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DNA Hypomethylation in Intragenic and
Intergenic Enhancer Chromatin of Muscle-
Specific Genes Usually Correlates with their
Expression
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Tissue-specific enhancers are critical for gene regulation. In this study, we help elucidate the contribution
of muscle-associated differential DNA methylation to the enhancer activity of highly muscle-specific
genes. By bioinformatic analysis of 44 muscle-associated genes, we show that preferential gene expression
in skeletal muscle (SkMt) correlates with SkM-specific intragenic and intergenic enhancer chromatin and
overlapping foci of DNA hypomethylation. Some genes, e.g., CASQ! and FBXO32, displayed broad
regions of both SkM- and heart-specific enhancer chromatin but exhibited focal SkM-specific DNA
hypomethylation. Half of the genes had SkM-specific super-enhancers. In contrast to simple
enhancer/gene-expression correlations, a super-enhancer was associated with the myogenic MYOD! gene
in both SkM and myoblasts even though SkM has < 1 percent as much MYOD1 expression. Local
chromatin differences in this super-enhancer probably contribute to the SkM/myoblast differential
expression. Transfection assays confirmed the tissue-specificity of the 0.3-kb core enhancer within
MYOD]I’s super-enhancer and demonstrated its repression by methylation of its three CG dinucleotides.
Our study suggests that DNA hypomethylation increases enhancer tissue-specificity and that SkM
super-enhancers sometimes are poised for physiologically important, rapid up-regulation.

INTRODUCTION

Enhancers may also modulate transcription elongation or

Enhancers are cis-acting stimulators of transcription
that can act at a distance from promoters. They play a
critical role in establishing tissue-specific gene
expression, and thereby, directing development [1-3].
They often have evolutionarily conserved DNA
sequences, including transcription factor binding sites
(TFBS), indicating their functional importance [4].

differential generation of RNA isoforms [5,6]. Unlike
older concepts of mammalian enhancers as mostly being
located just upstream or downstream of genes, it is now
clear that as many as half of them are within the gene
body [7]. Another major new insight into enhancers is
that they are often transcribed bidirectionally to give low
amounts of small noncoding (nc) RNAs, whose
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expression is linked to enhancer activity [1,8-10].
Enhancers are implicated not only as major drivers of
differentiation and maintenance of tissue-specific
differences in transcription, but also as regulators of
differential gene expression in response to certain
physiological changes [11] and as drivers of disease,
including cancer [12].

Enhancers in genome-wide studies are usually
identified by characteristic histone modifications
[3,13,14]. The most frequently examined modifications
are histone H3 lysine-4 monomethylation (H3K4mel) and
H3K27 acetylation (H3K27ac), which together are
associated with active enhancer chromatin (EnhChr);
H3K4me3, which in combination with H3K27ac denotes
active promoter-type chromatin; H3K36me3, which in the
3’ half of the gene body indicates transcriptional activity;
and H3K27me3 or H3K9me3, which generally designates
repressed chromatin. Tests with reporter gene constructs
in transfection assays have demonstrated that most
EnhChr regions identified by epigenetic marks have
enhancer activity [7]. Weak or poised enhancers or
promoters can also be identified by histone modifications
(H3K4 methylation in the absence of H3K27 acetylation)
[7,14].

DNA hypomethylation, which refers to the
replacement of some of the 5-methylcytosine (SmC)
residues in DNA with unmodified cytosine residues, is
implicated in contributing to the generation, activity, or
maintenance of many enhancers [15-18]. Typically, high
levels of 5SmC throughout a promoter or enhancer region
are associated with repression of transcription. DNA from
mammalian tissues usually contains a very small
percentage of SmC residues in which the methyl group
had been oxidized in a genetically programmed enzymatic
reaction to a hydroxymethyl group yielding
5-hydroxymethylcytosine (ShmC) residues. Unlike SmC
residues in DNA, enrichment in genomic ShmC has been
positively associated with poised or active enhancers
[19,20].

In the present study we analyze the relationship of
epigenetics to tissue-specific gene expression focusing on
a comparison of skeletal muscle (SkM) to various other
human tissues, including heart (cardiac muscle), and brain,
and to myoblasts and myotubes (untransformed SkM
progenitor cell cultures). We selected a set of genes that
has much higher steady-state levels of RNA in SkM than
in non-muscle tissues and high absolute levels of
expression in SkM or myoblasts to determine if highly
selective expression in the SkM lineage is tightly
associated with intragenic and/or intergenic SkM-specific
EnhChr as well as SkM-specific DNA hypomethylation.
In addition, using a 0.3-kb SkM-specific enhancer element
that regulates expression of the myogenic MYODI
transcription factor-encoding gene [21], we assessed the
effect of targeted DNA methylation on enhancer activity
in reporter gene assays.
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METHODS

Bioinformatics

Databases with epigenetic and RNA-seq profiles used
for the analyses are available at the UCSC Genome
Browser [22]. From the ENCODE project [23] we used
the following UCSC Genome Browser tracks: DNasel
hypersensitivity profiling, Open Chromatin, DNasel HS,
Duke University [24]; RNA-seq (for tissues; not strand-
specific), Massachusetts Institute of Technology [25], and
the associated tabular database [26]; and Transcription
Levels by Long RNA-seq for poly(A)" whole-cell RNA
by strand-specific analysis on > 200 nt poly(A)" RNA (for
various cell cultures), Cold Spring Harbor Laboratories.
For visualizing RNA-seq tracks in the UCSC Genome
Browser in figures, the vertical viewing ranges were 0 to
30 for cultured cells and 0 to 2 for tissues.

From the UCSC Genome Browser Track Data Hubs,
we used a hub for DNA Methylation, Methylomes from
Bisulfite Sequencing Data [3], with data analysis by Song
et al. [27]. Another hub was used for Roadmap
Epigenomics chromatin state segmentation analysis
(chromHMM, AuxilliaryHMM) [3,28]. The color code for
chromatin state segmentation in the figures was slightly
simplified from the original [28] as shown in the color
keys in the figures.

For quantification of RNA-seq data from myoblasts,
we used ENCODE tracks for Transcription Levels by
RNA-seq, non-strand-specific, on > 200 nt poly(A)"RNA,
California Institute of Technology [22], and the Cufflinks
CuffDiff tool [29]. To determine preferential gene
expression in myoblasts vs. many non-muscle cell
cultures, our previously described results from microarray
expression analysis were used [30]. For identifying super-
enhancers, unless otherwise specified, the dbSUPER [31]
database was used.

The same psoas SkM sample had been used for
chromatin state segmentation analysis and bisulfite-seq,
namely, a mixture of tissues from a 3 y male and a 34 y
male [3]. For DNasel-hypersensitivity profiling, the SkM
sample was a mixture of psoas muscle from five
individuals (male and one female) aged 22 to 35 [24].
Another SkM sample had been used for bisulfite-seq (one
72 y female; the type of SkM tissue unidentified) [3], and
pooled SkM samples had been used for RNA-seq
(multiple SkM tissues not classified as to type, age, or
gender) [26]. The myoblasts used for the epigenetic and
transcriptome profiles had been derived from the minor
fraction of muscle satellite cells in post-natal SkM biopsy
samples and represent activated satellite cells of the type
used to repair muscle. For identification of potential
MYOD binding sites, orthologous sequences to murine
C2C12 Mb and Mt binding sites from MyoD ChIP-seq
[32] were mapped in the human genome.
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DNA Constructs, Transfection, and in vitro DNA
Methylation

By fusion PCR, a 386-bp fragment containing the
MYODI core enhancer was cloned into the vector
pCpGfree-promoter-Lucia (InvivoGen), which has a
Lucia luciferase gene. The insert for cloning was obtained
by PCR on mixed human brain and placenta DNAs using
the following primers (lower-case letters are the
extensions that were used for fusion cloning; NEBuilder
HiFi Assembly Kit, New England Biolabs):
ctctacaaatgtggtatgCTACTTGGTAGGTGAGGAG and
ggtgaacatattgactgGTGAGAAGCAGGACTCCAG.
Before fusion cloning, the plasmid was linearized by
reverse PCR using primers for a sequence downstream of
the reporter gene’s polyadenylation signal. Transfection
into C2C12 or MCF-7 cells utilized a lipid-based reagent
(Fast-forward protocol, Effectene reagent, Qiagen). As a
reference plasmid for normalizing the transfection
efficiency, pCMV-CLuc 2 (New England Biolabs)
encoding Cypridina luciferase was co-transfected.
Cypridina and Lucia luciferase activity were
independently quantified by bioluminescence from cell
supernatant aliquots (BioLux Cypridina Luciferase assay
kit, New England Biolabs; Quanti-Luc, InvivoGen)
harvested 48 or 72 h after transfection. The plasmids were
methylated at only the enhancer insert by incubating 1 pg
with 4 wunits of SssI methylase and 160 puM
S-adenosylmethionine (New England Biolabs) for 4 h at
37°C. A mock-methylated control used identical
incubation conditions except for the absence of
S-adenosylmethionine. As a check for the degree of
methylation, another plasmid construct that contained
three CGCG sites was similarly methylated and shown
thereafter to be fully resistant to BstUI cleavage.

RESULTS

Skeletal Muscle-associated Genes have Skeletal
Muscle-specific Intragenic/intergenic Enhancers and
Often Super-enhancers

To examine the epigenetics of SkM-associated genes,
we first identified 30 genes that are expressed highly and
preferentially in SkM compared with non-muscle tissues.
From RNA-seq data [26], these genes have an absolute
RPKM in SkM of > 50 and RPKM ratios for SkM to lung
of > 50 and SkM to heart of > 5 (Table 1). An additional
14 SkM lineage-associated genes were chosen based upon
preferential expression in myoblasts vs. non-muscle cell
cultures and also in SkM vs. non-muscle tissues. These
genes have > 4 times as much signal from myoblasts
relative to the average signal from 35 diverse non-muscle
cell cultures in expression microarray analyses [30] and
RPKM ratios for SkM to lung of > 50 and SkM to heart of
> 5 but absolute SkM RPKM values of <50 (Table 2). We
then examined chromatin in and around these genes using
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publicly available whole-genome profiles [22,28] that
indicate active, weak, or poised enhancers or promoters
in SkM (psoas and an undefined SkM sample), heart
(separate left and right ventricle samples), peripheral
blood mononuclear cells (PBMC), spleen, lung, liver, and
brain (various subregions). These chromatin state
predictions are based upon algorithms using characteristic
histone modification profiles (H3K4mel, H3K4me3,
H3K27ac, H3K27me3, H3K9me3, H3K36me3)
previously determined by ChIP-seq [3,14].

As shown in Tables 1 and 2, all 44 genes had at least
one SkM-specific EnhChr region (SkM-only EnhChr) that
was intragenic (in the gene body more than 1 kb
downstream of the transcription start site, TSS) or
intergenic (between the studied gene and its nearest
upstream and downstream RefSeq neighbors and more
than 1 kb upstream from the gene’s TSS). Even genes with
preferential expression in SkM but at very low absolute
expression levels (up t010,000 times lower than for other
examined genes; Table 2 vs. Table 1) displayed some
SkM-only EnhChr. The amounts of SkM-only EnhChr
were often unusually large (3 to 18 kb) and present in both
intragenic and intergenic portions of the genome.
Seventeen genes also displayed regions of SkM- and
heart-specific EnhChr. These genes were expressed at
significantly higher levels in heart (p < 0.00001, t-test
comparing the log means for the two groups) than were
genes that did not have SkM- and heart-specific EnhChr
(Figure 1). As expected for the 44 SkM genes, active
promoter chromatin was almost always observed at or
adjacent to the first transcribed exon in SkM, and often
there was intragenic EnhChr adjacent to the promoter.

Many of the observed EnhChr segments are part of
super-enhancers (Tables 1 and 2), defined as broad
clusters of similarly tissue-specific enhancers associated
with a gene [8,33]. These super-enhancers were identified
using a database [31] for many human tissues (including
SkM) that detected large clusters of high H3K27ac signal
associated with a given gene. Twenty-two of the genes
overlapped super-enhancers observed only in SkM, and
three had super-enhancers specifically in SkM and heart or
brain (Tables 1 and 2). Eight of the genes linked to super-
enhancers were found to be located on the genome
adjacent to or only one gene removed from another gene
in the set of 44 SkM genes (TNNI and TNNT3; MYH?2 and
MYHI; ATP1A2 and CASQI; MYF6 and MYF5).

Skeletal Muscle-specific DNA Hypomethylation was
Often Embedded in Subregions of Enhancer
Chromatin

We looked for subregions in the SkM-associated
EnhChr that displayed DNA hypomethylation only in
SkM (SkM-only hypomethylation). They were identified
as low DNA methylation regions (LMRs) in SkM that did
not overlap LMRs from the other above-mentioned tissues
(SkM-only LMRs) [22]. The LMRs had been mapped as
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SkM-only EnhChr

DNA regions with significantly less methylation than in
the rest of the given genome as assessed by analysis of
that sample’s bisulfite-seq methylome profile [27]. Some
of the SkM-only LMRs could be confirmed using data
from our previous methylome study identifying regions
of significant SkM-specific DNA hypomethylation from
reduced representation bisulfite sequencing (RRBS)
profiles of two SkM samples and 14 types of non-muscle
tissues [34]. However, RRBS profiles cover only ~5
percent of the CG dinucleotides in the human genome
[35], and so RRBS was uninformative for most of the
SkM-only LMRs determined from bisulfite-seq profiles.
Thirty-five of the 44 genes displayed SkM-only
LMRs over part of their SkM-only EnhChr. These LMRs
usually overlapped only a minor portion of the EnhChr
and are listed in Tables 1 and 2 as regions of focal
hypomethylation. However, in six genes that had EnhChr
regions of > 3 kb, more than half of the DNA in the
EnhChr was hypomethylated (Tables 1 and 2, listed as
regions with broad hypomethylation). The length of SkM-
only LMRs that overlapped a contiguous segment of
SkM-only EnhChr varied from 0.2 kb (TNNI2) to 18 kb
(MYBPC1) with a median length of 2.8 kb. For the 17
genes that exhibited overlapping SkM- and heart-specific
EnhChr, all but two (TNNT! and ASB5) had SkM-only
DNA hypomethylation in a subregion of this EnhChr
(Tables 1 and 2, last column). Only one of the 44 genes,
HOXC10, had no SkM-only DNA hypomethylation in
some intragenic or intragenic region. Instead, HOXCI0
had constitutive LMRs in its SkM-only EnhChr (Table 2).
We looked for overlapping SkM specificity of open
chromatin (DNasel hypersensitive sites, DHS [24,34]),
LMRs, and EnhChr regions because tissue-specific DHS
outside of promoter regions are often associated with
tissue-specific enhancers [36]. We compared DHS in
SkM, heart, brain, and B-cells. Ten genes exhibited SkM-
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only DHS in hypomethylated regions of SkM-only
EnhChr (Tables 1 and 2; SkM-only DHS overlap). Many
genes displayed DHS elsewhere in SkM EnhChr (data not
shown).

Lastly, we determined the prevalence of SkM-only
hypomethylation in promoter regions among the 44 genes
(Tables 1 and 2, Pr region column). Twenty-five genes
were hypomethylated at their promoter regions
(immediately upstream or downstream of the TSS)
specifically in SkM. Unlike most human gene promoters
[37], none of these 25 promoter regions overlaps a CpG-
rich region (CpG island, CGI).

CASQ1, FBX032, and MYOD1 lllustrate Skeletal
Muscle-specific DNA Hypomethylation at Muscle-
specific Enhancer Chromatin

To further study SkM-specific epigenetics of
enhancers, we focused on CASQ1, FBXO32, and MYOD1
(Figures 2-4), as SkM-associated genes that differ in their
relative expression in SkM vs. myoblasts and SkM vs.
heart (Tables 1 and 2). CASQ! encodes calsequestrin-1, a
sarcoplasmic Ca*"-binding protein associated with a rare
mild autosomal dominant muscle disorder [38,39].
Expression of CASQ! is strong in SkM, moderate-to-low
in heart, and very low in lung, lymph nodes, and
myoblasts (Table 1 and Figure 2a). Consistent with this
expression pattern, much intragenic EnhChr was found in
CASQ! in the two examined SkM samples while little or
no active-type EnhChr was in non-muscle samples and
only small regions of EnhChr were seen in myoblasts
(Figure 2b). In heart, there was a somewhat smaller region
of EnhChr than in SkM. Unexpectedly, despite the gene’s
high level of expression in SkM and the presence of
transcribed chromatin (H3K36me3) in the 3” half of the
gene in both of the SkM samples, the promoter region in
one of the SkM samples displayed EnhChr but no active
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Figure 2. CASQ1 SkM-specific and SkM- and heart-specific enhancer chromatin overlaps regions of SkM-only
DNA hypomethylation. (a) RefSeq gene depictions and RNA-seq data for the CASQ7 gene region and the ends of
the neighboring genes at chr1:160,155,131-160,173,488. For cultured cells, only the transcribed strand of CASQ1 is
shown. (b) Chromatin state segmentation; Enh, enhancer chromatin; Pr, promoter chromatin; LCL, lymphoblastoid
cell line; lung fib., lung fibroblasts; skeletal muscle #1 and #2, psoas muscle and an undesignated type of SkM
sample, respectively; heart, left ventricle; PBMC, peripheral blood mononuclear cells. (c) Bisulfite-seq profiles for the
indicated samples with blue bars above each profile indicating low-methylation regions (LMRs), which had
significantly lower methylation than the rest of the genome [27]; skeletal muscle, psoas. (d) CpG islands and
human/mouse conserved transcription factor binding sites. (e) DNasel hypersensitivity peaks. (f) Human/mouse DNA
sequence conservation. All tracks are from the hg19 reference genome in the UCSC Genome Browser [22] and have
been aligned in this and the subsequent two figures. See text for designations of boxed regions.

promoter-type chromatin (Figure 2b). This anomaly might
be due to the interconversion of enhancer and promoter
chromatin in vivo [40] or to more plasticity in the
functional assignments of H3K4 methylation to enhancers
and promoters [41] than commonly appreciated.

There was a SkM-only LMR overlapping SkM-only
EnhChr immediately upstream of the promoter region of
CASQ!I (Figure 2c, red box on the left). Especially
important to note is the ~2-kb region of EnhChr seen

downstream of the TSS in both SkM and heart that is
hypomethylated only in SkM (Figure 2c, red dotted box).
This region displayed small DHS peaks significantly over
background in SkM but not in heart (Figure 2e, box).
There was also SkM- and heart-specific hypomethylation
overlapping the promoter as well as a constitutively
unmethylated DNA region overlapping SkM- and heart-
specific EnhChr (Figure 2c¢, dotted black lines). The rest of
the EnhChr in SkM was mostly methylated (Figure 2c,
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Figure 3. FBX0O32 enhancer chromatin overlaps foci of SkM-only DNA hypomethylation and heart-specific
DNA hypomethylation foci. (a) Ref-Seq genes and RNA-seq; (b) chromatin state segmentation; (c) bisulfite-seq; (d)
CpG islands and conserved TFBS; (e) DNase-seq; (f) human/mouse DNA sequence conservation as described for
Figure 2. The region shown is chr8:124,506,725-124,564,335.

gray highlighting). The 5’ end of CASQ! is only about 47
kb from the 3’ end of ATP1A42, another of the studied
genes with high expression specifically in SkM (Table 1).
Between ATP1A42 and CASQ! is the ATP1A4 gene (Figure
2a), which is largely testes-specific and is expressed only
very weakly in SkM [38].

FBX032 encodes atrogin-1, an E3 ubiquitin ligase
found predominantly in SkM. It plays a critical role in
protein degradation, especially in SkM, e.g., during aging
and cachexia [42]. It has also been implicated in cardiac
myopathy [43]. It is expressed at high levels in SkM, at
moderate levels in Mb and heart, and at low levels in some
non-muscle tissues [38] and cell cultures (Table 1 and
Figure 3a) consistent with the larger amounts of EnhChr
found in muscle than in non-muscle samples (Figure 3b).

With the exception of a small EnhChr region upstream of
the gene in SkM (Figure 3b, red box), SkM and heart were
similar to each other in the distribution of EnhChr in the
vicinity of FBXO32 despite the eight-fold higher level of
FBXO032 RNA in SkM relative to heart. However, as for
CASQI, there was a subregion of the SkM-and-heart
specific EnhChr that was significantly hypomethylated
only in SkM (Figure 3c, red dotted box). Importantly,
there was also an EnhChr subregion in heart that was
significantly hypomethylated just in that tissue (Figure 3c,
blue box).

MYOD1 encodes the myogenesis-specific subunit of
one of the most important SkM-lineage specific
transcription factors (TFs) [44], namely, the MYOD
protein. This gene has very low expression in SkM, no
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Figure 4. Similar MYOD1 super-enhancer regions are seen in SkM tissue, myoblasts, and myotubes despite
much lower expression in SkM. (a) Ref-Seq genes (including an ncRNA gene LOC102723330 expressed
specifically in myoblasts [46]) and RNA-seq; (b) chromatin state segmentation; (c) bisulfite-seq with the distance for
three of the SkM-only LMRs from MYOD1 indicated; the fourth SkM-only LMR overlaps the 0.3-kb core enhancer,
which is 20 kb upstream of MYOD1; (d) CpG islands and conserved TFBS; (e) DNase-seq; (f) human/mouse DNA
sequence conservation as described for Figure 2. The region shown is chr11:17,690,340-17,754,520 region and does
not include the previously described [46] myoblast- and myotube-specific EnhChr region at 67 kb upstream of
MYOD1 but does show the myoblast- and myotubes-specific EnhChr region at 45 kb upstream of the gene (dotted

black box, panel b).

detectable expression in other tissues, and very high
expression specifically in myoblasts and myotubes (Table
1, Figure 4a). In mouse myotubes, a ~36-kb super-
enhancer situated mostly upstream of MyoDI was defined
on the basis of dense binding of the MyoD TF protein
[33]. Two super-enhancer prediction programs using
H3K27ac profiling [31,45] identified a 40 kb MYOD1
super-enhancer in this region in human SkM (Figure 4b,
dashed purple line), which displays much DNA sequence
conservation between the human and mouse genomes
(Figure 4f). Human myoblasts and myotubes exhibited a

similar H3K27ac-based super-enhancer but with
additional 2-kb and 6-kb EnhChr regions centered at ~45
and 67 kb upstream of MYOD], respectively (Figure 4b
dotted black box and [46]). These two EnhChr regions
were missing in SkM tissue (Figure 4b, dotted green box
and a further upstream region that is not shown). These
regions can extend the super-enhancer further upstream
specifically in myogenic progenitor cells. Bisulfite-seq
data are available for a SkM sample but not myoblasts or
myotubes. In SkM, we observed four SkM-only LMRs
upstream of MYOD] in the SkM super-enhancer (Figure
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Figure 5. Loss of most activity for a
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4c, boxes). They also overlap four SkM-only DHS (Figure
4e, boxes). One of these contains the strong, independent
258-bp core enhancer for MYOD1/MyoD1 [47,48], which
is 20 kb upstream of the gene (Figure 4c, highlighting and
gray arrow). Another overlaps the independent 0.7-kb
enhancer 5 kb upstream of the gene (-5kb enhancer, Figure
4c, box on right). The core enhancer was situated in one
of the subregions with a cluster of predicted [22]
transcription factor binding sites (TFBS) conserved
between mouse and human genomes (Figure 4d).

Like MYODI, PRKAG3 is expressed much less in
SkM than in myoblasts but nonetheless displayed a super-
enhancer specifically in SkM and even more EnhChr in
SkM than in myoblasts and myotubes (Table 2 and data
not shown). This gene encodes a SkM-associated subunit
of an AMP-activated protein kinase that plays a key role
in controlling cellular energy metabolism in SkM in
response to physiological changes [49]. The PRKAG3
super-enhancer in SkM contained a SkM-specific LMR
and DHS embedded in SkM-only EnhChr (Table 2).
However, the DHS over the smaller EnhChr region in
myoblasts were much more prominent than in SkM (data
not shown).

Methylation of Only Three CpGs in the MYOD1 Core
Enhancer Strongly Represses its Activity

We tested the effect of DNA methylation on the
enhancer activity of the 258-kb MYODI/Myod]I core
enhancer [47,48] because this enhancer is highly

methylated in vivo in non-muscle tissues and cells but
mostly or completely unmethylated in SkM and myoblasts
(Figure 4c, highlighting; [50,51].We cloned a 381-bp
human DNA fragment containing the core enhancer and
inserted it downstream of a luciferase reporter gene in a
vector with a minimal promoter (EEF1A1) engineered to
be free of CpGs like the rest of the vector (pCpGfree-
promoter-Lucia; Figure 5a). The only CpGs in the final
construct were the three in the MYOD! core-enhancer
insert. Upon transfection into a mouse myoblast cell line
(C2C12) and assay 48 or 72 h after transfection, luciferase
activity was just barely detectable from the vector-only
plasmid and was stimulated more than 1000-fold by the
MYODI core enhancer insert (Figure 5b, untreated vs.
vector). CpG methylation (M.Sssl) gave an eight-fold
decrease in luciferase activity relative to the mock-
methylated plasmid (Figure 5b). When we compared
reporter gene activity 24, 48, and 72 h after transfection,
the methylation-induced silencing of luciferase activity
was no less at the longer incubation periods (data not
shown). Using a non-myogenic cell line (MCF-7, breast
cancer cells) as the host cells for transfection of the
unmethylated plasmid, we obtained almost 100-fold lower
luciferase activity relative to myoblast host cells, but low
amounts of enhancer activity were nonetheless clearly
detected in multiple transfection assays (Figure Sc,
untreated vs. vector). Methylation of the enhancer
abolished detectable enhancer activity in MCF-7 cells
(Figure 5c).
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DISCUSSION

Many recent studies of mammalian epigenetics used
whole-genome data to look for significant associations
with tissue-specific expression. In this report, we address
the related, but different, question of whether all, most, or
just many of the genes that we selected for highly
preferential expression in SkM display SkM-specific
EnhChr and overlapping SkM-specific = DNA
hypomethylation when compared with heart and non-
muscle tissues. We found that SkM-only intragenic or
intergenic EnhChr was in all of the 44 studied genes and
so probably plays a major role in their SkM-specific
expression. EnhChr should reflect and facilitate specific
TF binding, which underlies its role in upregulating gene
expression [52]. The SkM-only EnhChr regions that we
observed were unusually large. Half of the genes were
linked to a super-enhancer specifically in SkM (Tables 1
and 2). Super-enhancers and the related term “stretch
enhancers” [53] have been characterized as large, strong
tissue-specific enhancers associated with expression of
key cell-identity genes [33,52]. It was reported that some
super-enhancers might act on distant genes [52]. Among
the four neighboring pairs of SkM-associated genes that
we found, three gene-pairs had only one gene that
overlapped or was adjacent to a super-enhancer. This
suggests that higher-order SkM-specific multi-genic
chromatin structures are involved in activating these genes
in SkM from a single super-enhancer per pair.

Some of the EnhChr in the 44 genes was specific to
both SkM and heart. This dual-specificity EnhChr was
significantly correlated with elevated expression in heart
(Figure 1). The SkM/heart epigenetic overlap is not
surprising because many genes encoding contractile
proteins are selectively expressed in both heart and SkM
[54]. The shared chromatin epigenetics suggests that TFs
establishing this SkM/heart EnhChr are common to both
tissue types.

There were also correlations between epigenetics,
transcription, and developmental stage within the muscle
lineage. For example, CASQ! (Figure 2b), TNNC2 and
TNNI2 had much more extensive SkM-lineage specific
EnhChr in SkM relative to myoblasts and correspondingly
more expression in SkM while the opposite was the case
for CHRNAI (Tables 1 and 2 and data not shown). High-
level expression of the myopathy-linked CASQ! [55] in
SkM tissue, but not in myoblasts, is consistent with its
encoding a sarcoplasmic protein. In myoblasts, CASQ!
had only two small EnhChr regions (Figure 2). The broad
EnhChr encompassing these sites in SkM is likely to have
been derived from spreading of EnhChr subsequent to the
myogenic progenitor stage.

Many reports provide evidence for the involvement
of DNA hypomethylation in the establishment or
maintenance of enhancers [16,18,56-58]. In our study,
SkM-only DNA hypomethylation was observed
overlapping SkM-only EnhChr in 80 percent of the 44
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SkM-associated genes. These hypomethylated regions in
SkM EnhChr usually were just foci of hypomethylated
DNA surrounded by high or partial [59] DNA
methylation, similar to enhancers described in a recent
study of a cancer cell line [60]. The importance of the
SkM-only DNA-hypomethylated foci within EnhChr is
suggested by our finding that almost all of the genes
displaying EnhChr regions shared by SkM and heart
contained foci of SkM-only DNA hypomethylation
(Tables 1 and 2). These hypomethylated foci within
EnhChr may increase the enhancer’s SkM specificity,
probably by facilitating tissue-specific TF binding [61,62],
and can also reflect the consequences of specific TF
binding [63].

In addition to EnhChr hypomethylation, we also
observed frequent SkM-only promoter hypomethylation
but only at CpG-poor promoters (non-CGI promoters,
Tables 1 and 2). Tissue-specific promoter
hypomethylation at non-CGI promoters is much less
common throughout the genome than is constitutive
unmethylation at CGI promoters [37]. There were fewer
SkM-preferentially expressed genes displaying SkM-only
promoter hypomethylation than enhancer
hypomethylation in the studied EnhChr regions (57 and
89 percent of the genes, respectively). Both SkM promoter
hypomethylation and enhancer hypomethylation are likely
to be related to the establishment or maintenance of
differential gene expression.

HOXCI10 is exceptional among the 44 examined
SkM-associated genes because it was the only one that did
not display some SkM-specific hypomethylation in its
vicinity but instead the HOXCI(0 gene region was
constitutively unmethylated (Table 2). It is part of the
tightly co-regulated HOXC gene cluster. We previously
reported that this gene cluster displays a continuous
multigenic promoter/enhancer region specifically in
myoblasts and myotubes compared with non-myogenic
cell cultures [64]. The expression of many adjacent genes
in this gene cluster is specific for SkM tissue and
myogenic progenitor cells (Table 2). Furthermore, the
HOXC gene cluster overlaps a multigenic super-enhancer
and is bordered by hypermethylated DNA specifically in
SkM (this study) as well as in myoblasts and myotubes
[64]. These results suggest that SkM tissue and myogenic
progenitor cells both use a similar DNA hypermethylated
border around this multigenic cluster [20] to co-regulate
expression of these developmental TF-encoding
homeobox genes. This DNA hypermethylation might help
prevent the spreading of activating histone modifications
to genes on the periphery of the cluster as well as the
intrusion of repressive H3K27me3 marks from outside the
cluster [64].

The completely SkM-lineage specific expression of
MYOD1, a myogenic TF-encoding gene [54], is due to its
strong upstream tissue-specific enhancer elements [47,48].
It has only a weak and non-specific promoter while its
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upstream super-enhancer in myogenic progenitor cells
[33,46] encompasses the well-known SkM lineage-
specific 258-bp core enhancer and 0.7-kb enhancer [47]
located about 20 and 5 kb upstream of the mouse and
human MyoD1/MYODI genes (Figure 4). Both human
SkM tissue and myogenic progenitor cells have a ~40-kb
super-enhancer even though MYOD/ is expressed at only
very low levels in SkM, unlike in myoblasts and myotubes
(Figure 4 and Table 2; [46]). Although super-enhancers
are usually associated with high-level expression of the
associated genes [33], there are differences between the
epigenetics of the MYOD1 super-enhancer in SkM and
myogenic progenitor cells that can help explain their very
large differences in expression of MYODI. In myoblasts
and myotubes, we reported [46] that the MYOD] super-
enhancer extends further upstream than previously noted
[33] and includes EnhChr regions 45 and 67 kb upstream
of MYOD1. These EnhChr regions are close to the ear-
specific OTOG gene, the nearest upstream gene to
MYODI. In the present study, we found that EnhChr is
missing from these two regions in SkM tissue (-45kb in
Figure 4b and -67kb, data not shown). The -67kb region,
like the core enhancer and the -5kb enhancer, binds the
Myod/MYOD TF at orthologous mouse/human DNA
sequences [32,46]. MYOD1/Myod1 is as an autoregulatory
TF gene [65]. The autoregulation probably includes
binding of the MYOD enhancer-regulatory TF [32,66] to
the most distant EnhChr region within the MYOD super-
enhancer of myogenic progenitor cells.

The positive MYOD 1 autoregulatory circuit can help
explain the maintenance (although not the establishment)
of much lower MYOD] super-enhancer activity in SkM
than in myogenic progenitor cells. Our finding of less
open chromatin at the core enhancer and the -67kb
EnhChr in SkM vs. in myogenic progenitor cells (Figure
4e, arrow and [46]) could reflect less binding of MYOD
protein to this enhancer in muscle fibers than in myoblasts
and myotubes. Why the specific DHS at the -5kb enhancer
was equally large in both types of samples remains to be
determined but is consistent with the -5kb enhancer
playing more of a role in maintaining MYOD1/MyoD1
expression in differentiated cells than does the core
enhancer, which is more associated with fetal myogenesis
[21]. However, it has been proposed that the core and
-5kb enhancers can cooperate with one another as well as
being able to act independently of each other [47]. They
probably cooperate within the context of a super-enhancer,
as proposed for constituent enhancers in other super-
enhancers [12].

There still remain major questions about the MYOD1
super-enhancer. Why is its core enhancer situated so far
from the MYOD1 gene? Why is this 258-bp constituent
enhancer surrounded by tens of kilobases of super-
enhancer chromatin despite being highly active on its
own? What is the function of its tissue-specific DNA
hypomethylation? The MYODI core enhancer is
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hypomethylated in SkM and myogenic cell cultures
relative to non-muscle samples [50,51], as confirmed for
SkM tissue in the present study. Our transfection results
show that in vitro methylation targeted to the MYOD! core
enhancer in a reporter plasmid used for transfection of
mouse myoblasts reduced its activity about eightfold even
though it contains only three CpGs. (Figure 5b). DNA
hypomethylation in the MYOD! super-enhancer in SkM
tissue may be part of the epigenetic memory [17,67] that
facilitates increased activation of this super-enhancer at
physiologically relevant times in postnatal muscle.

However, demethylation of the MYODI core
enhancer in the SkM lineage, while probably part of core
enhancer activation, is not sufficient for its activity [68].
We observed that a reporter gene construct with a
downstream unmethylated core enhancer transfected into
a breast cancer line (MCF-7) gave only about 1 percent
the reporter gene activity than it did in myoblasts (Figure
5b and c), probably, in part, due to the absence of
MYOD/Myod TF in the cells. However, even in MCF-7
cells, there was reproducibly about three times more
reporter gene activity in the presence of the core enhancer
relative to the vector-only control plasmid. Given the
absolute specificity of expression of MYOD1 for the SkM
lineage in vivo, embedding the core enhancer in so much
regulatory chromatin might be necessary to completely
repress MYOD] expression in non-muscle cells and to
fine-tune the timing and level of expression of this gene
prenatally and postnatally.

Postnatally, SkM tissue is unusually dynamic in its
inter-conversion from one fiber type to another in
response to physiological demands and environmental
signals. SkM also requires postnatal repair. Differential
expression of MYOD] at the transcription level is involved
in these processes [69-71]. PRKAG3, another of the genes
we studied, is linked to ameliorating muscle fatigue and
controlling a metabolic signaling cascade [72]. Like
MYODI, PRKAG3 is implicated in responses to changing
usage of SkM, including fiber-type switching [49].
PRKAG3 is also similar to MYOD! in exhibiting a SkM-
specific super-enhancer with DNA hypomethylated
subregions despite much lower expression in SkM than
myoblasts (Table 2). Because there is only low expression
of MYOD1 and PRKAG?3 in normal SkM, we propose that
their super-enhancers are poised for upregulation. Poised
EnhChr is typically categorized as displaying H3K4mel
enrichment but little or no H3K27ac in the vicinity of
other genes [2,73,74]. In contrast, the MYODI and
PRKAG3 super-enhancers in SkM are enriched in both
H3K27ac and H3K4mel. SkM fibers may harbor pre-
existing, poised or weak super-enhancers for these genes
to allow their rapid upregulation in response to
environmental signals similar to what has been proposed
for some inflammation-activated super-enhancers in
mouse macrophages [75]. For the MYODI super-
enhancer, such up-regulation may involve increased levels
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of active MYOD protein (possibly including post-
translational activation of the MYOD TF [76,77])
positively controlling the enhancer activity as part of the
above-mentioned autoregulation.

Methylated DNA surrounded a focal region of SkM-
only DNA hypomethylation in most of the studied genes.
However, on the basis of bisulfite-seq profiles, which
were used to track DNA methylation in this study, we
cannot distinguish SmC from the much less abundant but
more dynamic ShmC [78]. Unlike SmC, ShmC has been
reported to be enriched in active enhancers [20]. Using a
quantitative assay (Epimark) for ShmC and 5mC at
specific CpG sites, we recently demonstrated that ShmC
replaces some of the SmC in specific regions of super-
enhancer chromatin of MYOD! in SKM, but not in heart or
leukocytes [46]. In addition, some of the SmC near the
core enhancer of myoblasts and myotubes is replaced by
ShmC. We propose that high levels of DNA methylation
or hydroxymethylation around foci of DNA
hypomethylation in enhancers are needed to set up borders
to prevent spreading or contraction of these foci [20] as
well as to regulate repressive elements within the enhancer
[75] and thereby help fine-tune enhancer activity.
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