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ARTICLE INFO ABSTRACT

Keywords: Background: A super-enhancer (SE) is a huge cluster of multiple enhancers that control the key
Super-enhancer genes for cell identity and function. The rise of advanced chromatin immunoprecipitation
CUT&Tag sequencing (ChIP-seq) technology such as Cleavage Under Targets and Tagmentation (CUT&Tag)
]]:zgﬁuan pig allows more SEs to be discovered. However, SE studies in Luchuan and Duroc pigs are very rare in

animal husbandry.

Results: We used the CUT&Tag technique to identify 145 and 378 SEs from the adipose tissues of
Luchuan and Duroc pigs, respectively. There were significant differences in the peak coverage
ratio of SE peaks in the gene promoter region between the two breeds. Not only that, peak signals
at the start and end point of the SE peak profile showed obvious spikes. The proximal target genes
of SE were highly expressed compared with the background genes and the typical enhancer target
genes. Subsequently, in conjoint analysis with high-throughput chromosome conformation cap-
ture sequencing (Hi-C seq) data, we predicted the remote regulatory genes of SE and found that
their expression level was related to the distance of SE extended to the loop’s anchor, but not the
length of loops. According to our prediction model, SEs can maintain promoter accessibility of
partial remote target genes through loop domains. Finally, a batch of SEs closely related to fat
metabolism traits were obtained by performing a coalition analysis of quantitative trait loci and
SE data.

Conclusions: This work enabled us to obtain hundreds of SEs from Luchuan and Duroc pigs. Our
model provides a new method for predicting the SE remote target genes based on loop domains,
and to further explore the potential role of super-enhancer in the regulation of fat metabolism.
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1. Introduction

A super-enhancer (SE) is a cluster of transcriptionally active enhancers with enhancer-associated chromatin characteristics [1,2].
Super-enhancers (SEs) usually contain a large number of master transcription factors, cofactor and enhancer histone modification
marks [3,4]. Identification of an SE depends on chromatin immunoprecipitation sequencing (ChIP-seq) data of H3K27ac or Med1 and
other proteins, which is essentially "stitching" and filtration of the obtained typical enhancers. Therefore, SE discovery is strongly
associated with the development of ChIP-seq technology. Among the multiple advanced ChIP-seq technologies, Cleavage Under
Targets and Tagmentation (CUT&Tag) technology has a high average mapping rate [5]. It uses Tn5 transposase as a tool for DNA
fragmentation, and has the advantages of a short preparation time, low background noise, strong specificity and high sensitivity [6].
Therefore, the CUT&Tag technique was thought to be the best choice for the identification of SEs in the current study.

Increasing research on SEs has been carried out in the field of oncology. For example, Blinka et al. found that a distal SE differ-
entially regulates several neighboring genes. Furthermore, the enhancer RNAs produced by SE selectively activate the expression of
one neighboring gene [7]. It has also been demonstrated that cell differentiation and growth require SEs, which are more sensitive to
perturbation than typical enhancers [4,8,9].

However, published research investigating SEs in pigs is very scarce. Currently, only Peng et al. have identified SEs and broad
H3K4me3 domains in various tissues from six pigs by analyzing public ChIP-seq data, and discussed their conserved regions between
human and mouse SEs [10]. On the other hand, Luan et al. identified and analyzed the conserved cis-regulatory elements in pig liver
[11]. Zhou identified 2025 non-redundant SEs by analyzing ChIP-seq data of H3K27ac in the pituitary of Bama pig and Large White
pig, and found that 302 SEs were associated with biological processes of pituitary function [12].

Luchuan pig is a typical obese pig breed, which is produced in Guangxi Province, China [13]. Duroc is a classic lean pig breed, with
marked differences in backfat thickness and fat deposition compared with Luchuan pig [14]. Both breeds are good models for
investigating the regulatory mechanism of fat metabolism [15].

Fat deposition is an important economic factor in pig farming. Fat deposition in pigs can seriously affect reproductive performance
and productivity. Changes in meat quality can also affect consumers’ choices of pork [16,17]. However, to date, there is little analysis
of SEs in lean and obese pig breed’s fat deposition. Therefore, in order to identify SEs in these two pig breeds, we used the CUT&Tag
method to analyze ChIP-seq data of H3K27ac in the adipose tissue of pigs. In addition, we integrated Hi-C loops, ATAC-seq and
RNA-seq data to analyze the unique driving patterns of proximal and remote target genes of SE. Importantly, through collaborative
analysis of quantitative trait loci (QTL) data, we obtained a batch of SEs associated with fat metabolism. These results will allow better
understanding of the mechanism of SE regulation of fat metabolism and fat deposition genes in the adipose tissue of these two pig
breeds, which will expand our horizon of epigenetics during fat metabolism.

2. Materials and methods
2.1. Animals and sample collection

Three 1-month-old Duroc boars were purchased from the Guangxi State Farms Yongxin Animal Husbandry Group Co. Ltd., Nan-
ning, China, and three 1-month-old Luchuan boars were purchased from the Animal Husbandry Research Institute of Guangxi Zhuang
Autonomous Region, Nanning, China. All pigs were fed a basic diet, containing 11.98 MkJ/kg energy, 16% crude protein, 6% crude
fiber, 7% crude ash, 0.6-1.2% calcium, 0.4-1.0% total phosphorus, 0.2-0.8% NaCl, and 0.8% lysine. All pigs had free access to food
and water, and were fed under identical conditions for 6 months. When the pigs were slaughtered, fresh backfat was isolated corre-
sponding to the fourth rib. The fat tissue was immediately placed in liquid nitrogen and temporarily frozen, and then transferred to an
ultra-low temperature refrigerator for storage at —80 °C.

2.2. CUT&Tag assay and library preparation

Six adipose samples and a ChIP-grade rabbit polyclonal anti-H3K27Ac antibody (Sigma, Cat#07-360-S) were used for DNA library
construction. The CUT&Tag assay protocol was modified by referring to Hatice [6]. Briefly, native nuclei were purified from six frozen
adipose samples [18]. Nuclei samples were gently washed twice with wash buffer (20 mM HEPES pH 7.5; 150 mM NaCl; 0.5 mM
Spermidine; 1 x Protease inhibitor cocktail). Then, 10 pL Concanavalin A coated magnetic beads (Bangs Laboratories) were added to
each sample and incubated at room temperature for 10 min. The unbound supernatant was removed and bead-bound cells were
resuspended in Dig wash buffer (20 mM HEPES pH 7.5; 150 mM NaCl; 0.5 mM Spermidine; 1 x Protease inhibitor cocktail; 0.05%
Digitonin; 2 mM EDTA) and a 1:50 dilution of ChIP grade rabbit polyclonal anti-H3K27Ac antibody (Sigma, Cat#07-360-S) or normal
rabbit IgG antibody (Millipore, Cat#12-370) and incubated on a rotating platform overnight at 4 °C. The primary antibody was
removed using a magnet stand. Goat monoclonal anti-rabbit IgG antibody (Millipore, Cat# AP132) was diluted 1:100 in Dig wash
buffer and samples were incubated at room temperature for 60 min. The samples were washed using the magnet stand 2-3 times in Dig
wash buffer. A 1:100 dilution of pA-Tn5 adapter complex was prepared in Dig-med buffer (0.01% Digitonin; 20 mM HEPES pH 7.5;
300 mM NaCl; 0.5 mM Spermidine; 1 x Protease inhibitor cocktail) and incubated with the samples at room temperature for 1 h. The
samples were washed 2-3 times for 5 min each time in 1 mL Dig-med buffer, then resuspended in tagmentation buffer (10 mM MgCl2 in
Dig-med Buffer) and incubated at 37 °C for 1 h. DNA was purified using phenol-chloroform-isoamyl alcohol extraction and ethanol
precipitation. To amplify DNA libraries, 35.5 pL. DNA was mixed with 0.5 pL of Phusion® DNA polymerase (ThermoFisher, Shanghai,
China), 10 pL of 5 x Phusion® HF buffer, 1 pL. dNTPs, 1.5 pL of universal PCR primer and 1.5 pL of index primer. The mixture was
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placed in a Thermocycler with a heated lid using the following cycling conditions: 98 °C for 30 s, 98 °C for 10 s, 60 °C for 20 s and 72 °C
for 30 s, 9 cycles of step 2 to 4. Then extension at 72 °C for 5 min, final hold at 4 °C for 2 min. Library clean-up was performed using
SPRI Magnetic Beads (Beckman Coulter, Beverly, MA, USA). The libraries were stored at —20 °C. The concentration was assessed using
Qubit. The library (2 pL) was diluted 10-fold with 10 mM Tris-HCl or 0.1 x TE and the library quality was assessed on an Agilent 2100
Bioanalyzer® (Agilent Technologies, Inc., California, USA) high sensitivity chip. The result was confirmed to show a narrow length
distribution of approximately 300-600 bp.

2.3. Sequencing and quality control

DNA sequencing was performed in Illumina Novaseq 6000 using a 150 bp paired-end following the manufacturer’s instructions.
Raw data (raw reads) were processed by an in-house Perl script. Briefly, reads containing adapter, ploy-N and low-quality reads were
removed. Then, the Q20, Q30 and GC content of clean data were calculated.

2.4. Reads mapping to the reference genome and call peak

Clean data were aligned to the reference genome (Sus scrofa 10.2) using the BWA-MEME program [19]. MACS2 software was used
to perform the call peak operation on the data and g-value was set at < 0.05.

2.5. Peak annotation and analysis

Peaks were annotated using HOMER’s annotatePeaks.pl script [20]. The results of the annotations were counted and the distri-
bution results were plotted using R. The bedtools were used for sample peak file merging, calculation and other analysis [21].

2.6. Identification of super-enhancer and motif analysis

According to Young Lab’s definition of SE [8], they were obtained using the default parameters of ROSE software. Using DESeq2
software [22] for the calculation of different SEs, the threshold was |log2FC| > 1 and p value < 0.05. The HOMER s findMotifsGenome.
pl tool [20] was used for motif analysis.

2.7. Target gene prediction

Proximal target gene prediction of SEs was calculated by the ROSE_geneMapper.py script of ROSE software using default pa-
rameters. Remote target gene prediction of SEs was calculated by loci comparison utilizing in-house Python scripts written by our-
selves. In brief, a preliminary screening was performed for loops with p < 10 and the genes located near the loop’s anchor were
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Fig. 2. Differential peak analysis and SEs identification. A: The cluster heat maps of the SE central signal. The horizontal axis represents the
normalized coordinates of the peak region, “center” represents the peak central point, “-3” represents 3 kb upstream of the peak center, and “3”
represents 3 kb downstream of the peak center. Each line on the vertical axis represents the signal value of a peak, and the darker the color, the
higher the signal value. B-C: Distribution of peaks in gene functional regions. "L" represents the Luchuan pigs; "D" represents the Duroc pigs. D:
Statistics of the typical enhancer numbers. E-F: Schematic of SE identification in Luchuan and Duroc pigs. The abscissa represents the peak number
and the ordinate represents the enhancer signal value. All points are sorted by signal value, with slopes >1 denoted as SE and the rest as typical
enhancers. G: Statistics of the SE numbers.

Table 1

Partial Super-enhancer information.
chr start end Super-enhancer ID signal value sample
1 78172598 78224985 8_peaks659_lociStitched 151644.65 Luchuan pig
3 97234641 97334311 14_peaks15167 lociStitched 91865.84 Luchuan pig
6 84696568 84828400 23_peaks27436_lociStitched 216072.65 Luchuan pig
7 20839860 20911905 10_peaks19477 lociStitched 65928.38 Luchuan pig
12 3180845 3309679 22 _peaks5640_lociStitched 202282.26 Luchuan pig
18 45412053 45495429 13_peaks16400_lociStitched 114266.81 Luchuan pig
1 21547128 21577205 8_peaks377_lociStitched 44432.75 Duroc pig
2 463946 534654 11_peaks16747 lociStitched 96169.95 Duroc pig
3 132341383 132379324 7_peaks21598_lociStitched 41067.34 Duroc pig
4 44592525 44639871 7_peaks22184_lociStitched 52042.72 Duroc pig
6 166524847 166534587 2_peaks28374 lociStitched 51660.96 Duroc pig
7 4177076 4227408 10_peaks28542 lociStitched 37391.64 Duroc pig

found. The SE ends were then extended by 12.5 kb in length. Finally, the anchor of the loop far from the SE end point was overlapped to
the SE and its extension segment. If the overlap was successful, the SE and loop were identified as valid entries, thereby obtaining the
corresponding remote target gene.
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Fig. 3. Visualization of different typical enhancers and SEs. A: The typical enhancers near the PPARA and LPL genes were visualized using the IGV
tool, with green color representing the peak region of difference. B-C: The gene expression levels of PPARA and LPL were verified by qPCR. D:
Visualization of SEs near the RAB32 and NR3C1 genes, with pink shadows representing the peak region of difference.

Table 2
The motif analysis of different peaks (up).
Rank  motif Name/Source of reference data p_value % of targets Luchuan vs
sequences with Duroc peak
motif
1 A C AT2G01818 (PLATZ)/col- 1.00E- 3.79% up
l AA;;_ = ! ! AT2G01818-DAP-Seq 04
- A o (GSE60143)

2 HSF6 (HSF)/col-HSF6-DAP-Seq 1.00E- 4.87% up
: 1 A AASF.% I I QTA (GSE60143) 04

3 A A HRE (HSF)/Striatum-HSF1- 1.00E- 4.19% up
ﬂg AA = I I QI ChIP-Seq (GSE38000) 04

4 NF1-halfsite (CTF)/LNCaP- 1.00E- 23.14% up
A NF1-ChIP-Seq (Unpublished) 03

5 " A HSFA1E (HSF)/col-HSFA1E- 1.00E- 2.30% up
IA SF—.— DAP-Seq (GSE60143) 03

6 AEA A NFIL3 (bZIP)/HepG2-NFIL3- 1.00E- 8.39% up
CA LR AE? ChIP-Seq (Encode) 03

7 HLF (bZIP)/HSC-HLF.Flag- 1.00E- 10.28% up
_gé < ChIP-Seq (GSE69817) 03

8 Q HRE (HSF)/HepG2-HSF1-ChIP- 1.00E- 2.98% up
___fj'i:_ ALl = l I ,__‘&‘ Seq (GSE31477) 03

9 A AGL95 (ND)/col-AGL95-DAP- 1.00E- 2.57% up
IIGIACAASSTTCIA fmmemses=s i

10 A C Ié HSF7 (HSF)/colamp-HSF7-DAP- 1.00E- 4.06% up
ll AA%% Seq (GSE60143) 03

= R

2.8. QTL data and frequency analysis of pigs

Pig QTL data were download from the Animal Quantitative Trait Loci (QTL)
animalgenome.org/cgi-

bin/QTLdb/SS/index) [23]. The joint analysis of SE and QTL

Database (Animal QTLdb, https://www.
was performed using an in-house Python
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Table 3
The motif analysis of different peaks (down).

Rank  motif Name/Source of reference data p_value % of targets Luchuan vs
sequences with motif =~ Duroc peak

1 AC A I ERG (ETS)/VCaP-ERG-ChIP-Seq 1.00E- 21.69% down
=V AA A Aé (GSE14097) 06

2 TGZ Etv2 (ETS)/ES-ER71-ChIP-Seq 1.00E-  12.85% down
XAE; %ﬁg (GSE59402) 05

3 TS EWS:ERG-fusion (ETS)/CADO_ES1- 1.00E-  10.69% down
Uex EWS:ERG-ChIP-Seq (SRA014231) 05

4 cTT C$CT T A NF1 (CT.F)/LNCAP-NFl-ChIP-Seq 1.00E- 6.58% down
LY XéﬁAI (Unpublished) 04

5 Al c Atf3 (bZIP)/GBM-ATF3-ChIP-Seq 1.00E-  8.94% down
A
2c S (-';IT (GSE33912) 04
6 AA C Ig_g Jun-AP1 (bZIP)/K562-cJun-ChIP-Seq 1.00E- 3.91% down
L= X (GSE31477) 04

7 ETV4 (ETS)/HepG2-ETV4-ChIP-Seq 1.00E- 13.87% down
Q A écQ (ENCODE) 04

8 ZFX (Zf)/mES-Zfx-ChIP-Seq 1.00E- 17.27% down
A CCI%% (GSE11431) 04

9 A C Fra2 (bZIP)/Striatum-Fra2-ChIP-Seq 1.00E- 6.68% down
gA T AAT Ac (GSE43429) 04
== =
10 A C TC AP-1 (bZIP)/ThioMac-PU.1-ChIP-Seq 1.00E- 9.76% down
CT A TQA«;I (GSE21512) 04

script. In brief, when the SE falls into the control range of QTL, it was considered to have a mapping relationship with this trait, and the
cumulative frequency of mapping different SEs on this trait was counted.

2.9. Cell culture

Pre-adipocytes were isolated from the subcutaneous abdominal tissue of 1-week-old Duroc pig. Cells cultured at 37 °C and 5% CO
using F12/DMEM medium (Thermo Fisher Scientific Inc., CAS#11765054) supplemented with 20% fetal bovine serum. Once the cells
reached a confluence of 70-80% and became confluent, (+)JQ-1 inhibitor was added at a final concentration of 250 nM (Med Chem
Express, CAS#1268524-70-4). After culturing for 24 h, total RNA was extracted, cDNA was synthesized through reverse transcription,
and gene expression was detected by qPCR.

2.10. Data collection

The CUT&Tag sequencing data, ATAC-seq analysis data, loops of Hi-C sequencing data and RNA-seq expression data related to this
research project is available through the “Data Availability Statement” section of this article.

2.11. Statistical analysis

The data were input into GraphPad Prism v8.0.2 software for calculation and drawing. Data were expressed as the mean plus
standard error of the mean (SEM). Statistical analysis was performed using IBM SPSS Statistics 22 software (IBM, Chicago, IL, United
States). Two groups of data were analyzed using the unpaired two-tailed t-test. Significance analysis of length and expression level
between samples was performed by the Wilcoxon test. p < 0.05 (*) was considered significant, p < 0.01 (**) and p < 0.001 (***) were
considered to be extremely significant.

3. Results
3.1. Overview of CUT&Tag sequencing data
To examine genome-wide SEs in Luchuan and Duroc pigs, we profiled the H3K27ac histone modifications in adipose tissue by

CUT&Tag sequencing. The specific process is shown in Fig. 1A. The procedures are recorded in the Methods section. CUT&Tag
technology relies on the Tn5 enzyme’s ability to cut the DNA chain. Analyzing the size distribution of DNA fragments after enzyme



Table 4
Remote target genes of Super-enhancer.
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1 165072134 165124629 7_peaks1437 lociStitched 75419.5665 1 164540000 165080000 loop_38930 1.85E-13 1 164524502 164540118 ENSSSCG00000004947 LCTL Luchuan pig
3 8446171 8532295 11_peaks19469 lociStitched 109368.868 3 8540000 8700000 loop_107286 2.97E- 3 8711215 8716871 ENSSSCG00000027486 TRIP6 Luchuan pig
153
4 95894359 95958064 11 _peaks22900_ lociStitched 116293.478 4 95900000 96200000 loop_ 163461 4.08E-22 4 96233327 96239285 ENSSSCG00000006588 S100A9 Luchuan pig
6 48562359 48606306 6_peaks18929 lociStitched 158380.593 6 48500000 48560000 loop 212964 1.40E-23 6 48811148 48830976 ENSSSCG00000033836 SHKBP1 Luchuan pig
9 104844783 104913338 6_peaks24055 lociStitched 86166.3054 9 104880000 106760000 loop 334082 1.94E-21 9 105004987 105265595 ENSSSCG00000026110 SRPK2 Luchuan pig
10 14381636 14432274  6_peaks2662_lociStitched ~ 80792.929 10 14380000 14440000 loop 342607 5.76E-11 10 14594599 14649619 ENSSSCG00000010861 COQSA Luchuan pig
1 165072134 165124629 7_peaks1437 lociStitched 75419.5665 1 164540000 165080000 loop_38930 1.85E-13 1 164778679 164781055 ENSSSCG00000004949 SMAD6 Duroc pig
14 74837199 74922375  7_peaks8157_ lociStitched 102080.4936 14 73780000 74860000 loop 468176 4.38E-08 14 73798761 73807281 ENSSSCG00000010275 PCBD1 Duroc pig
6 49546360 49562767 4 _peaksl17845 lociStitched 59677.1811 6 48500000 49540000 loop 216287 1.19E- 6 48553842 48606167 ENSSSCG00000002989 AKT2 Duroc pig
205
15 7494562 7523385 6_peaks8445_lociStitched 119768.212 15 7520000 9200000 loop_489604 4.52E-07 15 8190607 8812049 ENSSSCG00000015671 ARHGAP15 Duroc pig
4 95894359 95958064 11 peaks22900_lociStitched 116293.478 4 95900000 96220000 loop 163549 2.41E-10 4 96302070 96305110 ENSSSCG00000037666 PGLYRP3  Duroc pig
9 104844783 104913338 6_peaks24055_lociStitched 86166.3054 9 104880000 105160000 loop_330903 1.99E-90 9 105004987 105265595 ENSSSCG00000026110 SRPK2 Duroc pig
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Fig. 4. Example diagram of SE driving remote genes with loop domains. A: Green is the RNA-seq expression track, orange is the ATAC-seq signal
track, red is the SE signal track, and the purple curve represents loops. The yellow color represents the SE location, and the blue color represents the
remote gene region activated near the loop anchor. B-C: Duroc porcine pre-adipocytes were treated with (+)JQ-1 inhibitor, then the expression of
SE remote target genes was detected by qPCR.

digestion is helpful to master the cutting efficiency of Tn5 enzyme. Three distinct peaks can be observed in Fig. S1 (Supplemental file
1). It represents the length distribution of chromatin accessible regions, mononucleosome DNA fragments, and dinucleosome DNA
fragments, respectively. These fragments were consistent with the expected length of nucleosome DNA. The mononucleosome length
was generally about 147 bp, indicating that samples were of good quality and the digestion efficiency of Tn5 enzyme was appropriate.
When all libraries were constructed and qualified, they underwent sequencing using the Illumina NovaSeq 6000 platform.

A total of 55.61 GB of raw data were obtained from six fat samples. After strict quality control, 46.65 GB clean data were generated.
The Q30 value of each sample remained above 90% (Supplemental file 2: Table S1), indicating that the data quality of CUT&Tag
sequencing was very good. BWA-MEME software [19] was then used to compare clean data to the genome. The unique alignment rate
of each immunoprecipitation sample was over 89.5% (Supplemental file 3: Table S2); therefore, the quality of this batch of sequencing
data fully met the need for subsequent analysis. Subsequently, MACS2 software was used to determine call peak. The peak number of
each sample is shown in Supplemental file 3: Table S3. The deepTools software [24] was used to calculate the normalized signal values
in the peak center area, and the results confirmed that the signal distribution patterns of Luchuan pig and Duroc pig were of quality and
concentrated (Supplemental file 1: Fig. S2). In addition, PCA analysis of the samples showed that the groups were independent
(Fig. 1B), suggesting that there might be some differences in SEs between the two pig breeds. Therefore, we first investigated the peak
profiles of Luchuan and Duroc pigs and found that they were basically consistent with the results reported by Whyte [8]. Peak
characteristic analysis showed that most peak lengths were in the 200-1600 bp range (Supplemental file 1: Fig. S3). However, there
were special spikes at the start and end sites of SEs in the pig breeds (Fig. 1C), and signal depression in the main area. In addition, the
signal intensity of SEs in Luchuan pig was stronger than that in Duroc pig. Following clustering analysis of peak signals and con-
struction of a heat map (Fig. 2A), it was found that the different peaks of the two pigs were clustered into five clusters, suggesting that
there were huge differences in the SEs of these peak sites. Thus, we calculated the proportion of these peaks in functional regions across
the genome (Fig. 2B). It was found that the up-regulated peaks were distributed in the promoter (<1 kb) region (Fig. 2C), which were
much higher than the down-regulated peaks. These results suggest that some SEs in the promoter region of adipose tissue of Luchuan
pig may be relatively active.
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Fig. 5. Expression level calculation and promoter accessibility analysis of proximal and remote genes. A-B: Different types of prediction gene
expression statistics of Luchuan and Duroc pigs. A total of 1500 background genes were randomly selected from all gene pools. The gene closest to
the SE was the proximal target gene. Typical enhancer target genes were predicted by ROSE software. C-D: Changes in the expression level of remote
target genes were analyzed when the SE extended to the loop anchor point with different lengths. E-F: Analysis of the expression levels of distal
target genes under different loop lengths. G-J: Accessibility analysis of proximal genes and remote genes using ATAC-seq data. The predicted
promoter was defined in the range of 2000 bp upstream to 200 bp downstream of the transcription start sites (TSS) site. Significance analysis of
expression was performed by the Wilcoxon test. *p < 0.05, **p < 0.01 and ***p < 0.001.

3.2. Identification and characterization of super-enhancers

Using ROSE software, 25,463 and 26,085 typical enhancers were obtained from the adipose tissue of Luchuan and Duroc pigs,
respectively (Fig. 2D and Supplemental file 4: Tables S4-5). According to Young Lab’s definition of SE [8], we performed stitching and
sorting of these enhancers (Fig. 2E-G). When the slope was greater than 1, Luchuan pigs had 145 SEs, and Duroc pigs generated 378
SEs (Table 1). The details of these SEs are shown in Supplemental file 5: Tables S6-7. We observed peak signal patterns of Luchuan and
Duroc pigs, and found that there were some differences in the typical enhancers signal near some genes related to lipid metabolism,
such as PPARA, LPL (Fig. 3A). Additionally, the expression levels of these genes also varied (Fig. 3B-C and Supplemental file 6:
Table S8). Interestingly, the SE at the same position in the two pig breeds also showed differences in signal intensity (Fig. 3B). These
results confirmed the previous speculation of large differences in peak clusters (Fig. 2A).

Transcription factors tend to bind to specific DNA sequences that often have highly conservative nucleotide arrangement patterns.
Such sequence patterns are known as motifs of the transcription factor binding site. In order to explore the differences in transcription
factors bound to the SEs of Luchuan and Duroc pigs, we used the findMotifsGenome.pl tool for prediction analysis, and the results
showed that the main motifs corresponding to the transcription factors of Luchuan vs Duroc up-regulated peaks were AT2G01818,
HSF6, HRE, NF1-halfsite and so on (Table 2). The motifs of down-regulated peaks were mainly ERG, Etv2, EWS and NF1 (Table 3).
Interestingly, AGL95 and Atf3 were also found in the results. AGL is known to be involved in the glycogen degradation process [25,26],
while Atf3 has recently been reported to be involved in fat metabolism and energy metabolism [27-29].

3.3. Prediction of the proximal target gene and regulation analysis of the remote target gene of the super-enhancer

Eukaryotic chromatin can be folded and wound to form complex 3D structures, including loop domains that bring two regions that
are linearly far apart closer to each other. Michal [30] previously reported that two distant genes can achieve enhancer shared
regulation through loop structure. Therefore, we assumed that SE may also realize the transcription of long-distance driving target
genes with the help of loop domains. By joint analysis of the loops data of Hi-C sequencing, we defined the gene with the closest linear
genomic distance to SE as the proximal target gene (Supplemental file 7: Tables S9-10), and the gene that was narrowed by loops was
called the remote target gene (Table 4 and Supplemental file 8: Tables S11-12). The prediction method is shown in the Methods
section. We observed that the SE can selectively activate a portion of remote target gene transcription through loop domains (Fig. 4A).
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the proximal gene, but cannot affect the distal gene transcription. B: With the help of the loop domain, the SE can affect both proximal and
distal gene.

We treated Duroc porcine pre-adipocytes with a (+)JQ-1 inhibitor (a specific and reversible BET bromodomain inhibitor) and observed
significant inhibition of most Super-enhancer distal target genes (Fig. 4B), while non-SE target genes remained unaffected by the
inhibitor (Fig. 4C). This result supports our hypothesis to a certain extent. In fact, SEs can easily improve the overall expression level of
proximal target genes compared with the background genes and the typical enhancers target genes (Fig. 5A-B). When analyzing the
data, we observed that SEs were often some distance from the loop anchor point. To investigate whether this distance affects the
efficiency of SE in driving transcription, we evaluated the expression levels of remote target genes under different SE endpoint
extension conditions. As the average stitched length of the SE formed by ROSE software was 12.5 kb, we took that as the expected
value. We found that the expression level of the remote target gene was highest when the extended length was 12.5 kb, but the
expression level of the remote target gene decreased when the length was lower or higher (Fig. 5C-D).

Considering that loop length might affect the SE driving effect, we measured the remote target gene expression at different loop
lengths and found no significant change in overall remote target gene expression level in both Luchuan and Duroc pigs (Fig. SE-F).
Based on the 12.5 kb extension, we analyzed the chromatin accessibility of the promoter region of the SE remote target gene using
ATAC-seq data, and found that 31.2% of Luchuan and 31.03% of Duroc proximal target genes showed chromatin accessibility of the
promoter region (Fig. 5G-H). With regard to analysis of SE remote target genes, we were surprised to find that 13.8% and 9.32%
promoter regions remained accessible (Fig. 5I-J). This means that even though SE and remote target genes were far apart in linear
distance (the average distance was more than 600 kb), they can still become close to each other in space through the loop domains and
play a certain role in regulating transcription. Based on the above results, we hypothesize and model the method for predicting remote
target genes, as shown in Fig. 6A-B.

3.4. Joint analysis of super-enhancer and QTL

Quantitative trait loci (QTL) plays an important role in pig breeding and production. We analyzed the mapping relationship be-
tween SE and QTL. The method of SE frequency analysis is shown in the Methods section. Through mapping analysis, it was found that
a large number of SEs were mapped to the adipose-related QTL (Fig. 7A-B). Interestingly, the top five QTLs of Luchuan and Duroc pigs
were mainly enriched in several traits such as drip loss, average backfat thickness, loin muscle area, backfat at last rib, and teat
number. We defined them as SEs associated with lipid metabolism, the details are shown in Table 5 and Supplemental file 9:
Tables S13-14, and their corresponding remote target genes and proximal target genes are more likely to be driven by the SE.

4. Discussion

Luchuan pig is an obese and famous Chinese breed, while Duroc is a widely used lean pig breed. Both breeds are excellent animal
models for studying fat deposition. Fat deposition in pigs is often regulated by multiple genes. According to previous reports, SEs often
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Fig. 7. Mapping frequency statistics of SEs in different QTLs of pigs. A-B: The top 20 QTLs were calculated based on SEs cross mapping frequency of
Luchuan and Duroc pigs.

have a multi-gene regulatory role due to their strong driving ability [31-33]. However, due to the lack of SE studies in pigs, we ob-
tained 145 SEs in Luchuan pigs and 378 SEs in Duroc pigs using the CUT&Tag technique. Following a comparative analysis, it was
found that there were significant differences in peak intensity and coverage ratio of these peaks in the gene promoter region between
the two breeds. Subsequently, we also found that peak signals at the start and end point of the SE peak profile showed obvious spikes,
while the body region showed an overall downward trend. These findings are similar to SE data obtained by Lovén et al. using MED1
and BRD4 [9]. We hypothesized that spikes at both ends might be characteristic of the SE obtained by ChIP-seq in H3K27ac of pigs. On
the other hand, the analysis showed that the expression level of both proximal and remote target genes was higher than the background
gene level. Notably, the proximal target gene expression was significantly higher than that of the typical enhancer gene. These results
are consistent with those reported by Lovén et al. [9] and Dong et al. [34].

The expression of remote target genes was only related to the distance from the SE extended to the loop anchor, and the maximum
expression was strongly correlated with the average SE length of 12.5 kb, independent of the loop length, which was an interesting
finding. Therefore, we proposed a model of the SE’s remote drive target gene (Fig. 6A-B), which explains why SE could drive remote
target gene transcription by loops on a 3D spatial scale. However, the specific molecular mechanisms involved require confirmation by
further research. Data from ATAC-seq assisted in verifying that the SE did indeed have an effect on driving remote target genes. Even at
a long linear distance from the SE, approximately 10% of remote target gene promoters were accessible. Therefore, our method may
reveal remote potential regulatory genes that have not yet been discovered. Of course, the molecular mechanism of SE remote acti-
vation requires further verification. Correlation analysis between pig QTL traits and SEs helped us to obtain a clearer picture of which
SEs controlled fat deposition traits. Therefore, some SEs related to lipid metabolism were determined, which will provide a research
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Table 5

Super-enhancers associated with fat metabolism traits.
chr start end Super-enhancer_ID value chr start end QTL QTL_ID sample
1 273934220 274012217 13_peaks3569 lociStitched 118376 1 227805980 275571750 Backfat_at_tenth_rib_QTL 23 Luchuan pig
4 95894359 95958064 11_peaks22900_lociStitched 116293.5 4 62054538 119527200 Average_backfat_thickness_QTL 162 Luchuan pig
5 19208215 19266337 10_peaks24176_lociStitched 148690.5 5 11124985 103928896 Backfat_at_mid-back_QTL 5210 Luchuan pig
10 39875246 39875967 1_peaks2920_lociStitched 132939.3 10 36817956 48807828 Backfat_at_last_rib_QTL 3787 Luchuan pig
14 123410154 123460911 10_peaks8663_lociStitched 137406.2 14 84693963 137406474 Fat-cuts_percentage QTL 1162 Luchuan pig
16 71314390 71384532 13_peaks14615_lociStitched 129903 16 39864062 78708148 Average_backfat_thickness_QTL 5728 Luchuan pig
2 15185135 15245332 10_peaks16343_lociStitched 89326.3 2 668487 108072162 Average_backfat_thickness_QTL 21212 Duroc pig
5 21123364 21208677 10_peaks15696_lociStitched 116256 5 20096748 78807961 Backfat_at_mid-back QTL 5209 Duroc pig
14 72379858 72433769 10_peaks11247 lociStitched 43684.1 14 58527320 84693963 Adipocyte_diameter_QTL 12850 Duroc pig
15 25328280 25382966 10_peaks12531 lociStitched 54341.5 15 15777650 137082629 Backfat_at_tenth_rib_QTL 5725 Duroc pig
16 51733294 51789416 10_peaks14598_lociStitched 47051.2 16 39864062 78708148 Average_backfat_thickness_ QTL 5728 Duroc pig
17 51190187 51236886 10_peaks15704 lociStitched 46932.5 17 38860318 63780895 Backfat_at_last_rib_QTL 1191 Duroc pig
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basis for the subsequent study of SE related genes driving lipid metabolism and fat deposition traits.
5. Conclusions

Overall, 145 SEs of Luchuan pigs and 378 SEs of Duroc pigs were determined in this study, and different characteristics of the SE
peaks of the two pig breeds were found. The peak coverage ratio of SE peaks in the gene promoter region was significantly different
between the two breeds. Peak signals at the start and end point of the SE peak profile showed obvious spikes. In addition, proximal
target genes of the SE were highly expressed compared with the background genes and the typical enhancer target genes. Using loop
data from Hi-C sequencing, we predicted the SE’s remote target genes and found that their expression level was related to the distance
the SE extended to the loop’s anchor, but not the length of loops. Moreover, from our prediction method, some remote potential
regulatory genes were revealed which had not been discovered before. The ATAC-seq data conjoint analysis confirmed that approx-
imately 10% of the remote target gene’s promoters were accessible. Finally, the QTL coalition analysis identified a batch of SEs
associated with fat metabolism traits. These results will provide a new basis for the study of pig epigenetics and broaden the un-
derstanding of remote target gene regulation of SEs.
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TF

Transcription factor

QTL Quantitative trait loci
ATAC-seq Transposase-accessible chromatin with high-through sequencing
Hi-C seq High-throughput chromosome conformation capture sequencing
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