mouse 

embryogenesis. However, the highest level of Phf2 mRNA is in the neural tube and in the 

dorsal root ganglia (Hasenpusch-Theil et al., 1999). 

Based on the in vitro results I have collected, to further delineate the function of PHF2 in 

muscle lineage determination and differentiation, PHF2 has been conditionally inactivated 

in muscle progenitors cells by crossing Phf2 Flox/Flox mice (Okuno et al., 2013) and Pax3cre/+: 

Phf2 Flox/+ transgenic mice (Li et al., 2000), hereafter named PHF2cKO.  

Conversely from LSD1cKO and according to previous report (Okuno et al., 2013), 

knocking down Phf2 in PAX3 positive cells does not result in a lethal phenotype, with the 

ratio among genotypes respected at birth.  

Nevertheless, CTRL and PHF2cKo mouse embryos were collected from E 11.5. In 

collaboration with Dr Fredéric Relaix, in situ hybridization experiments have been 

performed using a specific probe on MyoD and Myogenin gene. Interestingly neither MyoD 

nor Myogenin mRNA levels are decreased in PHF2cKO embryos at E11.5 compared to 

control one (Figure 30). However, while these in vivo results revealed that PHF2 is not 
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involved in the regulation of MyoD expression during embryogenesis, the in vitro data 

suggested that PHF2 role could be carried out in adulthood during muscle regeneration.  

 

 

 

 

Figure 30: Control and PHF2cKO
 
embryos at E11.5 were hybridized with MyoD and a Myog-specific probes.  
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Materials and Methods 

 

 

 

 

 

 

 

 

  



 

 96

Cell Lines, Culture Conditions, Infection, and Transfection 

 

C2C12 mouse myoblasts were maintained as myoblasts in growth medium (GM): 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 15% fetal calf serum 

and antibiotics. Differentiation of C2C12 cell was induced by switching the cell into low 

serum medium (DMEM+2% of Horse serum, DM). For stable knockdown of Phf2 in C2C12 

cells, 5 different lentiviral vectors containing the mouse Phf2-targeting sequences pLKO.1-

sh-PHF2 (TRCN0000104900 ,01, 02, 03 and 04, shPHF2#0-4), purchased from Open 

Biosystem, were used. As an shSCRA, the pLKO.1 vector SHC016V, purchased from 

Sigma-Aldrich, was used. Twenty-four hours after lentiviral infection, C2C12 were selected 

with puromycin (1 µg/mL) for 14 days.  

Cell transfections with the pRNAT vector (pRNAT-CMV3.1/Neo by GenScript), was 

performed as follows: 300,000 shSCRA, shPHF2#1 and #2 cells were seeded in 35-mm 

petri dishes. Three hours later, cells were transfected with pRNAT vector with jetPRIME 

(polyplus transfection) according to the manufacturer’s instructions. Twenty-four hours 

after transfection, cells were seeded (150,000 cells/35-mm petri dishes) in DM for 5 days 

for nuclei counting.  

For protein stability assay, cells were maintained in DM for 3 days and then treated for the 

indicated times by adding 50 µg/ml of cycloheximide (Sigma) to inhibit protein synthesis. 

Nuclear proteins were extracted as stated below and analyzed by western blotting. 

 

Protein Cell Fractionation  

 

Nuclear proteins were prepared from shSCRA, shPHF2#1 and #2 after 3 days of DM 

addition. After pelleted cells and rinsed them in PBS buffer, cells were allowed to swell for 

15 min in ice-cold buffer A (20mM Tris-HCl ph8, 1mM EDTA, 5mM DTT, protease 

inhibitors and phosphatase inhibitors). Cells were then disrupted with 20 strokes in a 

dounce homogenizer using a loose-fitting pestle. Nuclei were pelleted at 1,500g for 5 min 

and then resuspended in buffer B (20mM Tris HCl ph8, 20% glycerol, 0,42M NaCl, 1,5M 

MgCl2, 0,2mM EDTA, 0,5mM DTT, protease inhibitors and phosphatase inhibitors) and 

incubated for 30 min at 4°. Nuclei were then sonicated for 10 min (30 sec ON and 30 sec 

OFF). Nuclear protein extracts were collected after 30 min of centrifugation at 14,000g. 

Nuclear protein concentration was measured and analyzed by western blotting. 
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Co-immunoprecipitation 

 

Interactions between PHF2 and LSD1 were performed by co-immunoprecipitation assay. 

One mg of C2C12 nuclear extracts at DM3 were diluted in IP buffer (10mM Tris-HCl ph8, 

150mM NaCl, 0,1% NP40, 10% glycerol, protease inhibitors and phosphatase inhibitors) 

and immunoprecipitated with 30µl of Protein A-Sepharose 4B fast flow (Sigma), covalently 

conjugated with LSD1 antibody overnight at 4°. Immunoprecipitated nuclear proteins were 

loaded into 6% SDS-PAGE gel before electrophoretic transfer onto PVDF membrane. 

Immunoblots were performed with enhanced chemiluminescence (ECL) PLUS reagent 

(Amersham or GE Healthcare) according to the manufacturer’s instructions. 

 

Statistical analysis 

 

Statistical significance was determined by Bonferroni test after one-way ANOVA using 

GraphPad Prism version 5.00 for Windows (Graph-Pad, http:// www.graphpad.com). p < 

0.05 was considered significant. 
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LSD1 and PHF2 function in satellite cells upon muscle injury  

 

In this thesis by using both molecular and genetic approaches, I provide the first 

evidence that LSD1 and PHF2 play a role in the early steps of skeletal myogenesis. They 

are both recruited on the CE region and regulate the master gene, MyoD, via the 

activation of the CEeRNA (Figure 31). Therefore, defect in the activation of the core 

enhancer region led to a delay in the timely increased of MyoD expression. Indeed, it is 

important to point out that myogenesis is not completely inhibited in the absence of these 

enzymes but it is delayed compared to control. Moreover, while during embryonic 

myogenesis, the myogenic regulatory factors (MRFs) play redundant roles in myogenic 

commitment and differentiation (Rudnicki et al., 1992), during post-natal myogenesis the 

absence of MyoD expression is not compensated by the increased expression of others 

MRFs, indicating that MRFs achieve different function in adulthood (Ustanina et al., 2007). 

Consistently, MYOD-KO muscles, upon injury, show a severe regenerative defect, while 

preserving their satellite cells pool (Asakura et al., 2007). 

Muscle is made of very long-lived cells and thus has to adapt to physiological and 

environmental changes throughout life. It is therefore not surprising that muscle cells have 

developed unique plasticity skills to allow constant adaptation.  

The plasticity of skeletal muscles relies on the presence of resident quiescent satellite cells, 

which confer to skeletal muscles unique regenerative capacities. Interestingly satellite cells 

have the same embryonic origin than embryonic muscle precursors. When activated, 

these cells can participate to physiological hypertrophy but their main function is to repair 

or replace muscle fibers when necessary, i.e. after mechanical injury, too intense muscle 

exercise or during aging, or in pathological situations such as muscle dystrophies. Indeed, 

in response to injury or disruption of the basal lamina, while a subset of the satellite cells 

are activated (expressing MyoD), proliferate and either fuse to form multinucleated 

myotubes, others re-establish a residual pool of quiescent satellite cells that have the 

capacity of supporting additional rounds of growth/regeneration. Maintaining the 

equilibrium between these two events is crucial for muscle homeostasis. Thus, it is of great 

importance unveiling how the composition and activity of the complexes that regulate 

muscle genes expression, such as MyoD, and chromatin are regulated by extracellular 

inputs and especially how membrane receptors, cytoskeleton, intracellular signaling 

pathways and chromatin modifications are linked.  
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Results presented here suggest that LSD1 and PHF2 might act as a molecular switch 

between self-renewal and differentiation of satellite cells, a cell choice that is critical to 

simultaneously ensure satellite cell pool maintenance and also generating differentiated 

cells. Such epigenetic regulation would be of great interest in the contest of aging or 

disease where a progressive loss of muscle regenerative capacity has been described. 

Indeed I could speculate that chronic degenerative stimuli, characteristic of each dystrophy, 

favor pro-differentiation pathways and ultimately lead to a progressive, functional 

exhaustion of the satellite cell pool. Thus inhibiting LSD1 or PHF2 activity, and thus 

delaying MyoD expression during dystrophic or aging conditions would slow down but not 

affect satellite cells differentiation thus preventing the premature depletion of satellite cell 

pool.  

 

LSD1 and PHF2 candidate targets for regenerative medicine 

 

One of the challenges for regenerative medicine is to improve the therapeutic stem cell 

transplantation. Indeed as soon as the satellite cells are activated or isolated and cultured 

on matrigel-coated plastic dishes they increase the expression of MyoD and proliferate 

loosing their stemness fashion, resulting in an increase of apoptotic events and failure in 

the replenishment of host satellite cells pool after transplantation (Asakura et al., 2007). 

Thus, the goal of regenerative medicine is to ameliorate the capacity of transplanted 

healthy satellite cells to self-renew thus reducing the number of treatment on patients. 

Therefore, since the LSD1 and PHF2 function is to delay and not completely suppress 

MyoD expression I would expect to observe an improvement of the self-renewal potential 

of transplanted satellite cells after having temporally inhibited the enzymatic activity of 

LSD1 or PHF2. 

 

PHF2 regulates LSD1 protein stability 

 

To date LSD1 enzymatic activity and its function have been extensively investigated, 

giving to this demethylase a key role in many biological processes. Thus, due to its critical 

role it is not surprising that cells have developed posttranscriptional methods of regulating 

its level and activity. However, LSD1 transcriptional and post- transcriptional regulation is 

still not well elucidated.  
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Few reports have demonstrated that LSD1 is subjected to post-transcriptional control 

mechanisms that regulate its activity and stability. In particular it has been described how 

the LSD1 phosphorylation by polo like kinase 1 (PLK1) inhibits its transcriptional activity 

promoting its release from chromatin during mitosis and allowing the cell cycle progression 

(Peng et al., 2017). Conversely, LSD1 phosphorylation by PKCα enhances its ability to 

bind to transcriptional complexes increasing their gene transcriptional activation (Feng et 

al., 2016; Lim et al., 2017; Nam et al., 2014). Moreover LSD1 phosphorylation by CK2 is 

necessary and sufficient to recruit the complex LSD1/RNF168/53BP1 at the DNA damage 

site allowing the DNA repair and cell survival (Peng et al., 2015). Very recently it has been 

published that in glioblastoma GSK3β and CK1α phosphorylate LSD1 at two different sites 

and such post-transcriptional modifications increase the binding to the ubiquitin specific 

peptidase 22 (USP22) that stabilize LSD1 protein, thus favoring tumorigenesis. 

So far, there are no evidences about LSD1 protein methylation/demethylation. However, 

LSD1 contains more than 51 lysines and 43 arginines so it is not surprising that LSD1 

transcriptional activity or stability could be also influenced by this kind of post-translational 

modifications. Consistent with this hypothesis, in this thesis I provided data that PHF2 and 

LSD1 interact each other and PHF2 is directly involved in the turnover of LSD1 protein 

during myoblast differentiation (Figure 31). Indeed, I could speculate that such stability 

might be achieved by demethylation of LSD1 lysines. Moreover I could hypothesize that, at 

the onset of myoblast differentiation PHF2 and LSD1 are in same transcriptional activator 

complex on the CE region. However, even though PHF2 seems not to be necessary for 

the recruitment of LSD1 on the CE region, its role is to stabilize LSD1 protein, which in turn 

would be able to assembly the activator complex on the CE region. 

 

How do LSD1 and PHF2 activate the CEeRNA expression? 

 

Depletion of LSD1 in myoblasts decreased the recruitment of RNA polymerase II on the 

core enhancer, thereby preventing the transcription of the CEeRNA. However, the histone 

modification changes occurred on the Core enhancer region cannot be directly attributed 

to the enzymatic activity of LSD1 or PHF2. Thus as LSD1 could also de-methylate non-

histone substrates and affects their transcriptional activity and stability (Chuikov et al., 

2004; Huang and Berger, 2008; Wang et al., 2009), it would worth to investigate LSD1 

interactors responsible for the RNA polymerase II recruitment on the Core Enhancer 
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(Figure 31). 

The activation of satellite cells is controlled by a complex array of signals including 

mechanical properties of the matrix, inflammatory molecules secreted by macrophages in 

response to muscle injury, as well as signaling molecules also involved in muscle 

embryogenesis such as Wnt members. Moreover, it has been extensively demonstrated 

that the transition between Notch signaling to Wnt/β-catenin signaling in muscle 

progenitors is necessary to drive the initiation of myoblats differentiation. Indeed disruption 

of Wnt/β-catenin signaling causes muscle developmental and regenerative defects 

(Hutcheson et al., 2009; Lacour et al., 2017; Parisi et al., 2015; Rudolf et al., 2016). The 

presence of Wnt ligands activates the Wnt/β-catenin signaling pathway through 

stabilization and accumulation of cytosolic β-catenin. The effector β-catenin is thus able to 

shuttle into the nucleus, where it directly binds the MyoD core enhancer region, and thus 

initiates the myogenic specific genes cascade (Pan et al., 2015). Since a yeast two hybrid 

already performed in collaboration with the laboratory of Marc Vidal (Dana Farber Center, 

Boston, USA) has revealed LSD1 interaction with several intermediates of the Wnt 

signaling pathway, I would speculate that LSD1 could participate to β-catenin action. β-

catenin has no DNA binding ability thus it forms a transcriptional activator complex with 

TCF/LEF, p300/CBP, and other proteins functioning as a transcriptional activator following 

nuclear translocation. Due to its key role in cancer development many studies have been 

performed to characterize the different component of the transcriptional complex. More 

and more co-activators and regulators have been found, which influence Wnt/β-catenin 

transcriptional activity. Thus LSD1 could be one of them both demethylating one or more 

members of this complex stabilizing it and thus enhance β-catenin transcriptional activity 

or acting on β-catenin itself. Consistent with this last hypothesis, two reports have already 

linked β-catenin protein stability with post-translational lysine methylation/demethylation 

(Lu et al., 2015; Shen et al., 2015).  

 

Knowledge about the factors that regulate satellite cell activity is crucial for their direct 

manipulation. Results presented in this thesis will contribute to better understand the 

molecular mechanisms that control the specification of satellite cells and shed light on their 

complexity. Indeed I demonstrated that PHF2 and LSD1 act at two different levels on the 

regulation of MyoD expression and thus on the satellite cells “fate”. As they are enzymes 

they are druggable and they could be candidate targets for stem cell therapy. Thus, a 

more in depth study of their role in satellite cells is needed. 
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Figure 31: Schematic representation of CEeRNA expression regulation upon myoblast activation in shSCRA, 

shLSD1 and shPHF2 cells. 

  



 

 104

 

 

 

 

 

 

 

 

 

 

 

References 

 

 

 

  



 

 105

Adamo, A., Sese, B., Boue, S., Castano, J., Paramonov, I., Barrero, M.J., and Izpisua 

Belmonte, J.C. (2011). LSD1 regulates the balance between self-renewal and 

differentiation in human embryonic stem cells. Nat Cell Biol 13, 652-659. 

Allfrey, V.G., Faulkner, R., and Mirsky, A.E. (1964). Acetylation and Methylation of 

Histones and Their Possible Role in the Regulation of Rna Synthesis. Proc Natl Acad Sci 

U S A 51, 786-794. 

Andrews, J.L., Zhang, X., McCarthy, J.J., McDearmon, E.L., Hornberger, T.A., Russell, B., 

Campbell, K.S., Arbogast, S., Reid, M.B., Walker, J.R., et al. (2010). CLOCK and BMAL1 

regulate MyoD and are necessary for maintenance of skeletal muscle phenotype and 

function. Proc Natl Acad Sci U S A 107, 19090-19095. 

Asakura, A., Hirai, H., Kablar, B., Morita, S., Ishibashi, J., Piras, B.A., Christ, A.J., Verma, 

M., Vineretsky, K.A., and Rudnicki, M.A. (2007). Increased survival of muscle stem cells 

lacking the MyoD gene after transplantation into regenerating skeletal muscle. Proc Natl 

Acad Sci U S A 104, 16552-16557. 

Asakura, A., Lyons, G.E., and Tapscott, S.J. (1995). The regulation of MyoD gene 

expression: conserved elements mediate expression in embryonic axial muscle. Dev Biol 

171, 386-398. 

Baba, A., Ohtake, F., Okuno, Y., Yokota, K., Okada, M., Imai, Y., Ni, M., Meyer, C.A., 

Igarashi, K., Kanno, J., et al. (2011). PKA-dependent regulation of the histone lysine 

demethylase complex PHF2-ARID5B. Nat Cell Biol 13, 668-675. 

Baek, S.H., and Kim, K.I. (2016). Regulation of HIF-1alpha stability by lysine methylation. 

BMB Rep 49, 245-246. 

Bentzinger, C.F., Wang, Y.X., and Rudnicki, M.A. (2012). Building muscle: molecular 

regulation of myogenesis. Cold Spring Harb Perspect Biol 4. 

Bergstrom, D.A., Penn, B.H., Strand, A., Perry, R.L., Rudnicki, M.A., and Tapscott, S.J. 

(2002). Promoter-specific regulation of MyoD binding and signal transduction cooperate to 

pattern gene expression. Mol Cell 9, 587-600. 



 

 106

Berkes, C.A., and Tapscott, S.J. (2005). MyoD and the transcriptional control of 

myogenesis. Semin Cell Dev Biol 16, 585-595. 

Biressi, S., Tagliafico, E., Lamorte, G., Monteverde, S., Tenedini, E., Roncaglia, E., Ferrari, 

S., Cusella-De Angelis, M.G., Tajbakhsh, S., and Cossu, G. (2007). Intrinsic phenotypic 

diversity of embryonic and fetal myoblasts is revealed by genome-wide gene expression 

analysis on purified cells. Dev Biol 304, 633-651. 

Black, B.L., Martin, J.F., and Olson, E.N. (1995). The mouse MRF4 promoter is trans-

activated directly and indirectly by muscle-specific transcription factors. J Biol Chem 270, 

2889-2892. 

Bode, A.M., and Dong, Z. (2004). Post-translational modification of p53 in tumorigenesis. 

Nat Rev Cancer 4, 793-805. 

Boyer, L.A., Langer, M.R., Crowley, K.A., Tan, S., Denu, J.M., and Peterson, C.L. (2002). 

Essential role for the SANT domain in the functioning of multiple chromatin remodeling 

enzymes. Mol Cell 10, 935-942. 

Braun, T., Bober, E., Rudnicki, M.A., Jaenisch, R., and Arnold, H.H. (1994). MyoD 

expression marks the onset of skeletal myogenesis in Myf-5 mutant mice. Development 

120, 3083-3092. 

Braun, T., Bober, E., Winter, B., Rosenthal, N., and Arnold, H.H. (1990). Myf-6, a new 

member of the human gene family of myogenic determination factors: evidence for a gene 

cluster on chromosome 12. Embo J 9, 821-831. 

Braun, T., Buschhausen-Denker, G., Bober, E., Tannich, E., and Arnold, H.H. (1989). A 

novel human muscle factor related to but distinct from MyoD1 induces myogenic 

conversion in 10T1/2 fibroblasts. Embo J 8, 701-709. 

Braun, T., Rudnicki, M.A., Arnold, H.H., and Jaenisch, R. (1992). Targeted inactivation of 

the muscle regulatory gene Myf-5 results in abnormal rib development and perinatal death. 

Cell 71, 369-382. 

Buckingham, M., and Rigby, P.W. (2014). Gene regulatory networks and transcriptional 

mechanisms that control myogenesis. Dev Cell 28, 225-238. 



 

 107

Buckingham, M., and Tajbakhsh, S. (1993). Expression of myogenic factors in the mouse: 

myf-5, the first member of the MyoD gene family to be transcribed during skeletal 

myogenesis. C R Acad Sci III 316, 1032-1046. 

Cai, C., He, H.H., Gao, S., Chen, S., Yu, Z., Gao, Y., Chen, M.W., Zhang, J., Ahmed, M., 

Wang, Y., et al. (2014). Lysine-specific demethylase 1 has dual functions as a major 

regulator of androgen receptor transcriptional activity. Cell Rep 9, 1618-1627. 

Carroll, J.S., Meyer, C.A., Song, J., Li, W., Geistlinger, T.R., Eeckhoute, J., Brodsky, A.S., 

Keeton, E.K., Fertuck, K.C., Hall, G.F., et al. (2006). Genome-wide analysis of estrogen 

receptor binding sites. Nat Genet 38, 1289-1297. 

Chakroun, I., Yang, D., Girgis, J., Gunasekharan, A., Phenix, H., Kaern, M., and Blais, A. 

(2015). Genome-wide association between Six4, MyoD, and the histone demethylase Utx 

during myogenesis. Faseb J 29, 4738-4755. 

Chen, J.C., and Goldhamer, D.J. (2004). The core enhancer is essential for proper timing 

of MyoD activation in limb buds and branchial arches. Dev Biol 265, 502-512. 

Chen, J.C., Love, C.M., and Goldhamer, D.J. (2001). Two upstream enhancers collaborate 

to regulate the spatial patterning and timing of MyoD transcription during mouse 

development. Dev Dyn 221, 274-288. 

Chen, Y., Kim, J., Zhang, R., Yang, X., Zhang, Y., Fang, J., Chen, Z., Teng, L., Chen, X., 

Ge, H., et al. (2016). Histone Demethylase LSD1 Promotes Adipocyte Differentiation 

through Repressing Wnt Signaling. Cell Chem Biol 23, 1228-1240. 

Chen, Y., Yang, Y., Wang, F., Wan, K., Yamane, K., Zhang, Y., and Lei, M. (2006). Crystal 

structure of human histone lysine-specific demethylase 1 (LSD1). Proc Natl Acad Sci U S 

A 103, 13956-13961. 

Chevallier, A., Kieny, M., and Mauger, A. (1977). Limb-somite relationship: origin of the 

limb musculature. J Embryol Exp Morphol 41, 245-258. 

Choi, J., Jang, H., Kim, H., Kim, S.T., Cho, E.J., and Youn, H.D. (2010). Histone 

demethylase LSD1 is required to induce skeletal muscle differentiation by regulating 

myogenic factors. Biochem Biophys Res Commun 401, 327-332. 



 

 108

Choi, J., Jang, H., Kim, H., Lee, J.H., Kim, S.T., Cho, E.J., and Youn, H.D. (2014). 

Modulation of lysine methylation in myocyte enhancer factor 2 during skeletal muscle cell 

differentiation. Nucleic Acids Res 42, 224-234. 

Choi, J.H., Song, Y.J., and Lee, H. (2015). The histone demethylase KDM4B interacts with 

MyoD to regulate myogenic differentiation in C2C12 myoblast cells. Biochem Biophys Res 

Commun 456, 872-878. 

Christy, B.A., Sanders, L.K., Lau, L.F., Copeland, N.G., Jenkins, N.A., and Nathans, D. 

(1991). An Id-related helix-loop-helix protein encoded by a growth factor-inducible gene. 

Proc Natl Acad Sci U S A 88, 1815-1819. 

Chuikov, S., Kurash, J.K., Wilson, J.R., Xiao, B., Justin, N., Ivanov, G.S., McKinney, K., 

Tempst, P., Prives, C., Gamblin, S.J., et al. (2004). Regulation of p53 activity through 

lysine methylation. Nature 432, 353-360. 

Clarke, S. (1993). Protein methylation. Curr Opin Cell Biol 5, 977-983. 

Clifton, I.J., McDonough, M.A., Ehrismann, D., Kershaw, N.J., Granatino, N., and Schofield, 

C.J. (2006). Structural studies on 2-oxoglutarate oxygenases and related double-stranded 

beta-helix fold proteins. J Inorg Biochem 100, 644-669. 

Clissold, P.M., and Ponting, C.P. (2001). JmjC: cupin metalloenzyme-like domains in 

jumonji, hairless and phospholipase A2beta. Trends Biochem Sci 26, 7-9. 

Creyghton, M.P., Cheng, A.W., Welstead, G.G., Kooistra, T., Carey, B.W., Steine, E.J., 

Hanna, J., Lodato, M.A., Frampton, G.M., Sharp, P.A., et al. (2010). Histone H3K27ac 

separates active from poised enhancers and predicts developmental state. Proc Natl Acad 

Sci U S A 107, 21931-21936. 

Cserjesi, P., and Olson, E.N. (1991). Myogenin induces the myocyte-specific enhancer 

binding factor MEF-2 independently of other muscle-specific gene products. Mol Cell Biol 

11, 4854-4862. 

Da, G., Lenkart, J., Zhao, K., Shiekhattar, R., Cairns, B.R., and Marmorstein, R. (2006). 

Structure and function of the SWIRM domain, a conserved protein module found in 

chromatin regulatory complexes. Proc Natl Acad Sci U S A 103, 2057-2062. 



 

 109

Daston, G., Lamar, E., Olivier, M., and Goulding, M. (1996). Pax-3 is necessary for 

migration but not differentiation of limb muscle precursors in the mouse. Development 122, 

1017-1027. 

Davis, R.L., Weintraub, H., and Lassar, A.B. (1987). Expression of a single transfected 

cDNA converts fibroblasts to myoblasts. Cell 51, 987-1000. 

de la Serna, I.L., Ohkawa, Y., Berkes, C.A., Bergstrom, D.A., Dacwag, C.S., Tapscott, S.J., 

and Imbalzano, A.N. (2005). MyoD targets chromatin remodeling complexes to the 

myogenin locus prior to forming a stable DNA-bound complex. Mol Cell Biol 25, 3997-4009. 

Di Padova, M., Caretti, G., Zhao, P., Hoffman, E.P., and Sartorelli, V. (2007). MyoD 

acetylation influences temporal patterns of skeletal muscle gene expression. J Biol Chem 

282, 37650-37659. 

Dietrich, S., Abou-Rebyeh, F., Brohmann, H., Bladt, F., Sonnenberg-Riethmacher, E., 

Yamaai, T., Lumsden, A., Brand-Saberi, B., and Birchmeier, C. (1999). The role of 

SF/HGF and c-Met in the development of skeletal muscle. Development 126, 1621-1629. 

Duquet, A., Polesskaya, A., Cuvellier, S., Ait-Si-Ali, S., Hery, P., Pritchard, L.L., Gerard, M., 

and Harel-Bellan, A. (2006). Acetylation is important for MyoD function in adult mice. 

EMBO Rep 7, 1140-1146. 

Edmondson, D.G., Cheng, T.C., Cserjesi, P., Chakraborty, T., and Olson, E.N. (1992). 

Analysis of the myogenin promoter reveals an indirect pathway for positive autoregulation 

mediated by the muscle-specific enhancer factor MEF-2. Mol Cell Biol 12, 3665-3677. 

Edmondson, D.G., and Olson, E.N. (1989). A gene with homology to the myc similarity 

region of MyoD1 is expressed during myogenesis and is sufficient to activate the muscle 

differentiation program. Genes Dev 3, 628-640. 

Faerman, A., Goldhamer, D.J., Puzis, R., Emerson, C.P., Jr., and Shani, M. (1995). The 

distal human myoD enhancer sequences direct unique muscle-specific patterns of lacZ 

expression during mouse development. Dev Biol 171, 27-38. 



 

 110

Faralli, H., Wang, C., Nakka, K., Benyoucef, A., Sebastian, S., Zhuang, L., Chu, A., Palii, 

C.G., Liu, C., Camellato, B., et al. (2016). UTX demethylase activity is required for satellite 

cell-mediated muscle regeneration. J Clin Invest 126, 1555-1565. 

Felsenfeld, G., and Groudine, M. (2003). Controlling the double helix. Nature 421, 448-453. 

Feng, J., Bi, C., Clark, B.S., Mady, R., Shah, P., and Kohtz, J.D. (2006). The Evf-2 

noncoding RNA is transcribed from the Dlx-5/6 ultraconserved region and functions as a 

Dlx-2 transcriptional coactivator. Genes Dev 20, 1470-1484. 

Feng, J., Xu, G., Liu, J., Zhang, N., Li, L., Ji, J., Zhang, J., Zhang, L., Wang, G., Wang, X., 

et al. (2016). Phosphorylation of LSD1 at Ser112 is crucial for its function in induction of 

EMT and metastasis in breast cancer. Breast Cancer Res Treat 159, 443-456. 

Ferre-D'Amare, A.R., Prendergast, G.C., Ziff, E.B., and Burley, S.K. (1993). Recognition 

by Max of its cognate DNA through a dimeric b/HLH/Z domain. Nature 363, 38-45. 

Forcales, S.V., Albini, S., Giordani, L., Malecova, B., Cignolo, L., Chernov, A., Coutinho, P., 

Saccone, V., Consalvi, S., Williams, R., et al. (2012). Signal-dependent incorporation of 

MyoD-BAF60c into Brg1-based SWI/SNF chromatin-remodelling complex. Embo J 31, 

301-316. 

Fraaije, M.W., and Mattevi, A. (2000). Flavoenzymes: diverse catalysts with recurrent 

features. Trends Biochem Sci 25, 126-132. 

Garcia-Bassets, I., Kwon, Y.S., Telese, F., Prefontaine, G.G., Hutt, K.R., Cheng, C.S., Ju, 

B.G., Ohgi, K.A., Wang, J., Escoubet-Lozach, L., et al. (2007). Histone methylation-

dependent mechanisms impose ligand dependency for gene activation by nuclear 

receptors. Cell 128, 505-518. 

Gauthier-Rouviere, C., Vandromme, M., Tuil, D., Lautredou, N., Morris, M., Soulez, M., 

Kahn, A., Fernandez, A., and Lamb, N. (1996). Expression and activity of serum response 

factor is required for expression of the muscle-determining factor MyoD in both dividing 

and differentiating mouse C2C12 myoblasts. Mol Biol Cell 7, 719-729. 

Ge, W., Liu, Y., Chen, T., Zhang, X., Lv, L., Jin, C., Jiang, Y., Shi, L., and Zhou, Y. (2014). 

The epigenetic promotion of osteogenic differentiation of human adipose-derived stem 



 

 111

cells by the genetic and chemical blockade of histone demethylase LSD1. Biomaterials 35, 

6015-6025. 

Gensch, N., Borchardt, T., Schneider, A., Riethmacher, D., and Braun, T. (2008). Different 

autonomous myogenic cell populations revealed by ablation of Myf5-expressing cells 

during mouse embryogenesis. Development 135, 1597-1604. 

Goldhamer, D.J., Brunk, B.P., Faerman, A., King, A., Shani, M., and Emerson, C.P., Jr. 

(1995). Embryonic activation of the myoD gene is regulated by a highly conserved distal 

control element. Development 121, 637-649. 

Goldhamer, D.J., Faerman, A., Shani, M., and Emerson, C.P., Jr. (1992). Regulatory 

elements that control the lineage-specific expression of myoD. Science 256, 538-542. 

Gossett, L.A., Kelvin, D.J., Sternberg, E.A., and Olson, E.N. (1989). A new myocyte-

specific enhancer-binding factor that recognizes a conserved element associated with 

multiple muscle-specific genes. Mol Cell Biol 9, 5022-5033. 

Gros, J., Manceau, M., Thome, V., and Marcelle, C. (2005). A common somitic origin for 

embryonic muscle progenitors and satellite cells. Nature 435, 954-958. 

Hah, N., Murakami, S., Nagari, A., Danko, C.G., and Kraus, W.L. (2013). Enhancer 

transcripts mark active estrogen receptor binding sites. Genome Res 23, 1210-1223. 

Haldar, M., Karan, G., Tvrdik, P., and Capecchi, M.R. (2008). Two cell lineages, myf5 and 

myf5-independent, participate in mouse skeletal myogenesis. Dev Cell 14, 437-445. 

Han, X., Gui, B., Xiong, C., Zhao, L., Liang, J., Sun, L., Yang, X., Yu, W., Si, W., Yan, R., 

et al. (2014). Destabilizing LSD1 by Jade-2 promotes neurogenesis: an antibraking system 

in neural development. Mol Cell 55, 482-494. 

Hasan, S., and Hottiger, M.O. (2002). Histone acetyl transferases: a role in DNA repair 

and DNA replication. J Mol Med (Berl) 80, 463-474. 

Hasenpusch-Theil, K., Chadwick, B.P., Theil, T., Heath, S.K., Wilkinson, D.G., and 

Frischauf, A.M. (1999). PHF2, a novel PHD finger gene located on human chromosome 

9q22. Mamm Genome 10, 294-298. 



 

 112

Hasty, P., Bradley, A., Morris, J.H., Edmondson, D.G., Venuti, J.M., Olson, E.N., and Klein, 

W.H. (1993). Muscle deficiency and neonatal death in mice with a targeted mutation in the 

myogenin gene. Nature 364, 501-506. 

Hata, K., Takashima, R., Amano, K., Ono, K., Nakanishi, M., Yoshida, M., Wakabayashi, 

M., Matsuda, A., Maeda, Y., Suzuki, Y., et al. (2013). Arid5b facilitates chondrogenesis by 

recruiting the histone demethylase Phf2 to Sox9-regulated genes. Nat Commun 4, 2850. 

Havis, E., Coumailleau, P., Bonnet, A., Bismuth, K., Bonnin, M.A., Johnson, R., Fan, C.M., 

Relaix, F., Shi, D.L., and Duprez, D. (2012). Sim2 prevents entry into the myogenic 

program by repressing MyoD transcription during limb embryonic myogenesis. 

Development 139, 1910-1920. 

Heintzman, N.D., Stuart, R.K., Hon, G., Fu, Y., Ching, C.W., Hawkins, R.D., Barrera, L.O., 

Van Calcar, S., Qu, C., Ching, K.A., et al. (2007). Distinct and predictive chromatin 

signatures of transcriptional promoters and enhancers in the human genome. Nat Genet 

39, 311-318. 

Hon, G.C., Hawkins, R.D., and Ren, B. (2009). Predictive chromatin signatures in the 

mammalian genome. Hum Mol Genet 18, R195-201. 

Horn, P.J., and Peterson, C.L. (2002). Molecular biology. Chromatin higher order folding--

wrapping up transcription. Science 297, 1824-1827. 

Horst, D., Ustanina, S., Sergi, C., Mikuz, G., Juergens, H., Braun, T., and Vorobyov, E. 

(2006). Comparative expression analysis of Pax3 and Pax7 during mouse myogenesis. Int 

J Dev Biol 50, 47-54. 

Horton, J.R., Upadhyay, A.K., Hashimoto, H., Zhang, X., and Cheng, X. (2011). Structural 

basis for human PHF2 Jumonji domain interaction with metal ions. J Mol Biol 406, 1-8. 

Hu, P., Geles, K.G., Paik, J.H., DePinho, R.A., and Tjian, R. (2008). Codependent 

activators direct myoblast-specific MyoD transcription. Dev Cell 15, 534-546. 

Huang, J., and Berger, S.L. (2008). The emerging field of dynamic lysine methylation of 

non-histone proteins. Curr Opin Genet Dev 18, 152-158. 



 

 113

Huang, J., Sengupta, R., Espejo, A.B., Lee, M.G., Dorsey, J.A., Richter, M., Opravil, S., 

Shiekhattar, R., Bedford, M.T., Jenuwein, T., et al. (2007). p53 is regulated by the lysine 

demethylase LSD1. Nature 449, 105-108. 

Hutcheson, D.A., Zhao, J., Merrell, A., Haldar, M., and Kardon, G. (2009). Embryonic and 

fetal limb myogenic cells are derived from developmentally distinct progenitors and have 

different requirements for beta-catenin. Genes Dev 23, 997-1013. 

Jen, Y., Weintraub, H., and Benezra, R. (1992). Overexpression of Id protein inhibits the 

muscle differentiation program: in vivo association of Id with E2A proteins. Genes Dev 6, 

1466-1479. 

Jenuwein, T., and Allis, C.D. (2001). Translating the histone code. Science 293, 1074-

1080. 

Jiang, H., Shukla, A., Wang, X., Chen, W.Y., Bernstein, B.E., and Roeder, R.G. (2011). 

Role for Dpy-30 in ES cell-fate specification by regulation of H3K4 methylation within 

bivalent domains. Cell 144, 513-525. 

Johanson, M., Meents, H., Ragge, K., Buchberger, A., Arnold, H.H., and Sandmoller, A. 

(1999). Transcriptional activation of the myogenin gene by MEF2-mediated recruitment of 

myf5 is inhibited by adenovirus E1A protein. Biochem Biophys Res Commun 265, 222-232. 

Kablar, B., Krastel, K., Ying, C., Tapscott, S.J., Goldhamer, D.J., and Rudnicki, M.A. 

(1999). Myogenic determination occurs independently in somites and limb buds. Dev Biol 

206, 219-231. 

Kadesch, T. (1993). Consequences of heteromeric interactions among helix-loop-helix 

proteins. Cell Growth Differ 4, 49-55. 

Kagey, M.H., Newman, J.J., Bilodeau, S., Zhan, Y., Orlando, D.A., van Berkum, N.L., 

Ebmeier, C.C., Goossens, J., Rahl, P.B., Levine, S.S., et al. (2010). Mediator and cohesin 

connect gene expression and chromatin architecture. Nature 467, 430-435. 

Kalcheim, C., and Ben-Yair, R. (2005). Cell rearrangements during development of the 

somite and its derivatives. Curr Opin Genet Dev 15, 371-380. 



 

 114

Kassar-Duchossoy, L., Giacone, E., Gayraud-Morel, B., Jory, A., Gomes, D., and 

Tajbakhsh, S. (2005). Pax3/Pax7 mark a novel population of primitive myogenic cells 

during development. Genes Dev 19, 1426-1431. 

Kerenyi, M.A., Shao, Z., Hsu, Y.J., Guo, G., Luc, S., O'Brien, K., Fujiwara, Y., Peng, C., 

Nguyen, M., and Orkin, S.H. (2013). Histone demethylase Lsd1 represses hematopoietic 

stem and progenitor cell signatures during blood cell maturation. Elife 2, e00633. 

Khochbin, S., Verdel, A., Lemercier, C., and Seigneurin-Berny, D. (2001). Functional 

significance of histone deacetylase diversity. Curr Opin Genet Dev 11, 162-166. 

Kim, H.J., Park, J.W., Lee, K.H., Yoon, H., Shin, D.H., Ju, U.I., Seok, S.H., Lim, S.H., Lee, 

Z.H., Kim, H.H., et al. (2014). Plant homeodomain finger protein 2 promotes bone 

formation by demethylating and activating Runx2 for osteoblast differentiation. Cell Res 24, 

1231-1249. 

Kim, T.K., Hemberg, M., Gray, J.M., Costa, A.M., Bear, D.M., Wu, J., Harmin, D.A., 

Laptewicz, M., Barbara-Haley, K., Kuersten, S., et al. (2010). Widespread transcription at 

neuronal activity-regulated enhancers. Nature 465, 182-187. 

Kim, Y.W., Lee, S., Yun, J., and Kim, A. (2015). Chromatin looping and eRNA transcription 

precede the transcriptional activation of gene in the beta-globin locus. Biosci Rep 35. 

Kizer, K.O., Phatnani, H.P., Shibata, Y., Hall, H., Greenleaf, A.L., and Strahl, B.D. (2005). 

A novel domain in Set2 mediates RNA polymerase II interaction and couples histone H3 

K36 methylation with transcript elongation. Mol Cell Biol 25, 3305-3316. 

Koch, F., Fenouil, R., Gut, M., Cauchy, P., Albert, T.K., Zacarias-Cabeza, J., Spicuglia, S., 

de la Chapelle, A.L., Heidemann, M., Hintermair, C., et al. (2011). Transcription initiation 

platforms and GTF recruitment at tissue-specific enhancers and promoters. Nat Struct Mol 

Biol 18, 956-963. 

Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128, 693-705. 

Krogan, N.J., Kim, M., Tong, A., Golshani, A., Cagney, G., Canadien, V., Richards, D.P., 

Beattie, B.K., Emili, A., Boone, C., et al. (2003). Methylation of histone H3 by Set2 in 



 

 115

Saccharomyces cerevisiae is linked to transcriptional elongation by RNA polymerase II. 

Mol Cell Biol 23, 4207-4218. 

L'Honore, A., Lamb, N.J., Vandromme, M., Turowski, P., Carnac, G., and Fernandez, A. 

(2003). MyoD distal regulatory region contains an SRF binding CArG element required for 

MyoD expression in skeletal myoblasts and during muscle regeneration. Mol Biol Cell 14, 

2151-2162. 

L'Honore, A., Ouimette, J.F., Lavertu-Jolin, M., and Drouin, J. (2010). Pitx2 defines 

alternate pathways acting through MyoD during limb and somitic myogenesis. 

Development 137, 3847-3856. 

Lachner, M., O'Carroll, D., Rea, S., Mechtler, K., and Jenuwein, T. (2001). Methylation of 

histone H3 lysine 9 creates a binding site for HP1 proteins. Nature 410, 116-120. 

Lacour, F., Vezin, E., Bentzinger, C.F., Sincennes, M.C., Giordani, L., Ferry, A., Mitchell, 

R., Patel, K., Rudnicki, M.A., Chaboissier, M.C., et al. (2017). R-spondin1 Controls Muscle 

Cell Fusion through Dual Regulation of Antagonistic Wnt Signaling Pathways. Cell Rep 18, 

2320-2330. 

Lai, F., Orom, U.A., Cesaroni, M., Beringer, M., Taatjes, D.J., Blobel, G.A., and 

Shiekhattar, R. (2013). Activating RNAs associate with Mediator to enhance chromatin 

architecture and transcription. Nature 494, 497-501. 

Lai, F., and Shiekhattar, R. (2014). Enhancer RNAs: the new molecules of transcription. 

Curr Opin Genet Dev 25, 38-42. 

Lam, M.T., Cho, H., Lesch, H.P., Gosselin, D., Heinz, S., Tanaka-Oishi, Y., Benner, C., 

Kaikkonen, M.U., Kim, A.S., Kosaka, M., et al. (2013). Rev-Erbs repress macrophage 

gene expression by inhibiting enhancer-directed transcription. Nature 498, 511-515. 

Lassar, A.B., Davis, R.L., Wright, W.E., Kadesch, T., Murre, C., Voronova, A., Baltimore, 

D., and Weintraub, H. (1991). Functional activity of myogenic HLH proteins requires 

hetero-oligomerization with E12/E47-like proteins in vivo. Cell 66, 305-315. 

Lee, C., Kim, B., Song, B., and Moon, K.C. (2017a). Implication of PHF2 Expression in 

Clear Cell Renal Cell Carcinoma. J Pathol Transl Med 51, 359-364. 



 

 116

Lee, J.H., Yoo, N.J., Kim, M.S., and Lee, S.H. (2017b). Histone Demethylase Gene PHF2 

Is Mutated in Gastric and Colorectal Cancers. Pathol Oncol Res 23, 471-476. 

Lee, K.H., Ju, U.I., Song, J.Y., and Chun, Y.S. (2014). The histone demethylase PHF2 

promotes fat cell differentiation as an epigenetic activator of both C/EBPalpha and 

C/EBPdelta. Mol Cells 37, 734-741. 

Lee, M.G., Wynder, C., Cooch, N., and Shiekhattar, R. (2005). An essential role for 

CoREST in nucleosomal histone 3 lysine 4 demethylation. Nature 437, 432-435. 

Li, H., and Capetanaki, Y. (1994). An E box in the desmin promoter cooperates with the E 

box and MEF-2 sites of a distal enhancer to direct muscle-specific transcription. Embo J 

13, 3580-3589. 

Li, J., Chen, F., and Epstein, J.A. (2000). Neural crest expression of Cre recombinase 

directed by the proximal Pax3 promoter in transgenic mice. Genesis 26, 162-164. 

Li, W., Notani, D., Ma, Q., Tanasa, B., Nunez, E., Chen, A.Y., Merkurjev, D., Zhang, J., 

Ohgi, K., Song, X., et al. (2013). Functional roles of enhancer RNAs for oestrogen-

dependent transcriptional activation. Nature 498, 516-520. 

Lim, C.S., Nam, H.J., Lee, J., Kim, D., Choi, J.E., Kang, S.J., Kim, S., Kim, H., Kwak, C., 

Shim, K.W., et al. (2017). PKCalpha-mediated phosphorylation of LSD1 is required for 

presynaptic plasticity and hippocampal learning and memory. Sci Rep 7, 4912. 

Lin, Y.C., Benner, C., Mansson, R., Heinz, S., Miyazaki, K., Miyazaki, M., Chandra, V., 

Bossen, C., Glass, C.K., and Murre, C. (2012). Global changes in the nuclear positioning 

of genes and intra- and interdomain genomic interactions that orchestrate B cell fate. Nat 

Immunol 13, 1196-1204. 

Lluis, F., Ballestar, E., Suelves, M., Esteller, M., and Munoz-Canoves, P. (2005). E47 

phosphorylation by p38 MAPK promotes MyoD/E47 association and muscle-specific gene 

transcription. Embo J 24, 974-984. 

Lu, J., McKinsey, T.A., Nicol, R.L., and Olson, E.N. (2000). Signal-dependent activation of 

the MEF2 transcription factor by dissociation from histone deacetylases. Proc Natl Acad 

Sci U S A 97, 4070-4075. 



 

 117

Lu, L., Gao, Y., Zhang, Z., Cao, Q., Zhang, X., Zou, J., and Cao, Y. (2015). Kdm2a/b 

Lysine Demethylases Regulate Canonical Wnt Signaling by Modulating the Stability of 

Nuclear beta-Catenin. Dev Cell 33, 660-674. 

Ma, K., Chan, J.K., Zhu, G., and Wu, Z. (2005). Myocyte enhancer factor 2 acetylation by 

p300 enhances its DNA binding activity, transcriptional activity, and myogenic 

differentiation. Mol Cell Biol 25, 3575-3582. 

Mal, A., Sturniolo, M., Schiltz, R.L., Ghosh, M.K., and Harter, M.L. (2001). A role for 

histone deacetylase HDAC1 in modulating the transcriptional activity of MyoD: inhibition of 

the myogenic program. Embo J 20, 1739-1753. 

McKinsey, T.A., Zhang, C.L., and Olson, E.N. (2001). Control of muscle development by 

dueling HATs and HDACs. Curr Opin Genet Dev 11, 497-504. 

Megeney, L.A., Kablar, B., Garrett, K., Anderson, J.E., and Rudnicki, M.A. (1996). MyoD is 

required for myogenic stem cell function in adult skeletal muscle. Genes Dev 10, 1173-

1183. 

Mejat, A., Ramond, F., Bassel-Duby, R., Khochbin, S., Olson, E.N., and Schaeffer, L. 

(2005). Histone deacetylase 9 couples neuronal activity to muscle chromatin acetylation 

and gene expression. Nat Neurosci 8, 313-321. 

Melo, C.A., Drost, J., Wijchers, P.J., van de Werken, H., de Wit, E., Oude Vrielink, J.A., 

Elkon, R., Melo, S.A., Leveille, N., Kalluri, R., et al. (2013). eRNAs are required for p53-

dependent enhancer activity and gene transcription. Mol Cell 49, 524-535. 

Messina, G., and Cossu, G. (2009). The origin of embryonic and fetal myoblasts: a role of 

Pax3 and Pax7. Genes Dev 23, 902-905. 

Metzger, E., Imhof, A., Patel, D., Kahl, P., Hoffmeyer, K., Friedrichs, N., Muller, J.M., 

Greschik, H., Kirfel, J., Ji, S., et al. (2010). Phosphorylation of histone H3T6 by PKCbeta(I) 

controls demethylation at histone H3K4. Nature 464, 792-796. 

Metzger, E., Wissmann, M., Yin, N., Muller, J.M., Schneider, R., Peters, A.H., Gunther, T., 

Buettner, R., and Schule, R. (2005). LSD1 demethylates repressive histone marks to 

promote androgen-receptor-dependent transcription. Nature 437, 436-439. 



 

 118

Molkentin, J.D., Black, B.L., Martin, J.F., and Olson, E.N. (1995). Cooperative activation of 

muscle gene expression by MEF2 and myogenic bHLH proteins. Cell 83, 1125-1136. 

Molkentin, J.D., and Olson, E.N. (1996). Combinatorial control of muscle development by 

basic helix-loop-helix and MADS-box transcription factors. Proc Natl Acad Sci U S A 93, 

9366-9373. 

Mousavi, K., Zare, H., Dell'orso, S., Grontved, L., Gutierrez-Cruz, G., Derfoul, A., Hager, 

G.L., and Sartorelli, V. (2013). eRNAs promote transcription by establishing chromatin 

accessibility at defined genomic loci. Mol Cell 51, 606-617. 

Mueller, A.C., Cichewicz, M.A., Dey, B.K., Layer, R., Reon, B.J., Gagan, J.R., and Dutta, A. 

(2015). MUNC, a long noncoding RNA that facilitates the function of MyoD in skeletal 

myogenesis. Mol Cell Biol 35, 498-513. 

Mulligan, P., Yang, F., Di Stefano, L., Ji, J.Y., Ouyang, J., Nishikawa, J.L., Toiber, D., 

Kulkarni, M., Wang, Q., Najafi-Shoushtari, S.H., et al. (2011). A SIRT1-LSD1 corepressor 

complex regulates Notch target gene expression and development. Mol Cell 42, 689-699. 

Musri, M.M., Carmona, M.C., Hanzu, F.A., Kaliman, P., Gomis, R., and Parrizas, M. (2010). 

Histone demethylase LSD1 regulates adipogenesis. J Biol Chem 285, 30034-30041. 

Nabeshima, Y., Hanaoka, K., Hayasaka, M., Esumi, E., Li, S., and Nonaka, I. (1993). 

Myogenin gene disruption results in perinatal lethality because of severe muscle defect. 

Nature 364, 532-535. 

Naidu, P.S., Ludolph, D.C., To, R.Q., Hinterberger, T.J., and Konieczny, S.F. (1995). 

Myogenin and MEF2 function synergistically to activate the MRF4 promoter during 

myogenesis. Mol Cell Biol 15, 2707-2718. 

Nakayama, J., Rice, J.C., Strahl, B.D., Allis, C.D., and Grewal, S.I. (2001). Role of histone 

H3 lysine 9 methylation in epigenetic control of heterochromatin assembly. Science 292, 

110-113. 

Nam, H.J., Boo, K., Kim, D., Han, D.H., Choe, H.K., Kim, C.R., Sun, W., Kim, H., Kim, K., 

Lee, H., et al. (2014). Phosphorylation of LSD1 by PKCalpha is crucial for circadian 

rhythmicity and phase resetting. Mol Cell 53, 791-805. 



 

 119

Nielsen, R., Pedersen, T.A., Hagenbeek, D., Moulos, P., Siersbaek, R., Megens, E., 

Denissov, S., Borgesen, M., Francoijs, K.J., Mandrup, S., et al. (2008). Genome-wide 

profiling of PPARgamma:RXR and RNA polymerase II occupancy reveals temporal 

activation of distinct metabolic pathways and changes in RXR dimer composition during 

adipogenesis. Genes Dev 22, 2953-2967. 

Noma, K., Allis, C.D., and Grewal, S.I. (2001). Transitions in distinct histone H3 

methylation patterns at the heterochromatin domain boundaries. Science 293, 1150-1155. 

Ohkawa, Y., Marfella, C.G., and Imbalzano, A.N. (2006). Skeletal muscle specification by 

myogenin and Mef2D via the SWI/SNF ATPase Brg1. Embo J 25, 490-501. 

Ohkawa, Y., Yoshimura, S., Higashi, C., Marfella, C.G., Dacwag, C.S., Tachibana, T., and 

Imbalzano, A.N. (2007). Myogenin and the SWI/SNF ATPase Brg1 maintain myogenic 

gene expression at different stages of skeletal myogenesis. J Biol Chem 282, 6564-6570. 

Okada, Y., Nagai, R., Sato, T., Matsuura, E., Minami, T., Morita, I., and Doi, T. (2003). 

Homeodomain proteins MEIS1 and PBXs regulate the lineage-specific transcription of the 

platelet factor 4 gene. Blood 101, 4748-4756. 

Okuno, Y., Ohtake, F., Igarashi, K., Kanno, J., Matsumoto, T., Takada, I., Kato, S., and 

Imai, Y. (2013). Epigenetic regulation of adipogenesis by PHF2 histone demethylase. 

Diabetes 62, 1426-1434. 

Ordahl, C.P., and Le Douarin, N.M. (1992). Two myogenic lineages within the developing 

somite. Development 114, 339-353. 

Orom, U.A., Derrien, T., Beringer, M., Gumireddy, K., Gardini, A., Bussotti, G., Lai, F., 

Zytnicki, M., Notredame, C., Huang, Q., et al. (2010). Long noncoding RNAs with 

enhancer-like function in human cells. Cell 143, 46-58. 

Pan, Y.C., Wang, X.W., Teng, H.F., Wu, Y.J., Chang, H.C., and Chen, S.L. (2015). Wnt3a 

signal pathways activate MyoD expression by targeting cis-elements inside and outside its 

distal enhancer. Biosci Rep 35. 



 

 120

Parisi, A., Lacour, F., Giordani, L., Colnot, S., Maire, P., and Le Grand, F. (2015). APC is 

required for muscle stem cell proliferation and skeletal muscle tissue repair. J Cell Biol 210, 

717-726. 

Park, S.Y., Park, J.W., and Chun, Y.S. (2016). Jumonji histone demethylases as emerging 

therapeutic targets. Pharmacol Res 105, 146-151. 

Parker, M.H., Seale, P., and Rudnicki, M.A. (2003). Looking back to the embryo: defining 

transcriptional networks in adult myogenesis. Nat Rev Genet 4, 497-507. 

Patapoutian, A., Yoon, J.K., Miner, J.H., Wang, S., Stark, K., and Wold, B. (1995). 

Disruption of the mouse MRF4 gene identifies multiple waves of myogenesis in the 

myotome. Development 121, 3347-3358. 

Peng, B., Shi, R., Jiang, W., Ding, Y.H., Dong, M.Q., Zhu, W.G., and Xu, X. (2017). 

Phosphorylation of LSD1 by PLK1 promotes its chromatin release during mitosis. Cell 

Biosci 7, 15. 

Peng, B., Wang, J., Hu, Y., Zhao, H., Hou, W., Wang, H., Liao, J., and Xu, X. (2015). 

Modulation of LSD1 phosphorylation by CK2/WIP1 regulates RNF168-dependent 53BP1 

recruitment in response to DNA damage. Nucleic Acids Res 43, 5936-5947. 

Penn, B.H., Bergstrom, D.A., Dilworth, F.J., Bengal, E., and Tapscott, S.J. (2004). A 

MyoD-generated feed-forward circuit temporally patterns gene expression during skeletal 

muscle differentiation. Genes Dev 18, 2348-2353. 

Phillips-Cremins, J.E., Sauria, M.E., Sanyal, A., Gerasimova, T.I., Lajoie, B.R., Bell, J.S., 

Ong, C.T., Hookway, T.A., Guo, C., Sun, Y., et al. (2013). Architectural protein subclasses 

shape 3D organization of genomes during lineage commitment. Cell 153, 1281-1295. 

Polesskaya, A., Duquet, A., Naguibneva, I., Weise, C., Vervisch, A., Bengal, E., Hucho, F., 

Robin, P., and Harel-Bellan, A. (2000). CREB-binding protein/p300 activates MyoD by 

acetylation. J Biol Chem 275, 34359-34364. 

Pollock, J.A., Larrea, M.D., Jasper, J.S., McDonnell, D.P., and McCafferty, D.G. (2012). 

Lysine-specific histone demethylase 1 inhibitors control breast cancer proliferation in 

ERalpha-dependent and -independent manners. ACS Chem Biol 7, 1221-1231. 



 

 121

Potthoff, M.J., Arnold, M.A., McAnally, J., Richardson, J.A., Bassel-Duby, R., and Olson, 

E.N. (2007a). Regulation of skeletal muscle sarcomere integrity and postnatal muscle 

function by Mef2c. Mol Cell Biol 27, 8143-8151. 

Potthoff, M.J., Wu, H., Arnold, M.A., Shelton, J.M., Backs, J., McAnally, J., Richardson, 

J.A., Bassel-Duby, R., and Olson, E.N. (2007b). Histone deacetylase degradation and 

MEF2 activation promote the formation of slow-twitch myofibers. J Clin Invest 117, 2459-

2467. 

Puri, P.L., Avantaggiati, M.L., Balsano, C., Sang, N., Graessmann, A., Giordano, A., and 

Levrero, M. (1997a). p300 is required for MyoD-dependent cell cycle arrest and muscle-

specific gene transcription. Embo J 16, 369-383. 

Puri, P.L., Iezzi, S., Stiegler, P., Chen, T.T., Schiltz, R.L., Muscat, G.E., Giordano, A., 

Kedes, L., Wang, J.Y., and Sartorelli, V. (2001). Class I histone deacetylases sequentially 

interact with MyoD and pRb during skeletal myogenesis. Mol Cell 8, 885-897. 

Puri, P.L., Sartorelli, V., Yang, X.J., Hamamori, Y., Ogryzko, V.V., Howard, B.H., Kedes, L., 

Wang, J.Y., Graessmann, A., Nakatani, Y., et al. (1997b). Differential roles of p300 and 

PCAF acetyltransferases in muscle differentiation. Mol Cell 1, 35-45. 

Qian, C., Zhang, Q., Li, S., Zeng, L., Walsh, M.J., and Zhou, M.M. (2005). Structure and 

chromosomal DNA binding of the SWIRM domain. Nat Struct Mol Biol 12, 1078-1085. 

Rawls, A., Valdez, M.R., Zhang, W., Richardson, J., Klein, W.H., and Olson, E.N. (1998). 

Overlapping functions of the myogenic bHLH genes MRF4 and MyoD revealed in double 

mutant mice. Development 125, 2349-2358. 

Relaix, F., Demignon, J., Laclef, C., Pujol, J., Santolini, M., Niro, C., Lagha, M., 

Rocancourt, D., Buckingham, M., and Maire, P. (2013). Six homeoproteins directly activate 

Myod expression in the gene regulatory networks that control early myogenesis. PLoS 

Genet 9, e1003425. 

Relaix, F., Montarras, D., Zaffran, S., Gayraud-Morel, B., Rocancourt, D., Tajbakhsh, S., 

Mansouri, A., Cumano, A., and Buckingham, M. (2006). Pax3 and Pax7 have distinct and 

overlapping functions in adult muscle progenitor cells. J Cell Biol 172, 91-102. 



 

 122

Rhodes, D. (1997). Chromatin structure. The nucleosome core all wrapped up. Nature 389, 

231, 233. 

Roth, J.F., Shikama, N., Henzen, C., Desbaillets, I., Lutz, W., Marino, S., Wittwer, J., 

Schorle, H., Gassmann, M., and Eckner, R. (2003). Differential role of p300 and CBP 

acetyltransferase during myogenesis: p300 acts upstream of MyoD and Myf5. Embo J 22, 

5186-5196. 

Roth, S.Y., Denu, J.M., and Allis, C.D. (2001). Histone acetyltransferases. Annu Rev 

Biochem 70, 81-120. 

Rudnicki, M.A., Braun, T., Hinuma, S., and Jaenisch, R. (1992). Inactivation of MyoD in 

mice leads to up-regulation of the myogenic HLH gene Myf-5 and results in apparently 

normal muscle development. Cell 71, 383-390. 

Rudnicki, M.A., Schnegelsberg, P.N., Stead, R.H., Braun, T., Arnold, H.H., and Jaenisch, 

R. (1993). MyoD or Myf-5 is required for the formation of skeletal muscle. Cell 75, 1351-

1359. 

Rudolf, A., Schirwis, E., Giordani, L., Parisi, A., Lepper, C., Taketo, M.M., and Le Grand, F. 

(2016). beta-Catenin Activation in Muscle Progenitor Cells Regulates Tissue Repair. Cell 

Rep 15, 1277-1290. 

Sanyal, A., Lajoie, B.R., Jain, G., and Dekker, J. (2012). The long-range interaction 

landscape of gene promoters. Nature 489, 109-113. 

Sartorelli, V., Huang, J., Hamamori, Y., and Kedes, L. (1997). Molecular mechanisms of 

myogenic coactivation by p300: direct interaction with the activation domain of MyoD and 

with the MADS box of MEF2C. Mol Cell Biol 17, 1010-1026. 

Sartorelli, V., Puri, P.L., Hamamori, Y., Ogryzko, V., Chung, G., Nakatani, Y., Wang, J.Y., 

and Kedes, L. (1999). Acetylation of MyoD directed by PCAF is necessary for the 

execution of the muscle program. Mol Cell 4, 725-734. 

Schaukowitch, K., Joo, J.Y., Liu, X., Watts, J.K., Martinez, C., and Kim, T.K. (2014). 

Enhancer RNA facilitates NELF release from immediate early genes. Mol Cell 56, 29-42. 



 

 123

Scionti, I., Hayashi, S., Mouradian, S., Girard, E., Esteves de Lima, J., Morel, V., Simonet, 

T., Wurmser, M., Maire, P., Ancelin, K., et al. (2017). LSD1 Controls Timely MyoD 

Expression via MyoD Core Enhancer Transcription. Cell Rep 18, 1996-2006. 

Seale, P., Sabourin, L.A., Girgis-Gabardo, A., Mansouri, A., Gruss, P., and Rudnicki, M.A. 

(2000). Pax7 is required for the specification of myogenic satellite cells. Cell 102, 777-786. 

Seenundun, S., Rampalli, S., Liu, Q.C., Aziz, A., Palii, C., Hong, S., Blais, A., Brand, M., 

Ge, K., and Dilworth, F.J. (2010). UTX mediates demethylation of H3K27me3 at muscle-

specific genes during myogenesis. Embo J 29, 1401-1411. 

Shen, C., Wang, D., Liu, X., Gu, B., Du, Y., Wei, F.Z., Cao, L.L., Song, B., Lu, X., Yang, Q., 

et al. (2015). SET7/9 regulates cancer cell proliferation by influencing beta-catenin stability. 

Faseb J 29, 4313-4323. 

Shen, Y., Yue, F., McCleary, D.F., Ye, Z., Edsall, L., Kuan, S., Wagner, U., Dixon, J., Lee, 

L., Lobanenkov, V.V., et al. (2012). A map of the cis-regulatory sequences in the mouse 

genome. Nature 488, 116-120. 

Shi, X., Hong, T., Walter, K.L., Ewalt, M., Michishita, E., Hung, T., Carney, D., Pena, P., 

Lan, F., Kaadige, M.R., et al. (2006). ING2 PHD domain links histone H3 lysine 4 

methylation to active gene repression. Nature 442, 96-99. 

Shi, Y., Lan, F., Matson, C., Mulligan, P., Whetstine, J.R., Cole, P.A., and Casero, R.A. 

(2004). Histone demethylation mediated by the nuclear amine oxidase homolog LSD1. 

Cell 119, 941-953. 

Shi, Y.J., Matson, C., Lan, F., Iwase, S., Baba, T., and Shi, Y. (2005). Regulation of LSD1 

histone demethylase activity by its associated factors. Mol Cell 19, 857-864. 

Singh, K., and Dilworth, F.J. (2013). Differential modulation of cell cycle progression 

distinguishes members of the myogenic regulatory factor family of transcription factors. 

Febs J 280, 3991-4003. 

Song, Y.J., and Lee, H. (2010). YB1/p32, a nuclear Y-box binding protein 1, is a novel 

regulator of myoblast differentiation that interacts with Msx1 homeoprotein. Exp Cell Res 

316, 517-529. 



 

 124

Strahl, B.D., and Allis, C.D. (2000). The language of covalent histone modifications. Nature 

403, 41-45. 

Strahl, B.D., Ohba, R., Cook, R.G., and Allis, C.D. (1999). Methylation of histone H3 at 

lysine 4 is highly conserved and correlates with transcriptionally active nuclei in 

Tetrahymena. Proc Natl Acad Sci U S A 96, 14967-14972. 

Sun, G., Alzayady, K., Stewart, R., Ye, P., Yang, S., Li, W., and Shi, Y. (2010). Histone 

demethylase LSD1 regulates neural stem cell proliferation. Mol Cell Biol 30, 1997-2005. 

Sun, L.L., Sun, X.X., Xu, X.E., Zhu, M.X., Wu, Z.Y., Shen, J.H., Wu, J.Y., Huang, Q., Li, 

E.M., and Xu, L.Y. (2013). Overexpression of Jumonji AT-rich interactive domain 1B and 

PHD finger protein 2 is involved in the progression of esophageal squamous cell 

carcinoma. Acta Histochem 115, 56-62. 

Tajbakhsh, S. (2009). Skeletal muscle stem cells in developmental versus regenerative 

myogenesis. J Intern Med 266, 372-389. 

Takami, Y., and Nakayama, T. (2000). N-terminal region, C-terminal region, nuclear export 

signal, and deacetylation activity of histone deacetylase-3 are essential for the viability of 

the DT40 chicken B cell line. J Biol Chem 275, 16191-16201. 

Takeuchi, T., Yamazaki, Y., Katoh-Fukui, Y., Tsuchiya, R., Kondo, S., Motoyama, J., and 

Higashinakagawa, T. (1995). Gene trap capture of a novel mouse gene, jumonji, required 

for neural tube formation. Genes Dev 9, 1211-1222. 

Tapscott, S.J. (2005). The circuitry of a master switch: Myod and the regulation of skeletal 

muscle gene transcription. Development 132, 2685-2695. 

Thiagalingam, S., Cheng, K.H., Lee, H.J., Mineva, N., Thiagalingam, A., and Ponte, J.F. 

(2003). Histone deacetylases: unique players in shaping the epigenetic histone code. Ann 

N Y Acad Sci 983, 84-100. 

Tochio, N., Umehara, T., Koshiba, S., Inoue, M., Yabuki, T., Aoki, M., Seki, E., Watanabe, 

S., Tomo, Y., Hanada, M., et al. (2006). Solution structure of the SWIRM domain of human 

histone demethylase LSD1. Structure 14, 457-468. 



 

 125

Trewick, S.C., Henshaw, T.F., Hausinger, R.P., Lindahl, T., and Sedgwick, B. (2002). 

Oxidative demethylation by Escherichia coli AlkB directly reverts DNA base damage. 

Nature 419, 174-178. 

Ustanina, S., Carvajal, J., Rigby, P., and Braun, T. (2007). The myogenic factor Myf5 

supports efficient skeletal muscle regeneration by enabling transient myoblast 

amplification. Stem Cells 25, 2006-2016. 

Verrier, L., Escaffit, F., Chailleux, C., Trouche, D., and Vandromme, M. (2011). A new 

isoform of the histone demethylase JMJD2A/KDM4A is required for skeletal muscle 

differentiation. PLoS Genet 7, e1001390. 

Visel, A., Blow, M.J., Li, Z., Zhang, T., Akiyama, J.A., Holt, A., Plajzer-Frick, I., Shoukry, M., 

Wright, C., Chen, F., et al. (2009). ChIP-seq accurately predicts tissue-specific activity of 

enhancers. Nature 457, 854-858. 

Wang, D.Z., Valdez, M.R., McAnally, J., Richardson, J., and Olson, E.N. (2001). The 

Mef2c gene is a direct transcriptional target of myogenic bHLH and MEF2 proteins during 

skeletal muscle development. Development 128, 4623-4633. 

Wang, J., Hevi, S., Kurash, J.K., Lei, H., Gay, F., Bajko, J., Su, H., Sun, W., Chang, H., Xu, 

G., et al. (2009). The lysine demethylase LSD1 (KDM1) is required for maintenance of 

global DNA methylation. Nat Genet 41, 125-129. 

Wang, J., Lu, F., Ren, Q., Sun, H., Xu, Z., Lan, R., Liu, Y., Ward, D., Quan, J., Ye, T., et al. 

(2011). Novel histone demethylase LSD1 inhibitors selectively target cancer cells with 

pluripotent stem cell properties. Cancer Res 71, 7238-7249. 

Wen, H., Li, J., Song, T., Lu, M., Kan, P.Y., Lee, M.G., Sha, B., and Shi, X. (2010). 

Recognition of histone H3K4 trimethylation by the plant homeodomain of PHF2 modulates 

histone demethylation. J Biol Chem 285, 9322-9326. 

Whyte, W.A., Bilodeau, S., Orlando, D.A., Hoke, H.A., Frampton, G.M., Foster, C.T., 

Cowley, S.M., and Young, R.A. (2012). Enhancer decommissioning by LSD1 during 

embryonic stem cell differentiation. Nature 482, 221-225. 



 

 126

Wilson, E.M., and Rotwein, P. (2006). Control of MyoD function during initiation of muscle 

differentiation by an autocrine signaling pathway activated by insulin-like growth factor-II. J 

Biol Chem 281, 29962-29971. 

Wysocka, J., Swigut, T., Xiao, H., Milne, T.A., Kwon, S.Y., Landry, J., Kauer, M., Tackett, 

A.J., Chait, B.T., Badenhorst, P., et al. (2006). A PHD finger of NURF couples histone H3 

lysine 4 trimethylation with chromatin remodelling. Nature 442, 86-90. 

Yamane, K., Toumazou, C., Tsukada, Y., Erdjument-Bromage, H., Tempst, P., Wong, J., 

and Zhang, Y. (2006). JHDM2A, a JmjC-containing H3K9 demethylase, facilitates 

transcription activation by androgen receptor. Cell 125, 483-495. 

Yang, J.H., Song, Y., Seol, J.H., Park, J.Y., Yang, Y.J., Han, J.W., Youn, H.D., and Cho, 

E.J. (2011). Myogenic transcriptional activation of MyoD mediated by replication-

independent histone deposition. Proc Natl Acad Sci U S A 108, 85-90. 

Yang, M., Gocke, C.B., Luo, X., Borek, D., Tomchick, D.R., Machius, M., Otwinowski, Z., 

and Yu, H. (2006). Structural basis for CoREST-dependent demethylation of nucleosomes 

by the human LSD1 histone demethylase. Mol Cell 23, 377-387. 

Yee, S.P., and Rigby, P.W. (1993). The regulation of myogenin gene expression during 

the embryonic development of the mouse. Genes Dev 7, 1277-1289. 

Yin, H., Price, F., and Rudnicki, M.A. (2013). Satellite cells and the muscle stem cell niche. 

Physiol Rev 93, 23-67. 

Yuan, W., Condorelli, G., Caruso, M., Felsani, A., and Giordano, A. (1996). Human p300 

protein is a coactivator for the transcription factor MyoD. J Biol Chem 271, 9009-9013. 

Zhang, H.S., Gavin, M., Dahiya, A., Postigo, A.A., Ma, D., Luo, R.X., Harbour, J.W., and 

Dean, D.C. (2000). Exit from G1 and S phase of the cell cycle is regulated by repressor 

complexes containing HDAC-Rb-hSWI/SNF and Rb-hSWI/SNF. Cell 101, 79-89. 

Zhang, X., Patel, S.P., McCarthy, J.J., Rabchevsky, A.G., Goldhamer, D.J., and Esser, 

K.A. (2012). A non-canonical E-box within the MyoD core enhancer is necessary for 

circadian expression in skeletal muscle. Nucleic Acids Res 40, 3419-3430. 



 

 127

Zheng, C., and Hayes, J.J. (2003). Structures and interactions of the core histone tail 

domains. Biopolymers 68, 539-546. 

 

 


