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Abstract

Background—Among the complexities of skeletal muscle differentiation is a temporal
distinction in the onset of expression of different lineage-specific genes. The lineage-determining
factor MyoD is bound to myogenic genes at the onset of differentiation whether gene activation is
immediate or delayed. How temporal regulation of differentiation-specific genes is established
remains unclear.

Results—Using embryonic tissue, we addressed the molecular differences in the organization of
the myogenin and muscle creatine kinase (MCK) gene promoters by examining regulatory factor
binding as a function of both time and spatial organization during somitogenesis. At the myogenin
promoter, binding of the homeodomain factor Pbx1 coincided with H3 hyperacetylation and was
followed by binding of co-activators that modulate chromatin structure. MyoD and myogenin
binding occurred subsequently, demonstrating that Pbx1 facilitates chromatin remodeling and
modification prior to myogenic regulatory factor binding. At the same time, the MCK promoter
was bound by HDAC?2 and MyoD, and activating histone marks were largely absent. The
association of HDAC2 and MyoD was confirmed by co-immunoprecipitation, proximity ligation
assay (PLA), and sequential ChlIP.

Conclusion—MyoD differentially promotes activated and repressed chromatin structures at
myogenic genes early after the onset of skeletal muscle differentiation in the developing mouse
embryo.
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INTRODUCTION

Skeletal muscle differentiation is a highly regulated process driven by the MyoD family of
basic helix-loop-helix, DNA-binding, lineage determining factors: MyoD, Myf5, Mrf4, and
myogenin. These factors have distinct and overlapping roles during embryogenesis and in
post-natal skeletal muscle regeneration (reviewed in (Moncaut et al., 2013, Tapscott, 2005)).
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The activities of these transcription factors are modulated via multiple mechanisms,
including heterodimerization with members of a family of E-box proteins, the presence or
absence of additional DNA-binding transcription factors at target gene regulatory sequences,
and the presence or absence of co-regulatory proteins, many of which directly alter
chromatin structure or post-translationally modify histones. Different co-factors positively
or negatively influence the transcriptional potential of the MyoD family of regulators. The
functional interplay between all of these regulatory molecules has been investigated in great
detail, leading to detailed models for the regulation of skeletal muscle-specific genes during
differentiation (reviewed in (Berkes and Tapscott, 2005, de la Serna et al., 2006, Moncaut et
al., 2013, Puri and Mercola, 2012, Sartorelli and Caretti, 2005, Tapscott, 2005, Guasconi
and Puri, 2009)).

Temporal regulation adds an additional level of complexity to the regulatory proteins
affecting skeletal muscle differentiation. Detailed time course studies of different tissue
culture models for myogenesis revealed multiple clusters of differentiation-specific gene
expression profiles that were grouped together based on similar kinetics of gene expression
throughout the differentiation process (Bergstrom et al., 2002, Tomczak et al., 2004,
Delgado et al., 2003, Moran et al., 2002), but because of differences in experimental models
and conditions, we and others have focused our investigations on myogenic genes that are
easily distinguished by their times of activation following the onset of differentiation. At its
simplest level, there are myogenic genes that are activated early after the onset of
differentiation, for example, the gene encoding the myogenin regulatory protein that is
required for terminal differentiation, and genes encoding structural and functional
components of muscle tissue that are expressed later during differentiation. In particular,
studies focusing on MyoD binding to early and late gene promoters revealed that MyoD
binding was observed at both early and late gene promoters at early times of differentiation,
indicating that MyoD binding was not the determinant for early versus late myogenic gene
expression (Blais et al., 2005, Cao et al., 2006, Ohkawa et al., 2006). Subsequent genome-
wide profiling of MyoD binding not only supported these findings but revealed that MyoD
was bound to many myogenic gene promoters and regulatory sequences even before the
onset of differentiation (Cao et al., 2010, Soleimani et al., 2012). Constitutive binding of
MyoD at the onset of differentiation raises questions about the functionality of MyoD
binding at genes that are being activated in response to MyoD binding and simultaneously at
genes that will not be activated until later times. Significant efforts have been made to
understand the role of MyoD in gene activation of early genes like myogenin; less
information is available about MyoD function at late gene regulatory sequences prior to
activation.

Activation of the myogenin gene by MyoD involves cooperation by the homeodomain
proteins Pbx and Meis, which form a complex on a subset of myogenic promoters, including
the myogenin promoter, prior to expression or activation of MyoD (Berkes et al., 2004, de la
Serna et al., 2005, Maves et al., 2007). The presence of Pbx-Meis on the myogenin promoter
facilitates both the binding of MyoD to a non-consensus binding site (Berkes et al., 2004,
Knoepfler et al., 1999) as well as the interaction of enzymes that serve as coactivators,
including acetyltransferases, lysine methyltransferases, the Prmt5 arginine
methyltransferase, and the SWI/SNF ATP-dependent chromatin remodeling enzyme
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(Dacwag et al., 2007, de la Serna et al., 2005, Puri et al., 1997b, Sartorelli et al., 1997,
Sartorelli et al., 1999, Simone et al., 2004, Polesskaya et al., 2001b, Puri et al., 1997a, Tao et
al., 2011). The presence of MyoD and the chromatin remodeling and modifying enzymes
promote chromatin structural changes that increase nuclease accessibility at the myogenin
promoter and result in stable binding of MyoD and Mef2 transcription factors to their
consensus binding sites (de la Serna et al., 2001a, de la Serna et al., 2005, Gerber et al.,
1997, Simone et al., 2004). Inhibition of Pbx expression in zebrafish demonstrated a
requirement for Pbx proteins in myogenin expression and in skeletal muscle development
(Maves et al., 2007), providing additional physiological relevance to the molecular functions
that have been defined for Pbx during skeletal muscle differentiation.

Myogenic genes that will be activated later during differentiation remain repressed at early
times of differentiation, despite being bound by MyoD. This suggests that MyoD is present
in a repressed or inactive form or that it is associated with co-repressor molecules that
prevent its activating function. Previous studies reported that MyoD could be found in
association with HDACL, a class | histone deacetylase, in C2C12 myoblasts and that the
association decreased upon differentiation (Mal et al., 2001, Puri et al., 2001). Another
report indicated HDAC1 and MyoD were present at the myogenin promoter prior to but not
after the onset of C2C12 cell differentiation (Mal and Harter, 2003), but the presence or
absence of any HDAC at other genes after differentiation started was not evaluated. More
recently, genome wide binding studies identified complexes of Snail and HDAC1/2 at s
specific subset of MyoD binding sites in myoblasts, and it was determined that this complex
excludes MyoD from these sites. Upon differentiation, the binding of Snail/HDAC
complexes was greatly diminished (Soleimani et al., 2012). Subsequently, we used MyoD
reprogrammed fibroblasts to demonstrate that MyoD and HDAC2, but not HDACL1, were
present at the regulatory sequences of late genes after the onset of differentiation but prior to
the time at which these genes became transcriptionally active. MyoD and HDAC2 were
displaced by myogenin and co-activating chromatin modifying and remodeling enzymes at
the time of gene activation (Ohkawa et al., 2006), suggesting a functional role for HDAC2
in maintaining the silent state of late genes in the immediate timeframe after the induction of
differentiation.

Some of the findings about factor interactions with myogenic gene chromatin have been
verified in satellite cells and myotubes isolated from neo-natal or adult mouse primary
skeletal muscle tissue and/or in mouse whole embryo preparations from E10.5 or later
(Dacwag et al., 2007, Ohkawa et al., 2006, Ohkawa et al., 2007). In the case of MyoD and
HDAC?2, these proteins were observed on late gene regulatory sequences at E10.5. In
contrast, at E12.5, when expression of late genes is robust in the somites, MyoD and
HDAC2 were no longer observed on late gene regulatory sequences. Instead myogenin and
co-activators were observed (Ohkawa et al., 2006), supporting the idea that MyoD and
HDAC2 are present on myogenic late gene promoters prior to their activation and that
within the same temporal context, MyoD directs different functional outcomes for gene
expression at different myogenic genes.

Definitive interpretation of “population-based” experiments, like RT-PCR analysis of
myogenic gene expression or ChIP at myogenic genes, in mouse embryonic tissue is
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difficult because skeletal muscle differentiation is both temporally and spatially controlled.
Limb and trunk muscles originate in the somites, which form from the paraxial mesoderm in
a sequential, periodic manner, with each new somite forming to the rostral side of the
existing somite. In this manner a head to tail continuum of somites forms in the developing
embryo. Myogenic gene expression in the somites follows the head to tail continuum of
somite development (Pourquie, 2001, Tajbakhsh and Cossu, 1997).

To more precisely understand how regulatory factor binding contributes to the regulation of
early and late myogenic genes during embryonic development of limb and trunk skeletal
muscle, we analyzed tissue in two ways. Building on our more recent efforts that permitted
successful ChIP experiments in E8.5 mouse embryos (Cho et al., 2011), we further refined
our approach to assess regulatory factor interactions with chromatin as function of
developmental stage instead of time by isolating embryos on the basis of the number of
somites. We complemented this strategy with assessment of regulatory factor interactions
with myogenic chromatin as a function of spatial organization. E9.5 mouse embryos were
dissected to isolate rostral and caudal somite tissues that were positive or negative for
myogenin expression, respectively. These methods allowed us to definitively demonstrate
that during embryonic development, MyoD is simultaneously associated with co-activators
at the myogenin gene and with co-repressors at a late gene and thus is involved in the
differential organization of myogenic promoters in a manner that is consistent with the
temporal order of myogenic gene expression.

Genetic analyses of mouse and other model organisms have revealed much about
mechanisms of transcriptional regulation during skeletal muscle differentiation. More
detailed molecular mechanisms involving regulatory factor binding and chromatin
modification and remodeling have been elucidated, largely using cell line models for
differentiation. Few attempts have been made to directly assess molecular interactions when
muscle first begins to differentiate during embryogenesis. For that reason we chose to study
the regulation of two representative myogenic genes, myogenin and MCK genes, at the
onset of somitogenesis when skeletal muscle differentiation for limb and trunk muscles first
begins.

Temporal analysis of myogenin promoter structure during embryogenesis

To assess regulatory factor interactions with myogenic promoters, we isolated CD1 mouse
embryos at embryonic day 8.5 day (E8.5). Because of variability in developmental stages
between littermates and among litters, embryos were staged and pooled according to the
number of somites present. Embryos with 5 or 10 somites were used for ChIP experiments
where real-time PCR was used as a read-out for precise quantification (Figure 1). Real-time
PCR analysis compared amplification of myogenin promoter sequences with negative
control (NC) sequences upstream from these loci. E9.5 embryos at 25-40 somites stage,
which express abundant levels of myogenin ((Sassoon et al., 1989) and Fig. 3A), were used
as a later stage control. ChIP experiments using extracts made from whole embryos were
performed as described (Cho et al., 2011).
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We observed MyoD and myogenin binding at the myogenin promoter in embryos with 10
somites and in E9.5 embryos (Figs. 1A-B). We next examined the binding of Pbx1 at the
Myogenin promoter. Pbx1 is a homeodomain protein that has been implicated as a critical
regulator of myogenin expression by targeting MyoD and chromatin remodeling enzymes to
the myogenin promoter (Berkes et al., 2004, de la Serna et al., 2005, Maves et al., 2007).
Pbx1 binding was clearly indicated at the 5 somite stage by real-time PCR analysis (Fig.
1C). This is consistent with the idea that Pbx1 binding precedes interaction of myogenic
regulatory factors on the myogenin promoter (Berkes et al., 2004, de la Serna et al., 2005).
Diacetylated (K9K14) histone 3 was the only other factor or modified histone detected at the
myogenin promoter in 5 somite embryos (Fig. 1D). H3K9 acetylation is the result of the
histone acetyl transferases GCN5/PCAF and Tip60. H3K14 acetylation is mediated by
GCN5/PCAF, p300/CBP and Myst3 (Jin et al., 2011, Nagy and Tora, 2007, Lee and
Workman, 2007). We did not attempt to identify the acetyl transferase responsible for the
observed H3 acetylation, but GCN5/PCAF and p300/CBP have been previously implicated
by other workers as functioning during skeletal muscle differentiation in general and at the
myogenin promoter specifically (Puri et al., 1997b, Sartorelli et al., 1997, Sartorelli et al.,
1999, Simone et al., 2004, Polesskaya et al., 2001b, Puri et al., 1997a).

The myogenin promoter in embryos containing 10 somites showed binding by Brgl (Fig.
1E), an ATPase of the SWI/SNF chromatin-remodeling enzyme that has been shown to
mediate chromatin remodeling at the promoter and that is necessary for myogenin
expression and subsequent stages of differentiation (de la Serna et al., 2001a, de la Serna et
al., 2005, de la Serna et al., 2001b, Simone et al., 2004). Brg1 binding and SWI/SNF
enzyme function at the myogenin promoter requires Prmt5 (Dacwag et al., 2007), an
arginine methyltransferase that modifies H3R8 (Pal et al., 2004). Analyses of Prmt5 and
H3R8 dimethylation at the myogenin promoter indicated that the enzyme and the histone
modification could be detected in embryos with 10 somites (Figs. 1F-G). Similarly,
hyperacetylated H4 was present at the myogenin promoter in embryos with 10 somites (Fig.
1H). These data clearly indicate that K9 and K14 acetylation of H3 precedes
hyperacetylation of H4 during the activation of the myogenin promoter.

These temporal studies of factor binding and modified histone incorporation indicate that the
Pbx1 homeodomain factor and the acetyl transferase(s) that mediate H3K9 and K14
acetylation are present and detectable on the myogenin promoter in embryos containing 5
somites. Later during development, when the number of somites has expanded to 10, it is
also possible to detect relevant ATP-dependent chromatin remodeling and arginine
methyltransferase enzymes, and, by inference, the acetyltransferase(s) that target H4. MyoD
and myogenin are also present at the 10 somite stage. Thus we could not distinguish whether
myogenic factor binding precedes the binding of chromatin remodeling/modifying enzymes
or whether the contributing co-regulatory enzyme binding precedes myogenic regulatory
factor binding. Nor could we determine whether binding of all of these factors occurs in a
concerted manner. To continue efforts to understand myogenin promoter organization
during embryogenesis, we took a different approach where differences in the spatial
organization of the developing embryo were used to discriminate between these
possibilities.
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Myogenin promoter structure examined as a function of spatial organization during
embryogenesis

Association

Prior in situ analyses during mouse embryogenesis clearly revealed the spatio-temporal
development of the somites and of the skeletal muscle differentiation program (Pourquie,
2001, Tajbakhsh and Cossu, 1997). At E9.5, the somites in the rostral portion, formed at
earlier developmental stages, show robust myogenin expression, while the most recently
formed somites at the caudal end show no myogenin expression. Somites in the mid-section
of the embryo show intermediate levels of myogenin expression, indicative of somatic cells
that have recently activated myogenin expression ((Sassoon et al., 1989) and Fig. 3A). We
reasoned that if the myogenin expressing somites could be physically separated from the
somites that were not yet expressing myogenin, we would have cell populations that could
be tested for factor binding and organization of the myogenin promoter. Consequently, we
severed the trunk of freshly isolated E9.5 embryos into three sections: a rostral portion
containing myogenin-expressing somites, a transitional mid-section with only the anterior
somites expressing myogenin, and a caudal section containing no myogenin-expressing
somites (Fig. 2A). These tissue sections were treated with pancreatin and trypsin to
selectively digest non-somite cells from somites as previously published (Tajbakhsh et al.,
1998, Cossu et al., 1996). These somite-enriched cell populations were then analyzed for
protein expression by western blot (Fig. 2B) or cross-linked for subsequent ChlP
experiments. Western bot analysis confirmed that myogenin was absent from the caudal
somite-containing tissue sections (Fig. 2B). MyoD, Brgl, and Pbx1 levels in this region
appeared reduced relative to the rostral somite myogenin-positive tissue section, whereas
Prmt5 and HDAC?2 levels appeared unchanged (Fig. 2B).

ChIP analysis was restricted to the rostral, myogenin-positive and the caudal, myogenin-
negative somite-enriched cell populations. Both semi-quantitative PCR and real-time PCR
analyses were performed (Fig. 3). Binding of MyoD and myogenin to the myogenin
promoter was observed in the rostral somites but not in the caudal cell population (Figs. 3A-
C). In contrast, Pbx1 and the co-activators Brgl and Prmt5 were detected in both the rostral
and caudal somite cell populations (Figs. 3A, 3D-F). These data indicate that in caudal
somite-enriched tissue where myogenin expression is not yet detectable, Pbx1 and the
chromatin remodeling and arginine modifying co-activating enzymes are present prior to the
binding of the myogenic regulatory factors. These data support the whole embryo ChIP
analyses (Fig. 1) that showed that Pbx1 was the first transcription factor present on the
myogenin promoter and extend those studies by indicating that Pbx1 targets chromatin
remodeling and modifying enzymes prior to recruitment of MyoD or myogenin. Together
these data provide in vivo evidence indicating how myogenic regulatory factors cooperate
with ubiquitous chromatin altering cofactors to promote activation of the myogenin
promoter in response to differentiation signaling.

of MyoD with HDAC2, a co-repressor of gene expression

Despite the presence and activation of myogenic regulatory factors following signaling to
begin the onset of skeletal muscle differentiation, there are temporal differences in the

expression of genes activated during the differentiation program. A large number of genes
that encode structural and functional components of mature skeletal muscle are expressed
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subsequent to the expression of myogenin and other “early” genes (Bergstrom et al., 2002,
Tomczak et al., 2004, Delgado et al., 2003, Moran et al., 2002). This raises the question of
how some myogenic genes are activated in the aftermath of differentiation signaling while
others remain silent, despite the myogenic regulator proteins being present.

Prior studies have connected MyoD with class | HDACs prior to skeletal muscle
differentiation. Interaction between HDAC1 and MyoD was demonstrated in
undifferentiated C2C12 myoblasts (Mal et al., 2001, Puri et al., 2001), and HDACL1 and
MyoD could be individually localized to the myogenin promoter by ChiP prior to C2C12
differentiation (Mal and Harter, 2003). On some myogenic genes, a Snail/HDAC1/2
complex binds in the absence of MyoD prior to differentiation (Soleimani et al., 2012). In
addition, treatment of C2C12 myoblasts with an HDAC inhibitor prematurely activated
MyHC and other late genes and promoted myoblast fusion (lezzi et al., 2004). Previous
work by us demonstrated that MyoD and HDAC?2 could be localized to the MCK promoter
after the onset of skeletal muscle differentiation in MyoD-reprogrammed fibroblasts with
loss of signal coinciding with the onset of MCK gene expression (Ohkawa et al., 2006).
Similarly, MyoD and HDAC?2 could be localized to the MCK promoter in E10.5 whole
embryos, but not in E12.5 limb buds, where MCK was expressed (Ohkawa et al., 2006). We
therefore set out to further examine MyoD/HDAC association and function in the context of
embryonic development.

We first performed a co-immunoprecipitation experiment from whole E9.5 embryo extracts,
where expression of MCK is limited if expressed at all (Lyons et al., 1991). Extracts from
embryos containing 5 somites were used as an early stage control and extracts from E14.5
embryos (head and viscera removed) were used as a control for later time points where
skeletal muscle development is more complete and MCK expression is robust (Lyons et al.,
1991). Western blots of input material demonstrated the presence of HDAC2 and MyoD at
each stage, though the levels of MyoD in 5 somite embryos were barely detectable relative
to the levels detected in the later stage tissue samples (Fig. 4). Immunoprecipitation of each
sample with a MyoD antibody revealed association with HDAC2 in E9.5 embryos, with no
interaction detected at the 5 somite or at the E14.5 stages. We might have expected to detect
MyoD-HDAC?2 interactions in the 5 somite stage embryos, but perhaps the relative amount
of MyoD present was insufficient for efficient pull-down and subsequent detection of the
associated HDAC?2. We are more confident in interpreting the negative result from the E14.5
embryo tissue, because at this stage, skeletal muscle in the trunk and limbs has formed and
we expect a relatively small proportion of the total number of skeletal muscle cells/
precursors to be in the initial stages of differentiation. The data indicate an in vivo
association between MyoD and HDAC?2 at times when skeletal muscle precursors exist but
are not yet expressing MCK, thereby providing additional evidence suggesting that this
interaction has physiological relevance.

The co-immunoprecipitation experiment is suggestive but provides no spatial information
about where in the embryo these interactions occur. We turned to a proximity ligation assay
(PLA), which allows identification of co-localized proteins in situ, to document the
localization of MyoD-HDAC?2? interactions during development. First, however, we used
tissue culture cells to verify the interaction and optimize experimental conditions. Analysis
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of a time course of C2C12 cell differentiation revealed MyoD-HDAC?2 interactions in
proliferating C2C12 myoblasts and at time 0 of the differentiation process (Fig. 5A), when
the cells are approaching confluence and the low-serum differentiation media is introduced.
In contrast, few MyoD-HDAC2 interactions were evident at 24 or 72 h post-differentiation
(Fig. 5A). The data demonstrate the efficacy of the technique and provide additional support
for the conclusion that MyoD-HDAC?2 interactions predominantly occur prior to and at the
onset of differentiation and are not present at later stages of differentiation or when
differentiation is completed.

Serial sections of E9.5 embryos were prepared for the PLA assay. A confocal image of a
sample section is presented. Regions from the rostral, myogenin-positive and caudal,
myogenin-negative somites that were analyzed are indicated (Fig. 5B). Four representative
fields from the myogenin-negative region and one representative field from the myogenin-
positive region are presented. PLA signals were observed in all caudal somite fields whereas
all rostral fields were completely devoid of PLA signal (Fig. 5C). These data confirm the
interaction of MyoD and HDAC?2 in the embryo and spatially assign the interactions to
somites where the expression of myogenin and of genes expressed at later times of
differentiation, such as MCK, has not yet been initiated.

Analysis of factor binding to the MCK promoter during embryogenesis

We previously used ChIP to show that MyoD and HDAC?2 were individually localized to the
MCK promoter in E10.5 embryos but not in E12.5 limb bud or E14.5 limb skeletal muscle
tissue (Ohkawa et al., 2006). To investigate the binding of these and other regulators of
MCK expression earlier in embryogenesis, we utilized the ChIP approach highlighted in
Figure 2. The results indicate that the myogenic regulatory factors MyoD and myogenin
were bound to the MCK promoter in the rostral, myogenin-expressing tissue (Figs. 6A-B).
As expected, coactivators previously identified at the MCK locus, such as Brgl and Prmt5
(Figs. 6C-D), the transcription factor Mef2 (Fig. 6E), and modified histones associated with
gene activation, diacetylated H3K9K 14 and acetylated H4 (Figs. 6F-G), were also enriched
at the MCK promoter in the rostral somite-containing tissue. In the caudal, myogenin-
negative tissue, the cofactors and modified histones associated with gene activation were
present at background levels or at levels reduced relative to that observed in the rostral
somite tissue. We note that MyoD was present at the MCK promoter in the myogenin-
negative tissue whereas Myogenin was not. Assessment of HDAC?2 binding revealed
relatively high levels in the caudal somite tissue compared to levels in the rostral somite
tissue (Fig. 6H). Collectively the data present a picture suggesting that myogenic regulatory
factors, known co-activators, and activating histone marks are present at the MCK promoter
in somite tissue where the promoter is active or becoming active. In contrast, the MCK
promoter in caudal somite-enriched tissue where MCK gene expression is not yet active is
devoid of or has relatively low levels of co-activators and activating histone marks, and is
bound by MyoD and HDAC?2. Thus both MyoD and HDAC2 can be found in association
with the inactive MCK promoter.

The ChIP experiments presented do not provide evidence that MyoD and HDAC? are
present together at the same time on inactive MCK promoters. To address this question, we
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performed re-ChlP, also called sequential ChIP, where chromatin from E9.5 rostral or
caudal somite-enriched tissue was sequentially immunoprecipitated with MyoD and HDAC?2
antibodies, or, conversely, with HDAC2 antibody followed by MyoD antibody. Semi-
quantitative PCR results showed that both MyoD and HDAC2 were bound to the MCK
promoter in the myogenin-negative caudal tissue but not in the rostral, myogenin-positive
tissue (Fig. 7A). Real-time PCR results (Fig. 7B) confirmed the co-localization of MyoD
and HDAC?2 on the MCK promoter, though these results indicate that the re-ChlP signal was
greatly enhanced in the myogenin-negative tissue compared to the signal detected in the
myogenin-positive tissue.

DISCUSSION

During skeletal muscle differentiation, the new program of gene expression that will specify
the formation and function of skeletal muscle tissue is initiated. Though the majority of
these genes are targets for MyoD and related lineage determining transcription factors, the
genes are not expressed with uniform Kinetics during development. To address our interest
in understanding the molecular basis for temporal regulation of differentiation-specific gene
expression, we investigated functional differences between the promoter structure and
organization of two representative and well-characterized myogenic genes: the myogenin
gene that is expressed early in the differentiation and the gene encoding MCK, which is
expressed later in the differentiation process. We performed these analyses in the context of
developing mouse embryos, forgoing tissue culture model systems that have traditionally
been utilized to identify differentiation-specific changes in chromatin structure and gene
regulation. Our efforts demonstrate the feasibility of characterizing gene activation changes
in embryonic tissue as a function of both developmental time as well as spatial organization.

Activation of the myogenin promoter

There has been extensive prior characterization of myogenin gene activation. Given our
focus on chromatin remodeling enzymes and their interactions with DNA-binding
transcription factors and histone modifying enzymes, we monitored the interaction of such
factors with the myogenin promoter in the context of embryonic development. Consistent
with prior studies using tissue culture cell models for skeletal muscle differentiation, the
Pbx-Meis heterodimer, tracked in our assays by the presence of Pbx1, was present on the
myogenin promoter in embryos with 5 somites. K9K14 acetylation was also present at the 5
somite stage, but neither MyoD nor myogenin, nor the Brg1 chromatin remodeling enzyme
or the histone methyltransferase Prmt5 could be detected. Similarly, the Prmt5 mediated
histone mark at H3R8 and acetylated H4 were also not detected (Fig. 1). The data indicate
that Pbx initiates association with the myogenin promoter prior to the MyoD lineage
determinant and is consistent with prior results and discussions suggesting that Pbx acts as a
pioneering factor on the myogenin promoter to initiate the myogenin gene activation process
during differentiation (Berkes et al., 2004, Yao et al., 2013). Our temporal study did not
further distinguish the order of factor addition to the myogenin promoter, because all of the
other factors tested were present on the myogenin promoter by the 10 somite stage of
development. However, the spatial analysis (Fig. 3) provided additional novel information.
ChIP experiments using the rostral somites, where myogenin was already expressed, showed
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that MyoD, myogenin, Pbx1, Brgl and Prmt5 were all present at the myogenin promoter, as
would be expected. ChIP experiments using the caudal somites, where the myogenin gene
was not yet active, showed the presence of Pbx1, Brgl and Prmt5 on the myogenin
promoter, but not MyoD or myogenin (Fig. 3). The data suggest that Pbx1 is recruiting the
chromatin remodeling and arginine methyltransferase enzymes to the promoter prior to
recruiting MyoD. This is consistent with co-immunoprecipitation data from tissue culture
cell models of differentiation showing association between Pbx1 and Brg1l after the onset of
differentiation (de la Serna et al., 2005) and with data showing the physical association of
the Brgl remodeling enzyme with the Prmt5 methyltransferase (Pal et al., 2004, Pal et al.,
2003). We therefore propose a refinement of existing models for the step-by-step assembly
of regulatory factors and histone modifications that promote activation of the myogenin
gene (Fig. 8).

Prior to and at the initial stages of myogenin gene activation, the Pbx-Meis heterodimer
marks the chromatin of the myogenin locus (Fig. 8, step 1). The presence of H3K9K14
acetylation coincident with Pbx1 binding at the 5 somite stage (Fig. 1) suggests that one of
the initial changes during myogenin activation is the recruitment of H3-specific HATSs that
will acetylate local chromatin (Fig. 8, step 2). Pbx association with HATSs and stimulation of
gene expression has been demonstrated by others (Saleh et al., 2000). The exact HAT(S)
responsible for H3 acetylation is unclear; both PCAF and p300/CBP co-activate MyoD and
acetylate H3, H4, and MyoD (Dilworth et al., 2004, Eckner et al., 1996, Polesskaya and
Harel-Bellan, 2001, Polesskaya et al., 2001a, Polesskaya et al., 2001b, Puri et al., 19974,
Puri et al., 1997b, Sartorelli et al., 1997, Sartorelli et al., 1999). Regardless, the evidence
presented in Fig. 3 indicates that histone acetylation is followed by association of Brgl, as
part of the SWI/SNF chromatin remodeling enzyme, and Prmt5 (Fig. 8, step 3), which in
turn would promote histone H3 and H4 symmetric dimethylation, ATP-dependent chromatin
remodeling, and H4 acetylation of the myogenin promoter (Fig. 8, step 4). Subsequently,
MyoD binding was observed (Fig. 3) In light of the extensive evidence for Pbx1 facilitating
MyoD binding to an adjacent site on the myogenin promoter (Berkes et al., 2004, Knoepfler
et al., 1999), we incorporated the existing two-step model for MyoD binding in which
MyoD first interacts with Pbx/Meis, making protein:protein contacts as well as protein:DNA
contacts in the vicinity of the Pbx binding site before transitioning to stably bound
interactions with upstream and downstream consensus binding sites and enhanced myogenin
transcription ((Berkes et al., 2004, de la Serna et al., 2005); Fig. 8, steps 4-5).

There are two issues to address when considering the model that we present. Genome-wide
binding studies in C2C12 cells placed MyoD on the promoter of many myogenic genes prior
to differentiation, and the majority of binding sites showed little quantitative difference in
occupancy pre- and post-differentiation (Cao et al., 2010). However, a subset of genes,
including the myogenin and the MCK genes, showed very low levels of MyoD binding in
myoblasts and a substantial increase in occupancy in differentiated cells (Cao et al., 2010).
Based on the data presented here, we suggest that either there is no MyoD binding at the
myogenin promoter in tissue from embryos containing 5 somites or in somite enriched tissue
from the caudal portion of E9.5 embryos or that the levels of binding were below the level
of detection in our experiments. A second issue is the absence of information on the MyoD-
related factor, Myf5. The absence of MyoD from the myogenin promoter at different times/
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places during early development does not necessarily reflect the absence of a myogenic
regulatory factor. If Myf5 were bound to the myogenin promoter prior to MyoD, then it
would remain possible that the chromatin remodeling and arginine methylating enzymes
could be recruited by the myogenic factor or by a combination of the myogenic factor and
Pbx1. Unfortunately, we were unable to generate reproducible Myf5 ChIP data, despite the
existence of prior studies where a commercial Myf5 antibody was successfully used to
identify Myf5 binding sites by ChIP (Londhe and Davie, 2011, Parker et al., 2006).
Experimental resolution of this question will be a future goal.

Delayed activation of the MCK gene

At the same time that MyoD is involved in the activation of the myogenin gene, the MCK
gene remains uninduced. Prior work has implicated an association between MyoD and
HDACL as well as an association between Snail proteins and HDAC1 and 2 at myogenic
promoters prior to the onset of differentiation, but not after (Mal et al., 2001, Puri et al.,
2001, Soleimani et al., 2012). Furthermore, HDAC1 can deacetylate acetylated MyoD in
vitro as well as act as an inhibitor of differentiation (Mal et al., 2001). Specific examination
of the myogenin promoter demonstrated co-localization of MyoD and HDACL1 on the
myogenin promoter before differentiation was initiated, but upon differentiation, HDAC1
binding to the promoter was lost, and the PCAF acetyl transferase was bound (Mal and
Harter, 2003). Myogenin, however, is expressed soon after the onset of differentiation.
Genes expressed at later times following differentiation signaling likely require some
additional form of repression, at least temporarily, and this mechanism seems unlikely to
involve HDAC1 due to its lack of discernible interaction with MyoD once signaling has
occurred. HDAC?2, a related but distinct enzyme, has been localized with MyoD on MCK
and other “late” gene regulatory sequences in both tissue culture cells and in embryonic
tissue from E10.5 mouse embryos (Ohkawa et al., 2006), suggesting co-localization in a
manner consistent with keeping these genes off at the early stages of differentiation, but
little else is known about a role for HDAC?2 in regulating the temporal control of myogenic
gene expression during development.

Here, we provide direct evidence of association between endogenous MyoD and HDAC2 in
immortalized C2C12 myoblasts prior to and at the onset of differentiation and in situ in the
caudal, but not rostral, somites of an E9.5 mouse embryo (Fig. 5). These data indicate a
correlation between the association of MyoD and HDAC?2 in cells/tissues in which the MCK
and other late genes are not expressed. Examination of factor binding in rostral and caudal
somite-enriched tissue (Fig. 6) showed that MyoD was present at the MCK promoter in both
compartments, despite MCK being active in the rostral tissues but not in the caudal tissue.
Binding of co-activators and the presence of activating histone marks were enriched in the
rostral tissues and greatly reduced in the caudal tissues. Only HDAC2 showed enrichment in
the caudal tissue, suggesting that MyoD is associated with a repressed MCK promoter in the
caudal tissues. The re-ChlP experiment (Fig. 7) conclusively demonstrates the co-occupancy
of DNA by both factors. Collectively, the data support the idea that MyoD and HDAC?2
associate upon differentiation signaling and are present at the MCK promoter in vivo in
tissues in which MCK expression has not yet been activated, which suggests that MyoD and
HDAC?2 act in a repressive manner early in differentiation and contribute to the regulation of
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temporal control of myogenic gene expression during differentiation. A schematic model
illustrating the simultaneous presence of MyoD and identified coactivators at the myogenin
locus and MyoD and the associated corepressor HDAC? at the MCK locus is presented to
reflect the differences in the structure of the respective gene regulatory regions after the
onset of myogenic differentiation in the somites but prior to the induction of MCK gene
expression (Fig. 9). Based on these and prior ChIP results (Ohkawa et al., 2006, Ohkawa et
al., 2007), we speculate that the expression of the myogenin gene and subsequent binding of
myogenin protein to the MCK locus facilitates the release of MyoD and HDAC?2 and leads
to activation of MCK expression.

The complexity of temporal regulation of myogenic gene activation

Finally, the data also reflect the complexity of myogenic gene activation during somite
development. Our observations indicate that MyoD is not present at the myogenin promoter
in E9.5 rostral somites whereas it is present at the MCK promoter in the same tissues,
despite the myogenin gene being activated earlier than the MCK gene. Although we
simplify the classification of the temporal expression pattern during myogenesis as “early”
and “late”, genome-wide studies of myogenic gene expression and MyoD binding reflect
complex temporal regulation, at least in cell line models for differentiation. These studies
justify more specific groupings of genes into additional temporal categories (Bergstrom et
al., 2002, Tomczak et al., 2004, Delgado et al., 2003, Moran et al., 2002, Blais et al., 2005,
Cao et al., 2006, Cao et al., 2010, Soleimani et al., 2012). This additional complexity likely
reflects the combination of at least three regulatory mechanisms: regulation of MyoD by
post-translational modification, especially by acetylation as discussed above, differences in
individual target promoter architecture and cofactor binding, and differences in activation of
individual target gene promoters by MyoD and myogenin. Broader studies of myogenic
gene activation in the context of somitogenesis may therefore facilitate greater
understanding of temporal gene regulation in vivo.

EXPERIMENTAL PROCEDURES

Mice, embryos and cell lines

CD1 mice were housed in the animal care facility at the University of Massachusetts
Medical School (Worcester, MA) in accordance with Institutional Animal Care and Use
Committee guidelines. E8.5 and E9.5 embryos were isolated and prepared for whole embryo
ChIP as described (Cho et al., 2011). Separation and enrichment of rostral, myogenin-
positive somites and caudal, myogenin-negative somites from E9.5 embryos was based on
previous studies (Cossu et al., 1996, Tajbakhsh et al., 1998) demonstrating that somites
could be isolated from surrounding tissue after treatment at 4°C with 0.25% Pancreatin and
0.4% Trypsin in Tyrode’s Solution. C2C12 cells were cultured at 37°C with 5% CO?2 in
DMEM with 10% fetal bovine serum (FBS), 20 pg/ml gentamicin and 2 mM L-glutamine.
Differentiation was induced once cells reached 80% confluence with media supplemented
with 2% horse serum instead of 10% FBS.
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E8.5 and E9.5 embryos were isolated and prepared for ChIP using the kits, reagents, and
conditions described (Cho et al., 2011). Recovered DNA was analyzed by real-time
quantitative PCR in a Bio-Rad iCycler using iQ™ SYBR Green Super Mix (Bio-Rad).
Primers used to amplify the myogenin and MCK promoters were described (Cho et al.,
2011, Ohkawa et al., 2006). Primers that amplify intergenic sequences 14 kbp upstream of
the myogenin gene were used as negative control (NC) regions for all ChlIP experiments
examining the myogenin promoter. The specific primer sequences are: Myogenin NC
forward: 5"- CAG GCA GGA GCA CGG CAG AC -3’; reverse: 5°- ACA CAG CCA GGC
GTT CAC TCC-3". Primers that amplify sequences 11.6 kbp upstream of the MCK gene
were used as negative control (NC) regions for all ChIP experiments examining the MCK
promoter except Figs. 6E—F, where sequences from the IgH locus were amplified as a
negative control using primers previously described (Bergstrom et al., 2002). The specific
primer sequences are: MCK NC forward: 5- CCAGCAGCTCCACACCAGCC -37; reverse:
5- GGCCCAGAACGCCTGAACCC -3". Antibodies: rabbit anti-MyoD (Santa Cruz,
sc-304), rabbit anti-Myogenin (Santa Cruz, sc-576), goat anti-Prmt5 (Santa Cruz, sc-22132),
rabbit anti-H3R8Me2 (Pal et al., 2004), rabbit anti-AcH4 (Millipore, 06-866), rabbit anti-
AcH3K9K14 (Millipore, 06-599), rabbit anti-Brgl (de La Serna et al., 2000), rabbit anti-
Pbx1 (Santa Cruz, sc-889), rabbit anti-HDAC?2 (Invitrogen, 51-5100), rabbit anti-Mef2,
which recognizes Mef2A, C, and D (Santa Cruz sc-313), normal goat IgG (Santa Cruz,
sc-2028), and normal rabbit IgG (Millipore, 12-370). The absence of cross-reactivity
between the MyoD and myogenin antibodies was previously published (de la Serna et al.,
2005).

Embryo in situ hybridization, lysate preparation and western blotting

The WISH protocol was previously published (Rivera-Perez and Magnuson, 2005). Full-
length myogenin cDNA was used as probe. Pelleted embryonic cells were resuspended in 40
ul of RIPA lysis buffer (1% NP 40, 10 mM Tris (pH 7.6), 150 mM NacCl, 0.1% SDS, 0.5%
deoxycholate and 2 mM EDTA) with protease inhibitor cocktail (1.25 pl PIC/1ml RIPA
buffer). The lysate was incubated on ice for 10 min, with vortexing every 2—3 min. After
centrifugation at 4°C at 14000 rpm for 10 min, the supernatant was removed into a new
tube. Bradford assay was used for protein quantification based on a standard curve generated
from known concentrations of BSA.

25 g protein were mixed with an equal volume of 2x Laemmli sample buffer (4% SDS, 200
mM DTT, 120 mM Tris-HCI (pH 6.8), 50% glycerol, and 0.02% bromophenol blue) and
loaded in lanes of 6-12% SDS-PAGE gels for analysis by immunoblotting. Proteins
resolved on the gel were transferred to PVVDF membrane (Immobilon-P Transfer Membrane,
MILLIPORE) using a current of 100 volts for 1.5 hr. The membranes were blocked with 5%
skim milk, 0.05% Tween 20 in 1XPBS for >20 min at RT, then incubated at 4°C overnight
with the primary antibody diluted in 5% skim milk in 1X PBS. The next day, the membranes
were washed 3 times with 0.05% Tween 20 in 1xPBS for 10 min and subsequently
incubated at RT with ECL™ horseradish peroxidase labeled secondary Ab diluted in 5%
skim milk for 1.5 hr. The membranes were washed 3 times using 0.05% Tween 20 in 1xPBS
for 10 min, developed by enhanced chemiluminescence (Amersham Biosciences) as per the
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manufacturer’s instructions and exposed to Amersham hyperfilm™ MP (GE Healthcare).
Blots were stripped and reprobed. Antibodies used: rabbit anti-MyoD (Santa Cruz, sc-304),
rabbit anti-Myogenin (Santa Cruz, sc-576), goat anti-Prmt5 (Santa Cruz, sc-22132), rabbit
anti-AcH4 (Milipore, 06-866), rabbit anti-AcH3K9K14 (Milipore, 06-599), rabbit anti-Brgl
(de La Serna et al., 2000), rabbit anti-Pbx1 (Santa Cruz, sc-889), rabbit anti-HDAC2
(Invitrogen, 51-5100), anti-Hsp70 (ABR Affinity Bio Reagents, MA3-006). The absence of
cross-reactivity between the MyoD and myogenin antibodies was previously published (de
la Serna et al., 2005).

Co-Immunoprecipitation

PLA

Freshly dissected embryos were washed 2 times with 1 ml 1xPBS and lysed for 30 min at
4°C in 500 pl of 1% NP-40 lysis buffer (10 mM Tris-HCI pH 7.8, 0.5 mM EDTA, 250 mM
NaCl) with protease inhibitor cocktail (8 ul/ml). After centrifugation at 4°C at 14000 rpm
for 10 min, 50 pl of supernatants was reserved at 4°C and the rest was pre-cleared at 4°C for
1 hr. on a rotating platform with 500 pl of normal serum (Santa Cruz, sc-2025 or sc-2027)
and 80 pl of protein A- or G-sepharose beads that had been washed 3 times with 1% NP-40
lysis buffer prior to use. After centrifugation at 4°C at 2000 rpm for 5 min, the pre-cleared
supernatants were incubated on a rotating platform at 4°C overnight with 2—4 pg of the
indicated antibody (rabbit anti-HDAC2 (Invitrogen, 51-5100), mouse anti-MyoD (Santa
Cruz, sc-32758), or normal mouse 1gG (Millipore 12-371)). The following day, the IP
samples were mixed with 80 pl of protein A- or G-sepharose beads and incubated at 4°C,
with rotation, for 1 hr. After centrifugation at 4°C at 3000 rpm for 2 min, the supernatants
were discarded. The beads were washed with 1 ml of 1% NP-40 lysis buffer with protease
inhibitor cocktail up to 4 times. Following the final wash, IP samples were resuspended in
60 pl 2x Laemmli sample buffer and boiled for 5 min. For immunoblotting, 10 pl input
control was mixed with 10 pl 2x Laemmli sample buffer and all samples were resolved by
SDS-PAGE, then visualized using each target antibody.

Proximity Ligation Assay (PLA) was performed using DuoLink Mouse Plus and Rabbit
Minus secondary antibodies and the staining kit from O-Link Biosciences according to the
manufacturer’s instructions. Antibodies used were against MyoD (Santa Cruz, sc-32758)
and HDAC2 (Invitrogen, 51-5100). Sacrificed E9.5 embryos were flash frozen and
sectioned. After completing the PLA on the embryo sections, signals were detected using
laser-scanning confocal microscopy (Nikon Eclipse E800) with a 40x phase contrast oil
immersion objective (numerical aperture=1.3). Confocal data capture and extraction were
performed using manufacturer’s software (Leica). Signals from PLA performed on C2C12
cells were examined using fluorescent microscopy with a green fluorescent filter.

Statistical Analysis

Two-tailed Student t tests were performed to evaluate the statistical significance of
quantitated results.
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Figure 1.

Pbx1 and acetylated H3K9K14 are present on the myogenin promoter in embryos containing
5 somites and precede the interaction of the MyoD and myogenin regulators and other co-
activators and histone modifications associated with myogenin activation. The binding of
(A) MyoD, (B), myogenin, (C) Pbx1, (D) AcH3K9K14, (E) Brgl, (F) Prmt5, (G)
H3R8Me2, (H) AcH4 to either the myogenin promoter or to a negative control (NC)
sequence in embryos containing 5 or 10 somites (5ss or 10ss), in E9.5 embryos containing
25-40 somites, or in yolk sac was determined by real-time PCR. Data represent the mean of
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three independent experiments +/— standard deviation. p < 0.05 was obtained for all
comparisons between yolk sac values and values for any developmental stage for which
signal was obtained as well as for values between different developmental stages, with the
following exceptions: MyoD and Pbx1 binding in 10 ss and E9.5 embryos were not
statistically different and AcH3K9K14 binding in 5ss, 10ss and E9.5 was not statistically
different.
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Figure 2.
Isolation and characterization of E9.5 somite-enriched tissue. (A) E9.5 embryo hybridized to

show myogenin localization showing dissection to divide the trunk region into rostral,
medial, or caudal somite-containing tissue. For illustrative purposes, the schematic is
overlaid on an image of an E9.5 embryo stained for myogenin protein. (B) Western blot
analysis showing the protein levels of the indicated proteins present in extracts from rostral,
medial, or caudal somite-containing tissue.
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Figure 3.

Pbx1 and the Brgl and Prmt5 cofactors, but not MyoD or myogenin, are present on the
myogenin promoter in caudal somite-containing tissue isolated from E9.5 embryos. (A)
Rostral or caudal somite-containing tissue was used for ChiP for the indicated factors and
was assayed by semi-quantitative PCR followed by native gel electrophoresis. Real-time
PCR was subsequently used to analyze ChIP experiments performed for (B) MyoD, (C)
myogenin, (D) Pbx1, (E) Brgl, (F) Prmt5. Binding to either the myogenin promoter or to a
negative control (NC) sequence in rostral or caudal somite-containing tissue from E9.5

Dev Dyn. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Choetal.

Page 23

embryos or in yolk sac was determined. Data represent the mean of three independent
experiments +/- standard deviation. p < 0.05 was obtained for all comparisons between yolk
sac and rostral tissue values and for all comparisons between rostral and caudal tissue
values.
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Figure4.
MyoD and HDAC?2 are associated in mouse embryonic tissue. Extracts were made from

mouse embryos at the indicated stage and subjected to co-immunoprecipitation experiments
as detailed in the Experimental Procedures.
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Figure5.
MyoD and HDAC?2 are associated in C2C12 myoblasts and in embryonic tissue containing

caudal, but not rostral somatic tissue. (A) PLA assays were performed on C2C12 cells in
growth (G) phase, at the onset of differentiation (O h), or at 24 or 48 h post-differentiation.
DAPI staining and the overlay is shown for each image. (B) Sections of E9.5 mouse
embryos were used for PLA assay. The yellow boxes indicate the areas magnified in the
following panel. (C) Images from the yellow boxed fields of tissue in the caudal or rostral
somite regions in (B) showing the results of the PLA assay, Hoechst staining, the overlay

Dev Dyn. Author manuscript; available in PMC 2016 January 01.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Choetal.

Page 26

between the PLA and Hoechst staining, or differential interference contrast (DIC). Within
the PLA image, the inset images show four different areas, each outlined by a dotted white
line. Scale bar in the insets, 5 micrometers. Images presented are representative. The
experiment in (A) was performed independently three times. The analysis presented in (B—
C) was performed independently on three different embryos.
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Figure®6.

Binding of MyoD, myogenin, co-regulators, and modified histones to the MCK promoter in
rostral and caudal somite-containing tissue isolated from E9.5 embryos. Real-time PCR was
used to analyze ChIP experiments performed for (A) MyoD, (B) myogenin, (C) Brgl, (D)
Prmt5, (E) Mef2, (F) AcH3K9K14, (G) AcH4, (H) HDAC?2. Binding to either the MCK
promoter or to a negative control (NC) sequence in rostral or caudal somite-containing tissue
from E9.5 embryos or in yolk sac was determined. Data represent the mean of three
independent experiments +/— standard deviation, except for the HDAC2 experiment, which
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is the mean of six independent experiments +/— standard deviation. p < 0.05 was obtained
for all comparisons between yolk sac and rostral tissue values and for all comparisons other
than MyoD and Mef2 between rostral and caudal tissue values.
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Figure7.
Sequential, or Re-ChlIP experiments show co-localization of MyoD and HDAC?2 on the

MCK promoter in caudal somite-containing tissue. (A) Semi-quantitative PCR analysis of
Re-ChlIP experiments. The first antibody (1°) and second antibody (2°) used are indicated.
(B) Real-time PCR was used to analyze Re-ChIP experiments. Binding to either the MCK
promoter or to a negative control (NC) sequence in rostral or caudal somite-containing tissue
from E9.5 embryos or in yolk sac was determined. Data represent the mean of three
independent experiments +/- standard deviation. p < 0.05 was obtained for all comparisons
between yolk sac and rostral tissue values and for all comparisons between rostral and
caudal tissue values.
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Figure8.
Proposed model indicating the order of events during activation of the myogenin promoter

in mouse embryonic tissue. This schematic diagram is a significantly modified version of
the diagram published in Figure 10 of (de la Serna et al., 2005) that was amended with
permission from the American Society for Microbiology.
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Figure9.
Proposed model illustrating the simultaneous presence of MyoD with identified coactivators

at the myogenin locus state and with the corepressor HDAC? at the MCK locus after the
onset of differentiation in the somites but before activation of the MCK gene.
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