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To assess the role of MSK1 kinase during muscle differentiation, we used H89, a 
compound which is known to inhibit MSK1 activity (Thomson et al. 1999; Davies 
et al. 2000). Although H89 works at concentration as high as 20 µM (Thomson et 
al. 1999; Vicent et al. 2006a), lower doses (i.e. 5 µM and 10 µM) inhibit MSK1 
kinase more specifically (Brami-Cherrier et al. 2007). When C2C12 myoblasts 
were induced to differentiate in the presence of lower H89 concentration (5 µM 
and 10 µM) (Fig. 23 C), muscle differentiation was impaired as shown by phase 
contrast microscopy (Fig. 23 D) and immunofluorescence for the muscle specific 
differentiation marker mCK (Fig. 23 E).  
 

 

 

 
 
 

Fig. 23: C) and D) Proliferative myoblasts were induced to differentiate for 48h by 
replacing the GM with DM in the presence or not of MSK1 inhibitor (5µM and 10 µM 
H89). Effect of H89 treatment on muscle differentiation was evaluated by phase contrast 
microscopy. E) Expression of mCK was assayed by immunofluorescence in C2C12 cells 
cultured in GM and left to differentiate at 48h after the switch to DM with and without 
MSK1 inhibitor (5µM H89). DAPI staining visualizes nuclei. 
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Since H89 can also inhibit other signaling pathways such as PKA, p70S6K and 
RSK2 (Davies et al. 2000), we used siRNA knock down targeting MSK1 kinase to 
assess its specific involvement in muscle differentiation. Knock down of MSK1 
by two different siRNA oligos caused a delay in muscle differentiation, as known 
by reduction in MyoG and mCK at mRNA and protein levels (Fig. 23 F and G). 
As a control, to exclude side effects on other closely related MAPK (e.g. MSK2) 
we checked for MSK2 stability in MSK1 depleted cells. We found that siRNA for 
MSK1 showed no effects on MSK2 mRNA levels (Fig 23 F, right panel). These 
results indicate that MSK1 kinase is specifically required for correct timing of 
C2C12 skeletal muscle differentiation. 
 

 

 
 

Fig. 23: F) C2C12 myoblasts in GM were transfected with non-targeting siRNA (Neg. 
Ctrl.) or two different siRNAs against MSK1. 48h post transfection cells were placed in 
DM for additional 48h. Expression levels of MSK1, MSK2, MyoG and mCK were 
analyzed using Real Time-PCR. Data represent the average from three independent 
experiments +/- SD. Fold enrichment is calculated in comparison to negative control 
siRNA in GM. G) Immunoblot of MSK1, MyoG and mCK was performed after knock 
down of MSK1 using the same siRNAs as in F). β-tubulin was used as a loading control. 
Whole cell extracts were used for analysis. 
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Fig. 26: MSK1-dependent H3Ser28 phosphorylation affects PRC2 dynamics at muscle 
regulatory regions. ChIP analysis was performed on chromatin extracted from C2C12 
cultured in GM or DM 48h from the induction of differentiation with and without MSK1 
inhibitor (5µM H89) using EZH2, SUZ12, H3K27me3, H3Ser28ph, MSK1 and acetyl-H3 
(AcH3) antibodies (B). The precipitated DNA fragments were subjected to Real Time-PCR 
analysis with primers amplifying mCK promoter, mCK enhancer and MyoG promoter (A). 
Levels of H3K27me3, H3Ser28ph and AcH3 were normalized to histone H3 density. The 
values represent the mean of three independent experiments. Error bars represent standard 
deviations. 
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To validate the existence of the double mark H3K27me3/Ser28ph at the mCK 
and MyoG regulatory regions, ChIP experiments were performed using an 
antibody (CMA316) capable of recognizing H3Ser28ph regardless of the 
methylation status of H3K27 (Fig. 27 A). Specificity of this antibody was shown 
by immunoblot analysis of histone prepared from nocodazole treated cells (Fig. 
27 B). Interestingly, we detected an increase of this double mark antibody from 
myoblasts to myotubes, both at Myog promoter and mCK enhancer (Fig. 27 C), 
suggesting that H3Ser28ph can occur even in the presence of H3K27me3. All 
together these data suggest that the displacememt of PRC2-EZH2 complex from 
the mCK and MyoG promoter, a functional event for muscle differentiation, is 
regulated by an H3K27me3/Ser28ph switch mechanism, via MSK1 recruitment 
to chromatin. 
Previous work estabilished that the same muscle genes require p38 signal-
dependent chromatin remodeling for their activation (Simone et al. 2004). Indeed 
MSK1 was shown to interact with BRG1 ATPase, a subunit of chromatin 
remodeling SWI/SNF complex involved in p38-dependent muscle gene activation 
(Simone et al. 2004; Drobic et al. 2010). Besides displacing repressive Polycomb 
proteins, how does H3Ser28ph regulate transcription? One possibility is that 
phospho-mark on histone H3 may favor the recruitment of SWI/SNF via 14-3-3 
family proteins, that have high affinity for H3Ser10ph and are required for 
transcriptional activation (Winter et al. 2008; Niessen et al. 2009; Drobic et al. 
2010). The conclusion of this work add a vast body of evidences in support of the 
importance of adjacent histone residues as potential targets for co-evolved 
epigenetic regulatory mechanism (Winter and Fischle 2010). Phosphorylation of 
Ser28 was shown to inhibit methylation at Lys27 (Manzur et al. 2003) and in 
Tetrahymena mutation of H3Ser28 (H3Ser28E) disrupted the proper methylation of 
both H3K9 and H3K27 during macronuclear development (Liu et al. 2007). 
Similarly, phosphorylation of histone H1 on Ser27 (H1Ser27ph) was found to 
prevent binding of HP1 and PRC2 to the adjacent methylated Lys26 (H1K26me3) 
(Kuzmichev et al. 2004; Daujat et al. 2005). Notably, PRC1/chromatin 
dissociation was correlated with H3Ser28ph further suggesting analogy with 
H3Ser10ph and HP1 displacement (Voncken et al. 2005). Recent report shows 
that phosphorylation of Ser28 inhibits tri-methylation at Lys27, leading to 
displacement of PcG proteins from target gene promoters, in response to stress 
and mitogenic signaling and retinoic acid (RA)-induced neuronal differentiation 
(Gehani et al., 2010). In conclusion, our data provide evidence that the 
MSK1/H3Ser28ph pathway is essential for skeletal muscle cell differentiation 
determining PRC2-EZH2 displacement from chromatin. 
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Fig. 27: Characterization of CMA316 mouse monoclonal antibody directed against 
phosphorylated histone H3 at Serine 28. A) Specificity of mAb was evaluated by ELISA. 
Microtiter plates were coated with the indicated peptides and incubated with 3-fold dilutions 
of each mAb (starting from 1:300 dilution of a hybridoma culture supernatant). B) HeLa 
cells were left untransfected (lanes 1, 2) or transfected with H3-GFP (lane3) and its 
phosphorylation-site mutants (lanes 4-7) and treated with nocodazole to enrich for mitotic 
cells (lanes 2-7). Whole cell proteins were separated on 13% SDS-polyacrylamide gels, 
transferred on to PVD membranes and blotted with CMA316 antibody that detects single 
bands at the size of histone H3 (lane1). Signal intensity is increased in nocodazole-treated, 
M-phase enriched, cell population (lane3). A mutant H3-GFP, which harbors Ser28A 
substitution, was not detected by these antibodies (lane7). C) ChIP analysis was performed 
on chromatin extracted from C2C12 cultured in GM or DM, 24h after induction of 
differentiation, using CMA316 antibody. The precipitated DNA fragments were subjected to 
Real Time-PCR analysis with primers amplifying mCK enhancer and MyoG promoter. The 
values represent the mean +/- SD of two indipendent experiments. 
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4.64.6 -- B Binding of EZH2, EED and SUZ12 but not EZH1 to theB Binding of EZH2, EED and SUZ12 but not EZH1 to the 
H3K27me3 mark is impaired by phosphorylation of H3Ser28H3K27me3 mark is impaired by phosphorylation of H3Ser28 
 
   In order to provide direct mechanistic evidence for the involvement of 
H3Ser28ph in PRC2 displacement we first analyzed global levels of this mark in 
C2C12 myoblasts cultured in GM and DM with or without H89. As shown in Fig. 
28 A, the levels of H3Ser28ph and H3Ser10ph declined in differentiated cells, 
which is in general agreement with their suggested roles as mitotic markers of 
proliferation (Goto et al. 1999; Prigent and Dimitrov 2003). Treatment of cells 
with the MSK1 inhibitor H89 caused a further decreased in global levels of 
H3Ser28ph and H3Ser10ph, whereas H3K27me3 and H3K4me3 remained 
unchanged. In light of the known role of MSK1 in H3Ser10 phosphorylation and 
H89 effects on global levels of H3Ser10ph (Fig. 28 A) (Thomson et al. 1999) we 
asked whether H3Ser10ph was also involved in muscle gene activation. Indeed, 
we did not observe any increase of this modification at mCK and MyoG regulatory 
regions during muscle differentiation, excluding a role for H3Ser10ph in muscle 
gene activation (Fig. 28 B). This observation is in agreement with earlier findings 
indicating that in vivo the two marks occur indipendently from each other and act 
separately to induce gene expression (Dunn and Davie 2005; Dyson et al. 2005). 
Also, H3Ser28ph has been associated with transcriptionally active promoter 
regions and with transcriptionally active chromatin, whereas H3Ser10ph did not 
differ between active and repressed chromatin regions (Sun et al. 2007).  
 
 

 
 
 

Fig.28: Binding of EZH2, SUZ12, and EED but not EZH1 is specifically affected by 
MSK1-mediated H3Ser28ph. A) Immunoblot of different histone H3 modifications in 
C2C12 cultured in GM or DM, 48h from induction of differentiation, with or without H89 
(5µM). H3 was used as a loading control. B) ChIP analysis of mCK enhancer (i), mCK 
promoter (ii) and MyoG promoter (iii) was performed on chromatin extracted from C2C12 
cultured in GM or DM for 48h after induction of differentiation, using H3Ser10ph antibody. 
Levels of H3Ser10ph were normalized to histone H3 density. The precipitated DNA 
fragments were subjected to Real Time-PCR analysis. The values represent the mean +/- SD 
of three independent experiments. 
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Our results shown until now indicate that MSK1 is required for the dissociation 
of the PRC2-EZH2 complex from the chromatin of muscle gene regulatory 
regions. To address whether MSK1 mediates this function by phosphorylating 
H3Ser28, we first analyzed if MSK1 can phosphorylate this site in the context of 
pre-existing H3K27me3. Recombinant MSK1 kinase was incubated with a histone 
H3 (21-33 residues) peptide either unmodified or carrying the K27me3 or 
Ser28ph modifications. As shown in Fig. 28 C, the H3K27me3 substrate was 
phosphorylated with similar kinetics as the unmodified peptide. Importantly, no 
phosphorylation of the H3Ser28 substrate was observed indicating that this is the 
only residue phosphorylated by MSK1 in this peptide. To investigate whether 
H3Ser28ph impairs binding of PRC2-EZH2 components to H3K27me3 docking 
site we performed affinity-purification experiments using long (1-40 residues) 
histone H3 tail peptides from nuclear extracts prepared from myoblasts and 
myotubes cells. In agreement with early findings (Hansen et al. 2008; Margueron 
et al. 2009) EZH2, SUZ12 and EED were found to be recruited to the 
H3K27me3 peptide but showed significantly lower binding to the unmodified 
control (Fig. 28 D). Interestingly, interaction of all PRC2 core components with 
H3K27me3 was significantly weakened in presence of neighboring H3Ser28ph. 
Similar observations were made for extracts prepared from undifferentiated 
myoblasts as well as from differentiated myotubes (Fig. 28 D). We therefore infer 
that the PRC2-EZH2 containing complex to bind H3K27me3 and to show 
sensitivity to H3Ser28ph is inherent to the complex and not depend on 
differentiation. Since we observed EZH1 binding (Fig. 17 F) and H3Ser28ph 
enrichment (Fig. 26 B) at MyoG gene regulatory regions upon differentiation, we 
next asked whether EZH1 is retained on H3K27me3 even in the presence of the 
adjacent phosphorylation. As Fig. 28 E shows, comparable amounts of EZH1 
were recruited to H3K27me3 and H3K27me3Ser28ph peptides from extract of 
differentiated myotubes. Thus, MSK1 mediated phosphorylation of H3Ser28ph 
appears to impair PRC2-EZH2 binding onto H3K27m3 chromatin, but not 
PRC2-EZH1.  
However, we cannot exclude that, besides H3Ser28ph, MSK1 (and/or MSK2) 
may target also PRC2 components, perhaps adding another layer of complexity in 
PcG regulation. PcG proteins are indeed broadly regulated by post-translational 
modifications (Niessen et al. 2009). For example, p38 kinase has been shown to 
phosphorylate the PRC1 component RING1B (Rao et al. 2009) and the PRC2 
components EZH2 (Palacios et al. 2010) and AKT-dependent phosphorylation 
impairs EZH2 histone methyltransferase activity (Cha et al. 2005). In addition, the 
PRC1 component BMI1 is phosphorylated by MAPKAP kinase 3pK resulting in 
dissociation from chromatin (Voncken et al. 2005). More work will be needed to 
elucidate whether the MSK1/2 pathway directly regulates PRC2 activity. 
 
In conclusion, our data provide strong evidence that MSK1/H3Ser28ph signaling 
pathway plays a key role in epigenetic gene regulation and it is essential for skeletal 
muscle differentiation. 
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Fig.28: C) Recombinant MSK1 was incubated with unmodified histone H3, H3K27me3 and 
H3Ser28ph peptides and kinase assay was performed. D) Nuclear extracts from C2C12 
cultured in GM or in DM, 48h after induction of differentiation, were incubated with 
peptides representing either unmodified H3 or H3 trimethylated at Lysine 27 (H3K27me3) 
or peptide that is both trimethylated at Lysine 27 and phosphorylated at Serine 28 
(H3K27me3Ser28ph). Binding of EZH2, SUZ12 and EED was tested by immunoblot. E) 
The same experiment described in D) was performed in order to compare the binding of 
EZH2 and EZH1. 
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5. CONCLUSIONS5. CONCLUSIONS 
 
   Our work addresses the dynamics of PRC2 complexes and the role of signaling 
pathways operating during skeletal muscle cell differentiation that by changing 
epigenomic codes control derepression of developmentally regulated genes, to 
allow their transcriptional switch. We show that two different PRC2 complexes 
are present during skeletal muscle differentiation, PRC2-EZH2, that is 
predominant in myoblasts and PRC2-EZH1 that is specific of post-mitotic 
myotubes. Since EZH1 is the unique PRC2 component that stays steady 
throughout different phases of differentiation, we hypothesize that EZH1 could 
regulate myogenic differentiation. Indeed, we show that depletion of EZH1 
specifically impaires muscle differentiation due to the lack of transcriptional 
activation of the early muscle marker, MyoG. Surprisingly we find that EZH1 is 
required for the recruitment of the transcription factor, MyoD and RNA Pol II at 
MyoG promoter and these events are crucial to allow gene activation and muscle 
differentiation. Thus, more than one PRC2 entities has to be regulated to 
accomplish skeletal muscle cell differentiation. At this regard, we demonstrate that 
the opposite dynamics of PRC2-EZH2 and PRC2-EZH1 at muscle regulatory 
regions are differentially regulated at the chromatin level by signal-dependent 
phospho/methyl switch mechanism. Removal of Polycomb repressive complexes 
bound to their histone docking site H3K27me3 is a prerequisite to allow 
activation of muscle specific genes. In this work we explore the potential role of 
signal-dependent histone H3 phosphorylation as potential regulator of skeletal 
muscle differentiation. Because of its adjacent position to PcG H3K27me3 
docking site, we hypothesize that H3S28ph could be a negative regulator of PcG 
silencing function necessary for regulating PRC2 binding to chromatin. Indeed, 
we show that depletion of MSK1 specifically stabilizes PRC2 complex on 
chromatin, hence inhibiting epigenome switch. By extensive ChIP experiments we 
show that upon differentiation MSK1 is directly recruited at Myog and mCK 
regulatory regions, H3Ser28 is phosphorylated and that these events perfectly 
follow loss of PRC2-EZH2 binding from the same regions and activation of 
muscle specific genes. Interestingly, in contrast to PRC2-EZH2, we find that 
during differentiation, PRC2-EZH1 is recruited to chromatin but this complex is 
insensitive to H3S28ph, indicating that MSK1/H3Ser28ph might be necessary but 
not sufficient to remove all PRC2 complexes from chromatin. Finally, by using an 
in vitro pull-down assay we provide mechanistic evidence in that H3Ser28ph 
modification neutralizes H3K27m3 mark as it greatly reduces binding of PRC2-
EZH2 complex onto its docking site. Notably, we show that the same phospho-
methyl switch does not influence EZH1 binding suggesting that 
MSK1/H3Ser28ph pathway is specifically required for de-repressing PRC2-EZH2 
controlled genes at the time of differentiation. Our data provides strong evidence 
that MSK1/H3Ser28ph signalling pathway plays a key role in epigenetic gene 
regulation and it is essential for skeletal muscle differentiation. These findings may 
add important information to explore novel pharmacological strategies towards 
selective manipulation of gene expression via epigenome regulation to promote 
somatic cell reprogramming and tissue regeneration. 
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SUMMARY  

In differentiating cells epigenetic gene regulation allows the cell to respond dynamically to 

developmental cues. In particular, the Polycomb complex PRC2 has emerged as a key regulator of 

cell fate and differentiation. In this work we investigate how signalling pathways change PRC2 

dependent epigenetic code of developmentally regulated genes during skeletal muscle cell 

differentiation. We show that MSK1 pathway is essential for muscle differentiation and regulates 

PRC2-EZH2 binding to muscle specific genes through phosphorylation of histone H3 at Ser 28 

(H3S28ph). Furthermore, we report the existence of two PRC2 complexes, PRC2-EZH2 and PRC2-

EZH1, the latter being the prominent PRC2 complex in myotubes.  We show that while H3S28ph 

dependent displacement of PRC2-EZH2 is necessary for muscle gene derepression, H3S28ph does 

not influence EZH1 binding to chromatin. These results indicate that the epigenetic switch 

controlled by MSK1/H3S28ph pathway plays a key role in skeletal muscle cell differentiation in 

that it is specifically required to remove EZH2 from skeletal muscle gene regulatory regions. 

 

 

Keywords: Epigenetics, MSK1 signaling, Polycomb, chromatin, muscle differentiation 
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INTRODUCTION 

 

Polycomb group (PcG) proteins are transcriptional repressors that modify chromatin through 

epigenetic modifications that prevent changes in cell identity by maintaining transcription patterns, 

throughout development and in adulthood (Schuettengruber and Cavalli, 2009; Simon and 

Kingston, 2009). PcG proteins form two major multiprotein complexes, Polycomb repressive 

complex-1 and -2 (PRC1 and PRC2). PRC1 is the larger sized complex that contains several 

polypeptides whose functions, though not fully understood, include ubiquitination of histone H2A 

at Lysine 119 (H2AK119), chromatin compaction and regulation of the basal transcription 

machinery (Levine et al., 2004; Wang et al., 2004). The core of PRC2 is made up of three proteins, 

SUZ12, EED and EZH2, the latter being the catalytic subunit that modifies histone H3 by 

trimethylation of Lysine 27 (H3K27me3). Once H3K27me3 has been established, PRC2 is able to 

bind to this mark via the EED subunit, which in turn activates the histone methyltransferase activity 

(HMT) of the complex. This process allows maintenance of the repressive mark and its 

transmission to daughter cells (Hansen et al., 2008; Margueron et al., 2009). Recently, EZH1, which 

has a high degree of similarity to EZH2 but a weaker HMT activity, was found to interact with 

PRC2 to form a distinct complex (PRC2-EZH1; Margueron et al., 2008; Shen et al., 2008). A key 

aspect of PcG biological function is its signal dependent dynamics allowing developmental 

switches and possibly reprogramming (Maurange et al., 2006; Pereira et al., 2010). To date, little is 

known about how signaling pathways regulate PcG composition at target genes during cell 

differentiation. 

During development, signal dependent switches in cell differentiation programs require 

global rearrangements in repression and activation of lineage specific genes.  Hence it is important 

to unravel epigenetic mechanisms that control these dynamics and their integration with signaling 

pathways. In skeletal muscle cells, transcription factor driven processes cause proliferating 
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myoblasts to fuse into multinucleated myotubes. These require signal dependent activity of 

chromatin remodeling complexes (e.g. SWI/SNF) as well as removal of epigenetic repressors like 

PcG proteins and associated histone marks from specific regulatory regions (Caretti et al., 2004; 

Guasconi and Puri, 2009; Simone et al., 2004). The extracellular signals that regulate myogenic 

differentiation are transduced into the nucleus by mitogen-activated protein kinases (MAPKs), p38 

and extracellular signal-regulated kinase (ERK; Simone et al., 2004; Wu et al., 2000). The two 

mitogen- and stress-activated protein kinases (MSK) -1 and -2 are known as downstream targets of 

the p38 or ERK pathways (Deak et al., 1998), however it is not known whether MSK1/2 have a role 

in muscle differentiation.  

MSK1/2 function has been linked to histone H3 phosphorylation at Serine 28 (H3S28ph) or 

Serine10 (H3S10ph) (Thomson et al., 1999; Soloaga et al., 2003). Phosphorylation of histone H3 

has different biological functions. It has been shown to occur either at gene regulatory regions 

where it activates transcription in response to cytokines and mitotic stimuli, or more globally at the 

level of histone H3, where it has been suggested to mediate chromosome condensation during 

mitosis (Cheung et al., 2000; Strahl and Allis, 2000). While mitotic phosphorylation by Aurora 

kinase is a long lasting event, which occurs on the majority of histone H3, interphase 

phosphorylation by MSK1/2 kinases is a transient phenomenon that affects only a small fraction of 

histone H3 at active gene sites (Clayton and Mahadevan, 2003). According to the histone code 

theory (Jenuwein and Allis, 2001; Strahl and Allis, 2000; Turner, 2002) and the binary switch 

model (Fischle et al., 2003) phosphorylation of residues next to methylated lysines can revert their 

repressive function and allow transcriptional activation. In fact, it has been shown that during 

mitosis H3S10ph can hamper the interaction between heterochromatin protein (HP1) and tri-

methylated Lysine 9 of histone H3 (H3K9me3) and control heterochromatin formation (Chen et al., 

2008; Fischle et al., 2005; Kloc et al., 2008). Displacement of HP1 from H3K9me3 by H3S10ph is 

not restricted to mitosis but can occur also during transcriptional activation of specific target genes 
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(Vicent et al., 2006; Winter et al., 2008).  Since the characteristic Polycomb associated histone 

mark H3K27me3 is embedded in a sequence similar to Lysine 9 (-ARKS-), we were intrigued by 

the possibility that a signaling pathway controlling H3S28ph could regulate skeletal muscle 

differentiation via modulation of PRC2 chromatin binding at target genes. This has been very 

recently shown to occur during neuronal differentiation, stress response and mitogenic signaling 

(Gehani et al., 2010).  

In the present work we show that MSK1 function is essential for skeletal muscle cell differentiation 

and that H3S28ph controls PRC2 dynamics on Myogenin (MyoG) and muscle Creatine Kinase 

(mCK). Transcriptional activation of MyoG and mCK in differentiated cells is associated with 

recruitment of MSK1 and increased levels of H3S28ph at their regulatory regions, while inhibition 

of MSK1 kinase correlates with loss of H3S28ph, retention of EZH2, SUZ12 and H3K27me3 and 

failure of MyoG and mCK activation. Further, we show that H3S28ph impairs PRC2-EZH2 binding 

to its H3K27me3 docking site. A novel PRC2-EZH1 complex appears to substitute for PRC2-EZH2 

in myotubes. Interestingly, chromatin binding of EZH1, characteristic of non-proliferating cells, is 

not affected by MSK1/H3S28ph. Taken together, our studies provide the first evidence that a 

MSK1/H3S28ph signaling pathway controls skeletal muscle cell differentiation and allows a PRC2-

EZH2 to PRC2-EZH1 switch at muscle specific genes. 
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RESULTS 

 

MSK1 kinase activity is required for muscle differentiation  

C2C12 cells were used as an in vitro model of skeletal muscle differentiation. In this cellular 

system exchange of growth medium (GM) to differentiation medium (DM) induces myoblasts to 

exit the cell cycle, to express muscle-specific genes and subsequently to fuse into multi-nucleated 

myotubes (Figure 1A) (Buckingham, 1996).  We first investigated whether activation of MSK1/2 

occurs during muscle differentiation. Since MSK2 RNA levels decreased in differentiated cells 

(Figure 1D, negative control, right panel) we focused our attention on MSK1.  MSK1 can 

autophosphorylate on Serine376, a modification known as a hallmark of its active state (McCoy et 

al., 2005). When C2C12 myoblasts were induced to differentiate we detected increased level of 

phosphorylated MSK1 (Figure 1B). This post-translational modification occurred together with p38 

phosphorylation and induction of muscle markers (MyoG and mCK) as well as the cell cycle 

inhibitor p21 (Figure 1B). 

To assess the role of MSK1 kinase during muscle differentiation, we used H89, a compound which 

is known to inhibit MSK1 kinase activity (Davies et al., 2000; Thomson et al., 1999). Although 

H89 has been used at concentration as high as 20µM (Thomson et al., 1999; Vicent et al., 2006), 

lower doses (i.e. 5µM and 10µM) were shown to inhibit MSK1 kinase more specifically (Brami-

Cherrier et al., 2007). When C2C12 myoblasts were induced to differentiate in the presence of low 

doses of H89 (5µM), muscle differentiation was impaired as shown by phase contrast microscopy 

(Figure S1) and immunofluorescence for the muscle specific differentiation marker mCK (Figure 

1C). Since H89 has been shown to inhibit other signaling pathways such as PKA, p70S6K and 

RSK2 (Davies et al., 2000), we used siRNA knock down targeting MSK1 kinase to assess its 

specific involvement in muscle cell differentiation. Knock down of MSK1 by two different siRNA 

oligos caused a delay in muscle differentiation as shown by reduction in MyoG and mCK at mRNA 
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and protein levels (Figure 1D and 1E). Since MSK1 and MSK2 have a high degree of similarity and 

are functionally redundant (Deak et al., 1998), we confirmed that these siRNAs specifically 

depleted MSK1, but not MSK2 (Figure 1D). These results indicate that MSK1 kinase is necessary 

for correct timing of C2C12 skeletal muscle cell differentiation. 

 

Two PRC2 complexes, PRC2-EZH2 and PRC2-EZH1, are differentially associated with 

muscle gene regulatory regions during myogenic differentiation 

EZH2 protein levels are known to decline during skeletal muscle differentiation (Caretti et 

al., 2004). Thus, we set out to investigate PRC2 dynamics in this cellular system. In particular, we 

analyzed PRC2 core components (EZH2, SUZ12, EED) and EZH1 in the transition from myoblasts 

to myotubes. EZH2 was almost undetectable in differentiated cells, whereas SUZ12 and EED 

protein levels despite downregulation were still detectable in myotubes. Notably, EZH1 levels 

remained constant throughout different phases of differentiation (Figure 2A). A similar trend was 

observed analyzing PRC2 mRNA levels (Figure S2). Global levels of H3K27me3 followed EZH2, 

SUZ12 and EED dynamics (Figure 2A).  

Next, we analyzed PRC2 components (SUZ12, EZH2, EZH1) and H3K27me3 dynamics by 

chromatin immunoprecipitation (ChIP) at the regulatory regions of mCK and MyoG, previously 

reported to be PRC2 targets in myoblasts (Caretti et al., 2004; Juan et al., 2009; Seenundun et al., 

2010). Two different mCK regulatory regions were analyzed corresponding to the promoter located 

immediately upstream of the transcription start site (TSS) and to the enhancer located -1.2 kb from 

the TSS (Nguyen et al., 2003). EZH2 and SUZ12 were present on the mCK enhancer and promoter 

in undifferentiated myoblasts but could not be detected at these sites in differentiated myotubes 

(Figure 2B). In agreement with previous reports, displacement of PRC2 components was not 

followed by significant loss of H3K27me3 at the promoter and only the mCK enhancer showed 

some extent of H3K27me3 decrease (Caretti et al., 2004; Juan et al., 2009). EZH1 was not detected 
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on the mCK promoter or enhancer regions, neither in myoblasts nor in myotubes (including ChIP-

seq analysis; data not shown). Interestingly, PRC2 binding at MyoG promoter showed different 

dynamics. While EZH2 was displaced, ChIP levels of SUZ12 and EZH1 as well as H3K27me3 

increased (Figure 2B). These findings are in agreement with the fact that global levels of EZH1 

were not downregulated during C2C12 differentiation (Figure 2A). We concluded that while EZH2 

is lost, EZH1 and SUZ12 bound the MyoG promoter upon differentiation. 

To investigate whether EZH1 can exist in complex with other PRC2 components in our cellular 

system, we carried out size exclusion chromatography analyses from nuclear extracts of 

undifferentiated and differentiated C2C12 cells followed by immunoblot with EZH2, EZH1, SUZ12 

and EED antibodies of the eluted fractions (Figure 2C). In myoblasts the majority of all four 

proteins were present in a 700kDa complex that corresponds to the molecular weight of the PRC2 

complex (Pasini et al., 2004). When myoblasts were induced to differentiate, EZH2 levels declined 

but EZH1, SUZ12 and EED still co-eluted in the same fractions. To exclude the possibility that the 

formation of an alternative complex between EZH1, SUZ12 and EED in differentiated myotubes is 

EZH2-dependent, we depleted EZH2 from C2C12 cells cultured in DM, and reanalyzed the SUZ12, 

EZH1 and EED elution profiles. As shown in Figure 2C (right panel) EZH1, SUZ12 and EED co-

fractionated at the same 700kDa molecular weight, suggesting that these proteins form a complex in 

myotubes also in the absence of EZH2. We referred to this complex as to PRC2-EZH1. To support 

this conclusion, co-immunoprecipitation experiments were performed and showed increased 

association of SUZ12 with EZH1 after C2C12 differentiation, concomitantly with decreased 

binding to EZH2 (Figure 2D). Taken together, these results indicate that while mCK behaves as a 

classical PRC2 target where gene expression is associated with displacement of EZH2 and SUZ12, 

MyoG retains SUZ12 in complex with EZH1 following its activation during muscle differentiation. 

This shows that myotubes possess a PRC2-EZH1 complex that appears to replace PRC2-EZH2 in 

terminally differentiated cells. 
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Inhibition of MSK1 kinase prevents downregulation of PRC2 components during muscle 

differentiation 

In order to analyze the effect of MSK1 on the PRC2 complexes, EZH2, EZH1, SUZ12 and 

EED levels were analyzed after pharmacological inhibition of this kinase by H89. EZH2, SUZ12 

and EED protein levels were significantly affected by MSK1 inhibition as, their differentiation-

dependent downregulation was not observed upon H89 drug treatment, as shown by immunoblot in 

Figure 3A and by immunofluorescence for nuclear EZH2 in Figure 3B. In contrast, H89 treatment 

did not impair protein levels of EZH1 (Figure 3A). Of note, stabilization of EZH2, SUZ12 and EED 

occurred at the mRNA level (Figure 3C) as well as at the protein level. The delay of differentiation 

by H89 treatment was confirmed by lower mRNA and protein levels of mCK and MyoG (Figure 

3A and 3C). A possibility existed that the sustained PRC2-EZH2 levels could be due to general 

interference with myoblasts differentiation by H89 rather than be a direct consequence of MSK1 

inhibition. To exclude this possibility C2C12 cells were treated with LY294002 (LY), which 

inhibits the PI3K/AKT, a pathway shown to regulate muscle differentiation (Serra et al., 2007). 

Indeed, inhibition of this pathway led to failure of differentiation similar to H89 treatment as shown 

by phase contrast microscopy (Figure S3) and resulted in reduced levels of muscle markers (Figure 

3D and 3E). However, LY treatment did not result in increased mRNA and protein levels of core 

PRC2 components (Figure 3D and 3E). These results indicate that PRC2 stabilization by H89 

treatment is a specific effect of MSK1 inhibition and not an indirect consequence of impaired 

muscle differentiation. All together, these experiments suggest that MSK1 inhibition is causally 

involved in stabilization of PRC2 components. 
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MSK1 regulates PRC2-EZH2 chromatin association during muscle differentiation 

We then asked whether MSK1-dependent regulation of PRC2-EZH2 during skeletal muscle 

differentiation could reflect a modulation of its binding to chromatin. Therefore, we performed 

subcellular fractionation experiments (Figure 4A) in MSK1 depleted C2C12 cells. Cytoplasmic 

proteins were extracted in the form of a Triton-soluble fraction as shown by the presence of β-

tubulin (Figure 4B, lanes 1, 4, 7, 10), whereas chromatin bound proteins were isolated from the 

nuclear Triton-insoluble fraction (Figure 4B, lanes 2, 5, 8, 11) after DNase treatment and 

ammonium sulfate ((NH4)2SO4) extraction (Figure 4B, lanes 3, 6, 9, 12) (Llano et al., 2006). In 

myoblasts, MSK1 was present mainly in the soluble fraction (Figure 4B, lane 1) and was almost 

undetectable in insoluble (Figure 4B; lane 2) and chromatin bound fractions (Figure 4B, lane 3). As 

expected, muscle differentiation was impaired after MSK1 depletion as shown by reduced levels of 

nuclear MyoG (Figure 4B, compare lane 8 with 11). Interestingly, when cells were induced to 

differentiate, MSK1 levels markedly increased with a significant fraction found in the cell nucleus 

and associated to chromatin (Figure 4B, lanes 8 and 9). Fractionation experiments were also used to 

follow the subcellular distribution of PRC2-EZH2 components during muscle differentiation in 

MSK1 depleted cells.  As expected EZH2 and SUZ12 were present exclusively in the two nuclear 

fractions, with decreasing levels as cells differentiate (Figure 4B, lanes 2, 3, 8, 9). Interestingly, 

depletion of MSK1 brought about an enrichment of EZH2 and SUZ12 specifically in the chromatin-

bound fraction, both in undifferentiated and differentiated cells (Figure 4B, compare lane 3 with 

lane 6 and lane 9 with lane 12). Taken together these data show that during muscle differentiation 

MSK1 acts in the nucleus modulating the interaction of PRC2-EZH2 with chromatin.  
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MSK1 controls a H3K27me3/S28ph switch and PRC2-EZH2 binding to muscle specific gene 

promoters 

Since MSK1 is known to phosphorylate H3S28 in vitro and this histone mark is associated 

with gene activation (Dyson et al., 2005, Kim et al., 2008), we hypothesized that MSK1-mediated 

H3S28ph could regulate PRC2-EZH2 chromatin dissociation at muscle specific genes. To test this 

hypothesis, we performed ChIP experiments analyzing MSK1, EZH2, SUZ12 and associated 

histone marks (H3S28ph, H3K27me3, respectively) at mCK and MyoG regulatory regions As 

shown in Figure 5A-C, activation of these muscle genes was accompanied by an increase at their 

regulatory regions of H3S28ph and the other active mark, acetylated histone H3 (AcH3). 

Enrichment of H3S28ph at these regions was associated with recruitment of MSK1 kinase (Figure 

5A-C). Interestingly, in myotubes, the H3S28ph histone mark correlated with displacement of the 

PRC2-EZH2 complex but retention of H3K27me3 at the mCK and MyoG promoter regions (Figure 

5A and 5C). However, at the mCK enhancer, loss of PRC2-EZH2 occurred in parallel with 

H3S28ph enrichment and a decrease of H3K27me3 during muscle differentiation (Figure 5B). To 

validate the existence of the double mark H3K27me3/S28ph at mCK and MyoG regulatory regions, 

ChIP experiments were performed using an antibody (CMA316) capable of recognizing H3S28ph 

regardless of the methylation status of H3K27 (Figure S4A). Specificity of this antibody was shown 

by immunoblot analysis of histones prepared from nocodazole treated cells (Figure S4B). As 

expected, an increase of this double mark was observed at the mCK enhancer and MyoG promoter 

during muscle differentiation (Figure S4C). As opposed to the wild type conditions, treatment with 

H89 impaired the recruitment of MSK1 kinase and the establishment of the H3S28ph mark at the 

mCK promoter, mCK enhancer and MyoG promoter (Figure 5A-C), causing failure of activation of 

these genes (Figure 3A and 3C). These events were accompanied by retention of PRC2-EZH2 at the 

mCK and MyoG promoter regions (Figure 5A and 5C). The differences in SUZ12 and EZH2 
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binding between mCK enhancer and the two other promoters are in keeping with the levels of 

H3K27me3, in that this repressive mark increased upon H89 treatment at the mCK and MyoG 

promoters (Figure 5A and 5C) but not at the mCK enhancer (Figure 5B). All together these data 

suggest that the displacement of PRC2-EZH2 complex from the mCK and MyoG promoter, a 

functional event for muscle differentiation, is regulated by a H3K27me3/S28ph switch mechanism, 

via MSK1 recruitment to chromatin. 

 

Binding of EZH2, EED and SUZ12 but not EZH1 to the H3K27me3 mark is impaired by 

phosphorylation of H3S28  

Our data so far strongly suggest that MSK1 is necessary for muscle differentiation where it 

regulates dissociation of PRC2-EZH2 components from chromatin possibly through H3S28ph. To 

confirm that this is due to H3S28ph we first analyzed global levels of this mark in C2C12 

myoblasts cultured in GM and DM with or without H89. As shown in Figure 6A the levels of 

H3S10ph and H3S28ph declined in differentiated cells, which is in general agreement with their 

suggested roles as mitotic markers of proliferation (Goto et al., 1999; Prigent et al., 2003). 

Treatment of cells with the MSK1 inhibitor H89 caused a further decrease in global levels of 

H3S28ph and H3S10ph, whereas H3K27me3 and H3K4me3 levels remained unchanged. In light of 

the known role of MSK1 in phosphorylation of H3S10 and of the assays showing that H89 affects 

global levels of H3S10ph (Figure 6A) (Thomson et al., 1999), we asked whether H3S10ph was also 

involved in muscle gene activation. However, we did not observe any increase of this modification 

at the mCK and MyoG regulatory regions during muscle differentiation, excluding a role for 

H3S10ph in muscle gene activation (Figure S5).  

Our results indicated that MSK1 kinase is required for the dissociation of the PRC2-EZH2 complex 

from the chromatin of muscle gene regulatory regions. To address whether MSK1 mediates this 

function by phosphorylating H3S28, we first analyzed if MSK1 can phosphorylate this site in the 
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context of preexisting H3K27me3. Recombinant MSK1 kinase was incubated with a histone H3 

(residues 21-33) peptide either unmodified or carrying the K27me3 or S28ph modifications. As 

shown in Figure 6B, the H3K27me3 substrate was phosphorylated with similar kinetics as the 

unmodified peptide. Importantly, no phosphorylation of the H3S28ph substrate was observed 

indicating that this is the only residue phosphorylated by MSK1 in this peptide. To investigate 

whether H3S28ph impairs binding of PRC2-EZH2 complex to H3K27me3 we performed affinity-

purification experiments using long (residues 1-40) histone H3 tail peptides incubated with nuclear 

extracts prepared from myoblasts and myotubes. In agreement with earlier findings (Hansen et al., 

2008; Margueron et al., 2009), EZH2, SUZ12 and EED were found to be recruited to the 

H3K27me3 peptide but showed significantly lower binding to the unmodified control (Figure 6C). 

Interestingly, interaction of all three PRC2 core components with H3K27me3 was significantly 

weakened in the presence of neighboring H3S28ph. Similar observations were made for extracts 

prepared from undifferentiated myoblasts as well as from differentiated myotubes. We therefore 

infer that the ability of the PRC2-EZH2 containing complex to bind H3K27me3 and to show 

sensitivity to H3S28ph is inherent to the complex, and does not depend on differentiation. 

 Since we observed enrichment of EZH1 on MyoG regulatory regions upon differentiation occurring 

together with H3S28ph, we next asked whether EZH1 is retained on H3K27me3 even in the 

presence of the adjacent phosphorylation. As Figure 6D shows, comparable amounts of EZH1 were 

bound to H3K27me3 and H3K27me3S28ph peptides from extracts of differentiated myotubes. 

Overall, these results are in agreement with MSK1 mediated phosphorylation of H3S28 impairing 

binding of EZH2, but not EZH1 containing, PRC2 complexes to H3K27me3. 
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DISCUSSION 

 

A signal dependent H3K27/S28 methyl-phospho switch controls skeletal muscle gene 

activation by displacing PRC2-EZH2 from chromatin target sites 

During cell differentiation, the coordination of different signal-dependent pathways has to 

account for derepression and concomitant activation of lineage specific genes. In this view, the 

cross-talk between extracellular signaling and chromatin remodeling factors on gene promoters 

becomes essential for executing regulated developmental programs.  

Skeletal muscle differentiation provides an excellent cellular system to study the interface between 

these signals and chromatin. Indeed, it is already established that removal of Polycomb repressive 

complex and concomitant recruitment of SWI/SNF chromatin remodeling complex controls muscle 

gene expression (Caretti et al., 2004; Guasconi and Puri, 2009; Simone et al., 2004). To accomplish 

these regulatory processes pro-differentiation signals have to be transduced into the nucleus. p38 

MAPK, ERK and AKT signaling pathways have been showed to transmit cues that regulate 

myogenic differentiation (Serra et al., 2007; Simone et al., 2004; Wu et al., 2000). MSK1 and 

MSK2 are serine/threonine kinases known to phosphorylate histone H3 at Ser10 and Ser28 residues 

(Soloaga et al., 2003) and are known to act downstream of p38 and ERK (Deak et al., 1998). In the 

present work we set out to investigate the role of MSK1/H3S28ph pathway and PRC2 association to 

chromatin in the context of skeletal muscle cell differentiation.  

Our data show that MSK1 is recruited to muscle gene regulatory regions to phosphorylate 

H3S28 in differentiating muscle cells. This event is concomitant with displacement of PRC2-EZH2 

and activation of MyoG and mCK. Previous work established that the same genes require p38 

signal-dependent chromatin remodeling for their activation (Simone et al., 2004). Thus, our data 

help understand another important layer of epigenome regulation, the control of the developmental 

switching of skeletal muscle genes. Our findings add to the vast body of evidence in support of the 
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importance of adjacent histone residues as potential targets for co-evolved epigenetic regulatory 

mechanisms (Winter and Fischle, 2010). In particular, putative lysine “switch” sites followed by 

phospho-acceptors (-KS/T- consensus sequence) such as Lys9/Ser10 and Lys27/Ser28 in histone 

H3 were predicted to regulate the activity of silencing complexes (Fischle et al., 2003). Methylated 

lysines are bound by repressive proteins, which can be then displaced by phosphorylation of the 

adjacent serine residues. Phosphorylation of histone H3 at Ser10 was shown to inhibit methylation 

of the adjacent Lys9 by SUV39H1 (Rea et al., 2000) and subsequently to reduce HP1 binding to 

H3K9me3 (Fischle et al., 2005). Phosphorylation of Ser28 was shown to inhibit methylation at 

Lys27 (Manzur et al., 2003) and in Tetrahymena mutation of H3S28 (H3S28E) disrupted the proper 

methylation of both H3K9 and H3K27 during macronuclear development (Liu et al., 2007). 

Similarly, phosphorylation of histone H1 on Ser27 was found to prevent binding of HP1 to the 

adjacent methylated Lys26, which is an additional product of PRC2 methyl-transferase activity 

(Daujat et al., 2005; Kuzmichev et al., 2004). Notably, PRC1/chromatin dissociation was correlated 

with H3S28ph further suggesting an analogy with H3S10ph and HP1 displacement (Voncken et al., 

2005). Very recently MSK1/2 signaling has been linked to displacement of PRC2 from target genes 

via H3S28ph during neuronal differentiation and in response to stress and mitogenic signaling 

(Gehani et al., 2010). 

Our data support a role for MSK1/H3S28ph pathway in counteracting Polycomb docking to 

H3K27me3 and therefore displacing PRC2-EZH2 from chromatin. Although MSK1 has been 

shown to phosphorylate both H3S28 and H3S10 in vitro, we show that MSK1 recruitment to 

muscle gene regulatory regions associate with an increase in H3S28ph but not H3S10ph. This 

observation is in agreement with earlier findings indicating that in vivo the two marks occur 

independently from each other and act separately to induce gene expression (Dunn et al., 2005; 

Dyson et al., 2005). In keeping with our data, H3S28ph has been associated with promoter regions 



   Stojic et al. 

 16 

of transcriptionally active chromatin, whereas H3S10ph did not differ between active and repressed 

chromatin regions (Sun et al., 2007).  

An interesting question concerns additional mechanism of transcriptional regulation by 

MSK1/H3S28ph pathway besides the displacement of repressive Polycomb proteins. One 

possibility is the recruitment of 14-3-3 proteins that have high affinity for this phospho mark on 

histone H3 (Macdonald et al., 2005; Winter et al., 2008). Indeed MSK1 was shown to interact with 

BRG1 ATPase, a subunit of chromatin remodeling SWI/SNF complex involved in p38-dependent 

muscle gene activation (Drobic et al., 2010; Simone et al., 2004). An additional layer of regulation 

could involve direct phosphorylation of PRC2 components by MSK1/2 kinases. PcG proteins are 

indeed broadly regulated by post-translational modifications (Niessen et al., 2010). For example, 

EZH2 has been shown to be phosphorylated by both p38 and AKT kinase, leading to enhancement 

of its repressive function and impairment of its HMT activity, respectively (Cha et al., 2005; 

Palacios et al., 2010). In addition, the PRC1 component BMI1 is phosphorylated by MAPKAP 

kinase 3pK resulting in dissociation from chromatin (Voncken et al., 2000). More work will be 

needed to elucidate whether the MSK1/2 pathway directly regulates PRC2 activity. 

 

PRC2-EZH2 and PRC2-EZH1 complexes are differentially regulated by MSK1/H3S28ph 

signaling pathway 

Unlike EZH2, EZH1 levels remain constant during C2C12 differentiation and it can be 

found in a PRC2 complex devoid of EZH2. This suggests that a specific PRC2-EZH1 complex may 

be required in non-cycling, differentiated muscle cells. Moreover, the MSK1/H3S28ph pathway 

specifically negatively regulates PRC2-EZH2 while chromatin binding of PRC2-EZH1 complex 

appears to be unaffected. Existence of two partially redundant PRC2 complexes (PRC2-EZH2 and 

PRC2-EZH1) was previously reported (Ezhkova et al., 2009; Margueron et al., 2008; Shen et al., 

2008).  While EZH2 is mostly expressed in proliferative tissues and during embryogenesis, EZH1 
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appears to substitute for EZH2 in post-mitotic cells and in adult tissues (Ezhkova et al., 2009; Ho 

and Crabtree, 2008). Although EZH1 has been reported to have weak HMT activity on H3K9 and 

H3K27 residues (Margueron et al., 2008; Shen et al., 2008), our data do not seem to favor the 

conclusion that its function relates to the maintenance of H3K27me3 on gene regulatory regions. In 

our system, although mCK enhancer behaved as a classical PRC2 target that loses PRC2-EZH2 and 

H3K27me3 upon activation, we detected constant levels of H3K27me3 during differentiation on 

both MyoG and mCK promoters. However, only MyoG promoter was targeted by PRC2-EZH1. 

This is the first evidence of EZH1 being recruited on active genes, even though a correlation 

between PcG binding to gene regulatory regions and transcriptional activity has already been 

described (Papp and Müller, 2006; Ringrose et al., 2004). Notably, recent studies have showed that 

10-20% of PcG target genes in embryonic stem (ES) cells are transcriptionally active (Boyer et al., 

2006; Lee et al., 2006).  

Co-existence of active (AcH3 and H3S28ph) and repressive mark (H3K27me3) at MyoG and mCK 

promoters is reminiscent of bivalent domains that were shown not to be restricted exclusively to ES 

cells (Mohn et al., 2008). Although our study does not fully address the role of EZH1 on transcribed 

genes in post-mitotic differentiated cells, we hypothesize that presence of PRC2 components on 

active promoters may provide the possibility off subsequent re-silencing of genes whose expression 

needs only to be transiently activated. In keeping with this hypothesis, a recent report showed the 

MyoG up-regulation during initial stages of skeletal muscle differentiation is followed by 

subsequent repression (Berghella et al., 2008). Similarly MyoG was shown to be activated in the 

early stages of neurogenic muscle atrophy and downregulated at a later phase (Moresi et al., 2010). 

The differential dynamics of EZH2 and SUZ12 at the two muscle genes are also in keeping with the 

formation of an alternative PRC2 complex which is insensitive to negative regulation by 

MSK1/H3S28ph signaling.  In fact, we show that upon differentiation, while EZH2 is lost from 

both MyoG and mCK regulatory regions, SUZ12 is retained at the MyoG promoter in combination 
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with EZH1. Of note, both genes showed enrichment of MSK1 and H3S28ph. These results are in 

agreement with our in vitro data showing that H3S28ph does not affect EZH1 binding to a 

H3K27me3 peptide, whereas EZH2 binding is clearly reduced. This supports a scenario whereby 

the MSK1/H3S28ph signaling promotes displacement of PRC2-EZH2, but allows a switch with 

PRC2-EZH1 to differentially mark genes that, although synchronously activated at early stages of 

differentiation, may receive subsequently different types of regulation. 

 In conclusion, the present works identifies novel signal-dependent, chromatin-mediated 

mechanisms of regulation of skeletal muscle cell differentiation promoting removal of PRC2-EZH2 

complex from target genes but allowing a switch with PRC2-EZH1. The present discovery of a role 

of MSK1/H3S28ph signaling in epigenetic regulation of skeletal muscle differentiation may be an 

important add to a field where novel targets are needed to increase the pool of molecular therapeutic 

targets to be used to treat muscular diseases. 
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EXPERIMENTAL PROCEDURES 

 

Cell Culture and Reagents 

C2C12 mouse myoblasts cells (ATCC) were cultured in Dulbecco Modified Eagel’s Medium 

(DMEM) supplemented with penicillin/streptomycin and 10% fetal bovine serum (Euroclone). 

Differentiation was induced when cells reached about ~80% confluency using DMEM containing 

ITS media supplement (Sigma). LY294002 was obtained from Sigma while H89 was from Alexis 

Corporation. The inhibitors were replaced freshly every 24h. 

 

RNA Isolation and Quantitative Real-Time PCR 

RNA was extracted from cells using TriReagent (Sigma) according to the manufacturer’s 

insctructions. cDNA synthesis was performed using the QuantiTect reverse transcription kit 

(Qiagen). Quantitative real-time PCR reactions were performed in triplicate using QuantiTect 

SYBR Green master mix (Qiagen) on a DNA Engine Opticon 2 machine (MJ Research) controlled 

by Opticon Monitor 2 software. C(T) values were calculating by Opticon Monitor 2 software, 

relative C(T) values were normalized to the housekeeping gene GAPDH. Fold enrichment refers to 

the enrichment relative to myoblasts values. GAPDH, MHCIIB and mCK primers were already 

described (Caretti et al., 2004). Remaining primer sequences are the following: 

MyoG-for GCAGCGCCATCCAGTACATTG 

MyoG-rev    GCAACAGACATATCCTCCACCG 

SUZ12-for GTGCCTTTGAATCCTGACCTC 

SUZ12-rev      CTTCGCGATTTCGTTTTCTTC 

EZH1-for         AGACTCAGTGCAATACCAAGCA 
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EZH1-rev AGTTTTTGCAAGACACCACCTT 

EZH2-for TGATAAAGAAACTTGCCCACCT 

EZH2-rev      CTTTGCTCCCTCTGAACAGATT 

EED-for      ATAACCAGCCATTGTTTGGAGT 

EED-rev     TGTTGCTATCATAGGTCCATGC 

MSK1-for   GCCGATGAAACTGAAAGAGC 

MSK1-rev   TGCTCATTTCCTGGGGATAC 

MSK2-for   TCACACTGCACTACGCCTTC 

MSK2-rev   GATACCCAGCTTGTGCAGGT 

 

RNA Interference 

siRNA MSK1 #1 (SI01407483), siRNA MSK1 #2 (SI01407504) as well as negative control siRNA 

(scrambled sequence not targeting mouse genome, 1027313) were purchased from Qiagen and used 

at the final concentration of 20 nM. Cells were transfected with HiPerfect (Qiagen) following the 

manufacturer’s instructions. 48h after transfection the cells were induced to differentiate and 

collected at the indicated time-points.  

 

Cell Lysis and Immunoblot  

Cells were harvested and washed twice with PBS. Cell lysis of total cell extracts was performed on 

ice in 50 mM Tris–HCl pH 8, 125 mM NaCl, 1% NP-40, 2 mM EDTA, 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and protease inhibitory cocktail (Roche) for 25 min. 

Insoluble material was pelleted by centrifugation at 16000 g for 3 min at 4°C. Histone extracts were 

prepared following Abcam protocol (www.abcam.com). Protein concentration was determined 

using the Bradford assay (Bio-Rad). The proteins were denatured, reduced, separated by SDS–

PAGE and transferred to nitrocellulose transfer membrane (PROTRAN-Whatman, 
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Schleicher&Schuell). The membranes were blocked with 5% non-fat dry milk in TBST for 60 min, 

incubated with primary antibodies overnight at 4°C, washed three times with TBST for 10 min, 

incubated with the peroxidase-conjugated secondary antibody in TBST with 2.5% non-fat dry milk 

for 60 min and washed three times with TBST for 10 min. Immunoreactive proteins were detected 

using Supersignal West Dura HRP Detection Kit (Pierce).  

For cytoplasmic and nuclear extracts preparation the cells were resuspended first in Buffer A (10 

mM Hepes pH 7.9, 10 mM KCl, 0.1 mM EDTA and 0.1 mM EGTA) supplemented with protease 

inhibitory cocktail (Roche), 1 mM dithiothreitol (DTT) and 1mM PMSF. After incubation on ice 

for 10 min, NP-40 was added to a final concentration of 0.5% and the samples were vortexed for 5 

s. Nuclei were pelleted at 13200 rpm for 10 s and the cytoplasmic proteins were collected. The 

pellet was then washed five times with Buffer A and resuspended in buffer C (20 mM Hepes pH 

7.9, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, protease inhibitory cocktail (Roche) 

and 1 mM PMSF). After 10 min on ice, the samples were sonicated, centrifuged at 13200 rpm for 

10 min and the nuclear proteins were transferred to a fresh vial. For immunoprecipitation studies, 

nuclear extracts were first precleared using protein A/G beads (Santa Cruz) for 30 min at 4°C and 

then immunoprecipiated with EZH2 or SUZ12 antibody for 2h at 4°C. Normal rabbit IgGs (Santa 

Cruz) were used as a negative control.  

 

Chromatin Binding Assay 

The method of Llano et al. was used (Llano et al., 2006). At the indicated times, cells were divided 

equally in 2 tubes that were lysed for 15 min on ice in cold CSK I buffer (10 mM Pipes pH 6.8, 100 

mM NaCl, 1 mM EDTA, 300 mM sucrose, 1 mM MgCl2, 1 mM DTT) supplemented with 0.5% 

(v/v) Triton X-100, protease inhibitory cocktail (Roche) and 1 mM PMSF. After centrifugation at 

500g at 4°C for 3 min, the first tube was divided in two fractions: the supernatant that contains 

Triton-soluble proteins and the pellet (Triton insoluble fraction) that contains chromatin-bound, 
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nuclear matrix-bound and insoluble proteins. Triton insoluble fraction was resuspended in RIPA 

buffer (150 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.5% DOC, 0.1% (w/v) SDS, 1% (v/v) NP-40). 

The second tube was resuspended in CSK II buffer (10 mM Pipes pH 6.8, 50 mM NaCl, 300 mM 

sucrose, 6 mM MgCl2, 1 mM DTT), treated with DNase (Promega) for 30 min followed by 

extraction with 250 mM (NH4)2SO4 for 10 min at 25 °C. The sample treated with DNase and salt 

was centrifuged at 1200g for 6 min at 4°C and the supernatant represents the DNase-released 

chromatin-associated proteins. All fractions were analyzed by immunoblotting where equal amount 

of proteins were loaded (15µg). 

 

Antibodies  

Histone H3 (1791), H3K4me3 (8580) and SUZ12 (12073) were from Abcam while EZH2 (3147), 

p38 (9228), phospho-p38Thr180/Tyr182 (9211), phosho-Ser376 MSK1 (9591) were from Cell Signaling. 

H3K27me3 (07-449), H3S28ph (07-145), H3S10ph (05-817) and Acetyl H3 (06-599) were 

purchased from Upstate. MSK1 (9392, 25417), MyoG (12732), p21 (6346), MHCIIB (2064) and 

SUZ12 (46264) were from Santa Cruz. β–tubulin (T0198) was from Sigma. mCK antibody was 

kindly provided by Hidenori Ito. 

 

Immunofluorescence  

Cells were grown on coverslips, washed in PBS, fixed in 3.7% formaldehyde/PBS (15 min, 4°C) 

and permeabilizaed in 0.2% Triton X-100/PBS (5 min, 4°C). The coverslips were then washed in 

PBS, and blocked with 3% low-fat milk/PBS for 1h at room temperature. Following overnight 

incubation with primary antibodies at 4°C, the coverslips were washed and incubated with 

secondary antibodies (Molecular Probes) for 60 minutes at 37°C, washed again and counterstained 

with DAPI (1 µg/µl in Vectashield, Vector). Pictures were captured using epifluorescence 

microscope (Leica DM6000B) using Leica Application Suite software. 
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Chromatin Immunoprecipitation (ChIP) 

ChIP was performed as previously described (Breiling and Orlando, 2006; with adaptations) using a 

crosslinking time of 10 min. Antibodies were incubated using Dynal magnetic beads (Invitrogen) 

overnight at 4°C. The day after, chromatin was added to antibody-beads complexes and incubated 

overnight at 4°C. The complexes were washed twice in Low Salt Solution, twice in High Salt 

Solution, once in LiCl, and once in TE buffer. DNA was extracted from beads by standard 

phenol/chloroform extraction, precipitated, and resuspended in 30 µl TE. To quantify the results, 

qPCR reactions were performed in triplicate (precipitated DNA samples as well as serially diluted 

input DNA) using QuantiTect SYBR Green master mix (Qiagen) on DNA Engine Opticon 2 

machine (MJ Research) controlled by Opticon Monitor 2 software. C(T) values were calculating  by 

Opticon Monitor 2 software. To calculate relative enrichment the signal from the control 

immunoprecipiation experiment (Mock) was subtracted from that observed with the antibody of 

interest. Myoblasts values (GM) were set as 1 and values from differentiated cells in DM with or 

without inhibitor display relative enrichment or reduction to those observed in GM. In case of ChIP 

with antibodies recognizing histone modifications, % of input was calculated first, and then a ratio 

of H3modified/H3total was calculated and set to 1 to myoblasts in GM. Values from DM show 

relative enrichment/reduction to those observed in GM. For CMA316 ChIP, data were presented as 

% of input. 

Primers for ChIP Real Time-PCR: 

MyoG promoter-for  CCGTCCGTCCAAGACAACCC 

MyoG promoter-rev  CCCCCCTCTAAGCTGTTGC 

mCK promoter-for  CGCCAGCTAGACTCAGCACT 

mCK promoter-rev CCCTGCGAGCAGATGAGCTT 

mCK enhancer-for  GACACCCGAGATGCCTGGTT    
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mCK enhancer-rev   GATCCACCAGGGACAGGGTT    

 

Size Exclusion Chromatography  

Size exclusion chromatography was performed using C2C12 cell nuclear extracts on a Superose 6 

PC 3.2/30 gel filtration column (GE Healthcare) on an AEKTA purifier system (GE Healthcare) in 

IP (300) buffer (50 mM Tris-HCl at pH 7.5, 300 mM NaCl, 5% glycerol, 0.2% Igepal [Sigma], 

Aprotein, Leupeptin, 100 mM PMSF, 1 mM DTT). Immuno-depletion was performed as described 

(Villa et al., 2007). Briefly, protein extracts were subjected to five serial depletions within 24h at 

4°C using the AC22 EZH2 monoclonal antibody (Bracken et al., 2003) pre-coupled to Protein-A 

beads. 

 

Histone Tail Peptides 

Histone H3 peptides were synthesized in unmodified and modified form using Fmoc (N-(9-

fluorenyl)methoxycarbonyl)-based solid-phase synthesis. Peptides used for kinase assays 

corresponded to amino acids 21-33 of H3 containing an artificial Y at the C-terminus: H3 

unmodified, ATKAARKSAPATGY; H3K27me3, ATKAARK(me3)SAPATGY, H3S28ph, 

ATKAARKS(ph)APATGY. Peptides used for pulldown experiments corresponded to amino acids 

1-40 of H3 and contained a C-terminal non-native YCK sequence with the lysine biotinylated at the 

e-amino group: 

H3 unmodified, ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHR-YCK (biotin); 

H3K27me3, ARTKQTARKSTGGKAPRKQLATKAARK(me3)SAPATGGVKKPHR-YCK 

(biotin); 

H3K27me3S28ph, ARTKQTARKSTGGKAPRKQLATKAARK(me3)S(ph)APATGGVKKPHR-

YCK (biotin). 
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In vitro Peptide Kinase Assay 

Recombinant MSK1 (Millipore) was used to phosphorylate H3 histone tail peptides (21-33). Kinase 

assays were performed according to the manufacture’s protocol incubating 15 ng of MSK1 with 1 

µg of peptide for 30 min at 30˚C. The reaction was stopped by adding 0.5% phosphoric acid, 

spotted on P81 paper, washed three times with 0.5% phosphoric acid and once with acetone. Filter 

circles were air-dried and counted in a scintillation counter. 

 

Peptide Affinity Purification 

For preparation of nuclear extracts, cells were lysed in buffer A (10 mM Hepes-KOH pH 7.8, 60 

mM KCl, 1 mM EDTA, 1 mM DTT, protease inhibitor cocktail (Roche), 0.075 % NP-40). After 

incubation on ice for 15 min nuclei were pelleted and washed once with Buffer A without NP-40. 

The nuclear pellet was suspended in Buffer B (20 mM Tris pH 8.0, 300 mM NaCl, 1.5 mM MgCl2, 

0.2 mM EDTA, 25 % glycerol, 1 mM DTT, protease inhibitor cocktail, PhosSTOP (Roche)) and 

sonicated on ice in a Branson Sonifier (duty cycle 20 %, output 7.5). Extract was left on ice for 30 

min before centrifugation for 15 min at 16,000 g. The supernatant was supplemented with 0.1% 

Triton X-100 and used for pulldown experiments. 

For H3 peptide pulldown experiments, 10 µg of biotinylated histone peptides (1-40) were coupled 

to 50 µl streptavidin-coated paramagnetic beads in PBS/BSA (1 mg/ml) for 4 h at 4 ˚C. Beads were 

washed three times with PD150 (10 mM Tris pH 7.5, 150 mM NaCl, 0.1 % Triton X-100, 20 % 

glycerol, 1 mM DTT, protease inhibitor cocktail, PhosSTOP) to remove unbound peptides. Peptide-

bound beads were incubated with nuclear extract for 2 h and washed four times with PD300. Bound 

proteins were eluted with SDS sample buffer, separated by SDS-PAGE and analyzed by 

immunoblotting. 

 

Generation of H3S28ph specific antibody 
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Mice were immunized with synthetic peptide KQLATKAAR(me3-K)(phospho-

S)APATGGVKC for CMA316 antibody and hybridomas were screened by ELISA using peptides 

listed in Kimura et al., 2008. For ELISA, microtiter plates were coated with the individual peptides 

conjugated with bovine serum albumin and incubated with 3-fold dilutions of each antibody. After 

washing with PBS, plates were incubated with peroxidase-conjugated anti-mouse IgG and washed 

with PBS. The colorimetric signal of tetramethylbenzidine was detected by measuring the 

absorbance at 405 nm using a plate reader. CMA316 was isotyped as IgG2a-k using a kit (Serotec; 

MMT-1). IgG was purified using a Protein A column (GE Healthcare). For immunoblotting, HeLa 

cells were transfected with H3-GFP (Kimura and Cook, 2001) and the amino acid substituted 

mutants using Lipofectamine2000 (Invitrogen) according to the manufacturer’s instruction. After 2 

days, 100 ng/ml nocodazole was added and further incubated for 6 hr. After washing three times 

with PBS, cells were lysed using 2x SDS-gel loading buffer, and total protein was separated on 

13% SDS-polyacryamide gels, transferred on to PVDF membranes, and blotted with CMA316 

(1:10 dilution of hybridomas culture supernatant), as previously described (Kimura et al., 2008). 
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FIGURE LEGENDS 

 

Figure 1. MSK1 activity is required for muscle differentiation. 

A) Graphical representation of dynamics of C2C12 muscle cell line differentiation. Proliferative 

myoblasts at 80% confluency were induced to differentiate for 24-48h by replacing the growth 

(GM) with differentiation medium (DM).  

B) Immunoblot of MSK1 and its active form (phosphorylated at Serine 376, Phospho-MSK1) was 

performed on whole-cell C2C12 extracts using specific antibodies. C2C12 differentiation was 

confirmed using antibodies against muscle cell markers (MyoG and mCK) and p38 (total and 

phosphorylated and activated form). p21 was used as a marker of cell cycle arrest. β-tubulin was 

used as a loading control. prol, proliferative myoblasts; conf, confluent myoblasts (GM); 24h and 

48h indicate the time after GM to DM switch. Double bands of MyoG and p38 in differentiated 

cells represents their phoshorylated forms. 

C) Expression of mCK was assayed by immunofluorescence in C2C12 cells cultured in GM and left 

to differentiate at 48h after the switch to DM without and with MSK1 inhibitor (5µM H89). DAPI 

staining visualizes DNA. 

D) C2C12 myoblasts growing in GM were transfected with non-targeting siRNA (Neg ctrl) or two 

different siRNAs against MSK1. 48h post-transfection cells were placed in differentiation medium 

for additional 48h before analysis. Expression levels of MSK1, MSK2, MyoG and mCK were 

analyzed using Real Time-PCR. Data represent the average from three independent experiments 

and error bars represent standard deviation. Fold enrichment is calculated in comparison to negative 

control siRNA in GM. 
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E) Immunoblot of MSK1, MyoG and mCK was performed after knock down of MSK1 using the 

same siRNAs as in D. β-tubulin was used as loading control. Whole cell extracts were used for 

analysis.  

 

Figure 2.  PRC2 switches composition at muscle regulatory regions during differentiation. 

A) Immunoblot of EZH2, EZH1, SUZ12, EED, H3K27me3 and MHCIIB from whole cell extracts 

of C2C12 cells cultured as myoblasts in GM or as myotubes in DM. β-tubulin was used as a loading 

control. Asterisk indicates EZH1 unspecific band. Numbers represent EED isoforms. 

B) ChIP analysis of chromatin extracted from C2C12 cells cultured in GM or in DM for 48h with 

SUZ12, EZH2, H3K27me3 and EZH1 antibodies. The precipitated DNA fragments were amplified 

using primers designed within mCK promoter (i), mCK enhancer (ii) and MyoG promoter (iii) as 

shown in the schematic representation in the top panel. ChIP enrichments are presented as relative 

enrichment to myoblasts (GM). Levels of H3K27me3 are normalized to histone H3 density. Data 

are shown as mean of three independent experiments +/–SD (standard deviation). 

C) Size exclusion chromatography of nuclear extracts prepared from C2C12 myoblasts cultured in 

GM (left panel) or DM 72h after induction of differentiation (middle panel) showing co-elution of 

EZH2, SUZ12, EED and EZH1 in high molecular weight fractions. The indicated fractions were 

analyzed by immunoblot. Right panel: EZH2 was depleted from C2C12 cells cultured in DM (72h 

after induction of differentiation) and nuclear extracts were analyzed as described previously 

showing formation of SUZ12, EED and EZH1 complex in differentiated myotubes independently of 

EZH2. 

D) Immunoprecipitation (IP) of EZH2 and SUZ12 was performed from nuclear extracts (NE) of 

C2C12 myoblasts cultured in GM or DM (48h after differentiation induction). Immunoblot analysis 

showed co-immunoprecipitation of SUZ12 with all other PRC components in GM, while 

interaction with EZH2 in DM is lost. EZH2 bound efficiently only to SUZ12 in myoblast, and this 
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interaction was lost in DM. Co-immunoprecipitation of EZH2 with EED could not be properly 

assessed due to unspecific binding of IgG to EED antibody. Normal rabbit IgG antibody was used 

as a negative control. 

 

Figure 3. Inhibition of MSK1 by H89 affects PRC2 levels, which is not due to the block of 

muscle differentiation. 

A) Immunoblot of EZH2, EZH1, SUZ12, EED, MyoG and mCK from whole cell extracts of 

C2C12 myoblasts cultured in GM or DM (48h from induction of differentiation) without and with 

the MSK1 inhibitor (5 µM H89). β-tubulin was used as a loading control.  

B) Immunofluorescence for EZH2 was performed in C2C12 myoblasts cultured in GM or DM (48h 

from induction of differentiation) without and with the MSK1 inhibitor (5 µM H89). The inhibitor 

was replaced freshly every 24h. DAPI staining visualizes DNA. 

C) Expression levels of EZH2, SUZ12, EED, MyoG and mCK were measured by Real Time-PCR 

in C2C12 myoblasts cultured in GM or DM (48h from induction of differentiation) in the presence 

or in the absence of MSK1 inhibitor (5 µM H89). Transcription levels were normalized to GAPDH 

expression and represent the mean of three independent experiments, error bars represent standard 

deviation. Fold enrichment is calculated in comparison to myoblasts in GM. 

D) Expression level of EZH2, EED, SUZ12 and muscle marker genes (MyoG and mCK) cultured in 

GM or DM without and with the PI3K/AKT inhibitor (10µm LY294002) were measured by Real 

Time-PCR in the same conditions as described in C.  

E) Immunoblot of EZH2, EED and MyoG from whole cell extracts of C2C12 myoblasts cultured in 

GM or DM for 48h in the presence or in the absence of PI3K/AKT inhibitor (10µM LY294002). β-

tubulin was used as a loading control. 
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Figure 4. Depletion of MSK1 leads to PRC2 chromatin retention. 

A) Schematic representation of different phases of the chromatin-binding assay. Three main 

fractions were recovered, Triton-soluble proteins (cytoplasmic), Triton-insoluble proteins (nuclear 

not chromatin bound) and chromatin bound.  

B) C2C12 myoblasts were transfected in GM with non-targeting siRNA (Neg ctrl) or siRNA 

against MSK1. 48h post-transfection cells were cultured in GM (left panel) or DM (right panel) for 

additional 48h before harvesting. Enrichment of MSK1, EZH2 and SUZ12 in the different fractions 

was tested by immunoblot. Histone H3 served as control for chromatin bound proteins, β-tubulin 

served as marker for Triton-soluble proteins and MyoG for Triton-insoluble proteins and 

differentiation induction. 

 

Figure 5. MSK1-dependent H3S28 phosphorylation affects PRC2 dynamics at muscle 

regulatory regions. 

ChIP analysis was performed on chromatin extracted from C2C12 cultured in GM or DM 48h from 

the induction of differentiation without and with MSK1 inhibitor (5µM H89) using EZH2, SUZ12, 

H3K27me3, H3S28ph, MSK1 and acetyl H3 antibodies. The precipitated DNA fragments were 

subjected to Real Time-PCR analysis with the primers amplifying mCK promoter (A), mCK 

enhancer (B) and MyoG promoter (C). Levels of H3K27me3, H3S28ph and AcH3 are normalized 

to histone H3 density. The values represent the mean of three independent experiments. Error bars 

represent standard deviations. 

 

Figure 6. Binding of EZH2, SUZ12 and EED, but not EZH1 is affected by MSK1-mediated 

H3S28ph. 

A) Immunoblot of different histone H3 modifications in C2C12 cultured in GM or DM 48h from 

induction of differentiation without or with H89 (5µM).  
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B) Recombinant MSK1 was incubated with unmodified histone H3 peptide, H3K27me3 and 

H3S28ph and kinase assay was performed. 

C) Nuclear extracts from C2C12 cultured in GM or in DM 48h from induction of differentiation 

were incubated with peptides representing either unmodified H3, or H3 trimethylated at Lysine 27 

(H3K27me3) or peptide that is both trimethylated at Lysine 27 and phosphorylated at Serine 28 

(H3K27me3S28p). Binding of EZH2, SUZ12, EZH1 and EED was tested by immunoblot. 

D) Nuclear extracts from C2C12 cultured in DM 48h from the induction of differentiation were  

incubated with the same peptides as in C and the binding of EZH2 and EZH1 was tested by  

immunoblot. 
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Inventory of supplemental information     

 

Figure  S1.  This  figure  supports  the  evidence  that  MSK1  regulates  muscle  differentiation 

(figure 1) by showing phase contrast microscopy of cells with impaired  differentiation potential 

upon treatment with an MSK1 inhibitor (H89).    

  

Figure S2. This figure provides RNA levels of Polycomb proteins during muscle  differentiation in 

support of figure 2 where protein levels are shown.  

    

Figure S3. This figure supports figure 3 by showing the phase contrast microscopy of  cells treated 

with PI3K/AKT inhibitor (LY294002) whose Polycomb protein levels  are shown in figure 3. 

     

Figure S5. This figure provides evidence additional to figure 5 that H3S28ph coexists  with 

H3K27me3 on muscle specific genes with the use of an antibody (CMA316)  validated to bind the 

double mark.      

 

Figure S6.  This figures shows the levels on muscle genes upon H89 of H3S10ph  whose global 

levels during muscle differentiation are shown in figure 6.      

 

Experimental procedures   

Real time qPCR and ChIP primers sequences are detailed in this section.   We have been very 

detailed about experimental procedures in the main text. However  we can transfer detailed material 

and methods into supplemental information at a  further stage in order to shorten the main text. 
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Supplemental figure legends  

 

Figure S1. Inhibition of MSK1 kinase by H89 blocks muscle differentiation.   Proliferative 

myoblasts were induced to differentiate for 48h by replacing the GM with DM in the  presence or in 

the absence of MSK1 inhibitor (5 and 10µM H89). Effect of H89 treatment on  muscle 

differentiation was evaluated by phase contrast microscopy.     

 

Figure S2.  Differential expression of PcG proteins during muscle differentiation.  Expression 

levels of EZH2, SUZ12, EZH1, EED and MHCIIB was measured by Real Time PCR in  C2C12 

myoblasts grown in GM or DM 24h, 48h and 72hr after induction of differentiation. The  

transcription  levels  were  normalized  to  GAPDH  expression  and  represent  the  mean  of  three  

independent  experiments  +/-SD  (standard  deviation).  prol,  proliferative  myoblasts  in  growth  

medium (GM); conf, confluent myoblasts in growth medium (GM); DM, differentiation medium. 

  

Figure S3. Inhibition of PI3K/AKT pathway by LY blocks muscle differentiation.   

Proliferative myoblasts were induced to differentiate for 48h by replacing the GM with DM in the  

presence or in the absence of PI3K/AKT inhibitor (10µM LY294002). Effect of LY treatment on  

muscle differentiation was evaluated by phase contrast microscopy.     

 

Figure  S5.  Characterization  of  CMA316  mouse  monoclonal  antibody  directed  against  

phosphorylated histone H3 at Serine 28 (H3S28ph).  A) Specificity of mAb was evaluated by 

ELISA. Microtiter plates were coated with the indicatedpeptides  and  incubated  with  3-fold  

dilutions  of  each  mAb  (starting  from  1:300  dilution  of  a  hybridoma culture supernatant). 

CMA316 reacts with H3s28phh regardless of the modification  status of H3K27.  B) HeLa cells 

were left untransfected (lanes 1 and 2) or transfected with H3-GFP (lane 3) and its  
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phosphorylation-site mutants (lanes 4-7), and treated with nocodazole to enrich for mitotic 

cells(lanes 2-7). Whole cell proteins were separated on 13% SDS-polyacryamide gels, transferred 

on to  PVDF membranes and blotted with CMA316 antibody that detect single bands at the size of 

histone  H3 (lane 1). Signal intensity is increased in nocodazole-treated, M-phase-enriched, cell 

population  (lane 2). A mutant H3-GFP, which harbors S28A substitution, was not detected by these 

antibodies  (lane 7).  C) ChIP analysis was performed on chromatin extracted from C2C12 cultured 

in GM or DM for  24h after induction of differentiation using CMA316 antibody. The precipitated 

DNA fragments  were subjected to Real Time-PCR analysis with the primers amplifying mCK 

enhancer and MyoG  promoter. ChIP enrichment is normalized to histone H3 density. The values 

represent the mean +/SD (standard deviation) of two independent experiments.     

 

Figure  S6.  Levels  of  H3S10ph  are  not  enriched  on  mCK  and  MyoG  during  muscle  

differentiation.  ChIP analysis of mCK enhancer (i), mCK promoter (ii) and MyoG promoter (iii) 

was performed on  chromatin extracted from C2C12 myoblasts cultured in GM and DM for 48hr 

after induction of  differentiation using H3S10ph antibody. Levels of H3S10ph are normalized to 

histone H3 density.  The precipitated DNA fragments were subjected to Real Time-PCR analysis. 

The values represent  the mean +/-SD (standard deviation) of three independent experiments. 
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Experimental procedures     

 

Primers for Real Time-PCR:   

 

MyoG-for  GCAGCGCCATCCAGTACATTG   

MyoG-rev    GCAACAGACATATCCTCCACCG   

SUZ12-for  GTGCCTTTGAATCCTGACCTC   

SUZ12-revCTTCGCGATTTCGTTTTCTTC   

EZH1-for...AGACTCAGTGCAATACCAAGCA   

EZH1-rev  AGTTTTTGCAAGACACCACCTT   

EZH2-for  TGATAAAGAAACTTGCCCACCT   

EZH2-rev...CTTTGCTCCCTCTGAACAGATT   

EED-for      ATAACCAGCCATTGTTTGGAGT   

EED-rev     TGTTGCTATCATAGGTCCATGC   

MSK1-for   GCCGATGAAACTGAAAGAGC   

MSK1-rev   TGCTCATTTCCTGGGGATAC   

MSK2-for   TCACACTGCACTACGCCTTC   

MSK2-rev   GATACCCAGCTTGTGCAGGT     
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Primers for ChIP Real Time-PCR: 

 

MyoG promoter-for  CCGTCCGTCCAAGACAACCC   

MyoG promoter-rev  CCCCCCTCTAAGCTGTTGC   

mCK promoter-for  CGCCAGCTAGACTCAGCACT  ù 

mCK promoter-rev CCCTGCGAGCAGATGAGCTT   

mCK enhancer-for  GACACCCGAGATGCCTGGTT      

mCK enhancer-rev   GATCCACCAGGGACAGGGTT 
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SUPPLEMENTAL INFORMATION     

 

Figure S1 
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Figure S2 
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Figure S3 
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Figure S5 
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Figure S6 

 

 

 




