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Methylation muscles into transcription factor silencing
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he transcription factor MyoD is a

master regulator of skeletal muscle
differentiation. The finding that G9a, an
enzyme principally involved in histone
H3 lysine 9 di-methylation (H3K9me2),
methylates MyoD, identifies previously
unappreciated mechanisms by which
chromatin modifiers regulate the tran-
scriptional activity of non-histone sub-
strates to control cellular differentiation
programs.

Introduction

In a landmark study published over two
decades ago, the transcription factor
MyoD was found to be sufficient to con-
vert fibroblasts into myoblasts.! MyoD,
which is expressed only in skeletal mus-
cle due to silencing of its promoter by
DNA methylation in non-muscle cells,?
is a member of the basic helix-loop-helix
(bHLH) transcription factor family and
the founding member of myogenic regu-
latory factors (MRF) that include Myf5,
MRF4 and Myogenin.>* All MRFs are
competent in inducing muscle differen-
tiation when expressed in non-muscle
cells, albeit with varying efficiencies.
However, in vivo, MRFs are expressed
at different times and have distinct func-
tions. In developing mouse embryos,
muscle progenitor cells present in somites
migrate and give rise to body and limb
muscles. Wnt and Sonic Hedgehog sig-
nals from the dorsal neural tube, surface
ectoderm and notochord induce expres-
sion of the paired-box transcription fac-
tors Pax3 and Pax7 in muscle progenitor
cells resulting in myogenic cell specifi-
cation. Subsequently Myf5 and MyoD
expression is induced committing cells
to the muscle lineage. Myf5 is the first
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MREF to be expressed in dorsal-medial
somites that give rise to trunk and inter-
costal muscles, and MyoD is expressed in
dorso-lateral somitic cells that give rise to
developing body wall and limb muscles.
MRF4 is transiently expressed in the
myotome, and re-expressed later dur-
ing differentiation, whereas Myogenin is
expressed only in differentiating muscle
their distinct
expression patterns, genetic evidence has

cells>¢ Consistent with

demonstrated overlapping but distinct
roles for each MRF. Loss of MyoD in
mice does not result in overt defects in
muscle differentiation due to functional
redundancy with Myf5. Consistently,
mice lacking both MyoD and Myf5
exhibit a defect in formation of myoblasts
and consequently reduced muscle mass.”
Myogenin null mice develop myoblasts
but exhibit a defect in differentiation,®’
whereas MRF4 plays a role in both early
and late muscle development.'

Regulating the Regulators

MRFs contain a basic domain for DNA-
binding, a HLH domain for dimer-
ization, and transactivation domains
(Fig. 1). All MRFs
with ubiquitously expressed E-proteins.
MREF-E protein heterodimers bind E-box
sites (CANNTG) present in promoters
and enhancers of target genes with high
affinity, whereas MRF homodimers bind
poorly to DNA.*# The MEF2 family, that
includes MEF2-A, -B, -C and -D cooper-
ate with MRFs to activate the differen-
tiation program. While MEF2 factors do

not have myogenic activity on their own,

heterodimerize

they increase the efficiency of conver-
sion of non-muscle cells to muscle when

expressed together with MRFs.!!
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Figure 1. Schematic representation of the MyoD domain structure (upper panel). The basic (B) DNA-binding domain; helix-loop-helix (HLH) dimeriza-
tion domain; transactivation domain(s) (TAD); and the cysteine-histidine rich region (H/C) are shown. Numbers indicate amino acid residues. Align-
ment of MyoD cDNA from various species (middle panel) show three highly conserved lysine (K) residues (highlighted in red) that are acetylated (ac)
by P/CAF upon differentiation. K104 is methylated (me) by G9a in undifferentiated myoblasts (numbering based on the human/mouse cDNA). These
lysine residues are conserved in all MRFs (lower panel).

In cultured cells, as well as in vivo,
MyoD is expressed in myoblasts prior to
the onset of differentiation (Fig. 2). Upon
differentiation cues, MyoD promotes an
irreversible cell cycle exit via regulation of
the p21°? promoter, and also upregulates
expression of early and late differentiation
genes including myogenin, myosin heavy
chain (MHC), muscle creatine kinase and
Troponin T."* Given its ability to regulate
the entire differentiation program, MyoD
activity in skeletal myoblasts is kept in
check by association with a number of
proteins. For instance, Id proteins are
expressed at high levels in myoblasts, and
efficiently heterodimerize with E-proteins.
Thus E-proteins are sequestered away
from MyoD, reducing its ability to activate
transcription of downstream target genes.
Twist, a bHLH protein, competes with
MyoD-E protein heterodimers for binding
to E-box sites, and also titrates out E12/
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E47 via dimerization preventing MyoD-
dependent gene expression. Similarly,
other bHLH transcription factors Sharp-
1, MyoR and Mist form ‘inactive’ het
erodimers with MRFs or E-proteins that
are unable to activate transcription and
thereby antagonize MyoD activity.!>'4

Epigenetic Regulation
of Skeletal Myogenesis

Epigenetic modifications constitute an
additional mechanism to control MyoD
and MEF2 activity through modulation
of chromatin structure.®" Such modi-
fications have largely been attributed
to recruitment of chromatin modify-
ing and remodeling complexes to muscle
promoters. Two widely studied modifi-
cations are histone deacetylation/acety-
lation and methylation. Acetylation of
g-amino groups of lysine residues in
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histones tails is dynamically regulated by
the antagonistic activities HDACs and
HATs. Deacetylation of lysine (K) resi-
dues results in chromatin compaction and
transcriptional repression, and conversely,
histone acetylation is correlated with tran-
scriptional activation. The role of histone
methylation is more complex, and gov-
erned by opposing functions of HMTs
and demethylases. Methylation can occur
on lysines resulting in mono- di- or tri-
methylation, whereas methylation of
arginines (R) results in mono or di-meth-
ylation (symmetric or asymmetric). Such
modifications are linked to both tran-
scriptional repression as well as activation.
Lysine residues that undergo methylation
include H3K4, H3K9, H3K27, H3K36,
H3K79 and H4K20. Methylation of
H3K9 (H3K9me), H3K27 and H4K20 is
associated with transcriptional repression,

whereas H3K4 and H3K36 are associated
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Figure 2. Model for epigenetic regulation of promoters in undifferentiated and differentiated muscle cells. Transcriptional repression of muscle gene
expression in undifferentiated cells is achieved through recruitment of HDACs (HDAC1, HDAC4/5 and SirT1) and HMTs (Suv39h1, G9a, Ezh2), that inter-
act with MyoD, MEF2 and YY1 as indicated. HMTs mediate two signature repressive chromatin marks H3K9me2/me3 and H3K27me3 that restrict MyoD
and MEF2 activity. In differentiated cells, recruitment of HATs (p300, P/CAF, SRC1, GRIP1), HMTs (Set7/9, PRMT4/5, CARM1, Ezh1; Ash2L), demethylases
(JMJD2A, LSD1); and SWI/SNF Brg1/Brm chromatin remodeling complexes permit extensive reprograming of muscle promoters resulting H3K9ac and
H3K14ac, and H3K4, H3R8 and H3R17 methylation that allow for an open chromatin configuration and activation of MyoD- and MEF2-dependent gene

expression.

with active transcription. On the other
hand methylation of arginine-8 and -17
(H3R8me and H3R17me) is associated
with transcriptional activation.

In undifferentiated myoblasts, deacet-
ylation and methylation of histones are
apparent on muscle promoters (Fig. 2)
that are mediated by HDACs and HMTs.
All three classes of HDACs repress dif-
ferentiation. HDACI1, which belongs to
class I HDAC subfamily, is recruited to
muscle promoters through its association
with MyoD in myoblasts, and results in
deacetylation of histones on late muscle
promoters MCK and MHC. HDAC4 and
HDACS5 (Class I HDACs) inhibit MEF2
factors blocking both early and late muscle
differentiation genes.”® SirT'1, a class III

www.landesbioscience.com

HDAC, whose activity relies on the cofac-
tor NAD*, also forms a complex with
MyoD and p300/CBP associated factor
(P/CAF) in myoblasts inhibiting MyoD
activity.”

Two families of HMTs are involved in
inhibition of muscle gene expression in
myoblasts. The Su(var)3-9 family SET
domain containing proteins G9a and
Suv39hl have been shown to regulate
skeletal myogenesis.®* G9a is present in
euchromatin and mediates mono- and
di-methylation of H3K9, whereas Suv39
hl mediates H3K9 tri-methylation and
is enriched in heterochromatin. Both
GYa and Suv39hl are expressed in myo-
blasts, and interact with MyoD to block
its activity and muscle differentiation.

Transcription

H3K9me serves as a platform for recruit-
ment of heterochromatin protein 1 (HP1)
that leads to stable silencing via formation
of a heterochromatic structure. Whether
G9a and Suv39hl
ally maintain an undifferentiated state
by impacting H3K9me2 and H3K9me3
marks on distinct promoters, or act in
sequence to mediate gene repression and
silencing remain to be investigated. The
Polycomb repressor complex (PRC2) con-
tains three core subunits—Ezh2, EED
and SUZ12. Ezh2, the catalytic subunit
of PRC2, transfers a methyl moiety from
S-adenosyl methionine to H3K27 result
ing in H3K27me3 and repression of gene

expression. Ezh2 is recruited on late myo-

serve to function-

genic promoters through the transcription
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factor YY1 and is found in complexes with
HDAC1.%2

During differentiation repressive chro-
matin marks are replaced by the transcrip-
tionally permissive H3K4me3 signature
on muscle promoters. Several mecha-
nisms are involved in removal of repressive
deacetylation and methylation marks. The
expression of many co-repressors includ-
ing HDACI, G9a, Suv39hl, and Ezh2 are
downregulated, HDAC4/5 are shuttled
out of the nucleus by a CaMK-dependent
mechanism, and the NAD*/NADH" ratio
decreases, reducing the inhibitory impact
of SirT'1."%22 Growing evidence indicates
that histone demethylases also play an
active role in removing methylation marks
from muscle promoters. The Jumonji-
domain 2 (JMJD2) histone demethylase
family has been shown to be involved
in myogenesis. An isoform of JMJD2A
(AN-JMJD2A) which is expressed during
differentiation, is recruited to the myo-
genin promoter and catalyzes demeth-
ylation of H3K9me2/3.% Intriguingly,
AN-JMJD2A

domain suggesting that it may function

lacks a demethylation
by forming complexes with additional
demethylases that have catalytic activity.
UTX mediates removal of H3K27me3
marks, and is recruited to myogenin and
MCK promoters.?* The second family of
demethylases is Lysine specific demethyl-
ase 1 (LSD1), which removes mono- and
di-methylated residues from H3K9 and
H3K4 that are associated with repression
and activation respectively. LSD1 inter-
acts with both MyoD and MEF2, and in
its absence, H3K9me2 is retained on the
myogenin promoter suggesting that its
pro-myogenic function is largely due to
de-methylation of H3K9.%

In addition to removal of co-repressors,
several co-activators actively reprogram
muscle promoters during differentiation.
The HMT Set7/9 plays a pro-myogenic
role.”® Set7/9 competes with Suv39hl
for association with MyoD, and antago-
Suv39hl-dependent H3K9me3.
Moreover, Set7/9 directly associates
with MyoD and increases H3K4me on
myogenic promoters. Arginine methyl-
transferases Carml1/Prmt4 and Prmt5
that mediate H3R17me2 and H3R8me2
respectively myogen-
esis. Prmt5 interacts with MyoD and is

nizes

also  enhance
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important for activation of the myogenin
promoter, whereas Carml is recruited by
MEF2 on the MCK promoter and facili-
tates binding of the Brgl ATP-dependent
chromatin-remodeling enzyme. Brgl, the
ATPase subunit of SWI/SNF, is required
for nucleosome remodeling and correlates
with the presence of Pol II holoenzyme
on muscle promoters. SWI/SNF recruit-
ment is dependent on p38 activity, link-
ing extracellular signals to nucleosome
remodelling.'® Recruitment of the Ash2L
methyltransferase complex is facilitated
by p38 MAPK mediated phosphorylation
of MEF2D and establishes H3K4me3
marks on muscle specific promoters.”
Interestingly, Ezhl, a paralog of Ezh2,
binds actively transcribed genes with
regions of elevated H3K4me3 and is
required for RNA Polymerase II occu-
pancy.”® Two distinct HATs are recruited
at the onset of differentiation that exten-
sively reprogram muscle promoters and
are essential for MyoD activation. p300/
CBP directly associates with MyoD and
acetylates histones H3 and H4. P/CAF
recruitment on the other hand is medi-
ated by p300/CBP, and is essential for
acetylation of MyoD that stimulates its
transcriptional activity and myogenic
potential.?

Old Dogs, New Tricks:
Transcription Factor Methylation

Our current understanding of epigenetic
control of skeletal myogenesis has largely
focused on histones which serve as targets
for a variety of reversible post-translational
modifications that modulate nucleosome
structure and gene transcription. There is
growing evidence however, that similar to
histones, many transcription factors and
other non-histone proteins undergo post-
translational modifications such as acety-
lation and methylation that are mediated
by chromatin modifiers. Direct acetyla-
tion and deacetylation of transcription
factors has been shown to have positive
and negative consequences on transcrip-
tion. P/CAF-dependent MyoD acetyla-
tion is one example where such evidence
is apparent in skeletal muscle.?” During
differentiation, P/CAF directly acetylates
MyoD at K99, K102 and K104 (Fig. 1).
Acetylation of MyoD at these three lysine
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residues is key to its activation and abil-
ity to induce the expression of target genes
differentiation.
mutation of these sites impairs muscle

during Interestingly,
regeneration in mice demonstrating the
importance of non-histone protein acety-
lation in vivo.?® Despite its significance,
it is unclear why acetylation of MyoD
occurs primarily upon induction of dif-
ferentiation, as P/CAF is expressed in
myoblasts.”>?' Several possibilities may
account for it. In myoblasts, MyoD inter-
acts with HDACI, and may exist in a
“deacetylated” state. Consistent with this
notion, HDACI can deacetylate MyoD in
vitro. However, whether HDACI prevents
P/CAF from associating with MyoD
in myoblasts and thereby blocks MyoD
acetylation, or whether MyoD undergoes
additional post-translational modifica-
tions that prevent it from being a substrate
for P/CAF has not been clarified. Our
recent study, which provides evidence that
MyoD is methylated in myoblasts pro-
vides some insights.?' The lysine methyl-
transferase G9a is expressed in myoblasts
and in addition to mediating H3K9me2
on the myogenin promoter, methylates
MyoD at K104. Methylation of MyoD
represses its transcriptional activity and
ability to activate the myogenin promoter.
Conversely, mutation of K104 to arginine
(K104R) MyoD-dependent
activation of myogenin and muscle differ-
entiation. While loss of function and gain
of function experiments show that G9a
modulates H3K9me2 mark on muscle
promoters, MyoD methylation is critical
in G9a-dependent inhibition of differen-
tiation. Since the same lysine residue can
be ecither acetylated or methylated, it is
possible that methylation of MyoD pre-
vents its P/CAF-dependent acetylation.
K104 is conserved through evolution sug-
gesting that it may be functionally rel-
evant. Moreover, this site is also conserved
through all MRFs (Fig. 1). Whether all
MRFs are indeed methylated by GYa,
and the consequences of such methyla-
tion in the function of MRFs remain to
be investigated.

Similar to these findings, the tran-
scription factor GATA4 was recently
reported to be methylated by the chro-
matin modifier PRC2 in fetal heart.’
Methylation at K299 blocks GATA4

enhances

Volume 3 Issue 5



transcriptional activity by preventing its
association with and acetylation by p300.
Interestingly, repression of myosin heavy
chain o (Myh6) by PRC2 in fetal heart
is dependent on GATA4 methylation,
and independent of H3K27me3 which
is the predominant activity of PRC2.
MyoD and GATA4 methylation by G9a
and Ezh2 respectively demonstrate an
unconventional mechanism by which
chromatin modifiers regulate differen-
tiation programs by methylation of tran-
scription factors as opposed to histones.
More importantly, they demonstrate that
such post-translational modifications
are functionally relevant in repression
of transcription factor activity and con-
sequently differentiation of skeletal and
cardiac muscles.

While largely understudied, it is likely
that modulation of transcription factor
activity by chromatin modifiers is a wide-
spread phenomenon. Previous studies
have shown that class II HDACs exhibit
limited activity toward acetylated his-
tones.” Thus it remains to be determined
whether deacetylation of histones is cen-
tral to regulation of muscle gene expres-
sion and differentiation by HDAC4/5, or
alternatively whether non-histone proteins
are key targets. Similarly, the impact of
HDACI in myogenesis may occur not
only through deacetylation of histones,
but perhaps MyoD, and other non-histone
targets as well.

Cooperativity different
chromatin modifiers is likely the result
of mutually exclusive modifications.
Thus mechanisms must exist to ensure
regulated access of chromatin modifiers
to their substrates. While several exam-
ples of such regulated interactions and
their functional consequences exist for
histones, comparatively little is known
on how mutually exclusive post-trans-
lational modifications of transcription
factors are regulated. Future studies will
shed light on how specific modifica-
tions are erased to establish others, and
whether methylation is a widespread reg-
ulatory switch to control transcription

between

factor activity in various cellular differ-
entiation programs.
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