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Abstract

Myofibres (primary and secondary myofibre) are the basic structure of muscle and the determi-

nant of muscle mass. To explore the skeletal muscle developmental processes from primary

myofibres to secondary myofibres in pigs, we conducted an integrative three-dimensional struc-

ture of genome and transcriptomic characterization of longissimus dorsi muscle of pig from pri-

mary myofibre formation stage [embryonic Day 35 (E35)] to secondary myofibre formation stage

(E80). In the hierarchical genomic structure, we found that 11.43% of genome switched compart-

ment A/B status, 14.53% of topologically associating domains are changed intradomain interac-

tions (D-scores) and 2,730 genes with differential promoter–enhancer interactions and (or)

enhancer activity from E35 to E80. The alterations of genome architecture were found to corre-

late with expression of genes that play significant roles in neuromuscular junction, embryonic

morphogenesis, skeletal muscle development or metabolism, typically, NEFL, MuSK, SLN,

Mef2D and GCK. Significantly, Sox6 and MATN2 play important roles in the process of primary

to secondary myofibres formation and increase the regulatory potential score and genes expres-

sion in it. In brief, we reveal the genomic reorganization from E35 to E80 and construct genome-

wide high-resolution interaction maps that provide a resource for studying long-range control of

gene expression from E35 to E80.
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1. Introduction

Skeletal muscle is one of the most dynamic tissues that comprises
�40% of total body weight and is able to break down energy materi-
als (glucose, amino acid and fatty acid) to produce chemical energy

for maintaining posture and movement.1 Skeletal muscles of agricul-
tural animals (typically, pig, beef cattle and broiler) is a significant di-
etary protein sources for human consumption. For muscle
development, including embryonic muscle development, postnatal
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growth and regeneration, its disruption is implicated in various mus-
cle dysfunctions, including muscular atrophy and muscular dystro-
phy.2 Given the importance of skeletal muscle in many ways, a
comprehensive understanding skeletal muscle development is crucial
for human biomedical research related to muscle and improving
meat production of livestock.

Skeletal muscle is a heterogeneous and highly complex tissue that
composes of fibres with different morphological, contractile and met-
abolic characteristics including oxidative (Types I and IIa) and glyco-
lytic (Types IIb and IIx) fibres.3 The number and size of muscle fibres
determined the muscle mass. Nevertheless, the total number of mus-
cle fibre remains stable after birth,4 therefore, the embryonic stage is
critical for muscle development. Muscle fibres development from
progenitor cells in the paraxial mesoderm that is segmented into
somites that lie on either side of the neural tube.5 Myogenesis in em-
bryonic muscle development involved two waves of fibre formation,
including primary fibre formation and secondary fibres formation. In
pigs, primary fibres generate from �35 to 55 days of gestation, fol-
lowed by the secondary myofibres forming based on the template of
the primary myofibre around 50–90 days of gestation.6 Myogenic
regulatory factors (Myf5, MyoD1, myogenin and MRF4), the basic
helix–loop–helix family of transcription factors, are well-known that
control the determination and differentiation of skeletal muscle cells
during embryogenesis and postnatal myogenesis.7 For example,
MyoD1 is a crucial master regulator in controlling muscle-specific
gene transcription. Previous report had found three regulatory
regions to regulate MyoD1 expression: proximal regulatory region,
distal regulatory region and core enhancer region.8 Although the
transcriptional regulation mechanism of MyoD1 is well established,
nevertheless, it committed years and manpower for this work.9

Furthermore, there are a great many of other genes that need to be
resolved their expression regulatory mechanisms in myogenesis.

A growing body of evidences have shown that the eukaryotic ge-
nome forms a highly ordered, hierarchical structure in the nucleus
that closely correlates and may even be causally linked with tran-
scriptional machinery to allow appropriate gene expression.10,11

Deciphering the reorganization of chromatin architecture during
skeletal muscle development is benefit for explain the complex mo-
lecular regulatory network that functions in myogenic
differentiation.

Here, we conducted an integrative three-dimensional (3D) struc-
ture of genome and transcriptomic characterization of porcine long-
issimus dorsi muscle (LDM) from E35 to E80 for the first time. We
aimed to construct the 3D atlas of pig skeletal muscle genome, to ex-
plore dynamic changes of genomic spatial structure during develop-
ment and to analyse the regulatory relationship between genomic
structure and gene expression during the stage of secondary myofi-
bres formation.

2. Materials and methods

2.1 Ethics statement

All the animals used in this study were collected according to the
guidelines for the care and use of experimental animals that estab-
lished by the China Council on Animal Care and the Ministry of
Agriculture of China. All experiments approved by the Animal Care
and Use Committee of Guangdong Province, China. Approval ID
and permit numbers are SCXK (Guangdong) 2011-0029 and SYXK
(Guangdong) 2011-0112.

2.2 Animals and sample collection

LDM were collected from embryonic Day 35 (E35) and 80 (E80) of
purebred Luchuan pigs (a Chinese indigenous breed). E35 and E80
embryos were from three and one sows, respectively. Muscle tissue
of E35 for RNA-seq are from three female embryos that from three
sows while for Hi-C and chromatin immunoprecipitation (ChIP)-seq
are pooled all female embryos. Muscle tissue of E80 for RNA-seq,
Hi-C and ChIP-seq are from three female embryos.

As the sexual characteristics of pig foetuses were not visible before
Day 49 of gestation period, therefore, we using a PCR-based method
to determine the gender of the embryos of E35 as previous.12 The
primer SRYB-5: 50-TGAACGCTTTCATTGTGTGGTC-30 and
primer SRYB-3: 50-GCCAGTAGTCTCTGTGCCTCCT-30 used to
amplify a 163-bp region of Sry that located on the Y chromosome.
The primer STS-Bo1-5: 50-GAGCAGACTCCAACTACTCTCAC
TCCAC-30 and primer STS-Bo1-3: 50-TCAGAAGGATGATTTA
GAGTGTCTGTTCAG-30 used to amplify a 326-bp fragment of
STS-Bo1 serving as an internal control.

2.3 Hi-C library preparation

In situ high-throughput chromatin conformation capture (Hi-C) was
generated according previous described with some modifications.11

Briefly, muscle tissue was homogenized and fixed with freshly made
1% formaldehyde solution at room temperature for 30 min.
Chromatin were digested with 200 U DpnII enzyme (R0543S, NEB,
USA) at 37�C for 90 min, 65�C for 20 min and 25�C for 5 min.
Nucleotide fill-in with 0.4 mM Biotin-14-dATP (19524-016,
Invitrogen), 10 mM dCTP, 10 mM dGTP, 10 mM dTTP and 5 U/lL
Klenow Fragment (M0210L, NEB) at 37�C for 45 min. Ligation was
performed by a T4 DNA ligase (L6030-HC-L, Enzymatics, USA) at
20�C for 30 min. DNA was sheared to the length of 300–400 bp and
washed by M280 beads at 20�C for 20 min. Hi-C libraries were am-
plified 10 PCR amplification cycles using mixed universal PCR
primer and index primer. The resulting libraries were sequenced on
BGISEQ-500 as 100 bp paired-end.

2.4 Hi-C data analysis

Hi-C reads were mapped pig genome (Sscrofa11.1, sex chromosomes
are excluded) by BWA software (v.0.7.15) with default parameters.
Unaligned read pairs, PCR duplicate paired reads and low-quality
alignments defined as one or both reads failing to meet the threshold
[Mapping Quality (MAPQ) � 30] were removed by using Juicer
(Supplementary Fig. S1A). The contact matrices used for further
analysis were normalized by Knight–Ruiz algorithm and quantile al-
gorithm. Normalized interaction matrices were separately generated
at resolutions of 100, 20 and 5 kb.

2.5 Identification of compartments A and B

Compartments A/B were identified as previously described13 with
minor modifications. Primarily, defined the compartments A and B
at 100 kb low resolution as previous.11 Then constructed the ob-
served/expected matrix at resolution of 20 kb. We defined O/E scores
of bins that located in compartment A or B at low resolution as A
score or B score, respectively. An A–B index was then created by sub-
tracting the mean A and B scores. A–B indexes are positive values
(more association with A) that were called as A compartments, while
negative values (more association with B) were called as B compart-
ments. For the compartment switching analysis, we considered only
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regions where more than two out of three biological replicates
showed changes in A–B index from positive to negative or vice versa.

2.6 Compartment strength

To evaluate the compartmentalization of each chromosome of the
genome, we adopted the method as previous described14 with minor
modification. For saddle plot, we rearrange the A–B index (20 kb
bin) from the lowest to the highest value for each chromosome. We
then reshuffle the O/E map of the chromosome and divided the
resulting map into a 50�50 matrix. The compartment strength was
defined as (AAþBB)/2AB, where AA and BB are the mean level of
interaction in regions belonging to the same compartment, while AB
is mean level of interaction in regions belonging to different compart-
ments. We chose the top 20% of strong A compartment and the top
20% of strong B compartment for measure.

2.7 Identification of topologically associating domains

and specific topologically associating domain

boundaries

Topological domains are called by combining directionality index
(DI) score and InsulationScore (IS) at 20 kb resolution. First, we iden-
tified topological domains based on the DI score and a Hidden
Markov Model as previously described,15 then using IS16 to identify
and divide the large topologically associating domains (TADs) into
more small TADs. The TAD boundaries were <400 kb, and unorga-
nized chromatin regions were longer than 400 kb.

For specific boundary, we merged reads of three replicates of each
stage for TAD calling (E35: 4,050 TADs; E80: 4,028 TADs).
Boundaries were identified as ‘specific’ if the boundary regions were
called in only one stage and lacked a significant correlation in DI be-
tween the two stages compared. The correlation coefficient of DIs be-
tween stages was performed as previously described.15 We made a
boundary as a centre and calculated spearman correlation of the DIs
of 610 bins for each centre between E35 and E80. Similarly, 20 bins
randomly selected from the two stages and calculated the spearman
correlation between the two vector as random correlation. The ran-
domization war repeated 10,000 times to achieve the random
distribution.

2.8 Domain score

To compute the change in interaction frequency between stages, we
determined a consensus TAD as previous described,17 which are con-
served in at least 50% samples (3,654 TADs, Supplementary Fig.
S4A). We calculated an intradomain contact score.10,18 The D-score
is the ratio of the number of contacts that occur between regions
within the same TAD (intra-TAD contacts) over the total number of
intrachromosomal contacts for a TAD (intra-TAD þ inter-TAD). To
identify TADs that have differential D-scores, we used two-tailed t-
test to evaluate D-scores. TADs with an false discovery rate (FDR)
<0.05 were selected for subsequent analysis.

2.9 Identification of promoter–enhancer interactions

To identify the promoter–enhancer interactions (PEIs), we merged
replicates and called by the PSYCHIC19 at a resolution of 5 kb.
Which use the hierarchical TAD-specific bi-linear model as back-
ground model and identify over-represented DNA–DNA interactions
according to a piecewise power law regression for each TAD. Then,
we filtered promoter–promoter interactions and other interactions,
retaining PEIs. We reserved the high-confidence PEIs (FDR �

0.0001, length of PEI � 20 kb) for later analysis. The promoter distal
interactions would be defined as poised enhancers (PEs), regular
enhancers (REs) and super-enhancers (SEs) if they overlapped with-
out H3K27ac peak, at least 1 bp H3K27ac regular peaks or at least
2.5 kb (50%) H3K27ac SE peaks, respectively.

2.10 Regulatory potential score

To comprehensively consider the influence of multiple enhancers on
the expression of a gene, so as to accurately elucidate dynamic PEIs
architecture contribute to the functional transcriptomic divergence
between E35 and E80, we introduce a regulatory potential score
(RPS) for each gene that an enhancer’s quantitative effect on a gene
should depend on its spatial proximity. The RPS is calculated as

P
n

(log10 In), of which, In indicate the normalized interaction intensity
(observed value� expected value). If a promoter without enhancer
interaction, the RPS ¼ 0. We divided the differential PEIs in two cat-
egories: (i) different RPS: the RPS of gene were subtract between E35
and E80, then made a Z-score for delta values to gain normally dis-
tributed data, the Z-values >jmean 6 2 S.D.j were defined as signifi-
cant difference and (ii) RPS that was not significantly different but
with �4 differential active enhancers (RE and SE).

2.11 ChIP-seq and data analysis

ChIP assays were performed by Wuhan IGENEBOOK
Biotechnology Co., Ltd. Briefly, muscle tissue samples were homoge-
nized and cross-linked with 1% formaldehyde for 10 min at room
temperature and then quenched by 125 mM glycine. After samples
lysed on ice, chromatins were obtained and sheared to length of
200–500 bp by sonication. Five micrograms H3K27AC antibodies
(ab4729, Abcam) were used in the immunoprecipitation reactions at
4�C overnight. The next day, 30 lL of protein beads was added and
further incubated for 3 h. Then the beads were washed with 20 mM
Tris/HCL (pH 8.1), 50 mM NaCl, 2 mM EDTA, 1% Triton X-100,
0.1% SDS for once; 10 mM Tris/HCL (pH 8.1), 250 mM LiCl,
1 mM EDTA, 1% NP-40, 1% deoxycholic acid for twice; and TE
buffer 1� (10 mM Tris-Cl at pH 7.5. 1 mM EDTA) for twice. The
DNA fragments were eluted with 100 mM NaHCO3, 1% SDS.
Purified DNA was used to construct libraries by performing the I
NEXTFLEXVR ChIP-Seq Library Prep Kit according to the manufac-
turer’s instructions (NOVA-5143-02, Bioo Scientific) and sequenced
on Illumina Hiseq X ten as 150 bp paired-end.

Raw reads were filtered by quality score and aligned to the pig ge-
nome (Sscrofa11.1). Unique aligned and deduplicated reads were
used for peak calling. MACS2 was used to determine H3K27ac peak
with FDR cut-off 0.05 (Supplementary Fig. S1C). To identify the SE,
we used the ROSE (Ranked Order of Super Enhancers) software
with default parameters. This algorithm stitches constituent
enhancers together if they are within a certain distance (within
12.5 kb) and ranks the enhancers by all H3K27ac ChIP signal. It
then separates SEs from REs by identifying an inflection point of
H3K27ac signal versus enhancer rank.

2.12 RNA-seq and expression analysis

Muscle tissue was homogenized with the Trizol reagent, and total
RNA was extracted according to the manufacture’s protocols.
Purified RNA was eluted with RNase-free water and quantified by
Nanodrop. Strand-specific RNA libraries were constructed with
Ribo-Zero kit (RZH1046, Epicentre) and sequenced on Illumina
HiSeq X Ten as 150 bp paired-end. Raw read pairs were aligned to
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the pig reference genome (Sscrofa11.1) using Hisat2 (v.2.0.4).
Stringtie (v.1.3.3) was applied to quantify mRNA expression.
Normalized read counts are reported as transcripts per million
(TPM) (Supplementary Fig. S1B).

2.13 Functional enrichment analysis

For functional enrichment analysis, we mapped pig genes to their hu-
man (Homo sapiens) orthologs and choose human as the target
analysis specie. The selected genes (TPM > 0.5 at least in a sample)
were analysed using Metascape (http://metascape.org May 2, 2021,
date last accessed) with default parameters.20 Enrichment analysis
were performed against all genes in the genome as background set
with gene ontology-biological processes as ontology sources. The
most statistically significant 10 terms in each cluster were depicted
using �log10 (P-value) bar plots.

2.14 Statistical analysis

All statistical analyses were performed by two-tailed Student’s t-test
or Wilcoxon rank-sum test using GraphPad Prism8 and RStudio. All
data were expressed as means 6 S.D.

3. Result

3.1 Dynamic chromatin compartment in skeletal muscle

development

The spatial organization of chromosomes is intimately linked to cell
physiology. To study chromatin organization in mammalian muscle
cells, we constructed in situ Hi-C libraries for porcine LDM of E35
and E80, separately (Fig. 1A). A total of six libraries generated
�5,394.27 million (M) validly aligned contacts with a depth of
�889.04 M per library that reach a maximum resolution of 5 kb
(�90.30% bins have at least 1,000 reads) (Supplementary Fig. S1A
and D). After normalization, the contact maps of both stages showed
highly reproducible (QuASAR-Rep score > 0.92) (Supplementary
Fig. S1E), which consistent with RNA-seq data (Pearson’s r>0.97)
(Supplementary Fig. S1F and G). The contact possibility is declined
with the genome distance increases (Supplementary Fig. S1H) and
most of contacts are occur in 20 Mb (�81.41%) (Supplementary Fig.
S1I).

Each chromosome be decomposed into compartment regions at a
resolution of 20 kb, including accessible compartment A
(1,099.21 Mb, �48.51% of the genome, which are gene and GC-
rich, actively transcribed) and densely packed compartment B
(1,166.75 Mb, �51.49% of the genome, which are gene and GC-
poor, inactively transcribed) (Supplementary Fig. S2A and B) that
presented as plaid patterns in chromatin interaction (Supplementary
Fig. S2C) or the derived correlation heatmaps (Fig. 1B). Compared
to E80, E35 showed blurred plaid patterns (Fig. 1B and
Supplementary Fig. S2C) and a less well-segregated compartment
(Supplementary Fig. S2D), which as well supported by the intensive
compartment strength in E80 than that in E35 (Fig. 1C and
Supplementary Fig. S2E).

As expected, during development, compartment statues of 4.39%
genomes were switched from A to B, concomitant with decreased
gene expression (n¼329); while 7.04% of compartments were
switched from B to A, concomitant with increased gene expression
(n¼1,284) (Fig. 1D and E). Functional enrichment showed that
genes with compartments change from A to B were mainly associated
with development and growth, such as the pathways of ‘embryonic

limb morphogenesis’, ‘regulation of neuron differentiation’ and ‘neg-
ative regulation of cell proliferation’ (Fig. 1F). NEFL (Fig. 1H) enco-
des the core subunits of neurofilament, whose mutations are
associated with Charcot–Marie–Tooth neuropathy21,22 and deple-
tion is sufficient to cause mild sensorimotor dysfunctions and spatial
deficits.23 Genes with compartments switched from B to A were in-
volved in metabolism relative pathways, including ‘carboxylic acid
biosynthetic process’ and ‘proteolysis involved in cellular protein cat-
abolic process’, suggest skeletal muscles have the function of energy
metabolism at their foetal development (Fig. 1G). Typically, SLN
(Fig. 1I), which encodes a protein sarcolipin that is necessary for
muscle-based non-shivering thermogenesis by regulating the sarco/
endoplasmic reticulum Ca2þ-ATPase pump in skeletal muscle.24 In
addition, SLN promotes oxidative metabolism in skeletal muscle in
response to increased metabolic demand.25 Brown adipose tissue is
the significantly important heat production tissue that also depen-
dent on non-shivering thermogenesis via the activation of uncoupling
protein 1 (UCP1) in human and mouse.26 Whereas brown adipose
tissue and UCP1 gene both are lacked in pig.27,28 The compartment
switching from B to A and increased expression of SLN in skeletal
muscle may indicate that skeletal muscle-dependent non-shivering
thermogenesis probably is the main way for piglets to adapt to low
temperature environment. In addition, the pathways related to devel-
opment were enriched, including ‘muscle structure development’ and
‘osteoblast differentiation’ (Fig. 1G). In which, MYL1 (Fig. 1J) enco-
des the skeletal muscle fast-twitch specific myosin, and its mutations
could result in conspicuously reduced in skeletal muscle; knockdown
of MYL1 in zebrafish disrupted muscle structure and impaired
touch-evoked escape responses.29

3.2 Dynamic intra-TAD interactions are associate with

transcription and compartmentalization

TAD is the structural unit of chromosome that involved in transcrip-
tion, which displays high frequencies of physical interaction within a
given domain but lower frequencies outside of these domains.15 We
called TADs (E35: �4,074 TADs with size of 460 kb, E80: �3,965
TADs with size of 440 kb) in resolution of 20 kb (Supplementary Fig.
S3A). The accuracy of TAD boundaries was evidenced by the aggre-
gate analysis of DI and IS (Supplementary Fig. S3B and C), and
CTCF binding regions are high enrichment in TAD boundaries
(Supplementary Fig. S3D). We found that TAD boundaries are
largely invariable [Pearson’s r (DI) > 0.96, Pearson’s r (IS) > 0.94,
Jaccard index > 0.98] between E35 and E80 (Supplementary Fig. S3
E–G). We only identified �2% differential TAD boundaries between
E35 and E80 (Supplementary Fig. S3H), indicating that TAD is a
conserved chromatin structure, which is consistent with previous
reports.10,15

Although TAD boundaries are stable, the contacts within TADs
are dynamic. D-score was used to explain interactions within a given
TAD, defined by the ratio of intra-TAD contacts over all intrachro-
mosomal contacts for a TAD.18,30 It is positively correlative
(Pearson’s r>0.99, P<2.2�10�16) to A–B index and with increase
of D-score the gene expression showed the tendency of increase
(Supplementary Fig. S4B and C). There are 531 significantly differen-
tial D-score TADs (P�0.001, two-tailed t-test) between E35 and
E80 (Fig. 2A). Of which, 483 TADs (1,417 genes) with higher D-
score showed more active compartment status (higher A–B index
and gene expression) in E35 than that in E80 (Fig. 2B and C).
Compared to E35, E80 has 48 TADs (133 genes) with higher D-
score indicating more active compartment status (Fig. 2B and C).
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Figure 1. Changes of chromatinic compartments A/B. (A) Schematic overview of the study. (B) Correlation heatmaps show Pearson correlations for their intra-

chromosomal interaction frequency patterns (100 kb bin; chromosome 6). (C) Boxplots show the compartment strength for average interaction frequency be-

tween the same classes of compartments (AA and BB) compare to those between different classes of compartments (AB) for each euchromosome (see Materials

and methods). P-values were calculated by Student’s t-test (two-tailed). (D) The proportion of the genome that changed compartments A/B status between E35

and E80. (E) The expression changes for genes that compartments were switched. P-values were calculated by Wilcoxon rank-sum test. (F and G) Function enrich-

ment for genes (TPM > 0.5) with compartment status were switched. (H–J) Genome browser shots show the compartments status and gene expressions at

locales of Chr.14: 8.5–9.5 Mb (NEFL, H), Chr.9: 36–37 Mb (SLN, I) and Chr.15: 112.5–113.5 Mb (MYL1, J).
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Genes that located in TADs with higher D-score in E35 were
enriched in morphogenesis and synapse-associated pathways (e.g.
‘chemical synaptic transmission’, ‘synapse organization’ and ‘embry-
onic skeletal system development’) (Fig. 2D). While located in TADs
with higher D-score in E80, these genes were enriched in skeletal
muscle development and metabolism (e.g. ‘muscle tissue develop-
ment’) (Fig. 2E).

3.3 Rewiring of PEI in skeletal muscle development

Promoter interactions are considered closely associated with gene ex-
pression regulation.31,32 To uncover an extensive genome-wide cata-
logue of PEIs in skeletal muscle and define how they response to
muscle development, we found 48,909 and 54,350 high-confidence
PEIs (FDR � 0.0001) overlapping 13,548 and 12,993 genes by
PSYCHIC19 in E35 and E80 at resolution of 5 kb (three libraries
were merged and reached 99.54% of bins have at least 1,000 reads),
respectively (Supplementary Fig. S5).

Gene expression is positively correlated with the number of pro-
moter interactions.32,33 We observed that highly expressed genes
interacted with more enhancers (Fig. 3A), suggesting additive en-
hancer effects on target-gene transcription level. To explore the regu-
latory effects of multi-enhances on a gene, we introduced RPS, which
is a measure for the sum of interactions of a gene regulated by multi-

enhancers depending on spatial proximity. Indeed, the increase of
gene expression is concomitant with enhanced RPS (Fig. 3B).
Furthermore, the activity of enhancer is another crucially regulative
factor for gene expression.34,35 H3K27ac are used to annotate the
activated enhancers dividing into RE and SE,36 while enhancer with-
out H3K27ac is defined to PE. As expected, RPS is positively corre-
lated with H3K27ac enrichment (r>0.8, Supplementary Fig. S6A
and B). The promoter of gene that interact with SEs showed larger
RPS and higher expression than promoters interacting with RE fol-
lowed by promoters interacting with PE (Fig. 3C and Supplementary
Fig. S6C and D).

There are 951 genes (RPS > jmean 6 2 S.Dj) were identified that
are rewired PEIs for responding to muscle development. Of which,
307 genes lessened interactions accompanied by gene expression de-
crease, whereas 644 genes gain more interactions correlate with in-
creasing gene expression during muscle development (Fig. 4A).
Because RPS does not include the effect of enhancer activity on gene
expression, we examined H3K27ac enrichment on the distal en-
hancer that interacted with gene promoter that RPS are not differen-
tial, and identified 1,533 genes that were H3K27ac high enrichment
at distal enhancers in E35, while 246 genes were H3K27ac more en-
richment at distal enhancers in E80 [jactive enhancer(E80)� active
enhancer(E35) j � 4] (Fig. 4B). The activation of enhancers that

Figure 2. D-score dynamics within topological domain during development. (A) Number of significantly differential TADs (two-tailed t-test) between E35 and E80.

(B) A–B indexes of significantly differential TADs between E35 and E80. P-values calculated by Wilcoxon rank-sum test. (C) The average expression changes for

genes within TADs with significantly differential D-score. The number of genes in TAD are showed. P-values calculated by Wilcoxon rank-sum test. (D and E)

Function enrichment for genes of significantly differential D-score.
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interacted with promoter is significantly positively correlated with
gene expression (Fig. 4B).

Next, we merged that RPS and enhancer activity are increased
genes and RPS and activity are reduced genes from E35 to E80, re-
spectively. Function enrichment analysis showed that categories are
consistent with that of enrichment in genes with changed compart-
ment A/B and D-score. Genes with high RPS and enhancer activity in
E35 were mainly enriched in pathways related to morphology and
neuron differentiation, including ‘embryonic morphogenesis’, ‘tissue
morphogenesis’ and ‘regulation of neuron differentiation’ (Fig. 4C).

MuSK is a key gene for neuromuscular junction (NMJ) development;
its knockout disrupts the formation of NMJ.37,38 It is highly
expressed in primary myotubes while is dramatically down-regulated
in skeletal muscle.39 Compared with E35, E80 presents decreased ex-
pression level for MuSK, which accompanied by reducing enhancer
activation (Fig. 4D). As well as MuSK, MAP1B,40,41 NNAT,42,43

NCALD,44 ZIC145,46 and ZIC447,48 are associated with neuron de-
velopment. Their promoters are interacting with more spatially
closer enhancers in E35 than E80 (Supplementary Fig. S7A–D).

Figure 3. PEIs regulate gene expression. (A) Expression of genes with different contacted enhancer numbers. Enhancer numbers were divided into four groups:

number ¼ 0, 1–2, 3–5 and >5. (B) Expression of genes with different RPS, genes with different RPS were divided into three groups: 0< RPS �2, 2< RPS �5 and

RPS >5. (C) Expression of genes with different RPS with PE, RE or SE.
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Genes with high RPS and enhancer activity in E80 were enriched
in ‘skeletal system development’, ‘extracellular structure organiza-
tion’, ‘muscle structure development’ and ‘actin filament-based pro-
cess’ (Fig. 4C), such as DAG1,49 TOMD1,50 MYH8,51 SYNM,52

LAMA253,54 that encode cellular structural proteins in muscle cells

(Supplementary Fig. S8A–E); CAPN3,55,56 PLN,57,58 STIM159,60

that regulate muscle function by Ca2þ transport mechanism
(Supplementary Fig. S8F–H); GCK,61 ACO262,63 that encode meta-
bolic enzymes in tricarboxylic acid cycle (Supplementary Fig. S8I and
J); IGF264–66 and Mef2D67,68 that are associated with growth and

Figure 4. PEIs rewiring between E35 and E80. (A) The expression changes for genes with changed RSP. (B) The expression changes for genes with stable RPS,

but changed distal enhancer activation [jactive enhancer(E80)�active enhancer(E35) j � 4]. (C) Gene ontology enrichment for genes that changed RPS and (or) dis-

tal enhancer activation. (D–F) Genome browser view of contact frequency, PEIs, H3K27ac and transcript abundance at the MuSK (D), Sox6 (E) and MANT2 (F) lo-

cus. The RPS and TPM of represent genes are showed.

8 Chromatin architecture of porcine skeletal muscle

https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab003#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab003#supplementary-data
https://academic.oup.com/dnaresearch/article-lookup/doi/10.1093/dnares/dsab003#supplementary-data


development of skeletal muscle (Supplementary Fig. S8K and L).
These genes are interacting with more enhancers in E80 than E35.
Interestingly, of which, we observed Sox669,70 and MATN271

(Fig. 4E and F). They play a crucial role in the timely induction of
the global switching in myogenesis, which indicated that more inter-
acting enhancers, enhancers activity and higher gene expression on
Sox6 and MATN2 in E80 than E35 correlate with in myoblasts dif-
ferentiated to secondary to myofibres.

4. Discussion

Previous report had shown that the total number of myofibres is con-
stant after birth,4 suggesting hyperplasia of myofibre is of prime im-
portance for the muscle mass. Myofibres formation could be divide
into two stages in pigs, including primary and secondary fibres for-
mations.6 We first perform Hi-C to investigate the change of genome
architecture from primary to secondary fibre formations in this
study.

The researches of early mammalian development had shown that
chromatin compartments are gradually established.14,72 In contrast
with previous reports, we found the chromatin compartment almost
established before E35, although we observed the blurred plaid in
E35 than E80 (Fig. 1B and Supplementary Fig. S2C), which may con-
sistent with the more active progenitors in E35 than in E80. It was
found that �11.43% of compartments were switched between E35
and E80 (Fig. 1D), which is comparable with C2C12 induced differ-
ential differentiation of 3 days (8%)73 and 8 days.74 Compartment
changes are related to gene transcription, but not all genes whose
compartment are changed their transcription levels, or vice versa.
This is due to compartment is the large genomic structure that hard
to fine regulation of gene expression.

As well as compartment A/B, TADs are gradually established in
the mammalian embryogenesis.14,72 However, after the establish-
ment and consolidation of TAD, its stable and conserved across dif-
ferent cell types and species.15 Of course, the number and size of
TAD are significantly different if performed various tools or resolu-
tions.75 We identified that the number and size of TADs are compa-
rable between E35 and E80 (Supplementary Fig. S3A). Furthermore,
over 98% of TADs boundaries were stable (Supplementary Fig.
S3H), consistent with the stability of TADs.15 Although TADs are
highly stable, however, the interaction frequencies of intra-TADs are
dynamic.10,30 Increase or decrease of intra-TADs interaction fre-
quencies is associated with up-regulation or down-regulation of gene
expressions,10 respectively, indicating there exist a precise architec-
ture (such as PEI) for gene regulation.

PEIs are the direct architecture to finely regulate gene expression.
Nevertheless, it requires a large amount of data to reach an ex-
tremely high resolution. We merged our data of replicates and identi-
fied �50,000 PEIs with an extremely rigid cut-off (FDR � 0.0001)
under resolution of 5 kb (Supplementary Fig. S5A and B). In spite of
the rigid criterion, over half of genes are interacting with enhancer,
indicating enhancer is a universal and important element in gene reg-
ulation. Usually, the enhancer number is positively correlate with ex-
pression level,32 showing the enhancer additivity,76,77 such as Sox6
interacted with more enhancers in E80 compared with that in E35
(Fig. 4E). SVEP1 and LMNA have comparable PEIs (or RPS) and
their mRNA expression are not differential (Supplementary Fig. S9).
However, some gene interacted with different amounts of enhancer
while their expression were not changed, showing the enhancer re-
dundancy.78 For example, the promoter of MyoD1 separately

interacted with 10 (RPS: 12.24) and 17 (RPS: 19.06) enhancers in
E35 and E80, whereas the gene expressions (mean TPM, E35: 70.17,
E80: 89.83) were not significantly differential. In addition, enhancer
activation is another significant factor that affect gene expression. As
enhancer number, spatial proximity and enhancer activation are al-
ways co-regulate gene expression, however, there lack an algorithm
that can integrate all these factors. Therefore, we ignored other fac-
tors when analyse one of them. We identified mounts of genes that
may play significant role in skeletal development, that were regulated
by differentially active enhancer, such as MuSK (Fig. 4D).

Primary myoblasts express high levels of MyHC-I and MyHC-
emb, while secondary myoblasts express low levels of MyHC-I and
high levels of MyHC-neo.79–81 Nfix is highly expressed in foetal
myoblasts and acts as a transcriptional switch from embryonic to
foetal myogenesis.82 We observed that the promoter of Nfix interact-
ing with SEs in E80 but not in E35. However, the Nfix’s mRNA ex-
pression are comparable between E35 and E80, which may result
from the heterogeneity of muscle tissue (data not shown). Sox6 is an-
other gene that required for foetal fibre type differentiation.69,70 It
cooperates with Nfix directly inhibit the expression of MyHC-I in
foetal muscle83 and activate more genes that expressed specifical in
secondary myofibres (such as CKM, b-enolase).82 In addition,
MATN2 is an extracellular matrix protein in controlling the early
stages of myogenic differentiation.71 Nfix directly regulates MATN2
expression and MATN2 positive-feedback regulates Nfix expres-
sion.71 In this study, we observed that chromatin interactions and
mRNA expression of Sox6 and MATN2 both are increased from
E35 to E80 (Fig. 4E and F). These results indicated that MATN2 as
extracellular regulatory signals and Sox6-Nfix as intracellular tran-
scription factor complex drive the PEIs rewiring of genes in myo-
blasts and determine myoblasts differentiated into secondary
myofibres.

In summary, we revealed the changes of genome architecture
from compartment A/B, TAD and PEI three scales in early muscle de-
velopment and confirmed dynamic spatial reorganization is consis-
tent with gene expression modulation. The most important is that we
constructed the high-resolution interaction maps (5 kb resolution),
which could provide genome-wide atlases of promoter interaction
for studies on the regulation mechanism of skeletal muscle
development.
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