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Abstract

Skeletal muscle specification and differentiatialmgrams are regulated by the
myogenic regulatory factors which include Myf5, Mylomyogenin and Mrf4. Upstream
of the MRFs, the transcription co-activators anteotintracellular and extracellular
signals play crucial roles in regulating skeletayogenesis. Histone acetyltransferase
activity of p300 is required for Myf5 and MyoD exgssion. Furthermore, the MyoD core
enhancer region is indispensable for MyoD expressidowever, the mechanism by
which p300 activatesMyoD gene expression is to be determined. The histone
acetyltransferase activity of p300 can be inhibibgdsmall molecule inhibitors such as
curcumin. Thus, using the inhibitor approach omstells is useful to investigate the role
of p300 in activatindlyoD expression during myogenesis. We here show thatioun
was able to inhibit stem cell determination andiedéntiation into skeletal myocytes. We
also show that p300 is present, and histone atetylas high at the core enhancer
region. Therefore, we provide evidence that p30diisctly involved inMyoD gene

expression during skeletal myogenesis.
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1. Introduction

Skeletal muscles are highly specified tissues #natmade up of differentiated
myocytes (Miller, 1991). Myogenic regulatory factdnave been extensively studied to
understand the mechanism and regulation of sketetaenesis. Moreover, intracellular
and extracellular signaling is very crucial duringuscle development. However, the
interaction mechanism between the MRFs, acetylteaases, signaling proteins and/or
muscle genes has yet to be determined. Our stutdyg & understand the skeletal
myogenesis at the molecular level. We are focusirejucidate the direct involvement of

p300, a co-activator that is crucial for skeletglogenesis, itMyoD regulation.

Skeletal myogenesis

Skeletal myogenesis is a complex process that negjucommitment of
mesodermal progenitors to the skeletal muscle ¢j@esnd transcriptional activation of
numerous muscle genes. The main source of progerfibo all body muscles such as
epaxial, hypaxial and deep back muscles is the tesmwhich are formed from the
paraxial mesoderm in the mouse embryo. The formatfcomites takes place as pairs of
epithelial spheres of paraxial mesoderm on eithée ®f the neural tube/notochord
during axis formation (Christ & Ordahl, 1995; Nowic Burke, 2000). After several
hours of epithelialization, the ventral region bétsomite, referred to as the sclerotome,
will form the cartilage and bone of the vertebraluenn and the ribs, whereas the dorsal
part of the somites makes the dermomyotome, which sheet of columnar cells that
produces all the body musculature progenitor liesggownall, Gustafsson, & Emerson,

2002). The newly formed dermomyotome consists ob tiypes of cells, medial
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dermomyotome cells and lateral dermomyotome cehlghvare located at the dorsal
medial lip (DML) and ventral lateral lip (VLL) resptively. Each type gives rise to
different groups and response to distinct developalesignals. The DML gives rise to
epaxial muscle progenitors, the first to be produicenewly formed somites of mouse
embryos, which form the myotomal deep back musdhiesvever, VLL gives rise to
hypaxial muscle progenitors that eventually formdimuscles, intercostal muscles and
abdominal wall muscles (Buffinger & Stockdale, 1995hrist & Ordahl, 1995;
Cinnamon, Kahane, & Kalcheim, 1999; Denetclaw, Bagb, Venters, & Ordahl, 2001,

Denetclaw et al., 2001).

Myogenic regulatory factors

Skeletal myogenesis has been extensively studigdsasssential for the survival
of the organism (Devlin & Emerson, 1978; KoniecZ&jyEmerson, 1984; Konigsberg,
1963; Yaffe, 1968). The formation of skeletal mescturing vertebrate embryogenesis
requires the expression of myogenic regulatoryofac{MRFs) including Myf5, MyoD,
myogenin and Mrf4 in which they initiate myobladentity and terminal differentiation
(Hasty et al., 1993; Rudnicki et al., 1993; Nabeshet al., 1993).

Investigations of the expression, function andulaipn of MRFs in mouse
embryos have revealed that the MRF genes are theekgilators of the determination
and the terminal differentiation of skeletal mustileeage. Skeletal myogenesis is a
multistep process which involves specification bé tmesodermal precursors into a
muscle lineage, followed by formation of myoblaated multinucleated muscle fibers,

and finally activation of muscle-specific geneswRall et al., 2002)



During skeletal myogenesis, transcription factarellio sequence-specific DNA
motifs located at the regulatory regions of muggaes. This binding causes chromatin
modifications that lead to loosening of the DNAth®e nucleosomes, which allows the
recruitment and activation of the transcriptionaaminery in order for the genes to be
expressed (Sartorelli & Caretti, 2005). Cell speation, proliferation and differentiation
into skeletal muscles are complex pathways orciiestr by the action of different
transcription factors and co-regulators. Pivotaltle biology of myogenesis are the
myogenic regulatory factors (Buckingham, 1994; Wamb, 1993). They belong to a
basic-helix-loop-helix (bHLH) family of transcrigth factors that dimerize with other
HLH proteins and bind DNA to regulate gene expasgBraun, Rudnicki, Arnold, &
Jaenisch, 1992; Braun & Arnold, 1995). This famignsists of four distinct master
transcription regulators: Myf5, MyoD, myogenin allif4 (Gianakopoulos et al., 2010;
Puri et al., 1997; Tapscott, 2005). The MRFs actdbyerizing E proteins to bind the
ubiquitously expressed bHLH sequence E-box (CANNTIBYated at muscle gene
enhancers and/or promoters where they regulateleaspecific gene expression (Berkes
& Tapscott, 2005; Blackwell & Weintraub, 1990; Sadlli & Caretti, 2005). Previous
studies have illustrated the crucial function of MR Gianakopoulos et al., 2010; Puri et
al., 1997; Rudnicki et al., 1993; Tapscott, LasgaiWeintraub, 1992). However, the
direct interaction between MRFs and chromatin madlgf factors, transcription
regulators and other signaling proteins has yéietcharacterized. MRFs are exclusively
expressed in the skeletal muscles and enforcetakeheiscle formation when culturing
non-myogenic cell types (Buckingham, 1992). Hereeh of these myogenic regulatory

factors has been postulated to play a major rolauscle cell specification and terminal



differentiation (Gianakopoulos et al., 2010; Pdkags & Harel-Bellan, 2001; Puri et al.,
1997; Rudnicki et al., 1993; Tapscott et al., 199a@pscott, 2005; Hasty et al., 1993;

Nabeshima et al., 1993) (Figure 1).

Myogenic precursors Myoblasts Myotubes

Specification Differentiation !
- e_ -

MyoD MRF4

p300
HAT

Figure 1. Involvement of MRFs in skeletal myogenesis. Myf5 and
MyoD expression is the key step that results inmament of myogenic
precursors into muscle lineages. Mrf4 is involvedthe specification
and along with MyoD and myogenin, is involved inrnténal
differentiation.

In conjunction with MRFs, the myocyte enhancer dack (MEF2) MADS
(MCM1, Agamous, Deficienns and human serum respdastor)-box transcription
factors including MEF2a, MEF2b, MEF2c and MEF2d assential for myogenesis
(Black & Olson, 1998; Buckingham et al., 2003; N&®lson, 1999; Tapscott, 2005).
MEF2s need to collaborate with members of the mygmgéHLH proteins during

myogenic development in culture to activate myogemgienes expression. This



collaboration is mediated by direct protein-proteiteractions between MEF2 and the
heterodimers formed between MRFs and E protein Kbtdin, Black, Martin, & Olson,
1995), implying that MEF2 family alone is not safént to induce myogenesis.

Each member of the MEF2 family is expressed atfferént time point during
myogenesis. MEF2d, for example, is expressed ilif@rating myoblasts just before they
undergo differentiation, MEF2a is expressed whelis deegin to enter differentiation
status and MEF2c is expressed later during difteaton (Black & Olson, 1998; Black,
Molkentin, & Olson, 1998; Breitbart et al., 1993gi/en, Bodmer, Abmayr, McDermott,
& Spoerel, 1994). Unlike MRF genes, MEF2 genes &lsation in cardiac and smooth
muscles development (Black & Olson, 1998; Blackakt 1998; Edmondson, Lyons,
Martin, & Olson, 1994, Leifer et al., 1993; Lyoridjcales, Schwarz, Martin, & Olson,

1995; Buckingham, 1992; Lin, Schwarz, Bucana, &@|s1997).

MRFsfunctions

As mentioned above, the roles of MRFs are indispiglesfor skeletal muscle
specification and differentiation. It has been dastmated thaMyf5 and MyoD induce
early specification of epaxial muscle lineage sidetetion of both genedviyf5 and
MyoD) results in inhibition of myoblast formation andrite, absence of skeletal muscle
appearance. However, a single mutation in eilgb or MyoD gene did not show any
defect in muscle development (Rudnicki et al., )988ggesting thavlyf5 and MyoD
have overlapping functions in muscle cell specifara This finding also suggests that
Myf5 and/orMyoD expression are crucial for the commitment of rpoltential somite

cells to the myogenic lineage. FurthermoMyf5 and MyoD are expressed in the



myoblasts and they are able to convert fibrobladts myoblasts (Braun, Buschhausen-
Denker, Bober, Tannich, & Arnold, 1989; Montarr&nset, Chelly, Kahn, & Gros,
1989; Wright, Sassoon, & Lin, 1989), which agaidigates that the establishment and
maintenance of muscle lineage is governed by Myti@ MyoD (Pownall et al., 2002).
Myf5 and MyoD genes have the ability of remodeling chromatin apening gene loci,
which leads to further muscle differentiation (GanbKlesert, Bergstrom, & Tapscott,
1997).

Myogenin acts genetically downstream of Myf5 andd@yto turn on the muscle
differentiation program through activation of muesdifferentiation genes (Hasty et al.,
1993; Nabeshima et al.,, 1993; Rawls et al., 19885 and MyoD are essential for
myogenin gene transcription (de la Serna et al., 2005; Ratvisl., 1995). Studies have
shown that null mutations imyogenin result in very poor development of skeletal
muscles, although myoblasts are present, indicatag myogenin has an important
function in myoblast terminal differentiation (Hptt al., 1993). Previous studies have
shown that Mrf4 is essential during early somitagges, but is not essential for myocyte
formation (Braun & Arnold, 1995; Patapoutian et 4995). However, later studies of
MyoD/Mrf4 double mutants resulted in a lethal deficiencyddferentiated skeletal
muscle (Rawls et al., 1998), a phenotype that wagas to that ofmyogenin mutants
(Hasty et al., 1993), suggesting tidyoD andMrf4 have a partial function redundancy
during the activation of muscle differentiation gram (Rawls et al., 1998). Although
myoblasts from eithemyogenin or MyoD/Mrf4 double mutant mice are unable to form
myofibers in vivo, myoblasts from these mutants are capable of rdifteating into

muscles when cultureth vitro (Nabeshima et al.,, 1993; Rawls et al., 1995; Valde



Richardson, Klein, & Olson, 2000). Myoblasts fromgogenin/Mrf4/MyaoD triple mutants
are unable to differentiate into musclas vitro. Neverthelessmyogenin-/-/Mrf4-/-
/MyoD+/- myoblasts are able to form differentiated myocytesivo, suggesting that
MyoD is able to partially rescue myogenesis in the mtsef both myogenin and Mrf4.
Since MRFs act in a cascade fashion, it has bemonkgrated that they can also regulate
their own and each other's expression (Braun et1889; Brennan, Edmondson, &
Olson, 1990; Naidu, Ludolph, To, Hinterberger, &i@czny, 1995; Thayer et al., 1989).
Overall, each MRF mutant results in a distinct gitgpe, suggesting that each myogenic
bHLH gene has a unique function during myogenddisrefore, the spatial and temporal
expression of each bHLH transcription factor iscalduring embryogenesis (Tapscott,

2005).

Genetic analysis of Myf5 and MyoD myogenic functions

During embryogenesis, muscle formation is reguléethe MRFs among which
Myf5 is the first to be expressed and is the estrlmarker of myoblast specification in
the dorsal dermomyotome (Kablar et al., 1998; Tagps2005; Rudnicki et al., 1993). In
addition to playing a role in myogenic specificatidlyoD is considered to be the master
switch for the skeletal differentiation program (@t al., 1993; Halevy et al., 1995;
Zhang, Zhao, Wei, & Paterson, 1999; Lassar, Pate&s®/eintraub, 1986).

In mice, Myf5 is expressed in the mature somitesientranscript is accumulated
in the myotome, the first skeletal muscle to appgatt, Bober, Lyons, Arnold, &
Buckingham, 1991). Moreover, in epaxial, hypaxiatl dnead muscledyf5 expression

is controlled by a set of lineage-specific trar@oon enhancer elements, implying that



different mechanisms control cell determinatiordiffierent stages of myogenesis in the
embryo (Carvajal, Keith, & Rigby, 2008; Ott et d991).In vivo, inactivation ofMyoD
causes up regulation Myf5 gene expression and they do not exhibit defectkatetal
myogenesis (Rudnicki, Braun, Hinuma, & Jaeniscl92)9This indicates that there is a
compensatory mechanism that contributes to theictional redundancy, suggesting that
Myf5 can functionally substitute fdviyoD, at least for a short time, during myogenesis
(Rudnicki et al., 1993). However, mice embryos iagkMyf5 suffer from a severe rib
defect which leads to abnormalities in the respisatunction and perinatal death (Braun
et al.,, 1992). This suggests thdyf5 expression during the myotomal development is
required for directing the signals to the neightderotomal cells to form the ribs (Grass,
Arnold, & Braun, 1996). Mice lackinylyoD, myogenin andMrf4 seem to have normal
myoblasts but fail to form differentiated muscléédis. Howevermyogenin/Mrf4 and
MyoD/Mrf4 mutant mice are able to exprédsgfS. These results suggest tmagogenin
and/or MyoD are essential for maintaininylyf5 expression and maintaining the
myogenic differentiation program (Valdez et al.0@p In P19 cells, Myf5 transcript is
detected during myogenic specification, which iatks the commitment of cells to
skeletal muscle lineage (Francetic T. et al., 20Mpreover, Myf5 mutant studies
showed thaMyf5 has a function in the control of progenitor ceblgeration (Montarras,
Lindon, Pinset, & Domeyne, 2000), indicating thestupam regulatory function &flyf5
over MyoD in epaxial and hypaxial myotome progenitors. (Paivret al., 2002).
Altogether, the early function and expression offfMpefore the other MRFs indicate
that Myf5 works at the top of the myogenic casctmstart myogenesis (Buchberger,

Nomokonova, & Arnold, 2003).



MyoD expression is activated ~2 days aftdyf5 expression in the epaxial
progenitors (Tajbakhsh & Buckingham, 2000). Althbughas been demonstrated that
MyoD has an essential regulatory function in progens&t specification, later studies
showed that MyoD is also required for muscle ddfgration since MyoD-deficient
myoblasts fail to undergo differentiation (Delfitdjrsinger, Pourquie, & Duprez, 2000;
Tapscott, 2005)MyoD mutant mice are viable and fertile. However, cebliferation
and regeneration are abnormal, indicating gD has an essential function in adult
muscles (Cornelison, Olwin, Rudnicki, & Wold, 2000egeney, Kablar, Garrett,
Anderson, & Rudnicki, 1996; Montarras et al., 2000has also been demonstrated that
MyoD and Myf5 activation is controlled in muscle progenitor lges through both
interactive and independent function of developmlesignaling ligands and their signal
transduction effectors, most likely via direct rigion of Myf5 andMyoD transcription
enhancers (Pownall et al., 2002). In embryonic s{&8) cells, exogenoustyoD
expression promotes chromosonMyoD activation but does not initiate a complete
skeletal muscle differentiation program (Dekel, MiagPearson-White, Emerson, &
Shani, 1992). Moreover, exogenddgoD expression allows ES cells to differentiate into
muscles during aggregation and non-proliferatiagetKato & Gurdon, 1993), implying
thatMyoD myogenic function requires particular cell signglenvironment to activate a
complete muscle differentiation prograrilyoD is therefore able to activate auto-
regulation and expression of some early muscleeifftiation genes but not the later
regulatory program of muscle differentiation (PoWeéaal., 2002). As mentioned before,
MyoD has myogenic regulatory function downstreamviyf5 in epaxial and hypaxial

myotome progenitor and is expressed 2.5 days B4 expression in wild-type mice



(Tajbakhsh & Buckingham, 2000). However, this ig tiee case witiMyf5 mutants, in
which MyoD expression is delayed by one day. Thiyf5 regulates the timely
activation ofMyoD, but the compensatory mechanism takes place éodé¢hayedviyoD
expression in the absence M5 in these myotomal lineages (Pownall et al., 2002).
Since MyoD has also been found to be acetylatqutaofiferated myoblasts (Polesskaya
et al., 2000), other mechanisms must thereforenbelnied in MyoD activation during

myogenesis.

Enhancer elements of MyoD

Given the crucial role dflyoD in skeletal muscle specification and differengiati
programs (Delfini et al., 2000; Rudnicki et al.,9B9 Tapscott, 2005), a mechanistic
understanding of this gene and how its expressoactivated will provide powerful
information on howMyoD is controlled in the transcriptional context.

It has been demonstrated that a highly conserved eohancer region (CER,
~20Kb 5’ of humariMyoD) is indispensable fdvlyoD activation in the somites and limb
buds (Faerman, Goldhamer, Puzis, Emerson, & SH&95; Goldhamer et al., 1995;
Kablar et al., 1998; J. C. Chen, Love, & Goldhan2801; J. C. Chen & Goldhamer,
2004). Recent studies showed a dramatic accumnlafi¢i3.1 around théyoD CER,
implying the involvement oMyoD during myogenic differentiation (J. H. Yang et, al.
2011).

In mature muscles, the distal regulatory region RDR5Kb upstream oflyoD)
is important forMyoD expression in which DRR sequence is unrelated8R (Asakura,

Lyons, & Tapscott, 1995; J. C. Chen et al., 200dtdBamer et al., 1995; Kablar et al.,
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1998; Tapscott et al., 1992). Moreover, the agtivit DRR is exclusive to differentiated
skeletal musclesn vivo (Kablar et al., 1997), and its activity is complgt MRF
dependent (Kablar et al., 1999). Previous studessahstrated that CER loses its activity
once adult muscles develop, whereas DRR stayseaatigl results in a similar expression
pattern of endogenoldyoD. Also, deletion of DRR results in MyoD mRNA redct.
These findings suggest that in adult muscles, DRReicessary to sustain the normal
MyoD expression. It has previously been shown that D&id Myf5 mutant mice
embryos expresMyoD at the appropriate time in the limb and branchiahes (J. C.
Chen, Ramachandran, & Goldhamer, 2002), indicattiag the DRR is not crucial for
MyoD expression and the CER and other enhancers noghmpensate for the absence of
DRR (Pownall et al., 2002).

In addition, Tapscott and colleagues have idewtiigoroximal regulatory region
(PRR, ~ -275 bp to +1) which is, along with DRRIfisient to activate the transcription
of muscle genes when cultured vitro (Tapscott et al., 1992). Like DRR, PRR is not
sufficient for early expression dflyoD in the limb muscles, but it contains essential
regulatory elements to maintain endogendy®D expression (Asakura et al., 1995).
Therefore, each one of these enhancers/promotersahspecific regulatory function
during myogenesis. Further studies are requirethdividually study the role of each

enhancer/promoter in MRFs expression during myogjene
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Extracellular developmental signaling in epaxial/hypaxial muscles

Gene expression studies demonstrated that sonsdogevental signaling ligands
from surrounding tissues are known for their rolesmuscle development. These
signaling proteins include Sonic hedgehog (Shh)nghMss/Integrated (Wnt) family,
Bone Mophogenetic Proteins (BMPs), Notch, Fibrabl@sowth Factors (FGF), and
Retinoic Acid (RA), in which all positively or netizely control Myf5 and MyoD
activation in muscle epaxial progenitors (Powndllag, 2002). Shh is produced by
notochord and floor plate cells (Fan & Tessier-lgad, 1994), BMPs are secreted from
the lateral plate and mesodermal cells (A. G. Bkirgt al., 1999; Dietrich, Schubert,
Healy, Sharpe, & Lumsden, 1998; Munsterberg, Kitaj@g, Bumcrot, McMahon, &
Lassar, 1995; Pourquie et al., 1996; Tajbakhsh.e1298), and Wnt is expressed in the
neural tube and dorsal ectoderm (Parr, Shea, ¥assil& McMahon, 1993). These
signals act upstream of Myf5, MyoD, Mrf4 and myoigenAlso, these signals play
essential roles iMyf5 activation during epaxial progenitor specificatign G. Borycki,
Mendham, & Emerson, 1998; Munsterberg et al., 1995)

Previous studies have shown that Shh signalingetafdyf5 but not MyoD
through Gli transcription factor in epaxial progens (A. G. Borycki et al., 1999;
Gustafsson et al., 2002). It has also been denatedtthat Wntl regulates Shh signaling
to coordinate Myf5 activation in epaxial progenitors during somitegnfation by
stabilizing B-catenin (A. Borycki, Brown, & Emerson, 2000; Worda Nusse, 1998),
while Wnt7a preferentially activatédyoD (Tajbakhsh et al., 1998) through Shh, where

which Myf5 has to be present in order for the Shh to activgteD (A. G. Borycki et al.,
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1999; McDermott et al., 2005). Hence, Wnt and Stehessential for the activation of
Myf5 andMyoD in epaxial muscles (Tajbakhsh et al., 1998).

Furthermore, the Six-Eya-Dach family of transcoptfactors (Six-1 to Six-6) has
been found to be essential for the proliferatiom atifferentiation of muscle cells
(Kawakami, Sato, Ozaki, & Ikeda, 2000; Kumar, 20D&clef et al., 2003; Laclef, Souil,
Demignon, & Maire, 2003; Ozaki et al., 2004), wh&ir-1 is crucial for skeletal muscle
development (Li et al., 2003). Previous studiesasttbthatSx-1 mutant mice die at birth
due to primary myogenesis and respiratory failftelef et al., 2003; Laclef, Souil et
al., 2003; Li et al., 2003). However, mice lackingly Sx-4 develop normally, and
doubleSx-1/Sx-4 mutant mice studies result in more apparent défiectyogenesis than
in Sx-1 mutant mice (Grifone et al., 2005). These findisgggest that Six-4 has an
important function during muscle development wheaperating with Six-1. In addition,
these results suggest that Six-1 has a crucialtitmaluring early stages of muscle
development. Six-1 and Six-4 play a key role in gsmesis including regulation of
MRFs expression. For instanc@x-1 has been demonstrated to be essentiaMiwD
and myogenin activation in the limb buds (Laclef et al., 2008urthermore, the Six
family also plays a significant role in regulatitige hypaxial promoter of Pax (Paired box
protein)-3 (Franz, Kothary, Surani, Halata, & Grit®93; Grifone et al., 2005; Grifone et
al., 2007).

Pax3 is a transcription factor with homeo and phid®main motifs. It is a
member of the developmentally transcriptional ratprs family and plays a crucial role
in skeletal muscle formation (Sato, Rocancourt, ddas, Thorsteinsdottir, &

Buckingham, 2010). It has been shown tRat3 mutant mice result in skeletal muscle
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impairment (Daston, Lamar, Olivier, & Goulding, B%ranz et al., 1993; Grifone et al.,
2007). Pax3 is required for progenitor migratiorthie limb buds (Daston et al., 1996),
sincePax3 null mice result in severe muscle loss (Alvareslet2003; Dietrich et al.,
1999; Epstein, Lam, Jepeal, Maas, & Shapiro, 1€9%pone et al., 2005; Tajbakhsh,
Rocancourt, Cossu, & Buckingham, 1997). Moreoverx3is expressed in the somite
before becoming restricted to the dermomyotomenausicle cells (Goulding, Lumsden,
& Paquette, 1994; Williams & Ordahl, 1994) andiitduction is also essential for Myf5,
MyoD and myogenin expression (Maroto et al., 19%9wever, a dominant negative
Pax3 in P19 cells leads to loss of MyoD and myagenipression and therefore loss of
myogenesis (Ridgeway & Skerjanc, 2001).

Pax3 andMyf5 single and double mutations have been analyzedamine their
ability to undergo myogenesis. It has been shovahNtyf5 mutant embryos result in a
defect in myogenesis. It has also been shown tleet3 Riirectly regulates Myf5
expression via the limb bud enhancenwff5 (Bajard et al., 2006). SinddyoD is not
expressed in the trunk and limb muscledax3/Myf5 double mutant mice, it has been
demonstrated thd¥lyoD acts genetically downstream from these two geMgd5(and
Pax3) for the initiation of skeletal myogenesis (Tajhak et al., 1997). Therefore, in
cooperation with Six family of proteins and its adfor Eya, Pax3 and Pax7 regulate
MRFs expression (Ridgeway & Skerjanc, 2001).

RA is required for proper somite formation duringvdlopment (Maden, Gale,
Kostetskii, & Zile, 1996; Maden, Graham, Zile, & &a 2000; Niederreither,
Subbarayan, Dolle, & Chambon, 1999). RA is a déreaof vitamin A (Chambon,

1996), and exists as two isomers, all-trans ant Ré (Ricaud, Vernus, & Bonnieu,
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2005). Moreover, RA functions through two families nuclear receptors, RAR and
RXR, in which both consist af, 8, andy subunits (Chambon, 1996).

The RAR and RXR are nuclear receptors which areuired for proper
development (Chiba, Clifford, Metzger, & Chambof97T). RAR binds and is activated
by both all-trans and 9-cis RA isomers (Ricaudl.e?805). Previous studies showed that
animals lacking RARx or RAR+ display postpartum lethality (Lohnes et al., 1993)e
RXRs heterodimerize with different nuclear recepteuch as thyroid hormone receptor
(THR) and vitamin D receptor (VDR) (Maden, Sonneéyelan der Saag, & Gale, 1998;
Mic, Molotkov, Benbrook, & Duester, 2003; Szantoatt 2004). RXRe mutant mice
die in the uterus due to hypoplastic myocardiumstKer et al., 1994; Kastner, Mark, &
Chambon, 1995). HoweveRXR- y -/- mutant mice are viable and do not display dsfe
in muscles (Dolle, 2009), which suggests that tss lof RXR-y is compensated for by
RXR- o (Tanaka & De Luca, 2009). Thereby, these findingscate that RAR and RXR

signals are essential during muscle development.

Role of p300 HAT activity in MRFsregulation

The formation and maintenance of skeletal musclquires the proper
orchestration of myogenic regulatory factors, tcaiptsion co-regulators and signal
transduction pathways. As the extracellular sigres critical for proper myogenic
regulation, nuclear factors are also crucial fonggexpression in response to several
physiological processes, such as proliferationptgss and differentiation (Brownell &
Allis, 1996; Montminy, 1997). Co-regulators are ugqd to cooperate with MRFs as co-

regulators do not directly bind to DNA, but thatarecruited to enhancer/promoter
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regions via interaction with sequence-specific DbiAding proteins. These co-regulators
could be transcription factors (Novitch, Mulligalgcks, & Lassar, 1996; Sellers et al.,
1998), histone deacetylases (HDAC) (Lu, McKinselyaZg, & Olson, 2000; McKinsey,
Zhang, Lu, & Olson, 2000; Steinbac, Wolffe, & RupR000), and histone
acetyltransferases (Eckner, Yao, Oldread, & Livings1996; Missero et al., 1995; Puri
et al., 1997; Yuan, Condorelli, Caruso, FelsanGig@rdano, 1996).

MyoD and myogenic bHLH have been shown to intewgith the co-activator
p300/CBP in whichMyoD and Myf5 determine the myogenic identity of mesodermal
cells, whereasmyogenin, Mrf4 and MyoD contribute to the terminal differentiatio
(Black et al., 1998; Tapscott, 2005; Buchbergealet2003; Delfini et al., 2000; J. F.
Roth et al., 2003). p300 and CBP were first charaztd as partners for adenoviral E1A
protein and cAMP response element binding prot€iREB) respectively (Chrivia et al.,
1993; Eckner et al., 1994). They are global trapsonal co-activators that are
ubiquitously expressed and capable of interactiith different transcription factors to
regulate a wide variety of cellular processes, sashproliferation and differentiation
(Eckner et al., 1996; J. F. Roth et al., 2003;.JCken et al., 2001; Goodman & Smolik,
2000; Shiama, 1997). p300 functions to regulatestaption and open chromatins,
thereby facilitates diverse signaling. In physiglog300 regulates transcription factors
that are responsible to control differentiationhiwita particular cell line (Shiama, 1997).
In vivo studies provided direct evidence that p300 isiatdor cell cycle regulation and
cell differentiation (Yao et al., 1998hlistone acetyltransferase activity has been shown
to have important functions in transcription (Pu@artorelli et al., 1997; S. Y. Roth,

Denu, & Allis, 2001). Previoum vitro studies have illustrated the contribution of p300
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and CBP acetyltransferases in the specification tandinal differentiation of skeletal
muscle by regulating MRF genes. Mutations in theTH#ctive domain of p300/CBP
have also been shown to eliminate their transaaivaapability (J. F. Roth et al., 2003;
S. Y. Roth et al., 2001).

p300 and CBP function to regulate transcriptionvégtand influence chromatin
structure as they possess an intrinsic histoneyltregtsferase (HAT) domain that is
essential for myogenesis (J. C. Chen et al., 20@tyzko, Schiltz, Russanova, Howard,
& Nakatani, 1996; J. F. Roth et al., 2003). Histomadifications have been implicated in
orchestrating gene expression, particularly historetylation (ac) and methylation (me).
Generally, histone acetylation associates with gerivation. p300 regulates chromatin
structure through histone acetylation, which matkess chromatin more accessible for
transcriptional targeting (Ramos et al., 2010). Hoer, histone methylation relates to
both gene activation and gene silencing, with tieohes H3K4me3 and H3K9me2
activating and silencing genes, respectively. Tiodeoular mechanism by which histone
acetylation governs transcription remains to bdyf@ppreciated.In vivo, histone
acetyltransferases are often able to acetylate ryasiye (K) residues (Jin et al., 2011).
Histone acetyltransferase regulates gene exprebygi@atalyzing targeted acetylation of
the lysine residues on histone and non-histoneem®t(Sterner & Berger, 2000; X. J.
Yang, 2004). p300 acetylates MyoD, H3 and H4 tonmte transcription initiation
(Dilworth, Seaver, Fishburn, Htet, & Tapscott, 200# et al., 2011; Puri, Sartorelli et
al., 1997; Sartorelli et al., 1999). Besides hist@tetylation, p300 acts as a scaffold
protein for the transcriptional initiation assembdyd as a bridge between the sequence

specific factors and the basal transcriptional rresly. p300 can also acetylate
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transcription factors and non-histone proteins,clwhoften leads to an increase in the
transcriptional activity (J. C. Chen et al., 200hhof et al., 1997; Chan & La Thangue,

2001) (Figure 2)

A.HAT / P C. Scaffold / “|

B. FAT D. Bridge

Basal
machinery

Figure 2: Transcriptional activation mechanisms of p300. (A) p300
acetylates histones to facilitate transcriptioralvity (HAT). (B) It can
also acetylate non-histone proteins (FAT). (C) pp0fvides a scaffolg
for the transcriptional initiation assembly. (D)0fBalso acts as a bridge
between the sequence specific factors and the bagakcription
machinery.

Previous studies have illustrated that acetyltenaskes, particularly p300, are
present at enhancers and promoters (Hatzis & Tidigr2002; Wang, Carroll, & Brown,

2005). Moreover, microarray and ChIP sequencingayssslemonstrated that p300
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binding sites possess similar characteristics dfaroers. However, it has also been
found that many other predicted enhancers wererigg@300 binding sites (Heintzman et

al., 2007).

Histone acetyltransfer ases

Co-activators, as their name implies, are ablectvate transcription and interact
with the basal transcriptional machinery, as wslhat as a scaffold for the assembly of
transcriptional complexes and induce chromatin ting (Bastien & Rochette-Egly,
2004; Rosenfeld, Lunyak, & Glass, 2006). The cavatdrs p300 and CBP have
different functions, but are also highly relatedhnvoverlapped involvement. They are
indispensable during myogenesis (Ramos et al., )2046d they interact with
transcription factors through conserved domainsi(GEH3, K1X and SID) (Figure3).
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Figure 3. Schematic representation of p300/CBP homologous regions
and functional domains. Selected proteins that bind to specific siteg of
p300/CBP are shown. CH1-3, cysteine and histidictenegions 1-3; KIX,
binding site of CREB; BD, bromodomain; SID, steraidceptor co-
activator-1 interaction domain. The percentage wiina acid identity
between the two proteins is indicated.
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In vivo, the full complement of p300 acetyltransferasévagtis required for normal
epaxial muscle formation. Moreover, p300 knockduts result in compromisedyf5
expression, and hence, skeletal muscle impairnrentice embryosln vitro, ES cells
lacking p300 acetyltransferase activity result wahsevere defect in skeletal muscle
formation. On the other hand, equivalent mutation€BP did not exhibit clear muscle
impairment and the CBP mutant cells are still ablédorm myotubes. Furthermore, in
p300 acetyltransferase mutant cells, Myf5 and MyaiDto be expressed. These results
suggest that p300 and its acetyltransferase actiwvé required for myogenesis bath
vivo and in vitro. Moreover, these results validate the differencgwben the
acetyltransferase activity of p300 and CBP, as a®lprovide evidence for the essential
role of p300 in skeletal myogenesis (J. F. Rothakt 2003). It has also been
demonstrated that p300 HAT activity is involvedsipecific histone acetylation, such as
H3K27, to regulataviyf5 early enhancer during stem cell differentiationa(feetic T. et
al., 2012). Since p300 also acetylates non-hispooteins, previous studies showed that
the transcription factor MyoD can be acetylaiedvitro by p300 (Polesskaya et al.,
2000). Histone acetylation &yoD enhancers and promoters has been established (J. H
Yang et al., 2011). However, whether the historetydation mediated by p300 ktyoD
enhancers is direct or indirect has yet to be itgated.

Interestingly, other histone acetyltransferasese li8pt-Ada-Gen5 (GCN5) and
p300/CBP associated factor (PCAF) have been claizet to be required for myogenic
differentiation in culture (Kuninger, Wright, & Reein, 2006; Dyda, Klein, & Hickman,

2000; Puri, Sartorelli et al., 1997; X. J. Yang,rgxio, Nishikawa, Howard, & Nakatani,
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1996). PCAF has been shown to function in a pdrp¢hway to p300 but displays a
different pattern of substrate specificityvitro. Like p300, PCAF also acetylates MyoD
and H3 (Sartorelli et al., 1999). PCAF also acegaiuscle-specific transcription and
preferentially acetylates histone H3 on lysine $¢hjltz et al., 1999; Trievel, Li, &

Marmorstein, 2000). Previous studies showed thaaFPDactivation leads to inhibition

of muscle differentiation, indicating that PCAF @so essential for the myogenic
differentiation program. Moreover, inhibiting PCAdf p300/CBP completely abolished
the differentiation program, suggesting that p306 RCAF cannot compensate for each

other (Kuninger et al., 2006).

Stem cell differentiation

Embryonic stem (ES) cells are pluripotent cells eafrly embryos that are
characterized by their self-renewal ability, whimtcurs by an auto-organizing group of
ectopic expressed transcription factors that inlt@ir differentiation and enhance their
proliferation. Mouse ES cells were originally dexdvfrom the inner cell mass (ICM) of
mouse blastocysts (Evans & Kaufman, 1981; Mart#81). Previous studies in the last
decades have highlighted the role of transcriptamtors in ES cells maintenance (Boyer
et al., 2005; Chambers et al.,, 2003). It has bemrtluded that the activity of these
transcription factors depends on the pluripotefitd®velopmental stage. This indicates
that these transcription factors function with tdo®peration of other processes (Sieweke
& Graf, 1998), and depends on the accessibilityhefr target genes. This accessibility
takes place by the modifications of the DNA, hig®rand/or chromatin structures of

these target genes (Jaenisch & Bird, 2003).
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Mouse ES cells are suitable to study differentratod a variety of different cell
typesin vitro as they are capable to differentiate into skeletddiac, neuronal, epithelial
and endothelial lineages (Evans & Kaufman, 198he differentiation system of ES
cells allows one to analyze the early processesivied in the commitment to particular
lineages and the developmental steps during tHereliftiation into specific cell types.
Specific cell lines and cultivation allow the embiy body (EB) of ES cells to
differentiate into different cell types. There @@veral parameters that contribute to the
developmental efficiency of ES cellsvitro including the number of cells differentiating
in the EBs, the quality of the media, the qualityg® cell lines used and the time points
of EBs plating or handling (Wobus, Guan, Yang, &Bler, 2002).

Similarly, embryonal carcinoma (EC) cell lines alerived from tumors called
teratocarcinomas. These cells have been extensingg in culture studies due to the
similar normal differentiation behavior to embryomner cell mass. The P19 is a type of
embryonal carcinoma cell line that is derived friratocarcinomas and that can develop
in some mouse strains by transferring early embojdke female uterus into the ectopic
sites (Stevens, 1970). A 7.5-day-old mouse embmym fmating a C3H/He female with
males carrying an X-chromosome, bearing some dérgrglleles, was injected into an
acceptor C3H/He mouse testis ((McBurney & Roge®821 Nielsen & Chapman, 1977).
P19 cell line is an experimentally tractable cudtwystem to study early embryonic
mechanisms (McBurney, Jones-Villeneuve, EdwardsAr&lerson, 1982)They grow
continuously in fetal bovine serum (FBS)-and fetalf serum (FCS)-supplemented
media, which have unknown factors that regulate fhmecess of differentiation

(McBurney, 1993; Wilton & Skerjanc, 1999). Moreoytrey divide rapidly and have the
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ability to differentiate even after many transfémsculture. In addition, they can be
efficiently induced to differentiate by the simglkering of culture conditions (Bain, Ray,
Yao, & Gottlieb, 1994; McBurney, 1993). These clteastics make P19 cells an
experimentally outstanding system to study difféegion and cell genetics (McBurney,
1993). P19 cells can be maintained in culture iruadifferentiated form (Bain et al.,
1994). They can also be induced to differentiate different cell types if the aggregates
are exposed to non lethal doses of drugs such aetBylsulfoxide (DMSO) and
Retinoic Acid (RA). DMSO and RA induce P19 cellsdifferentiate into a wide variety
of multinucleated skeletal and/or mononucleatediearmuscles (McBurney et al., 1982;
van der Heyden & Defize, 2003; Wilton & Skerjan899).

C2C12 myoblasts are another type of stem cells @ahatsubclones of mouse
myogenic cell lines, and have the unique qualityhat they are already committed to
skeletal muscle lineage. They differentiate extezigiand rapidly in culture (Blau, Chiu,
& Webster, 1983; Shimokawa, Kato, Ezaki, & Hashioyd998; Yaffe & Saxel, 1977).
In addition, they proliferate when they are in higgrum concentration but lower in
confluences. Nevertheless, they fuse when theinaadow concentration of serum but in
high confluences, forming multinucleated myotubeghiw a few days of serum
withdrawal. Density and cellular interaction betweeeighboring cells are therefore
critical factors in the effectiveness of cell maimance and differentiation (Blau et al.,

1983; Silberstein, Inestrosa, & Hall, 1982).
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Small moleculeinducers and skeletal myogenesis

The cell types formed in DMSO- and RA-treated a@ltuare skeletal, cardiac
muscles and/or neuron. Treating cells with DMS®mell molecule inducer for muscles,
leads to induction of P19 cell aggregates to dgvéio many of the mesodermal and
endodermal cell type characteristics, most commaMgletal and cardiac muscles
(Edwards, Harris, & McBurney, 1983; McBurney et, 8l982). The mechanism of
DMSO induced differentiation is still not clear.eWious studies suggest that the effect of
DMSO is achieved via cooperative kinetics or thloadfecting some pathways that are
composed of extracellular contents and mediatedthgr cell to cell contact or some
soluble factors (Campione-Piccardo, Sun, Craig, &BMrney, 1985; Smith, Reuhl,
Craig, & McBurney, 1987).

Besides DMSO, retinoic acid (RA) can also inducedentiation of P19 cells
into skeletal muscles (Pratt, Crippen, & Menard)@0 RA is a natural derivative and
active metabolite of vitamin A. Furthermore, RA ydaimportant roles in different
embryonic developmental processes. It is also rewlin the activation of many genes
that play a role in the specification and developnhw# skeletal muscles (Blomhoff, R et
al, 2006; Le May et al., 2011; Niederreither & [@9lR008). RA is also required for
chromatin changes and activation of transcriptiBmattacharyya et al., 1997; Dey,
Minucci, & Ozato, 1994). The RA signal is mediatadthe nuclear receptors RAR and
RXR with each consisting of alpha, beta and gansuofoims. These isoforms belong to
the nuclear receptor superfamily and bind to respaglements of RA target genes to
activate cell differentiation (Chambon, 1996; Leildastner, & Chambon, 1992;

Rohwedel, Guan, & Wobus, 1999). P19 cells respdifgerently to different RA doses.
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They differentiate into skeletal muscles with a loencentration of RA around PaL0”
M (Edwards et al., 1983), but they differentiateiglial and neuron tissues with a high
concentration of RA (>5X10 M) (Jones-Villeneuve, McBurney, Rogers, & Kalnins,
1982).

Additionally, a synthetic compound, bexarotene hasn found to activate the
RXR. This RXR selective compound is capable of demtivating the RXR-RXR
homodimer (Lehmann et al., 1992), but is unablactivate RARs (Nau & Blaner, 1999).
We have previously shown that bexarotene promdteketsl myogenesis in both P19
and ES cells via a RAR-independent mechanism (Lg &fal., 2011). As we established
the bexarotene mechanism in our lab, we used bexa@long with DMSO and RA in

order to induce skeletal muscle differentiatiorPt® cells.

Inhibitors of p300 HAT activity

Inhibiting the HAT activity of p300 is a useful $gs to investigate the role of
p300 during myogenesis. One of the well studiedllsmalecule p300 HAT inhibitor is
curcumin. Curcumin is a natural product isolatemrfrthe root of plant curcuma longa, a
member of the ginger family. It is a yellow pigmehat has been used as spices as well
as in herbal remedies, particularly in China, Indididdle East and Indonesia. In
ayurvedic medicine, it is a polyphenolic compounat thas been used in India. Curcumin
has been proved to have some biological effecanaantioxidant, anti-cancer and anti-
inflammatory (Y. Chen et al., 2007; Tayyem, Hea#tDelaimy, & Rock, 2006).
Previousin vitro studies have addressed the inhibitory effect ofwmin on p300 HAT

activity but not PCAF. Furthermore, their data segjg that curcumin is a potent p300-
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specific inhibitor of HAT activity in the transctipnal context (Y. Chen et al., 2007
Balasubramanyam et al., 2004).

Another p300 HAT inhibitor is C646. It is a smaticacompetitive inhibitor with
a Ki of 400 nM. It was found that C646 was relalyvpotent and highly linear selective
against p300 as compared with six other HATs. Henoepound C646 seemed to be
efficient for application requiring selective p3dthibition. In vitro, inhibition of p300
HAT activity by C646 results in blocking the aceitybn of histone H3 and H4 in mouse
fibroblast cell lines. Furthermore, it inhibits tgeowth of melanoma and lung cancer cell
lines (Bowers et al., 2010). The effect of C646stem cell differentiation has not been
extensively studied, which is why we are interestedhvestigating the inhibitory effect

of C646 on the differentiation of P19 cells intekktal muscles.
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Hypothesis and significance

Regulatory regions of MyoD have been previouslyrabirized(H. Y. Chen et
al., 2004; J. C. Chen et al., 2001; J. C. Chenl.et2802; J. H. Yang et al., 2011)
Furthermore, the roles of transcription factors aodactivators on MyoD expression
have also been establish@uri et al., 1997; J. F. Roth et al., 2003; SaiftorHuang,
Hamamori, & Kedes, 1997 he transcriptional co-activator p300 plays asigant role
in MRFs regulation during skeletal myogenesis. Hmvethe molecular mechanism by
which p300 regulatesMyoD gene expression has yet to be investigated. Histon
acetylation is an important function of p300 in efhthe acetylation is a common feature
of gene activation. Therefore, we hypothesize @0 is directly involved in the
regulation ofMyoD expression through histone acetylation at the eotgancer region.
Our research aims to gain novel, in depth mechanigtight into the role of p300 HAT

activity in skeletal myogenesis.
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1. Materialsand M ethods

Cedll Culture and differentiation

P19 cells (Purchased from the American Type Cul@odection-ATCC) were
grown in Minimum Essential Medium (a-MEM) (Gibco-Invitrogen) supplemented with
5% fetal bovine serum (PAA), 5% bovine calf serunfPAQ), and 1%
Penicillin/Streptomycin (Gibco-Invitrogen). The lselvere maintained in incubators at
37°C with 5% CQ P19 cells were aggregated in 150 mm Petrie dig{i#éR) and
treated (early) 1 day and again 2 days after gjadnd left for three more days.
Treatments were: no treatment (control), co-treatnoé 1% dimethylesulfoxide DMSO
(Sigma-Aldrich) with RA (Sigma-Aldrich), co-treatmieof 1% DMSO with RA and with
curcumin (Sigma-Aldrich) or co-treatment of 1% DMS@h RA and C646 (Gift from
Dr. David Meyers). After 4 days of aggregation]seere allowed to attach to 100 mm
tissue culture dishes (Corning) and 22X22 mm cdpsrVWR) coated with 0.1%
gelatin and grown for another 5 days, after whindytwere harvested and stained. P19
cells were also treated at late stages of diffeagah. Cells were aggregated in 150 mm
Petrie dishes and treated (early) 1 day and agday? after plating. Treatments were: no
treatment (control), 1% DMSO, co-treatment of 1% $M™ with RA or bexarotene
(Purchased from LC Laboratories). After 4 days gdragation, cells were transferred to
tissue culture dishes and coverslips coated witho0Ogelatin. Then cells were treated
with curcumin for three days and left to grow fonbre days without treatment, after

which they were harvested and stained.
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C2C12 myoblasts (Purchased from the American Tyg&i2 Collection-ATCC)
were grown and maintained in Dulbecco’s Modified giea Medium (D-MEM)
(Gibco/Invitrogen) supplemented with 10% fetal bwvi serum (HyClone/Thermo
Scientific) and 1% Penicillin/Streptomycin. C2C12 cells were diffeiated in D-MEM
supplemented with 2% horse serum (Gibco/Invitrogem) 1% Penicillin/Streptomycin.
The cells were maintained in incubators at 37°® &% CQ. For differentiation, C2C12
cells were grown in 100 mm tissue culture disheslfo2 and 3 days treated with and

without curcumin. At each time point, cells werevested and stained.

I mmunofluor escence microscopy

Cells were differentiated and grown on 0.1% gelatiated coverslips in 6-well
tissue culture vessels (VWR) as described abovowiog aggregation and treatments,
the cells were fixed with cold methanol for 20 niesiat -20°C, air dried, rehydrated
with PBS for 15 minutes at room temperature, antlbated with the appropriate
*primary antibodies overnight at 4°C. On the follogy day, cells were washed three
times with PBS and incubated with the correspondiimgrescent *secondary antibodies
in PBS for two hours at room temperature with s from light. After washing
another three times with PBS, the cells were inmddor 5 minutes in PBS with
25ng/ml of Hoechst stain (Molecular Probes). Finadifter another three washes, the
coverslips were mounted on slides (VWR) with 50%ycgtol for microscopy.
Microscopic analysis was performed with the Zeisgofert 200 M microscope. Cells
were observed through a Zeiss 20X objective andy@racquisition was taken with the

AxioCam HRM monochrome camera (Zeiss). Differemiatwas determined as the
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percentage of cells stained positive for skeletatk@rs out of a total percentage of cells.
Images captured through different fluorescencersl{488 and 594) were processed and
merged by the Zeiss AxioVision Rel 4.8 software.

*The primary antibodies used were:

1- anti-Myosin Heavy Chain MF2@gvelopmental Studies Hybridoma Bank)

2- anti-MyoD (M-318, Santa Cruz)

3- anti-Myf5 (C-20, Santa Cruz)

4- anti-p300 (N-15, Santa Cruz)

*The secondary antibodies used for staining werexal Flor®488 goat anti-

mouse (Invitrogen) and/or Alexa Flor®594 donkeyi-ambuse (Invitrogen).

Western Blotting

At the specific time points, cells were washed WiRBS and harvested. Cell
pellets were lysed by incubating with the whold egtract buffer (10% glycerol, 50 mM
Tris-HCI pH 7.6, 400 mM NaCl, 5 mM EDTA, 1 mM DTI,mM PMSF, 1% NP-40) for
30 minutes shaking on ice at 4°C. Whole lysate®wentrifuged at 14,000 rpm for 20
minutes and the supernatant was collected. Prat@icentrations were quantified by
Bradford method (Biorad by manufacture’s recomméonda using Bio-Rad Protein
Assay Dye Reagent (Bio-Rad), Multiscan Spectrumtédpectrometer (Thermo) and the
Multiscan (Thermo Scientific) software at readifg@rbance 595 nm. Equal amounts of
protein were diluted in 2x Laemmli buffer (25% gkyol, 125 mM Tris-HCI pH 6.8, 4%
SDS, 10%p-mercaptoethanol, 0.01% bromophenol blue), boit@dsf minutes at 95°C,
resolved on (6%, 8%, 10% or 12%) SDS-polyacrylangdeand transferred overnight

onto an Immun-Blot PVDF membrane (Bio-Rad). Memsawere then blocked for 30
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minutes to 1 hour with 5% non-fat milk in PBST (PB&h 1% Tween). Membranes
were incubated overnight, rotating in the apprdprigrimary antibody* diluted in 1%
non-fat milk in PBST at 4°C. After that, they wenashed three times with PBST,
incubated with the corresponding secondary antikeghinst mouse or rabbit 1IgG (GE
Healthcare UK Limited) for 30-60 minutes, and theashed again three times with
PBST. Protein expression was then visualized usiligestern Lightning
Chemiluminescence (Perkin Elmer) reagents. To beprithe membranes, they were
stripped using stripping buffer (2% SDS, 62.5 mMsIHCl pH 6.7, 100 mMp-
mercaptoethanol) at 50°C for 30 minutes and theokield with 5% non-fat milk in PBST

for 30 minutes again, after which they were repdof@s described above).

*Primary antibodies used were:

1- anti-p300 (N-15, Santa Cruz)

2- anti-MyoD (C-20, Santa Cruze)

3- anti-Myf5 (C-20, Santa Cruze)

4- anti-myogenin (From F5D hybridoma)

5- antif-tubulin (From E7 hybridoma)
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Quantitativereverse-transcriptase PCR (RT-PCR)

At the indicated time points, cells were washechv@BS and harvested. Total
RNA was isolated using Total RNA Kit | (Omega) aaiog to the manufacturer’s
protocol, and eluted with 50 of DEPC-treated water. RNA was quantified atdieg
absorbance 260 nm using the NanoDrop Spectrophteéom@®D-1000). Reverse
transcription to cDNA was performed with 1 pg of RNsing a High Capacity cDNA
Reverse Transcription kit (ABI). Quantitative Redime Polymerase Chain Reaction
(RT-PCR) was performed with the MX300P platformré&tgene) gPCR Instrumentation
using the SYBR green quantification method and R@Knalization. Quantification was
analyzed as fold changes relative to the day Ilemdfitiated condition after being

normalized to GAPDH. Primers used are listed inl@ &b

Chromatin Immunopr ecipitation (Chl P)

Cells were differentiated as described above. Atitidicated time points, cells
were fixed using 1% formaldehyde (VWR) shakingadm temperature for 3@inutes.
Then, the crosslinking was quenched with glycineddinal concentration of 125 M.
Cellswere washed twice with ice-cold PBS and resuspemd€hlIP lysis buffer (50 mM
Tris-HCI pH 8.0, 10 mM EDTA pH 8.0, 1% SDS) supptted with protease inhibitor
Cocktail Set Ill, EDTA-Free (Calbiochem), and keypt ice for 10 minutes. Cell lysates
were sonicated using tH&oruptor system (Diagenode) for a total 45 minutes, 30
second pulses (40 second rest between pulgeb)gh setting, and then lysates were
cleared by centrifugation at 14,000 rpm for 15 rtésuat 4C. To quantify DNA, they

were incubated with elution buffer (50 mM Tris, IINEDTA and 1% SDS) overnight
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at 65°C for reverse crosslinking. Then, SDS wastell with 50 mM Tris, 10 mM EDTA
and supplemented with RNase A (Sigma) and incubiated hour at 37°C. After that,
proteinase KRoche)and CaGl were added to the lysates and incubated for 3Qitesn
at 65°C. The samples were then purified using Onf#gdek Cycle Pure Kit (Omega)
according to the manufacturer’s protocol, and ddutn 50ul of kit's elution buffer.
DNA was then quantified using the nanodrop systérabsorbance 260 nrand the
amount ofDNA to be used was calculated accordingly. The Di#&s pre-cleared by
incubation with dynabeads protein-A (Invitrogenj fohours at 4°C. Input samples were
set aside at -8C. For immunoprecipitation, the appropriate *antipowvas added to
samples in dilution buffer (20 mM Tris-HCI pH 8.050 mM NaCl, 2 mM EDTA and
10% Triton (Promega)) supplemented with proteasebitor Cocktail Set lll, EDTA-
Free, rotating overnight at 4°C. Rabbit IgG antiseor mouse IgG antiserum was used

as a negative control antibody.

*The antibodies used were:

1- anti-p300(N-15, sc-584, Santa Cruz Biotechnology)
2- anti-PCAF (H-369, sc-8999, Santa Cruz Biotecbgy)
3- anti-H3K9ac (ab4441 — Abcam)

4- anti-H3K27ac (ab7429 — Abcam)

5- anti-H3K4me (ab8895 - Abcam)
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Following an overnight incubation with the apprepei antibody, the
immunoprecipitates were captured by addition ofatgads protein-A for 2 hours at 4°C.
The beads were then washed for 10-minute washeacim of the following buffers: low-
salt (0.1% SDS, 1% Triton X-100, 20 mM Tris-HCI @D, 2 mM EDTA pH 8.0, 150
mM NacCl), high-salt (0.1% SDS, 1% Triton X-100, &M Tris-HCI| pH 8.0, 2 mM
EDTA pH 8.0, 150 mM NacCl) and finally LiCl (1% NF341% sodium dioxycholate, 20
mM Tris-HCI pH 8.0, 1 mM EDTA, 0.25 M LiCl) at 4°Q.he immune complexes were
then washed twice for 5 minutes in TE buffer (10 mis-HCI pH 8.0, 1 mM EDTA).
Protein/DNA complexes were eluted from the beadsgusiution buffer (50 mM Tris, 10
mM EDTA and 1% SDS) rotating for 30 minutesrabm temperatuteand crosslinking
were reversed for both samples and inputs in elukioffer overnight at 6&. The
following day, SDS in all samples and inputs wdstdd with (50 mM Tris and 10 mM
EDTA) and supplemented with RNase A, followed blgdur incubation at 37°C. Then,
proteinase K and CaCWere added and samples were incubated for 30 asrait65°C.
DNA was purified using Omega Bio-tek Cycle Pure.HCR was performed using
HotStarTaqg® DNA polymerase PCR kit (Qiagen), dNTE NPromega), and specific
primers*. The immunoprecipitated DNA was quantitatesing gPCR employing the
SYBR green and ROX chemistry on MX300p instrumeota(Strategene). Each sample
was used in triplicate PCR reactions. For each poiet and each biological replicate, an
aliquot of the “input” starting chromatin materi@hs used to create a dilution curve in
order to express target DNA abundance in the immprewpitated samples as percentage
of input in the starting material (percent of inpatues).

*Primer pairs used for amplification of genes cardomd inTable 4.
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I1l. Results

Curcumin inhibits lineage specification at early stage of myogenesis

In this study, P19 cells were used to investigagerole of p300 HAT activity on
MyoD expression during myogenesis. To examine the tefiéccurcumin on the
determination and differentiation of skeletal mesclcells were aggregated for 4 days
and treated with 1% DMSO + 10 nM RA with or withol® pM C646 or 10 uM
curcumin (early stage treatments). Then, they vedlieved to attach to tissue culture
dishes for five more days without any treatment.dag 9 of differentiation, cells were
co-stained for myosin heavy chain (MHC) and Myffdafor MHC and MyoD.
Microscopic analysis shows that cells were abledifferentiate into bipolar and
elongated skeletal muscles when treated with 1% OMS10 nM RA (Figure 4A).
However, cells treated with 10 pM curcumin showedranthan 82% decline in the
formation of skeletal muscles and 80% inhibitiorMgoD and Myf5 expression (Figure
4B). In order to assess the expression of the muswrker, myogenin, cells were
harvested on day 9 of differentiation, and proteas extracted to be assessed by western
blot technique. Cell extracts were probed for mymgeind p300. Figure 4C shows that
curcumin and C646 were able to inhibit myogeninregpion compared to cells co-
treated with 1% DMSO + 10 nM RA. This observatimggests that curcumin treatment
at early stage of differentiation has the abilyimnhibit the specification of stem cells
into skeletal muscles. This might be through thiitglof curcumin to inhibit the HAT
activity of p300, which is required for Myf5 and ME expression. It also supports the

notion that Myf5 and MyoD regulate myogenin expi@ss(Kablar et al., 1997).
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However, p300 expression was maintained duringetirey stage of myogenesis (Figure
4D), which suggests that curcumin does not inlBQ0 protein expression.

Since MyoD is a late transcription factor and ngbressed during early stage of
myogenesis, we sought to examine its expressidiigomhen cells are treated at the late
stage of differentiation, in order to examine theolvement of p300 HAT activity in

MyoD expression at late stages of myogenesis.
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Curcumin late treatment inhibits myogenic differentiation
To assess the expression profile of MyoD at PI®d&dge of differentiation, cells

were allowed to aggregate for 4 days with 1% DMS@0+M RA or 1% DMSO + 100
nM bexarotene. Thereafter, cells were allowed tachtto tissue culture dishes and were
treated for 4 days with 5 uM, 10 uM and 20 uM cumcu(late stage treatment). On day
9 of differentiation, cells were co-stained for MH#@d MyoD (Figure 5A). As seen in
Figure 5A, cells treated with curcumin tend to héess skeletal muscle than cells treated
with 1% DMSO + RA or 1% DMSO + bexarotene. Furtherey 20 pM curcumin
treatments inhibited skeletal muscle formation bgu (83%), 5 UM curcumin by (27%)
and 10 uM curcumin by (43%) (Figure 5B). Moreoveurcumin inhibited the MyoD
expression in P19 cells with 5 uM, 10 uM and 20 wdhtment by about 27%, 37% and
74% respectively (Figure 5B), suggesting that MyieBtill expressed at late stages of
differentiation and treatment with curcumin wasfisignt to inhibit skeletal muscle
formation and MyoD expression that might be agaimough inhibiting the p300 HAT
activity. This will allow us to study the role of3p0 on MyoD regulation during
myogenesis

However, on day 9 of differentiation, cells werestained for MHC and Myf5 and
immunofluorescence showed that Myf5 is also exgess P19 cells at this stage (data
not shown). Therefore, we decided to move on torageblast C2C12 cells to better
define the mechanism of p300 HAT activity blyoD regulation in the absence of Myf5.
In addition, the C2C12 cell line gives a higher geettage of skeletal muscle
differentiation compared to P19 cells, since C2QEHAs are already committed to

becoming skeletal muscle cells.
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Curcumin treatment inhibits the development of skeletal myocytes

To further investigate the expression profiles offfdand MyoD during skeletal
myogenesis, C2C12 cells were maintained in growgldiom with 10% heat inactivated
fetal bovine serum (10% HI-FBS) in DMEM. Cells wexkowed to differentiate for 1, 2
and 3 days in DMEM supplemented with 2% horse sefid®). C2C12 cell were then
treated with curcumin for 1, 2 and 3 days, and tbeltected at each time point. After
that, cells were co-stained for MHC and MyoD (FegéA), and co-stained for MHC and
p300 (Figure 6B). As seen in (Figure 6), curcunmhibited C2C12 cells differentiation
at the three different time points. Apparently,réheere more myocytes after 3 days than
after 1 and 2 days of differentiation (Figure 68fer 2 days of differentiation, 5 uM, 10
MM and 20 pM curcumin inhibited the differentiatidsy 17%, 38% and 97%
respectively.

C2C12 cells were collected at each time point armtepn was extracted for
western blot to examine Myf5 and myogenin exprassiell extract was then probed for
Myf5 and myogenin. As seen in figure 6D, Myf5 hasappeared during differentiation
while still being expressed in undifferentiatedselvhich supports the finding that Myf5
is an early marker during muscle specification (daket al., 1998; Tapscott, 2005).
Moreover, myogenin protein expression increaseohfday 1 to day 2 of differentiation.
This observation is in agreement with the findifgDedieu and colleagues (Dedieu,
Mazeres, Cottin, & Brustis, 2002). Furthermore caanin inhibited myogenin expression

with all three concentrations of 5 uM, 10 uM andu2@ (Figure 6D).
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The ability of C2C12 to produce up to 60% of diffietiated cells along with the
presence of MyoD and disappearance of Myf5 exppassiakes C2C12 a good cell line

to investigate the mechanism of p300 HAT activityMyoD regulation.
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Curcumin treatment does not affect p300 occupancy at MyoD cor e enhancer region

To examine the MyoD expression profile during stalenyogenesis and to check
if curcumin was able to affect p300 expression, C2Cells were collected at each time
point and protein was extracted for western blall €xtract was then probed for p300
and MyoD. We found that p300 protein expression wad affected during
differentiation. However, MyoD protein expressioecteased gradually from day 1 to 2
of differentiation (Figure 7A). This result is irgreement with then vivo findings that
showed that MyoD expression decreased in p300 lgeetsferase mutant mice, (J. F.
Roth et al., 2003). These results indicate thatumin was sufficient to inhibit the
expression of MyoD which led to the inhibition oélic differentiation probably by
inhibiting the HAT activity of p300.

To determine at which transcription level curcuraffects MyoD expression, we
analyzed MyoD mRNA levels during C2C12 differeribat Due to the fact that MyoD
declined from day 1 to 2 of differentiation andtt?@ puM curcumin might kill some of
the cells, we decided to perform RT-PCR after 1 afagifferentiation with and without 5
MM and 10 uM curcumin to assess MyoD transcriptlevCells were differentiated and
MRNA was isolated after 1 day of differentiatiorttwand without curcumin. Following
that, total RNA was reverse transcribed and aneplifoy Real Time PCR. Figure 7D
shows a significant reduction, more than 45%, inoMlynmRNA levels in cells treated
with 10 uM curcumin as compared to day 1 differztetil cells. This observation is in
accordance with the decrease of MyoD protein egprasin curcumin treated cells

(Figure 7A).
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Next, we performed Chromatin Immunoprecipitatiorhif®) to assess the p300
occupancy. Since core enhancer region (CER) isngakdor MyoD expression, we
sought to examine the p300 occupancy at this genlmoation. C2C12 cells were treated
with 5 uM and 10 pM curcumin for 1 day. Then celere cross-linked with 1%
formaldehyde and immunoprecipitated (IP) with p3@ttibody. IgG was used as a
negative control. We found that p300 occupancy aasut more than 3 folds higher in
day 1 differentiated cells compared to undifferatetdl cells (Figure 7E). However, both
curcumin concentrations (5 uM and 10 pM) did née@fp300 occupancy at tiyoD
CER (Figure 7E). To address our hypothesis thatOp80ectly regulatesMyoD
expression through histone acetylation at the Gi#Rnpext sought to examine the histone

acetylation profiles at different lysines during oggnesis.

44



MyoD (fold)

MyoD (fold}

Figure?

40.00

* 0.05

0O10uM curcumin

P00 e g W - o e
& dux
A woo - EHER N W W
TUDUIIN p——— S w——
Curcumin (M} U D1 5 10 D2 £ 10
D1 D2
MyoD MyoD
15 120 *
|
% _ 100 T |
! | 3 I
o 6o I
ES
05 ] I = 40 —
20 I
0 | 0 T
Undifferentiated Dayl1-Differentiated Dayl-Differentiated 5 puM curcumin 10 pM curcumin
120.00
CER-p300
0.15 ¥
80.00 - g ’_‘
&
® 04 @Undifferentiated
€ | WDayl- Differentiated
g 05 uM curcumin
s

Day1- Differentiated

5 UM curcumin

10 uM curcumin

B o

18G p300

Figure 7: Curcumin has no effect on p300 occupancy at MyoD CER. C2C12 cells were treated with 5
puM and 10 uM curcumin for 1 dagA) p300 and MyoDproteins expression was assessed by western blot
after 1 and 2 days of differentiation, wifltubulin as a loading controlBJ Quantification of MyoD
undifferentiated and untreated cells. *P<0.05) Quantification of MyoD curcumin treated and uated
cells.(D) The level of MyoD mRNA after 1 day of differeniia was determined by quantitative RT-PCR
and plotted as the fold change relative to theaatérd control after being normalized to GAPDH. €elére
cross linked with 1% formaldehyde and subjectedCtdP analysis using antibody against p30B)
Immunopurified DNA was quantified by qPCR #8tyoD CER for undifferentiated cells and day 1
differentiated cells treated with and without 5 |ahtd 10 uM curcumin (mean * SD, n = 3).

(R



Acetylation of H3K27 and H3K9 at CER

To examine the histone acetylation during myogene€i2C12 cells were
harvested and processed for ChIP as mentioned albt8k27ac and H3K9ac were
immunoprecipitated. IgG was used as a negativeraoriigure 8A shows that H3K27
acetylation is significantly higher than H3K9 adation at the CER region after 1 day of
differentiation. In addition, after 1 day of difeartiation, H3K27 acetylation was about
20% higher than in undifferentiated cells. Thisutess in accordance with Jin Qihuang
who demonstrated that p300 is specifically requfoedH3K27 acetylation in cells (Jin et
al., 2011). Moreover, figure 8A shows that H3K2 étsitation level was reduced by 30%
in both curcumin concentration (&m and 10um) treated cells compared to untreated
cells. This result suggests that p300 HAT actiistymportant for H3K27 acetylation and
curcumin might have the ability to inhibit p300 HAgLCtivity which led to inhibition of
H3K27 acetylation.

Since other histone acetyltransferases can plalearn skeletal muscle formation,
we sought to examine the level of PCAF histoneydtcahsferase. Figure 8B shows that
PCAF occupancy is significantly low as comparedh80. Furthermore, the level of
PCAF is maintained in both undifferentiated andfedéntiated cells. Also, PCAF
occupancy is unchanged in curcumin treated andeatetd cells. These observations
suggest that PCAF was not affected by curcumin hedce we can exclude the
involvement of PCAF inMyoD regulation during myogenesis. IgG was used as a

negative control.
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Furthermore, we examined the level of H3K4 methgtat(an active enhancer
marker) as a control for our curcumin treatment,cascumin only inhibits histone
acetylation not histone methylation. Figure 8C shdhat there is no difference in the
level of H3K4 methylation in undifferentiated andydl differentiated cells treated and
untreated with curcumin, validating the effect ofraumin on histone acetylation. 1gG

was used as a negative antibody.
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Figure 8. H3K 27 is acetylated at the MyoD CER. C2C12 cells were differentiated and treated \bithM
and 10 puM curcumin for 1 day. Cells were then cliogsed with 1% formaldehyde and subjected to ChIP
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(C) H3K4 methylation (mean £ SD, n = 3).
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V. Discussion

p300isrequired for Myf5 regulation at the early epaxial enhancer

During myogenesis, MRFs (Myf5, MyoD, myogenin andf#) play crucial roles in
skeletal myogenic specification and differentiationwhich Myf5 is the first MRF to be
expressed. Myf5 marks the commitment of the skehatascle lineage (Francetic & Li,
2011). We have shown previously that p300, a tr@ptsznal co-activator, is directly
involved in Myf5 regulation at the early epaxial enhancer. Furtbeemwe have shown
that the acetylation of H3K27 is highly associatéth p300 HAT activity during the
regulation ofMyf5 (Francetic T. et al., 2012). Therefore, we wereresgted to study the
role of p300 HAT activity inMyoD regulation, a later expressed gene, during skeletal

myogenesis.

p300 is essential for stem cell specification and differentiation

We have shown the presence of p300 atMlyeD core enhancer region. P19 and
C2C12 cell lines have been used as models for tody ©f the role of p300 iMyoD
regulation. Previous studies proved the validitysing P19 and C2C12 cell systems for
the purpose of studying the regulation of MRFs egpion (Armour, Garson, &
McBurney, 1999; Dedieu et al., 2002; Furutani, UmmeanMurakami, Matsui, & Funaba,
2011; Skerjanc, Slack, & McBurney, 1994). Furthermanhibition of the HAT activity
of p300 was a useful system to study skeletal myegjs which resembles the inhibition
of p300 acetyltransferase activity by a mutatiommiouse embryonic stem cells (J. F.

Roth et al., 2003). In our study, we chemicallyilmied p300 HAT activity using
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curcumin, which has been known for its effectiviilmtion of p300 HAT activity during
myogenesis. Curcumin inhibited P19 cell specifamatas well as cell differentiation
when added at early and late stages of myogenakish have been shown by the
reduction in skeletal muscle formation and Myf5 digoD expression. Since p300 is
known to regulate Myf5 and MyoD, we speculate thatcumin was able to inhibit the
HAT activity of p300 when added at early and latges of differentiation, which led to
the suppression of Myf5 and MyoD expression, andnially inhibition of skeletal
muscle formation. However, previous studies dematesd that curcumin is not a p300
specific inhibitor. Curcumin is also able to inhibihe HAT activity of CBP
(Balasubramanyam et al.,, 2004). Nevertheless, s lbeen shown that CBP is not
essential for Myf5 or MyoD expression (J. F. Rotlak, 2003). Hence, the suppression
of Myf5 and MyoD expression is expected to be dwuehie inhibition of p300 HAT
activity. However, it would be interesting to assédse CBP occupancy ktyoD CER. In
our study, we also used C2C12 cell system to sskdietal myogenesis. Since Myf5 is
still expressed in P19 cells during skeletal myeges) we used C2C12 cell line to
exclude the involvement of Myf5 role MyoD regulation through p300 HAT activity, as
Myf5 disappeared during C2C12 differentiation. C2QG&klls were also used for their
extensive and rapid differentiation within a fewyglaf serum withdrawal (Blau et al.,
1983). C2C12 results were similar to P19 cellsyiich they both showed a decline in
skeletal muscle formation when cells were treateth wurcumin. Moreover, MyoD
MRNA level was declined in curcumin treated cefteral day of differentiation. This
observation is in accord with the Roth study wh#rere was a reduction in MyoD

transcript in p300 acetyltransferase mutant cdlsF( Roth et al., 2003). Furthermore,
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presence of Myf5 in C2C12 undifferentiated cellansagreement with the finding of

Braun and colleagues that Myf5 is expressed in haygtd (Braun et al., 1989).

Role of p300 at the core enhancer region of MyoD

As mentioned above, MyoD is activated around 2.gsdafter Myf5 expression
during myogenesis (Tajbakhsh & Buckingham, 2000png with myogenin, MyoD
marks the development of skeletal myocytes (Zharg.e1999; Kennedy et al., 2009;
Le May et al., 2011). We have shown that p300 es@nt at thélyoD core enhancer
region, and occupies the CER in both undiffereatiadand day 1 differentiated cells
(Figure 7E). However, the occupancy of p300 atMiyeD CER significantly increases in
day 1 differentiated cells as compared to undifieaeed cells (Figure 7E). Because
MyoD has been found to be acetylated in prolifeatinyoblasts, further mechanisms of
MyoD activation are to be elucidated (Polesskayal.e2000).

Histone acetylation is an important function of P3We here show that H3K27
acetylation at thé/yoD core enhancer region is higher in day 1 diffeegetl cells than
in undifferentiated C2C12 cells (Figure 8A). Thesult is in agreement with the p300
occupancy at the CER, implying the requirement 80 during differentiation.
However, H3K27 acetylation level in curcumin trehteells returns back to the same
acetylation basal level as in undifferentiated sce8ince p300 is required for H3K27
acetylation in cells, we suggest that the increaseH3K27 acetylation in day 1
differentiated cells is mediated by p300 (Figure).8Moreover, we speculate that the
decrease in H3K27ac level in cells treated wittcemin is due to the ability of curcumin

to inhibit the HAT activity of p300. We were alsdla to show that the H3K27

51



acetylation level is high as compared to H3K9 daéipn at theMyoD core enhancer
region, and hyper-acetylation usually is a commamdimark of transcriptionally active
chromatin (Eberharter & Becker, 2002). On the otiend, we suggest that the presence
of PCAF at the core enhancer region is for maimntgirnthe basal level of histone
acetylation. Since previous studies illustrated thgquirement of PCAF for H3K9
acetylation (Jin et al., 2011), we suggest thatpresence of PCAF (Figure 8B) is to
acetylate H3K9 (Figure 8A) which might also be imtpat for myogenesis. Additionally,
we were able to validate the curcumin inhibitoryeef on histone acetylation by
assessing the H3K4 methylation level, which wasfbto be unchanged in curcumin
treated and untreated cells (Figure 8C).

In summary, our results show that p300 is preaettieMyoD core enhancer region
in day 1 differentiated cells more than in undiffetiated cells. Moreover, the presence of
p300 in undifferentiated cells, suggests that theablevel of activation is maintained in
the MyoD core enhancer region. We also suggest that treepce of p300 at day 1
differentiated cells is to acetylate histones. bdison, curcumin decreases H3K27
acetylation level, which also indicates the abibfyp300 to acetylate histones at specific
lysines. These results support our hypothesis pB&0 is directly involved invlyoD
regulation through histone acetylation.

The fact that p300 is present at thlyoD core enhancer region in C2C12 cells
indicates that p300 may also be recruited to tmkaacer to have a role in the

transcriptional regulation dflyoD.
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Role of p300 in myogenesis

We have discussed the role that p300 may hawyob transcription. However, the
role of p300 in skeletal myogenesis extends beyoasitMyoD transcription. p300 is also
known as a co-activator of bolyf5 andMEF2C (Francetic T. et al., 2012; Sartorelli et
al., 1997). We have shown here that p300 is inwbivehistone acetylation at the core
enhancer region oMyoD. In addition, we have previously shown that p360also
involved inMyf5 transcription (Francetic T. et al., 2012). Herités expected that p300
is also involved in regulation of other genes dgrimyogenesis. However, it is
noteworthy that p300 is not required for every gemeolved in myogenesis. For
instance, Unlike Myf5 and MyoD, Pax3 expressionn@ dependent on p300 HAT
activity during myogenesis (Francetic T. et al.120J. F. Roth et al., 2003). Taking into
consideration that the role of a co-activator i$ specific to only a set of genes or a
particular DNA motif (Vo & Goodman, 2001), one capeculate the involvement of

p300 in several regulatory events during myogenesis

Functional redundancy of histone acetyltransferases during skeletal myogenesis
Previous studies have shown that p300 and CBP sbare functional homology and
sequence similarity (Vo & Goodman, 2001) (FigureFwever, CBP seems to not have
the same function as p300 in skeletal muscle difféation program. Roth and
colleagues have demonstrated that the HAT actofify300, not of CBP, is essential for
Myf5 and MyoD expression (J. F. Roth et al., 2008)development, however, CBP
HAT activity appears to only partially substituta p300 HAT activity. For instance, a

mutation in the p300 HAT domain causes a more sedefect in the lung, small
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intestine, and cardiovascular system than the tlefecsed by an equivalent mutation in
CBP HAT domain (Shikama et al., 2003). Similarlgsd of CBP HAT activity causes
less severe deficiency of skeletal muscle formati@an the one caused by p300 HAT
mutation (J. F. Roth et al., 2003). Furthermorevimus studies suggested that CBP,
unlike p300, is more associated with transcriptioepression rather than transcriptional
activation (Ramos et al., 2010). A double mutattdnCBP and p300 HAT activity is
required to fully characterize if CBP and p300 HASmare any functional redundancy
during skeletal myogenesis. Beside p300 and CBRAFP&Iso participates in skeletal
muscle differentiation program (Kuninger et al.080Dyda et al., 2000; X. J. Yang et
al., 1996). PCAF is a histone acetyltransferaseishalso known to acetylate MyoD and
histones, and function in the same pathway as S8fiorelli et al., 1999; Polesskaya et
al., 2000; Puri, Sartorelli et al., 1997; Sartorat al., 1997; Yuan et al., 1996),
suggesting that PCAF also shares some functiodahdancy with p300 during skeletal
myogenesis. Nevertheless, PCAF on its own can stifyulate muscle differentiation by
potentiatingMyoD function through p300 association (Puri, Sartoretl al., 1997).
Furthermore, PCAF on its own may not be esseniabkeletal muscle differentiation,
whereas it may be fully compensated by p300 orrathetyltransferase since PCAF null
mice show a normal phenotype (Xu et al., 2000; Yiachaet al., 2000). Hence, double
mutation of PCAF and p300 HAT domains would shoWR@AF could function normally

in the absence of p300.
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Curcumin isa p300 HAT inhibitor

Curcumin was used in our study to inhibit the HANaty of p300. It resulted in
inhibition of MyoD protein and mRNA expression, amehce, skeletal muscle formation.
However, curcumin, as expected, did not decreasepB800 protein expression and
occupancy at the core enhancer region. Inhibitibp3®0 HAT activity with curcumin
caused a decline in the H3K27 acetylation levelgesting that curcumin might be able
to inhibit the HAT activity of p300, which led todecrease of histone acetylation at the
core enhancer region. Nevertheless, the decreasesione acetylation in curcumin
treated cells was not mediated by PCAF, as curcdim@s not inhibit the HAT activity of
PCAF (Balasubramanyam et al., 2004). It would &lsanteresting to examine the CBP

occupancy at the CER to exclude its involvememiyoD regulation.

Recruitment of p300 to the MyoD locus during myogenesis

As mentioned before, p300 is crucial for myogenes it plays a critical role in
Myf5 and MyoD activation at early and late stagémgogenesis (J. F. Roth et al., 2003;
Shiama, 1997; Yao et al., 1998). Given that p3Gthoadirectly bind to DNA, it needs to
be recruited to the enhancer region by transcnpferctors, which bind the DNA to
activate myogenic genes expression. It has beewiopdy demonstrated that the
transcription factor MyoD recruits p300 to the DN#order to activate transcription of
myogenic specific genes, since p300 directly irdesravith MyoD at its binding site and
plays a crucial role in MyoD-dependent transcriptiactivation during myogenesis
(Eckner et al., 1996; Puri et al., 1997; Sartoretlial., 1997; X. J. Yang et al., 1996).

Furthermore, the Six family of transcription fac@ct upstream of MRFs and is required
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for myogenic differentiation. Since Six-1 proteiooperates and functions in parallel to
MRFs during myoblast differentiation (Liu, Chu, Ghaun, Islam, & Blais, 2010); it
would be of interest to study the role of Six-1p800 recruitment tdvlyoD gene. To
date, little is known regarding the recruitmentp800 to the enhancer/promoter regions.
Therefore, the transcription factors and mechanisiasare involved in p300 recruitment

to the gene remain to be characterized.
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Conclusion

We have shown that curcumin inhibits P19 cell dp=ation and differentiation
into skeletal muscles when the cells are treatecbah early and late stages of
differentiation. Moreover, our data shows that oconmn is able to inhibit MyoD
expression and hence the differentiation of C2Calks dnto myocytes. These results
suggest that the inhibition of MyoD expression niige due to the negative effect of
curcumin on p300 HAT activity. Furthermore, curcamdid not decrease p300
occupancy at the CER, but it decreased histoney/laten at the locus, indicating the
direct involvement of p300 HAT activity in the earlactivation of MyoD gene

expression.
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Figure 9: Role of p300 in MyoD regulation: p300 occupancy i

undifferentiated cells is less than dayl differatetd cells at the CER.

After 1 day of differentiation, p300 seems to beruéed to the CER by
unknown transcription factors to acetylate histon&seatment with

curcumin does not affect p300 occupancy whereaecteases H3K27

acetylation at this locus. Therefore, we hypotresimt p300 is directly

involved in the regulation ofMyoD expression through histone

acetylation at the core enhancer region.
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Appendices

Supplementary Table 1. Reagents and suppliers

Reagent Cat. No. Supplier
P19 cells CRL-1825 ATCC
Minimum Essential Medium 12000-022 Gibco/Invitrogen
Dulbecco’s Modified Eagle Medium | 12800-017 Gibco/Invitrogen
Fetal Bovine Serum for P19 cells 095150 Multicelisénht
Fetal Bovine Serum for C2C12 cells SH30396.03 biyel
Bovine Calf Serum 074150 Multicell-Wisent
Penicillin G P-7794 Sigma
Streptomycin Sulfate 11860-038 Gibco/lnvitrogen
DMSO D2650 Sigma
All-trans Retinoic Acid R2625 Sigma-Aldrich
Curcumin C7727-500MG Sigma-Aldrich
Glycerol 4750 OmniPur/EMD
Bexarotene B-2422 LC Laboratories
horse serum 16050-130 Gibco/Invitrogen
Hoechst 33258 pentahydrate H-21491 Molecular Probes
Bio-Rad Protein Assay 500-0006 Bio-Rad
B-mercaptoethanol 034461100 Fisher Scientific
Precision Plus Protein Dual Colpi61-0374 Bio-Rad

Standards (MW ladder)
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Immun-Blot PVDF Membrane 162-0177 Bio-Rad

Western Lightning” | NEL105 Perkin Elmer

Chemiluminescence

NP-40 9036-19-5 Bio Basic Inc

Tween 20 BP337-500 Fisher Scientific

Total RNA Kit | R 6834-01 Omega

dNTP Mix PRU1515 Promega

High Capacity cDNA Reverse4368841 ABI

Transcription Kit

Cycle Pure Kit D 6492-02 Omega

Formaldehyde BDH 0500_1LP BDH

RNase A R-4875 Sigma-Aldrich

Protease Inhibitor Cocktail Set 111539134 Calbiochem

EDTA-Free

Proteinase K 03115879001 Roche

Triton X-100 H5142 Promega

dynabeads 201402 Invitrogen

ROX 04914139001 Roche

SYBR green S7563 Invitrogen

HotStarTaq DNA Polymerase kit 203205 Qiagen

MF20 hybridoma cells N/A Developmental Studies
Hybridoma Bank
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Supplementary Table 2. Antibodies

Antibody Catalogue No. supplier
anti-Myosin Heavy Chain MF20 - Lab grown
anti-MyoD (M-318) sc-760 Santa Cruz
anti-Myf5 (C-20) sc-302 Santa Cruz
anti-p300 (N-15) sc-584 Santa Cruz
anti-MyoD (C-20) sc-304 Santa Cruz
anti-myogenin ( From F5D hybridoma - Lab grown
anti-tubulin (From E7 hybridoma) - Lab grown
anti-PCAF (H-369) sc-8999 Santa Cruz
anti-H3K9ac ab4441 Abcam
anti-H3K27ac ab7429 Abcam
anti-H3K4me ab8895 Abcam
Alexa Flor®488 goat anti-mouse A11001 Invitrogen
Alexa Flor®594 donkey anti-mouse A21203 Invitrogen
Anti-rabbit 1IgG horseradish peroxidase NA9340 GE Healthcare UK limited
conjugate 2° Ab
Anti-mouse IgG horseradish peroxidaseNA931 GE Healthcare UK limited

conjugate 2° Ab
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Supplementary Table 3. Primersused for Real-Time RT-PCR

Gene Forward Primer Reverse Primer
MyoD TGCCTTCTACGCACCTGGA ATCATGCCATCAGAGCAGTTGG
GAPDH TCGGTGTGAACGGATTTG GGTCTCGCTCCTGGAAGA

Supplementary Table 4. Primersused for ChlP Assay

Gene Forward Primer Reverse Primer

MyoD - CER | TGCTTCTTTCGGCCAAGTAT | CCAACTGGCTGTGTTGTGAG
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