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Notch intercellular signaling is critical for diverse developmental pathways and for homeostasis in various types of
stem cells and progenitor cells. Because Notch gene products need to be precisely regulated spatially and temporally,
epigenetics is likely to help control expression of Notch signaling genes. Reduced representation bisulfite sequencing
(RRBS) indicated significant hypomethylation in myoblasts, myotubes, and skeletal muscle vs. many nonmuscle samples
at intragenic or intergenic regions of the following Notch receptor or ligand genes: NOTCH1, NOTCH2, JAG2, and DLL]I.
An enzymatic assay of sites in or near these genes revealed unusually high enrichment of 5-hydroxymethylcytosine (up
to 81%) in skeletal muscle, heart, and cerebellum. Epigenetics studies and gene expression profiles suggest that hypo-
methylation and/or hydroxymethylation help control expression of these genes in heart, brain, myoblasts, myotubes,
and within skeletal muscle myofibers. Such regulation could promote cell renewal, cell maintenance, homeostasis, and a

poised state for repair of tissue damage.

Introduction

Notch intercellular signaling is essential to cell fate decisions
during differentiation, especially in stem cells and progenitor
cells. It is also involved in controlling proliferation, survival,
and homeostasis in many cell types. Notch signaling genes are
targets for pathogenic mutations, including those associated
with cancer.? In the skeletal muscle lineage, Notch signaling
is implicated in the quiescence of postnatal muscle stem cells
(satellite cells), the proliferation of myoblasts (Mb)—which are
activated satellite cells—and the transient inhibition of termi-
nal differentiation of Mb into multinucleated myotubes (Mt).>
Among other cell types that Notch signaling guides into self-
renewal or differentiation pathways are cardiac’ and neural
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stem cells.® In canonical Notch signaling, the Notch receptor
protein (NOTCHI1, NOTCH2, NOTCH3, or NOTCH4 in
human cells) spans the cell membrane as a heterodimer of the
proteolytically cleaved precursor protein. The heterodimer is
activated upon interaction with a Notch ligand (DLL1, DLL3,
DLL4, JAGI, or JAG2) on the membrane of an adjacent cell and
then cleaved to yield a NOTCH protein fragment that migrates
to the nucleus. In the nucleus, this fragmented, active form of
NOTCHI or NOTCH?2 converts a transcription regulatory pro-
tein (RBPJ) from being a repressor to being an activator, thereby
inducing expression of key genes.>*! Different Notch receptors
and ligands play different cell-type specific roles. For example,
NOTCHI, but not NOTCH2 or NOTCH3, is implicated in stim-

ulating proliferation of porcine muscle satellite cells, even though
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all three genes are expressed in these cells.”? Many important
details of Notch signaling pathways are yet to be elucidated.
Levels of Notch receptors and ligands have to be tightly regu-
lated in a spatial and temporal manner to control different out-
comes, even in a given cell type. For example, when a muscle
satellite cell is induced to divide, different levels of active Notch
receptor can promote quiescence in one progeny cell and division
in the other.” Posttranscriptional regulation and posttranslational
regulation play major roles in controlling levels and cellular local-
ization of active Notch receptor and ligand proteins.'*' Cell-type
7 suggest dif-
ferential transcription of these genes. Despite the importance of

specific differences in steady-state transcript levels

Notch signaling to the generation and maintenance of skeletal

muscle,”?°

only one previous report described DNA methylation
in the vicinity of a Notch receptor gene in the muscle lineage, and
that involved only small subregions around the transcription start
site (TSS) of Notch1."” A few CpG sites showed treatment-specific
differences in C2C12 mouse Mb, but that differential methyla-
tion was of uncertain statistical significance.

Here we use genome-wide profiles of DNA methyla-
tion (reduced representation bisulfite sequencing, RRBS;
ENCODE*#) from large numbers of different types of human
samples, including Mb, Mt, and postnatal skeletal muscle, to
identify statistically significant, differential methylation of
Notch signaling genes in the muscle lineage. In addition, we ana-
lyzed genomic profiles for histone modification, open chromatin
(DNasel hypersensitivity), and transcripts (RNA-seq) to compare
genes encoding Notch receptors or ligands in Mb, Mt, and many
nonmuscle cell cultures. We also assayed for myogenesis-associ-
ated increases in genomic 5-hydroxymethylcytosine (ShmC) in
differentially methylated regions (DMRs) within Notch signal-
ing genes. This sixth base in vertebrate DNA plays very differ-
ent roles from 5mC, e.g., 5ShmC at enhancers is often associated
with their activation, while 5mC is usually associated with their
repression.?*** It was recently found that 5ShmC is enriched in the
body of NOTCHI and DLLI genes during neural differentiation
of human embryonic stem cells (ESC)* and within NOTCH],
NOTCH3, DLLI, and JAG2 in human brain tissue.? Identifying
and quantifying this base in genes from skeletal muscle DNA
is of particular interest because we previously found that RNA
levels for the 5ShmC-generating TET1 and TET2 enzymes are
particularly high in Mb and Mt vs. many other normal cell cul-
tures and that global genomic 5ShmC levels are higher in skeletal
muscle than in Mb, Mg, and leukocyte samples.?

Results

Hypomethylation in or near NOTCHI, JAG2, DLLI,
NOTCH2, and LENG in the skeletal muscle lineage

Analysis of CpG methylation data obtained by RRBS¥ from
diverse human samples indicated that NOTCHI has very many
myogenic hypomethylated CpG sites within the gene body in
both adult-derived myogenic progenitor cells (Mb and Mt) and
skeletal muscle tissue (Fig. 1A and D). Given the importance of
NOTCHLI receptor protein in many developmental, homeostasis,
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and disease pathways"? and to skeletal muscle formation in par-
ticular,® we focused on the DNA and chromatin epigenetics of
NOTCHI and other Notch signaling genes. The determination
of myogenic DM sites or DMRs involved comparison of 9 Mb or
Mt samples as a set (MbMt) with 16 types of cell cultures derived
from noncancerous tissue, and also skeletal muscle with 14 types
of nonmuscle tissue (ENCODE?2228), Mb and Mt were consid-
ered as a set because they showed very modest numbers of differ-
ences in their DNA methylation between each other, compared
with their differences from nonmuscle cell cultures.?> NOTCH1
had 16 MbMehypomethylated and 27 skeletal muscle-hypo-
methylated CpGs that were clustered in a 2.8-kb subregion of
intron 2. Only six genes displaying myogenic hypomethylation
(out of 2595 genes with associated MbMt-hypomethylated sites
and 3165 genes with skeletal muscle-hypomethylated sites??) had
more intragenic sites in both myogenic progenitor cells and mus-
cle tissue (PRKARIB, CBFA2T73, MADIL1, HDAC4, KCNAB2,
and PTPRN2 with 21-54 and 30-87 MbMt and muscle-hypo-
methylated sites, respectively).

Further evidence for muscle-lineage specific, cis-acting tran-
scription regulation from this subregion came from MyoD ChIP-
seq profiles of C2C12 mouse Mb and Mt.?” Two sequences at
either end of the enhancer-like DMR that we identified in Mb
and Mt were orthologous to C2C12 sequences that were bound
strongly in Mb and Mt by the myogenic transcription factor
MyoD (Fig. S1C). Moreover, the DMR overlapped several peaks
of DNasel hypersensitivity (DHS) that were present in Mb and
Mt but not in nonmuscle cell cultures (Fig. 1C, orange box;
Fig. S1D). Importantly, the central DHS seen in Mb and Mt
at this enhancer-like region (as determined by histone modifica-
tions; ENCODE, Broad Institute) was retained in adult skeletal
muscle (Fig. S1D, orange boxes). In addition, the intergenic region
upstream of NOTCHI had a myogenic hypomethylated DMR
observed at both the tissue and progenitor cell stages (Fig. S2).
These results suggest the biological importance of NOTCHI1
protein within the muscle fiber itself (probably only transiently
or at low levels) in addition to the previously described roles of
NOTCHI in satellite cells and Mb.”'* Skeletal muscle-associated
epigenetic features should reflect the epigenetics of the nuclei
within the syncytial myofibers (Fig. 2A) because satellite cells
constitute only a few percent of the nuclei in adult muscle and
because Mb and Mt are yet scarcer in normal mature muscle."”
Small DMRs with significant myogenic hypermethylation in the
vicinity of NOTCH1 were also seen in Mb and Mt although not
in muscle (Fig. 1A, pink box; Fig. S2A). Importantly, most of
these myogenic hypermethylated DMRs overlapped sites display-
ing hypomethylation in lymphoblastoid cell lines (LCLs) com-
pared with most non-LCL cell types (Fig. 1D, pink box). This
suggests that the Mb and Mt hypermethylation is counteracting
potential regulatory elements activated in LCLs.

Using the Cufflinks tool,?® we analyzed pre-existing RNA-seq
profiles of Mb and five nonmyogenic cell cultures (ENCODE/
California Institute of Technology, http://genome.ucsc.edu) and
our newly generated profiles of Mb and Mt RNA-seq (Table S1).
NOTCHI canonical transcripts were present in Mb and Mt.
Notch signaling inhibits differentiation of Mb to Mt ? but the Mt
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used in all these analyses were not in the process
of differentiating, but rather already maximally
differentiated (4-to-5 d after induction of dif-
ferentiation of Mb to Mt by serum restriction).
NOTCHI was expressed at higher levels in ESC,
umbilical vein endothelial cells (HUVEC) and
keratinocytes (NHEK) than in Mb. NOTCHI
RNA was reported to be present at only low
steady-state levels in mature skeletal muscle,
although exercise is known to induce the forma-
tion of more of this RNA."® Many tissues, such as
heart and lung, have much higher expression.*!

JAG2, like NOTCH]I, is implicated in myo-
genesis.”? We found MbMt hypomethylation
and muscle hypomethylation in a JAG2 intron
overlapping myogenic enhancer-type chromatin,
DHS peaks, and C2Cl12-deduced MyoD bind-
ing” (Fig. 3). In addition, DNA hypomethyl-
ation in skeletal muscle, Mb, and Mt was found
in or near the following genes encoding a Notch
ligand, receptor, or receptor-modifying enzyme:
DLLI (downstream, Fig. 4A), NOTCH?2 (in the
3’ terminus of one of the gene isoforms, Fig. S3A),
and the NOTCHI1 glycosyltransferase-encod-
ing LFNG® (upstream of the promoter region,
Fig. $3B). Some small intergenic regions with
DLLI and LFNG hypomethylation overlapped
myogenic enhancer-like chromatin (Fig. 4B;
Fig. S3B, orange boxes in chromatin state tracks).
These genes were all appreciably expressed in Mb
and Mt samples (Fig. 4E; Fig. S3; Table S1) and
skeletal muscle.”® NOTCH3, which had only
one muscle-hypomethylated DM site in its last
exon detectable by RRBS (data not shown), and
NOTCH2 were expressed at moderately high lev-
els in Mb and Mt (Table S1). Most of the MbMt
hypomethylation in or near the Notch signaling
genes did not overlap CpG islands.

High levels of 5hmC at sites in NOTCH]I
and JAG2 and near DLLI in specific tissues

RRBS can detect both 5ShmC and 5mC as
“methylated.”® Because of this and our desire
to study more skeletal muscle samples than were
profiled by RRBS (two biological replicates),
we quantified 5mC and 5hmC at representa-
tive CCGG sites within myogenic DMRs. This
was done with an enzyme assay that involves T4
phage B-glucosyltransferase, restriction endo-
nucleases, and quantitative real-time PCR.** We
compared a variety of samples from skeletal mus-
cle and myogenic progenitor cells, including mul-
tiple samples of cardiac muscle and brain. Brain
is known to be much more enriched in 5hmC

than most of the other studied human samples.?*** Moreover,
in NOTCH] intron 2 at the subregion containing the myogenic
DMR, brain tissue was one of the few other samples that shared
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Figure 1. Myogenesis-associated hypomethylation and chromatin epigenetic marks in
NOTCH1 intron 2: whole-gene view. (A) Significantly hypomethylated (green) or hyper-
methylated (red) DMRs for the set of Mb +Mt samples vs. 16 types of nonmuscle cell cultures
and for skeletal muscle vs. 14 types of nonmuscle tissue. Wide green bars, the DMR encom-
passing MbMt- or muscle-hypomethylated CpG sites. (B)The predicted chromatin structure
(enh, enhancer; prom, promoter; transcr, transcriptionally active) based mostly on histone
modifications.”” (C) DNasel-hypersensitivity mapping by DNasel-seq.?? (D) Examples of
RRBS data and the positions of CpG islands. Using an 11-color, semicontinuous scale (see
color guide), the RRBS tracks indicate the average DNA methylation levels at each moni-
tored CpG site from the quantitative sequencing data.?*?® The RRBS data are shown for four
independent Mb cultures and for Mt preparations derived from them, three skin or foreskin
fibroblast cultures, five independent LCLs, H1 ESC, skeletal muscle, brain, and leukocytes, as
described previously.?? The orange boxes in (A-C) indicate overlapping epigenetic features
and other boxes indicate other noteworthy epigenetic features. All tracks are aligned. The
chr9:139,386,830-139,447,728 (hg19) region is shown. Mt exhibited histone modifications
patterns similar to Mb in the regions shown in this figure and in those of subsequent figures
(not shown). See Figure S1 for a close-up of the myogenic DMR and its features that cannot
be seen well in this whole-gene view.

very low methylation levels (Fig. 1D, blue box), so that it was of
much interest to quantify methylation and hydroxymethylation
in that subregion in multiple samples of brain.
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Hypothesized Notch signaling at the sarcolemma

A Part of a muscle fiber
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Figure 2. Cartoon illustrating the muscle satellite cell niche and the
hypothesized Notch signaling involving the sarcolemma. (A) lllustration
of how satellite cells are wedged between the basal lamina and the sar-
colemma (plasma membrane of the myofiber). (B) Diagram of Notch
signaling from a myofiber to an associated satellite cell. (C) Diagram of
Notch signaling from the satellite cell to the myofiber.

Surprisingly, we found high levels of ShmC in the central
CCGG in NOTCHI's myogenic DMR in intron 2 in skeletal
muscle (38% + 12%, SD) and cerebellum (29% =+ 13%), and
extraordinarily high levels in heart (81% + 3.8%), while only low
levels were seen in leukocytes (4.2% + 5.4%; Fig. 5A and B). The
substantial levels of ShmC in skeletal muscle, brain, and heart
samples were often accompanied by much less 5SmC (Fig. 5A).
We also quantified 5hmC and 5mC at a CpG site in the myo-
genic DMR located 97 kb downstream of DLLI (Fig. 4A and
F) and at an exon 32 site in NOTCHI (Fig. 1D) that was highly
methylated in almost all 15 tissues examined by RRBS (average
methylation in nonmuscle tissues, ~79%; average methylation in
skeletal muscle, ~85%; >90% methylation in all examined cell
cultures including Mb and Mt). We found that both sites were
enriched in 5ShmC in skeletal muscle, heart, and brain (Fig. 5B).
Leukocytes again had little or no 5ShmC at these sites. In contrast
to the tested CCGG sites associated with NOTCHI or DLLI,
which were rich in 5hmC in skeletal muscle, heart, and brain, the
assayed myogenic DMR site at intron 5 of JAG2 had an average
of only 0.4% 5hmC in three skeletal muscle samples (Fig. 5B,
arrow) although brain and heart had high levels of ShmC at this
site. Therefore, the assayed sites in myogenic intronic DMRs of
JAG2 and NOTCHI differed strongly in their 5ShmC content in
skeletal muscle tissue despite sharing epigenetic features in myo-
genic progenitor cells (Figs. 1, 3, and 5).

We also examined three other CpG sites in the following loca-
tions: in exon 20 of NOTCHI (by RRBS, the site was >90%
methylated in most examined cell types and tissues), in a subre-
gion 56 kb downstream of DLLI (by RRBS, average methylation
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in skeletal muscle and in myogenic progenitor cells, ~76 and
~93%, respectively; in non-muscle tissues, ~53%, and in most
non-muscle cell cultures, >90%), and in a myogenic hypometh-
ylated DMR in exon 24 of NOTCH?2. The enzymatic assay indi-
cated that the DLLI 56-kb downstream CpG site had high levels
of 5hmC in skeletal muscle, heart, and brain. The NOTCH?2 site
and the VOTCHI exon 20 site had low levels of 5ShmC in skel-
etal and cardiac muscle but more in brain (Fig. 5B). Our com-
parison of three distant subregions in NOTCHI indicates that
5hmC can be present throughout this moderately large gene but
with an inhomogeneous distribution, as was seen at NOTCHI
in neural progenitor cells obtained by in vitro differentiation of
ESC.” Most of the examined ShmC-containing sites in skeletal
muscle, heart, and brain had much more 5hmC than 5mC. This
is especially noteworthy because 5SmC levels are usually higher
than 5hmC levels at a given CpG position that is positive for
5hmC (unpublished data).3¢ At all tested CCGG sites, there
were negligible amounts of 5hmC in most Mb samples. Although
the levels were low, a joint analysis of the data using a general-
ized linear model indicated that significantly more ShmC was
found in Mt than in Mb at these sites (P = 0.004). Therefore, we
propose that at the assayed NOTCHI and DLLI sites, hydroxy-
methylation begins at the Mt stage and increases later.

Discussion

Much attention has been focused lately on Notch signaling,
including its participation in the regeneration of injured skeletal
muscle, its contribution to brain function, and its roles in cardiac
disease and other diseases.>'>?”% Our study provides the first evi-
dence that the multilayered control of Notch signaling in the skel-
etal and cardiac muscle lineages may include differential cytosine
methylation and hydroxymethylation within or near Notch signal-
ing genes. It also confirms the enrichment of ShmC within the
6 We propose that differ-
ential DNA methylation and hydroxymethylation help fine-tune

body of Notch signaling genes in brain.

expression of these genes in Mt, myofibers, cardiac muscle, and
brain as well as in muscle satellite cells and Mb.”® The unusually
high ratios of 5hmC to 5SmC that we found at tested intragenic and
intergenic CpG sites of various Notch signaling genes in skeletal
muscle tissue, brain, and heart, but not in Mb or Mt, are consis-
tent with the proposed tissue- and stage-specific role for ShmC in
regulating transcription of these genes.

The differential DNA methylation associated with NOTCHI,
NOTCH?2, and JAG2 in Mb and Mt vs. nonmuscle cells was
observed mostly in the gene body rather than the promoter or
upstream region. This is in accord with the genome-wide trends
in the distribution of myogenic hypomethylation or hypermeth-
ylation among gene subregions that we previously described* and
with the general finding that hypomethylated intragenic DMRs

are often related to cis-acting gene regulatory elements.??%4

It is likely that the MbMt DNA hypomethylation in introns of
NOTCHI and JAG2 contributes to the activity or stabilization
of previously undescribed myogenic enhancers because each of
these myogenic DMRs overlapped a chromatin segment that had
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histone modifications characteristic of
active enhancers in Mb and Mt but not
in the studied nonmuscle cell types. This
finding and the myogenic DHS peaks
suggest that despite the modest levels
of expression of these genes in Mb and
Mg, their transcription is regulated in a
cell type-specific manner. Similarly, we
found enhancer-like chromatin located
in cell type-specific intragenic positions
of NOTCHI and JAG?2 even in differ-
ent cell types expressing these genes at
similar levels (e.g., Mb and LCL cul-
tures, Fig. 1; Table S1A). We hypoth-
esize that the control of Notch signaling
genes relies on using differential DNA
methylation and, in certain tissues,
cytosine hydroxymethylation, as one of
the mechanisms to exactly adjust their
RNA levels. Such fine-tuning could
be necessary because Notch signaling
guides diverse cell-fate decisions.?

Mature skeletal muscle relies on
NOTCHI for repair of injury'#413
but NOTCHI protein was previously
not detected in myofibers of murine
skeletal muscle explants although it was
observed in the explants’ satellite cells
and Mb.** Therefore, it was surprising
that RRBS profiles revealed a cluster of
skeletal muscle-hypomethylated DM
sites at the same intronic subregion of
NOTCHI (and JAG2) in which hypo-
methylation was seen in Mb and Mt.
Enzymatic assay of selected CCGG
sites in NOTCHI suggests that, after
the Mt stage, 5ShmC replaced much of
the unmethylated C at a DMR site and
much of the methylated C at one of two
tested non-DMR sites (Fig. 5). That
similar results were obtained for two
intergenic regions of DLLI, a Notch
ligand, is consistent with a role for DNA
epigenetic changes in the regulation of
expression of Notch signaling genes in
skeletal muscle as well as in myogenic
progenitor cells.

Our finding of unusually high levels
of 5ShmC, >75% of total C, in all three
heart samples at the tested NOTCHI
DMR site could indicate that 5ShmC at
this site is especially important in post-
natal cardiac muscle. Control of expres-
sion of this Notch receptor gene might
be related to its involvement in the repair
of injury to adult heart by increasing
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Figure 3. Myogenesis-associated hypomethylation and chromatin epigenetic marks in JAG2 intron
5. (A) Myogenic hypomethylated CpG sites (green, 2 Mb -and-Mt sites and 10 muscle sites) and
the absence of hypermethylated sites (red) in JAG2 intron 5. (B) The predicted type of chromatin is
shown as in Figure 1B, with the addition of designations for polycomb-type H3K27 trimethylation
(PcG), which is usually repressive, and poised promoter (poised prom), which usually contains both
H3K27me3 and H3K4me3.>” (C) MyoD binding from C2C12 ChIP-seq® and identification of ortholo-
gous human sequences. The relative binding strength is indicated. Sites shown in blue in this and
subsequent figures overlapped variants of the MyoD consensus sequence (CAGCTG, VSMYOD_01,
VSMYOD_Q6, or E47 sites from http://genome.ucsc.edu, Conserved TFBS). (D) DNase-seq. (E) RNA-seq
data for the minus-strand (http://genome.ucsc.edu; vertical viewing range, 1-to-200). In this region,
no specific signal was seen for the plus-strand nor for <200 nt RNA-seq (http://genome.ucsc.edu).
(F) Examples of RRBS data tracks as in Figure 1. Orange boxes, overlapping epigenetic features in pan-
els A, B, and C. The chr14:105,601,999-105,638,022 region is shown.
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Figure 4. Myogenesis-associated hypomethylation from 16 to 230 kb downstream of DLLI.
(A) Significantly hypomethylated (green) or hypermethylated (red) sites downstream of DLLT. A long
intergenic non-coding RNA (linc RNA) of 0.98 kb, ENST00000610240, which is based on expressed
sequence tags (ESTs) found in many tissues, including skeletal muscle (http://www.ensembl.org),
overlaps the central cluster of MbMt- and muscle-hypomethylated sites (tall orange box in center)
and might have long-distance enhancer function as demonstrated for some other IncRNAs.** (B) and
(€), predicted chromatin states and C2C12-deduced MyoD-binding sites as in Figure 3. Binding sites
with signals >40 are indicated by a lollipop. (D) DNase-seq. (E) RNA-seq for the minus-strand with a
vertical viewing range of 1 to 50. (F) An example of RRBS data tracks (Mb?) to indicate the coverage of
the RRBS data. Thick- and thin-lined orange boxes, the positions of myogenic hypomethylated sites
that overlapped enhancer-type chromatin and DHS in Mb and Mt and those that overlapped only a
DHS seen in Mb and Mt, respectively. The region shown is chr6:170357 260-170608 718.

myocyte survival, decreasing myocyte hypertrophy, controlling
cardiogenic differentiation, and inhibiting fibrosis.* In mature
brain, which also had high levels of 5ShmC at this NOTCHI site,
NOTCHTI has been implicated in the control of cell fate decisions
in adult stem and progenitor cells.”

Our previous studies of the 7BX1, PAX3, and HOXBS5 genes,
which encode differentiation-determining transcription factors,
revealed much 5hmC at the examined sites in skeletal muscle

but little or none in brain and heart.?>% This is a very different
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tissue-specificity than was seen in the
present study for the four above-men-
tioned DLLI-downstreamand NOTCH1
sites, where 5hmC levels were high in
brain, heart, and skeletal muscle, and for
the tested JAG2 site, where 5ShmC levels
were high in brain and heart but not in
skeletal muscle (Fig. 5). Such differences
indicate the high tissue- and gene-selec-
tivity of genomic hydroxymethylation
even within genes that encode proteins
in the same signaling pathway.

For brain, partial loss of 5hmC
throughout the genome is implicated
in inherited diseases affecting cognitive
function.”*® Correspondingly, mamma-
lian brain has a total of about 3—10 times
more genomic ShmC than other tissues,
including skeletal muscle and heart.?%%
This makes our finding of higher levels
of 5hmC in skeletal muscle than in cer-
ebellum at the NOTCHI intron 2 and
exon 32 sites, the DLLI 97-kb-down-
stream site, and the previously examined
sites at 7BX1, PAX3, and HOXBS5 espe-
cially noteworthy and suggests a tran-
scription regulatory role for ShmC that
is separate from that of 5mC or unmodi-
fied C residues in DNA.#

One transcription regulatory role of
tissue-specific ShmC at certain intra-
genic or intergenic regions in specific
tissues might be to serve as a long-lived
intermediate in DNA demethylation®
creating DNA regions poised for upreg-
ulatory demethylation, which might
increase expression beyond a low basal
level. Hydroxymethylation of C residues
can be a particularly dynamic DNA
modification® that could help explain
the dynamic control of Notch gene
expression in fiber type determination
in skeletal muscle’ and memory acquisi-
tion in brain.*® Other possible roles for
some of the tissue-specific ShmC and
hypomethylation at Notch signaling
genes include contributing to biologi-

cally advantageous cell heterogeneity’ and helping to determine
the relative amounts of alternative RNA isoforms that are pro-
duced (Fig. S3A, NOTCH? alternative 3" transcription termina-
tion sites near a hypomethylated MbMt DMR with small amounts
of 5hmC in muscle).>

Lastly, our study of the epigenetics of Notch signaling genes
leads us to new insights into the role of Notch signaling in the
muscle lineage that were not obtained in expression studies. In a
previous study, immunohistochemical analysis did not reveal the
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Figure 5. Quantification of 5hmC and 5mC at assayed CCGG sites in myogenic hypomethylated regions by enzymatic assay. (A) The percentages of
5hmC and 5mC for the assayed site in intron 2 of NOTCH1 in each tested sample and (B) and (C), average percentages of 5hmC and 5mC for each group
of samples at the indicated subregions, determined as described in Methods. DMR, refers to a region of significant differential methylation between the
set of Mb and Mt vs. nonmuscle cell cultures or skeletal muscle tissue vs. nonmuscle tissue. For the JAG2 site, the light green arrow in panel b denotes
the lack of appreciable 5ShmC at the assayed site in skeletal muscle in contrast to its abundance in heart and cerebellum; note the high levels of 5hmC for

all three of these tissues at NOTCHT intron 2 and exon32 sites and the DLLT
are illustrated in Figures 1D, 3F, 4F and Figure S3A.

sites. The exact sites studied are given in Table S2 and their relative positions

presence of Notchl protein in myofibers themselves.”” This might
have been due to insufficiently sensitive detection and a short half-
life for Notch receptors.’ As described above, our epigenetic find-
ings suggest that Notch signaling plays a role in the myofibers of
muscle tissue (Fig. 2) as well as the known role in muscle progeni-
tor cells and satellite cells.*** Although we did not analyze satellite
cells, which are difficult to obtain from human tissue, previous
studies indicate the importance of Notch signaling for muscle sat-
ellite cell maintenance, repopulation, differentiation, and niche
localization.”'>2*4*>3 Our study suggests a model that helps bridge
the gap between the intercellular nature of canonical Notch sig-
naling and the large distances between satellite cells in mature,
resting muscle. We propose that small amounts of Notch ligand
are made within the myofiber, localize to the sarcolemma (myofi-
ber cell membrane), and interact with a Notch receptor at satellite
cell membranes® to initiate Notch signaling within satellite cells
(Fig. 2B). Transiently or at low concentrations, Notch receptor
proteins may similarly reside at the sarcolemma where they can
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interact with satellite membrane-bound Notch ligand to activate
Notch signaling within the myofiber (Fig. 2C). Such interactions
between myofibers and attached satellite cells wedged under the
basal lamina can help explain the role of Notch signaling in hom-
ing of satellite cells to their niche during murine embryogenesis, in
maintaining the stable localization of satellite cells in this niche,
and in securing satellite cell quiescence.”

The model presented in Figure 2B also elucidates how Notch
signaling might occur in satellite cells upon disruption of the sarco-
lemma in damaged muscle'®>* before these cells have been induced
to divide to give adjacent daughter cells (Fig. 2B). Consistent with
a role for Notch ligands in the myofiber itself is the finding of
DLLI protein associated with myofibers per se, adjacent to a site
of injury.*> Importantly, Nedd4/NEDD4, a ubiquitin ligase
that helps control Notch receptor stability and muscle atrophy, is
localized to the sarcolemma.”® This is consistent with the hypoth-
esis that Notch receptors too are at the sarcolemma, albeit nor-
mally at low levels that are determined by epigenetically governed

netics Volume 9 Issue 6



transcriptional regulation as well as by posttranscriptional and
posttranslational controls.

Methods

DNA samples, RRBS data, and DHS profiles were obtained
as previously described.?>?* DHS (except for tissue profiles) and
RRBS databases are available at http://ucsc.genome.edu (DNA
methylation by RRBS, Richard Myers, HudsonAlpha Institute for
Biotechnology; Open Chromatin, DNasel HS, Greg Crawford,
Duke University). Quality control of Mb (70% confluent) and
Mt used for RRBS, DHS, and 5hmC/5mC assays was previously
described.”? Mt were harvested 4-to-5 d after initiation of differen-
tiation and had >70% of nuclei in multinucleated cells. Myogenic
hypomethylation refers to statistically significant differences
between myogenic and nonmyogenic samples. Statistical analysis
of myogenic differentially methylated sites (a change in methyla-
tion of at least 50% at a significance level of <0.01 from RRBS
data on 18 types of cell culture or 15 types of tissues) was done
as previously described.”? Myogenic DMRs from the same RRBS
data sets were detected using our UPQ algorithm as recently
described.’® Profiles of histone modifications and strand-specific
RNA-seq are also from ENCODE data available at hetp://ucsc.
genome.edu (Chromatin state segmentation by HMM, Bradley
Bernstein, Broad Institute”; Strand-specific RNA-seq, long RNA-
seq, >200 nt poly(A)*, Tom Gingeras, Cold Spring Harbor). For
quantification of RNA-seq data by Cufflinks,”® we used non-
strand-specific profiles from ENCODE (http://ucsc.genome.edu;
RNA-seq, Barbara Wold, California Institute of Technology) or
our newly generated RNA-seq data (Mb and Mt RNA-seq librar-
ies prepared from poly(A)* RNA and processed on Illumina Hiseq
2000, 50-bp paired-end reads, Duke Genome Sequencing Core).

7. Gude N, Sussman M.
diac repair. ] Mol Cell
PMID:22465038;
yjmcc.2012.03.007
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Both 5ShmC and 5mC were quantified at specific CCGG sites
by previously described methods (Epimark Kit, New England
Biolabs??) using newly designed primers for real-time PCR given
in Table S2. For the studied CCGG sites, three different tissue
samples were tested except for NOTCHI intron 2, where 3-to-5
were used (Fig. 5A), and NOTCH2 and DLLI, where 2-t0-3 were
used. For cell culture samples, 2-to-5 heterologous samples were
tested. The samples used for this analysis were different from
those used for RRBS. The ages of most of the tissue donors for
these assays are unknown except that they were from adults and
one donor (for skeletal muscle H, heart H, and cerebellum H) was
a 68-y-old female, comparable in ages to the two RRBS skeletal
muscle samples, a 71-y-old man and an 83 y-old female.
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