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Abstract
The distribution of adipose depots in different body parts affects pig production value and human health, 
governed by complex epigenomic mechanisms. Limited studies on pig adipose depots have hindered the genetic 
improvement of fat-related economic traits and their biomedical applications. To address this issue, we generated 
epigenomic maps for backfat, belly fat, groin fat, and intermuscular fat (IMF) in Meishan pigs, integrating ChIP-seq, 
ATAC-seq, RNA-seq, Hi–C, and public whole-genome sequencing data. Our results reveal that belly/backfat share 
similar chromatin states, while groin fat/IMF exhibit distinct H3K27ac modification, super-enhancer (SE) dynamics, 
and open chromatin landscapes compared to belly/backfat. The spatially specific expressions of adipogenic 
transcription factors (TFs), such as lipid synthesis-related TFs PPARA and SOX6, which are highly expressed in back/
belly fat, and adipocyte differentiation TF KLF4 was driven by a groin fat specific SE, underlie these chromatin state 
disparities. These results also suggest enhanced lipid synthesis in belly/backfat and adipocyte differentiation in 
groin fat. Moreover, candidate functional variants identified in IMF-gained H3K27ac peaks are primarily associated 
with meat quality traits. Genes linked to pig backfat thickness may also serve as candidate genes for human 
obesity due to the conserved cis-regulatory elements and gene expression patterns between humans and pigs. 
Overall, our epigenomic landscape enhances understanding of adipose depot regulation in mammals, facilitating 
cross-species insights and precision breeding.
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Introduction
In mammals, adipose tissue is pivotal in energy storage 
and provision. Moreover, it is distributed across various 
body regions and exerts multiple biological functions as 
a secretory organ. For example, mesenteric adipose tis-
sue responds to inflammatory bowel disease [1], adipo-
cytes in mammary glands and the heart supply lipids to 
adjacent cells for nutrition [2], and visceral fat is closely 
associated with health issues such as heart disease, 
hypertension, and diabetes [3, 4]. In pigs, recent studies 
reveal that adipose tissue contributes to adaptation under 
cold stress through modulation of immune function [5]. 
Beyond its physiological roles, adipose tissue also plays 
a crucial role in determining the economic value of live-
stock such as pigs, where fat deposition is directly related 
to pork quality. For example, intramuscular fat content 
influences the taste and flavor of pork [6], while reduc-
ing backfat thickness is commonly used as a standard for 
maximizing lean meat yield [7]. Moreover, fat deposition 
is correlated with growth rate and weight gain. In breed-
ing programs, selecting pigs with high-quality meat that 
meets market demands requires considering the distribu-
tion and levels of fat to ensure optimal meat quality and 
production yield.

Pigs boast the highest adiposity among meat-produc-
ing animals, making them an ideal model for investigat-
ing adipose tissue metabolism and associated pathologies 
in humans [3]. Native Chinese pig breeds are known for 
their adaptability to environments, disease resistance, 
and unique genetic traits. Specifically, Chinese Meishan 
(MS) pigs exhibit a higher intermuscular fat (IMF) con-
tent, superior meat quality, and thicker backfat compared 
to western commercial pigs such as the Large White 
(LW) pigs [8]. Compared with traditional rodent mod-
els, pigs (Sus scrofa) share greater similarity with humans 
in anatomical size and structure, physiology, immunol-
ogy, and genome organization, which enhances their 
translational value [9]. Importantly, pigs and humans 
both exhibit distinct regional partitioning of fat depots, 
such as subcutaneous adipose tissue (SAT) and visceral 
adipose tissue (VAT), with comparable distribution pat-
terns and metabolic characteristics [10, 11]. Moreover, 
conserved transcriptional regulation has been observed 
for key adipogenic transcription factors (e.g., CEBPB51 
and PPARG23) and inflammatory signal factor IL6ST 
in humans and pigs [12]. These parallels underscore the 
suitability of pigs as a physiologically relevant model for 
studying human adipose metabolism, obesity, and related 
metabolic diseases. Therefore, exploring the mechanisms 
of fat deposition and metabolism in different adipose 
depots of pigs is of great importance for understand-
ing human fat-related diseases, particularly obesity, and 
improving the economic benefits of the pig industry.

An increasing body of research has underscored the 
critical role of the three-dimensional (3D) architecture of 
the mammalian genome in regulating gene transcription 
[13, 14]. Previous studies have demonstrated how dietary 
interventions reshape topologically associating domain 
(TAD) structures and transcriptional patterns in por-
cine subcutaneous and visceral adipose depots through 
pig models of diet-induced weight gain and weight loss 
[12]. Nevertheless, chromatin conformation capture 
techniques based on chromatin interactions have limited 
resolution [15], and therefore incorporating informa-
tion about cis-regulatory elements and chromatin state 
is required to offer a more detailed landscape for gene 
expression regulation. However, knowledge of the cis-
regulatory elements and their regulation functions in dif-
ferent adipose depots of pigs remains poorly understood.

Here, to construct a more reliable and comprehensive 
gene expression regulatory landscapes of pig adipose 
depots, we conducted chromatin immunoprecipitation 
sequencing (ChIP-seq) for histone H3 lysine 27 acetyla-
tion (H3K27ac), assay for transposase-accessible chroma-
tin with sequencing (ATAC-seq), transcriptome profiling 
(RNA-seq) across four adipose depots (backfat, belly fat, 
groin fat and IMF), as well as Hi-C sequencing for back-
fat and groin fat, in adult MS pigs. Integrative analysis of 
these datasets enabled systematic annotation of cis-regu-
latory elements and transcriptional landscapes, candidate 
functional mutation sites, and conservation of cis-regu-
latory elements between pig and human. Moreover, we 
confirmed the regulatory activity of identified cis-regu-
latory elements via dual-luciferase reporter assays, while 
knockdown of depot-specific TFs validated their context-
dependent roles in different adipose depots. Together, 
these findings offer critical insights into the regulatory 
landscape of porcine adipose depots, with potential 
implications for improving meat quality and advancing 
our understanding of the pathogenesis of human adi-
pose-associated traits.

Results
Overview of cis-regulatory elements in four pig adipose 
depots
In this study, we generated H3K27ac ChIP-seq, ATAC-
seq, and RNA-seq libraries from four adipose depots 
(backfat, belly fat, groin fat, and IMF) of adult MS pigs 
(Fig.  1A). Multidimensional scaling (MDS) analysis of 
each data type revealed clear separation among depot 
types, with replicates clustering tightly together (Fig. 
S1A–C). On average, we obtained approximately 39 
million reads per H3K27ac ChIP-seq library, 156 mil-
lion reads per ATAC-seq library, 38 million reads per 
RNA-seq library (Supplementary Tables 1, 2 and 3). In 
addition, we generated Hi-C 3.0 libraries for backfat 
and groin fat, with an average of 663 million reads per 
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sample (Supplementary Table  4). For RNA-seq, ChIP-
seq, and ATAC-seq data, more than 89.20% of the RNA-
seq mapped reads aligned uniquely to the pig reference 
genome (susScr11), while over 68.87% and 72.15% of the 

total mapped reads of ChIP-seq and ATAC-seq libraries 
were in the deduplicated BAM files, respectively (Sup-
plementary Tables 1, 2 and 3). The Pearson correlation 
coefficients (PCCs) between replicates exceeded 0.9 for 

Fig. 1 (See legend on next page.)
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each data type (Supplementary Tables 1, 2 and 3). The 
normalized strand coefficients (NSC, > 1.05) and relative 
strand correlation (RSC) values (> 0.8) for the H3K27ac 
ChIP-seq data and ATAC-seq data, TSS enrichment val-
ues (> 5) for the ATAC-seq data, and the fraction of reads 
in peak (FriP) values (> 0.2) for ChIP-seq data all sur-
passed the ENCODE-established thresholds, confirming 
that both the ChIP-seq and ATAC-seq datasets were of 
high quality (Supplementary Tables 2 and 3). For Hi-C 
3.0 data, 36–40% unique reads were in Hi-C contacts, cis/
trans interactions were 3.52–3.64, and unique reads in 
long range contacts (> 20 kb) were 54.46–69.42% (Supple-
mentary Table 4). These results confirm the robustness of 
our dataset and its suitability for downstream integrative 
analysis.

The quality-controlled datasets were utilized to identify 
cis-regulatory elements following the ENCODE guide-
lines (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​n​c​o​​d​e​p​​r​o​j​e​​c​t​​.​o​r​g​/). In total, 21,044–
26,298 active enhancers, 20,072–21,857 active promoters, 
444–761 super-enhancers (SEs), and 114,061–126,892 
open chromatin regions were identified across the four 
adipose depots (Fig.  1B, Supplementary Table  5). Our 
study newly identified cis-regulatory elements that were 
not observed in the previous studies, such as an active 
enhancer within MMP9, which was identified in our adult 
MS pig adipose tissue but was absent in prior surveys of 
adult LW pig and MS 2W backfat [11, 16] (Fig. 1C). Com-
parative analysis uncovered that 31.26% of active enhanc-
ers, 10.90% of active promoters, and 42.23% of open 
chromatin regions in adipose depots were newly iden-
tified in this study (Fig.  1D, S1D & E). We further per-
formed dual-luciferase reporter assays on four randomly 
selected promoter regions and seven enhancer regions 
in porcine backfat ADSCs (adipose-derived stem cells) 
and PK-15 cells. All tested elements showed significantly 
higher luciferase activity than genomic barren region, 
supporting the reliability of our cis-regulatory elements 
identification (Figs. 1E & F, S1F & G). Together, these 
results demonstrate although recent efforts have substan-
tially advanced cis-regulatory elements annotation in the 
pig genome, depot-specific profiling remains essential for 
refining and expanding the regulatory landscape.

Next, across the four adipose depots, we identified 
30,694 common H3K27ac peaks (nearly 50% of total 
H3K27ac peaks), which were consistently shared across 
all depots and constituted 60–70% of the H3K27ac peaks 
in each adipose depot (Fig. 1G & H). A parallel analysis of 
ATAC-seq data revealed a comparable pattern of shared 
open chromatin regions (Fig. S1H & I). K-means clus-
tering revealed that the P20 groups of stable enhancers 
and promoters exhibited the strongest H3K27ac signals 
across adipose depots, corresponding to 1520 and 1497 
genes, respectively. Among these genes 76.57–84.04% of 
which were non-housekeeping genes in pigs (Figs. 1I & J, 
S2A & B). GO analysis of above non-housekeeping genes 
indicated that these common cis-regulatory elements 
indeed play adipose depots-related functions (e.g., fat cell 
differentiation for enhancers and Wnt signaling pathway 
for promoters) (Figs. 1K & S2C). As examples, we indeed 
observed consistent stable H3K27ac and ATAC-seq sig-
nals across the four adipose depots in stable expressed 
adipocyte differentiation gene NR2F2 promoter [17] and 
ID4 enhancers [18] (Figs. 1L & S2D). In addition, almost 
a quarter (24.77%) of enhancers and 21.73% of promot-
ers exhibited differences in H3K27ac modification across 
the four adipose depots (Figs. 1I & S2A). For instance, the 
pro-lipogenic gene SLC9A1 [19] and the matrix metal-
lopeptidase gene MMP27 [20] showed higher expres-
sion in groin fat than in other depots, correlating with 
higher H3K27ac and ATAC-seq signals in the respective 
enhancers or promoters in groin fat (Figs. 1M & S2E). 
These results highlight both shared and depot-specific 
transcriptional regulatory patterns among adipose depots 
in pigs.

The most significant differences in chromatin states 
between belly fat and groin fat, as well as IMF, leading to 
variations in lipid synthesis capacity
To further dissect the regulatory divergence in gene 
expression across the four adipose depots in detail, we 
performed differential analysis of H3K27ac peak densi-
ties in promoters and enhancers regions using edgeR 
(refer to Methods). In each comparison, over 74% of the 
differential H3K27ac peaks were located in enhancer 

(See figure on previous page.)
Fig. 1  Identification and comparison of cis-regulatory elements across fat depots. A Schematic of experimental design. B Summary of cis-regulatory 
elements identified in four adipose depots. C Genome browser views of the MMP9 gene showing H3K27ac ChIP-seq signals from published data and 
this study. D Statistical analysis of newly identified cis-regulatory elements for adipose tissues in this study. The published backfat data (blue) of four pig 
breeds (MS, ES, LW, and Duroc) at two weeks of age and adult LW pigs from FAANG project were used for comparing. E–F Verification of promoter and 
enhancer activities using dual-fluorescence reporter system in porcine ADSCs. P/E-random were negative controls. The P-value was calculated using Stu-
dent's t-test, and the data are mean ± standard deviation (n = 4), with *** indicating P < 0.001. G Venn diagram showing the overlapping of H3K27ac peaks 
across four adipose depots. H Percentages of H3K27ac ChIP-seq peaks in each fat depot that are common to all, any three, any two, or only one depot, 
respectively. (I) Heatmap of H3K27ac intensity patterns for enhancers from four adipose depots (parameters of K-means with centers = 20, iter.max = 40). 
The 24.77% (in blue) and 75.23% (in red) of enhancers showed differential and stable H3K27ac modification across the four adipose depots, respectively. 
J Venn diagram showing the overlap between genes associated with P20 enhancers cluster and housekeeping genes. (K) Bar plot of enriched GO terms 
for P20-related genes excluding non-housekeeping genes. (L-M) Examples of genome browser screenshots showing the regions around the NR2F2 and 
SLC9A1 genes.

https://www.encodeproject.org/
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regions (TSS distal regions), and approximately a quar-
ter were located around the TSS (Fig. 2A). Moreover, it is 
worth noting that the least variation in H3K27ac signals 
was observed between backfat and belly fat, indicating 
that these two adipose depots share the highest similar-
ity in gene expression regulation and biological function. 

The most considerable variation in H3K27ac signal was 
observed between belly fat (or backfat) and groin fat, as 
well as between belly fat and IMF (Fig. 2A).

TADs were broadly reported to represent a funda-
mental layer of 3D genome organization with remark-
able stability across tissues, developmental stages, and 

Fig. 2 (See legend on next page.)
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even species [21, 22]. A previous study demonstrated 
that TADs changed between the upper layer of backfat 
(ULB) and greater omentum fat (GOM, which is simi-
lar  to groin  fat [3]) of Bama pigs, and these alterations 
were correlated with differences in gene expression [23]. 
Using the Hi-C data from backfat and groin fat, we iden-
tified TADs and found that approximately 80% of TADs 
were conserved between the two adipose tissues (Fig. 
S3A), and the variable H3K27ac modification signal were 
significantly located within the stable TADs than these 
located within the changed TADs (Figs. 2B & S3C). Fur-
thermore, when compared with changed TADs, stronger 
H3K27ac and ATAC-seq signals were observed at the 
boundaries of stable TADs across all four adipose depots 
(Figs. 2C & S3F). We further identified ULB and GOM 
TADs in Bama pig using published data [23] (Fig. S3B). 
Interestingly, we found similar H3K27ac and ATAC sig-
nal features in both Bama and Meishan pigs (Fig. S3D-E 
and G-H). These findings reinforce the notion that TADs, 
as fundamental structural units of the genome, are highly 
conserved across pig breeds in the same tissue types. 
Together, our results suggest that depot-specific tran-
scriptional differences may largely be driven by enhancer-
promoter interactions within stable TADs, rather than by 
large-scale changes in TAD organization.

Based on the results showing that belly fat and groin 
fat, as well as belly fat and IMF, exhibit the most signifi-
cant disparities in H3K27ac signals (Fig. 2A), we further 
investigated the relationship between gene expression 
and variations in H3K27ac or ATAC-seq signals inside 
stable TADs across these adipose depots. There were 
1,663 differentially expressed genes (DEGs) (|log2FC|> 1 
and P < 0.05) between belly fat and groin fat, and 843 
DEGs between belly fat and IMF (Figs. 2D & S3I). Fur-
ther statistical analysis confirmed that within stable 
TADs, H3K27ac level changes at enhancers/promoters 
correlated with corresponding gene expression changes 
(Figs. 2E & S3J-L). Moreover, changes in TF binding (i.e., 
changes in the number of TF footprints) at open chro-
matin regions captured by ATAC-seq were concordant 

with the changes in the H3K27ac intensities of cis-regu-
latory elements inside stable TADs (Figs. 2F & S3M). For 
instance, the SLMAF9 gene, which plays a vital role in 
immune regulation and inflammation [24], was upregu-
lated in groin fat, and its enhancer and promoter exhib-
ited higher enrichment of H3K27ac and ATAC signals in 
groin fat compared to belly fat (Fig. 2G & H).

Next, the GO enrichment analysis showed that these 
DEGs were significantly enriched in pathways related to 
adipose tissue functions, such as lipid metabolic process, 
fatty acid metabolic process, and response to hypoxia 
(Fig.  2I). The above GO terms involved 19 known lipid 
synthesis-promoting genes, such as the adipogenic 
marker genes SCD [25], PPARG [26], and FABP4 [27], 
which showed the highest expression levels in backfat 
and belly fat, and the lowest expression levels in groin 
fat (Fig.  2J). Moreover, inside the stable TAD regions, 
the H3K27ac and ATAC-seq signals in cis-regulatory ele-
ments of these lipid synthesis genes in backfat and belly 
fat were also significantly higher than those in groin fat 
(Figs.  2K & S3N). These results indicated that back and 
belly fat exhibit the most active lipid biosynthesis and 
accumulation, followed by IMF, with groin fat showing 
the lowest activity.

SEs typically comprise multiple typical enhancers (TEs) 
and are major drivers of the transcriptional activation of 
cell identity genes [28]. We then explored the regulation 
of SEs in the four adipose depots. As expected, in each 
adipose depot, the SE-associated genes showed signifi-
cantly higher expression levels than TE-associated genes 
(Fig.  3A-D). GO enrichment analysis showed that the 
SE-associated genes in the four adipose depots play key 
biological functions of adipocytes (Fig. 3E). Notably, we 
observed the long-chain fatty acid transport is enriched 
only in backfat and belly fat, and the white fat cell dif-
ferentiation is only enriched in groin fat (Fig. 3E). These 
results indicated that SEs regulated important biological 
functions of adipose tissues, and were dynamic across 
different adipose depots, which may account for depot-
specific biological functions variation.

(See figure on previous page.)
Fig. 2  Integrated analysis of differences in histone modification, gene expression and chromatin accessibility between belly fat and groin fat. ACis-
regulatory elements with significant differences in H3K27ac modification among four adipose depots. TSS proximal/distal represent promoter/enhancer 
regions, respectively. B Distribution of variable H3K27ac signal peaks in stable and changed TADs identified using backfat and groin fat from MS pigs. C 
Enrichment of the H3K27ac modification intensity for each adipose depots at boundaries of stable and changed TADs identified using backfat and groin 
fat from MS pigs. D Volcano plot showing genes differentially expressed between belly fat and groin fat. E Boxplot indicating the fold change (FC) in 
gene expression following differential histone modification of enhancers inside stable TADs between belly fat and groin fat. Gain, stable and loss indicate 
changes of H3K27ac signal intensity in enhancers. F Boxplots indicating the FC in H3K27ac signal densities in cis-regulatory elements following changes 
of footprint number inside stable TADs between belly fat and groin fat. Gain, stable and loss indicate changes in footprint number. G Scatter plot showing 
the gene expression levels and open chromatin state between belly fat and groin fat. H Genome browser screenshots indicating the changes of H3K27ac 
ChIP-seq and ATAC-seq signals at the promoter and enhancer regions of the SLAMF9 gene, as well as the expression levels, between belly fat and groin fat. 
The Hi-C heatmap is derived from UBL of Bama pigs. The P-values in B, C, E and F were calculated using a single-sided unpaired Wilcoxon test. * indicates 
P < 0.05, ** indicates P < 0.01. (I) GO enrichment analysis of DEGs between belly fat and groin fat, and between belly fat and IMF. J Z-score for expression 
levels of 19 lipid synthesis-promoting genes across four adipose depots. Only five classic lipid synthesis-promoting genes are listed here. K Boxplot show-
ing H3K27ac intensity in enhancers of lipid synthesis-promoting genes differentially expressed across the four adipose depots inside stable TADs of Bama 
pigs. The P-values were calculated using a single-sided paired Wilcoxon test.
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To further characterize the functions and features of 
SEs in transcriptional regulation in each adipose depot, 
we systematically investigated the dynamic changes of 
SEs. Sankey plot uncovered dramatic SEs dynamic regu-
lation across the four adipose depots (Fig. 3F), and totally 
349 (44.98%) SEs switched to TEs among adipose depots 
(Fig.  3G). As for these dynamic SEs, groin fat exhibited 
the highest number (Fig.  3H). Notably, depot-specific 
SE-regulated genes in belly fat and backfat exhibited 
significant enrichment in biological pathways related 
to  long-chain fatty acid transport  and  lipid metabolic 
processes  (Fig. S4), including lipid synthesis-promoting 
genes such as  CD36 [29],  FABP4 [27], and  FABP5 [30]. 
These genes indeed have higher expression levels in belly 
fat and backfat (Fig.  3I & J). Depot-specific SE associ-
ated genes in groin fat exhibited significant enrichment 
in functional pathways related to RNA polymerase II-
mediated transcription and cell differentiation processes, 
including adipocyte differentiation-promoting genes 
such as KLF4 [31], ID2 [32], and LGMN [33], and these 
genes were highly expressed in groin fat (Fig.  3I & K). 
Together, these findings further corroborate the elevated 
lipid synthesis and fat deposition observed in backfat 
and belly fat (Fig. 2J), and additionally indicate enhanced 
adipogenic differentiation in groin fat.

Spatially specific expressions of adipogenic transcription 
factors drive the differential activities of cis-regulatory 
elements across adipose depots
The spatially specific expression of transcription factors 
(TFs) and their binding to cis-regulatory elements are 
critical for transcriptional regulation in cells. To identify 
TFs contributing to adipose depot-specific differences, 
we analyzed the TF binding motifs enriched in ATAC-seq 
footprints of cis-regulatory elements. In the comparison 
between belly fat and groin fat, 26 motifs were uniquely 
enriched in ATAC-seq footprints of cis-regulatory ele-
ments with both upregulated H3K27ac and ATAC-seq 
signals in belly fat (Figs. 4A & S5A), which included 
more belly fat upregulated TFs (5 up-regulated TFs vs. 
2 down-regulated TFs) (Fig. 4B & C). These five signifi-
cantly upregulated TFs in belly fat were ESSRB, SOX6, 
ETV2, PGR, and PPARA (Fig.  4A & C). Meanwhile, 33 
motifs were uniquely enriched in ATAC-seq footprints 
of cis-regulatory elements with both H3K27ac and 
ATAC-seq signals upregulated in groin fat (lost in belly 
fat) (Fig. S5A), and it only included five groin fat upreg-
ulated (belly fat downregulated) TFs, namely HOXD13, 
FOXM1, RFX2, FOSL2, and KLF4 (Fig. 4D & E). Notably, 
transcription factors ESRRB, SOX6, PGR, and PPARA 
have been implicated in promoting lipid synthesis and fat 
deposition [34–37]. While transcription factors FOSL2 
and KLF4 are known to enhance adipocyte differentia-
tion [31, 38]. This further strengthens our conclusion that 

belly fat has a stronger ability to lipid synthesis and fat 
deposition, while groin fat is more prone to adipogenic 
differentiation.

When comparing belly fat and IMF, 24 motifs were 
uniquely enriched in ATAC-seq footprints of cis-regula-
tory elements with both H3K27ac and ATAC-seq signals 
upregulated in belly fat (Fig. S5B-C). In these 24 uniquely 
enriched motifs, two upregulated TFs (SPDEF and PGR) 
and only one down-regulated TF (KLF5) were observed 
in belly fat (Fig. S5D & E). Moreover, 34 motifs were 
uniquely enriched in ATAC-seq footprints of cis-regu-
latory elements with both H3K27ac and ATAC-seq sig-
nals upregulated in IMF (loss in belly fat) (Fig. S5B & C). 
Among these, three TFs upregulated in IMF (HOXD13, 
HOXA10, and HOXA13) and only one upregulated in 
belly fat (PITX1) were identified (Fig. S5F & G). Nota-
bly, transcription factors HOXA10 and HOXA13 have 
been reported to participate in muscle cell formation and 
regeneration [39].

In addition, we also identified 102 motifs of expressed 
TFs enriched in common cis-regulatory elements with 
stable H3K27ac and ATAC-seq signals across the four 
depots (Figs. 4F & S5H). After filling out the motifs in the 
footprint of differential cis-regulatory elements between 
belly fat and groin fat, and between belly fat and IMF, 29 
motifs were uniquely enriched in the footprints of the 
common cis-regulatory elements (Fig. S5H), and these 
TFs were stably expressed across the four adipose depots 
(Fig. 4G). The aforementioned TFs enriched in common 
cis-regulatory elements are involved in broad, adipose-
critical biological processes. Notably, ARNT (HIF-1β) 
and CLOCK play crucial roles in circadian metabolic 
regulation and obesity/body weight control [40, 41]; E2F 
family members and Bhlhe40 govern cell proliferation, 
differentiation, and apoptosis [42, 43]; while TFE3 and 
PBX1 participate in extensive signaling pathways and 
transcriptional control [44, 45].

To further validate the depot-specific expression pat-
tern of TFs, we performed RT–qPCR across distinct 
adipose depots. Consistent with RNA-seq profiling, the 
belly fat or backfat-enriched transcription factors ESRRB, 
PPARA, PGR, and SOX6 showed the highest expression 
levels in belly fat (Fig.  4H). Similarly, groin fat-specific 
transcription factors FOSL2, KLF4, FOXM1, and RFX2 
exhibited the highest expression levels in groin fat (Fig. 
S5I), while IMF-enriched transcription factors HOXA13 
and HOXA10 showed high expression levels in this depot 
(Fig. S5J). Notably, the depot-specific expression patterns 
of these TFs identified in this study for MS pigs were 
recapitulated in DLY (Duroc × Landrace × Yorkshire) 
three-way crossbred pigs (Fig. S5K-L), suggesting con-
served depot-specific functions of these TFs.

We further analyzed gene expression during the adipo-
genic differentiation of porcine backfat-derived ADSCs. 
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Fig. 3  Regulatory functions of SEs in different adipose depots. A–D Boxplots of the expression levels of genes regulated by SEs and TEs in backfat, 
belly fat, groin fat, and IMF from MS pigs. Red and blue boxes represent the CPM of genes regulated by SEs or TEs in each adipose depot, respectively. 
E Heatmap of enriched GO terms for SE-associated genes from four different adipose depots. F Sankey plot showing the switch between SEs and TEs 
across different adipose depots. G Overall statistics of the three types of SEs (refer to Methods). H Bar plot showing the number of dynamic SEs for each 
adipose depot. I Z-scores indicating the expression levels of genes regulated by SEs in groin fat that switch to TEs in belly fat and backfat (red), and genes 
regulated by SEs in belly fat and backfat that switch to TEs in groin fat (blue). J Example of genome browser screenshots illustrating the regions surround-
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in stable TADs between the ULB and the GOM. The P-values in A–D were calculated using a one-sided unpaired Wilcoxon test. *** indicates P < 0.001.
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Oil Red O staining and qPCR confirmed successful 
adipogenic induction, as evidenced by the upregulation 
of canonical markers PPARG and CEBPA (Fig. 4I). Strik-
ingly, adipogenic induction led to robust upregulation of 
backfat-specific TFs (PPARA and SOX6), while belly fat-
specific TF (ESRRB) and groin fat-specific TFs (KLF4 and 

RFX2) showed no marked changes (Fig. 4I). These find-
ings further supporting the depots-specific expression 
patterns of TFs across the four adipose depots. In addi-
tion, siRNA-mediated knockdown of the backfat-specific 
TFs PPARA and SOX6 led to a marked reduction of the 
adipogenic marker gene PPARG, indicating a key role of 

Fig. 4 (See legend on next page.)
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PPARA and SOX6 in regulating adipogenesis in porcine 
backfat (Fig. 4J & K). In summary, based on TFs enrich-
ment and gene expression patterns, we identified candi-
date depot-specific adipocyte lineage TFs across the four 
distinct adipose depots in pigs (Fig. 4L & Supplementary 
Table 6). Specifically, TFs associated with lipid synthesis 
and fat deposition, including ESSRB, SOX6, PGR, and 
PPARA, were highly expressed in backfat (or belly fat). 
TFs known to promote adipocyte differentiation, such 
as FOSL2 and KLF4, were highly expressed in groin fat. 
Notably, HOXA10 and HOXA13, which are involved in 
myogenesis and muscle regeneration, were preferentially 
enriched in IMF, suggesting that IMF may exert regula-
tory influences on adjacent muscle cells.

Together, these analyses reveal depot-specific cis-
regulatory elements activity, shaped by the combinato-
rial binding of distinct transcription factors. Belly fat is 
characterized by regulatory programs that favour lipid 
synthesis and fat deposition. whereas groin fat and intra-
muscular fat (IMF) are transcriptionally biased toward 
adipogenic commitment and muscle-related gene expres-
sion, respectively. These findings underscore the molecu-
lar diversity of adipose depots and provide mechanistic 
insight into their functional specialization.

Identification of candidate functional variants in adipose 
depot-specific cis-regulatory elements
The distribution of adipose depots in different body 
parts of pigs is closely associated with economic traits 
such as backfat thickness. Here, we collected 71 backfat 
thickness-associated candidate genes identified in previ-
ous pig GWAS studies (Supplementary Table 7). Among 
these 71 genes, 55 genes (77.46%) were expressed in all 
four adipose depots of this study (CPM > 1). Significantly, 
we found that over 58.18% (32 among 55) of the co-
expression backfat thickness-associated candidate genes 
had similar expression patterns between backfat and 
IMF (Fig.  5A). These results imply that when selecting 
individuals with relatively thin backfat thickness during 
breeding, IMF content may be reduced simultaneously, 
which is not conducive to the improvement of meat qual-
ity traits.

As an example, the TNFAIP8L3 gene, which plays an 
essential role in lipoprotein metabolism pathways [46], 
was a backfat thickness candidate gene identified by 
GWAS studies in pigs [47].We observed similar gene 
expression levels of this gene between IMF and back-
fat, accompanied by similar H3K27ac enrichment and 
ATAC-seq signal intensity at its promoter region in both 
depots (Fig. 5B). Motivated by this finding, we collected 
functional variants from the IFmut database (​h​t​t​p​​:​/​/​​w​w​
w​.​​i​f​​m​u​t​a​n​t​s​.​c​o​m​:​8​2​1​0​/​#​/​h​o​m​e) and identified 1598 and 
2803 candidate functional variants with a high/moder-
ate confidence of disrupting TF binding [48] in uniquely 
H3K27ac gained cis-regulatory elements in backfat and 
IMF, respectively (Fig. 5C). The trait enrichment analysis 
confirmed that the candidate functional variants identi-
fied in IMF-specific cis-regulatory elements were indeed 
primarily associated with IMF-related meat quality traits 
(Fig. 5D).

In addition, given that genome sequence disparities 
have been implicated in the differences in backfat thick-
ness and IMF content between MS and LW pigs [49], 
we further identified 218 and 307 candidate functional 
variants located at the top 10% of FST genomic regions 
between MS and LW pigs in specially active cis-regula-
tory elements of backfat and IMF, respectively (Fig. 5C). 
We next used pig ADSCs to validate the candidate func-
tional variants of categories 1–2 SNPs [48] exist in two 
enhancers and one promoter that is uniquely activated 
in IMF. The dual-fluorescence reporter results indi-
cated that categories 1–2 SNP mutations in enhancers 
of HDAC4 and PCK1 genes, as well as in promoter of 
AGBL5 gene, tended to affect the transcriptional activ-
ity of these regulatory elements (Fig.  5E & S6A-6B). As 
these variants were linked to epigenetic regulation that 
varies between backfat and IMF, they could be used as 
resources for increasing pig IMF content and reducing 
backfat thickness in breeding programs.

Pig backfat thickness-associated genes could serve as 
candidate genes for human obesity related traits
We observed the human obesity-related genes SETD2 
and HACE1, both of which are located on distinct 

(See figure on previous page.)
Fig. 4  Enrichment of Transcription factors in adipose depots. A Heatmap depicting signal intensities of H3K27ac and ATAC-seq in cis-regulatory elements 
of belly fat and groin fat. “Loss, stable and gain” represent differential H3K27ac or ATAC signals in cis-regulatory elements between the two adipose depots. 
B Scatter plot showing differentially expressed TFs that uniquely enriched in cis-regulatory elements of belly fat gain. C Logo plots and P values of motifs 
from TFs differentially expressed between belly fat and groin fat in Fig. 4B. D Scatter plot showing differentially expressed TFs that uniquely enriched in 
cis-regulatory elements of belly fat loss. E Logo plots and P values of motifs from TFs differentially expressed between belly fat and groin fat in Fig. 4D. F 
Heatmap of H3K27ac intensities of common cis-regulatory elements across the four adipose depots. G Heatmap of the expression levels of the 29 TFs 
uniquely binding to footprints in common cis-regulatory elements across the four adipose depots. H RT-qPCR validation of belly fat high expression 
genes in different depots. I Oil Red O staining of backfat-derived ADSCs in growth medium (GM) or adipogenic differentiation medium (DM) (Top). RT-
qPCR analysis showing relative expression levels of the indicated genes (Bottom). J-K RT-qPCR validation of gene expression levels after siRNA silencing 
treatments in adipogenic induced ADSCs. L Z-score of gene expressions for TFs enriched explicitly in the differentially activated cis-regulatory elements 
of different adipose depots (left), and function summaries of the adipose depots-specific upregulated TFs (right). The data presented in figures H–K are 
mean ± standard deviation (n = 3). The ns indicates not significant, * P < 0.05, ** P < 0.01, *** P < 0.001.

http://www.ifmutants.com:8210/#/home
http://www.ifmutants.com:8210/#/home


Page 11 of 21Wang et al. Cell & Bioscience          (2025) 15:170 

chromosomes between humans and pigs, are regulated 
by functional-conserved promoters and enhancers (refer 
to Methods) in adipose tissues between humans and 
pigs (Fig.  5F). Moreover, the H3K27ac signals in func-
tional-conserved promoters and enhancers of these two 
genes were also detected in four adipose depots in pigs. 
The anatomical distribution of adipose depots in differ-
ent body parts is closely associated with obesity risk in 
humans [50]. Given the limited availability of epigenetic 
data on adipose depots from different human body parts, 
we next analyzed the expression and cis-regulatory ele-
ments conservation between the pig and human, as the 
similar biology function of adipose depots between the 
pig and human. The next expression analysis showed that 
83.57% (290/347) of human obesity-associated genes in 
the HPO database (https://hpo.jax.org/) were expressed 
(CPM > 1) in at least one pig adipose depot (Fig. 5G). To 
further explore transcriptional similarities, we compared 
the expression profiles of human obesity-related genes 
and pig backfat thickness-associated candidate genes 
across four adipose depots. Using muscle tissue as a con-
trol, we classified human obesity-associated genes and 
pig backfat thickness-associated candidate genes into 
five groups: specific high expression in subcutaneous 
fat (includes backfat and belly fat), specific high expres-
sion in groin fat, specific high expression in IMF, low 
expression in all adipose depots (muscle specific), and 
high expression in all adipose depots. Our results sug-
gested each group contained 4.69–28.57% of the highly 
expressed pig backfat thickness-associated candidate 
genes and 71.43–95.31% of highly expressed human obe-
sity-associated genes, respectively (Fig. 5H).

In addition, we found that 19.03% of enhancers and 
53.15% of promoters of human obesity-associated 
genes were functional conserved between the pig adi-
pose depots and human adipose tissue (Fig.  5I). More-
over, 5.88% of enhancers and 48.39% of promoters of 
pig backfat thickness-associated candidate genes were 
functional conserved between pig adipose depots 
and human adipose tissue (Fig. S6C). Further analysis 
revealed the expression levels of human obesity-related 
genes in human adipose tissue were positively correlated 
with their expression in the four adipose depots of pigs 
(Fig.  5J). Concordantly, similar H3K27ac modification 
patterns around these genes were observed in adipose 
tissues between humans and pigs (Fig.  5K). Dual-fluo-
rescence reporter assays of three randomly selected pig 
promoters conserved between pigs and humans dem-
onstrated robust activation in both pig primary ADSCs 
and human ADSCs line (Fig.  5L & M). Consistently, 
additional reporter assays in pig PK-15 and human HEK-
293 T cells also demonstrated their conserved regulatory 
potential across pigs and humans (Fig. S6D & E).

Overall, these results emphasized that the conserved 
transcriptional and epigenetic landscapes of human obe-
sity-related genes between human adipose tissue and all 
adipose depots of pigs, indicating pig adipose depots may 
serve as valuable models for understanding human obe-
sity related traits. Moreover, the functional conservation 
of cis-regulatory elements associated with backfat thick-
ness loci in pigs highlights their potential as candidate 
genes for elucidating the genetic basis of human obesity.

Discussion
In this study, we conducted a comprehensive analysis of 
cis-regulatory elements across four adipose depots (back-
fat, belly fat, groin fat, and IMF) obtained from adult MS 
pigs. We generated H3K27ac ChIP-seq and ATAC-seq 
epigenomic datasets for these adipose depots, along with 
RNA-seq data, and additionally produced Hi-C genomic 
conformation datasets specifically for backfat and groin 
fat. In each depot, we identified over 20,000 enhancers 
and promoters, and more than 100,000 open chromatin 
regions. Overall, compared with previous studies [11, 
16], 31.26% (enhancers), 10.90% (promoters), and 42.23% 
(open chromatin regions) of cis-regulatory elements were 
newly identified, respectively. This significantly enhances 
our understanding of the epigenomic landscape of adi-
pose tissue and its regulatory control of gene expression 
in pigs.

Identifying variable cis-regulatory elements is cru-
cial for understanding the specificity of regulation 
across different adipose depots. Here, H3K27ac profil-
ing revealed minimal differences between belly fat and 
backfat, reflecting a high degree of epigenomic similarity 
between these subcutaneous depots. By contrast, sub-
stantial divergence in H3K27ac enrichment was observed 
between belly fat and groin fat, as well as between belly 
fat and IMF. Specifically, the comparison between belly 
fat and groin fat identified a group of well-established 
lipid synthesis-promoting genes, including CD36 [29], 
CEBPA [51], FABP4 [27], PPARG [26] and SCD [25], 
which were highly expressed in both backfat and belly fat. 
These results support the enhanced lipogenic potential 
of subcutaneous depots compared with groin fat, which 
shares similarities in transcriptomes with visceral fat [3].

In addition, SEs are known as major drivers of the 
transcriptional activation of cell identity genes [28], and 
our analysis underscored depot-specific SE-regulatory 
differences, with groin fat showing the highest number 
of switched SEs. Genes associated with these SEs had 
higher expressions in groin fat, including adipocyte dif-
ferentiation promoting genes LGMN [33], ID2 [32] and 
KLF4 [31]. Together, these findings indicate that back-
fat and belly fat are more strongly associated with lipid 
synthesis and fat deposition, whereas groin fat is more 
closely linked to adipocyte differentiation.

https://hpo.jax.org/
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Transcription factors regulate gene expression by bind-
ing to cis-regulatory elements. We identified 29 TFs that 
were consistently expressed across four adipose depots, 
participating in core regulatory programs essential for 
adipose biology. Notably, we also observed distinct TF 

binding patterns across four adipose depots. In belly 
fat, ESSRB, SOX6, PGR, and PPARA were selectively 
enriched in depot-specific activated cis-regulatory ele-
ments and were highly expressed, consistent with their 
known roles in promoting adipocyte hypertrophy and 

Fig. 5 (See legend on next page.)
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lipid accumulation [36, 52–54]. Notably, PGR has previ-
ously been reported to display lineage-specific expres-
sion patterns between the basal and luminal lineages in 
the mouse mammary gland, where it maintains chroma-
tin interactions and sustain target gene expression [55]. 
Similarly, KLF4 and FOSL2 were uniquely enriched in 
groin fat. KLF4 is known to activate C/EBPβ, a master 
regulator of adipocyte differentiation [31], while FOSL2 
regulates early differentiation markers such as LEP [56]. 
Intriguingly, HOXA10 and HOXA13, classically associ-
ated with muscle development [39, 57], were selectively 
enriched in IMF specific-activated cis-regulatory ele-
ments and displayed high expression levels, suggesting 
a potential crosstalk between IMF and adjacent muscle 
tissue. Collectively, the spatially specific expression and 
binding of adipocyte-specific transcription factors are 
likely to contribute to these depot-specific chromatin 
state disparities and functional specialization.

GWAS studies have shown that over 90% of trait-
related SNPs reside in non-coding regions, emphasizing 
the role of regulatory element mutations in phenotypic 
variation [58]. Similarly, SNPs located near enhancers 
have been associated  with the genetic control of com-
plex traits in pigs [59]. Here, we identified a great num-
ber of SNPs with potential functional significance and 
are located on regulatory elements associated with traits 
like backfat thickness and IMF content. Trait enrichment 
analysis revealed a greater enrichment of SNPs related 
to meat quality traits in IMF compared to backfat. These 
results underscore the importance of integrating epig-
enomic and genomic data to identify variants relevant 
to economically important traits. Genomic selection 
(GS) is a widely used approach for improving traits in 
livestock breeding [60]. However, enhancing the accu-
racy of genomic estimated breeding values (GEBVs) has 
been a major challenge in GS. Recent evidence suggests 
that incorporating functional variants into GS models 

enhances the reliability of GEBVs compared to those 
based on randomly selected SNPs [48]. Thus, the cis-reg-
ulatory elements-associated variants identified here offer 
practical utility for breeding programs aimed at increas-
ing IMF content and reducing backfat thickness, provid-
ing a molecular foundation for precision trait selection.

Evolutionary studies  have uncovered the widespread 
conservation of cis-regulatory elements and transcription 
factors binding sites across human and other mammalian 
species [61]. Consistent with these findings, we identi-
fied functionally conserved enhancers and promoters 
associated with human obesity and pig backfat thickness 
genes in adipose tissues. In brief, H3K27ac modification 
landscapes at obesity‑related loci were positively cor-
related between human and pig orthologues, which also 
exhibited comparable expression profiles. Moreover, reg-
ulatory elements associated with pig backfat thickness-
associated candidate genes identified through GWAS 
showed similar activity across species. These results sug-
gesting that porcine adipose tissues may serve as valuable 
models for human obesity research and candidate genes 
associated with pig backfat thickness may also repre-
sent conserved targets relevant to human obesity, offer-
ing promising avenues for future investigation into the 
molecular underpinnings of adipose biology and meta-
bolic disease.

Materials and methods
Sample collection, library construction, and sequencing

Pig adipose tissue collection

Backfat, belly fat, groin fat, and IMF tissues were col-
lected from two unrelated 6-month-old male MS pigs and 
stored at − 80  °C after snap-freezing in liquid nitrogen. 
Belly fat and IMF tissues from adult DLY (Duroc × Land-
race × Yorkshire) three-way crossbred pigs were used for 
RT-qPCR validation. All experimental sample collection 

(See figure on previous page.)
Fig. 5  Analysis of pig backfat thickness-associated gene and human obesity-associated genes and identification of candidate functional SNPs. A Expres-
sion heatmap of backfat thickness-associated candidate genes in four different adipose depots and LW muscle tissue (as a control). B H3K27ac ChIP-
seq, ATAC-seq, and RNA-seq intensities and genomic variants (with high/moderate confidence of disrupting TF binding) around the TNFAIP8L3 gene 
in backfat and IMF. C The number and percentage of pig candidate functional SNPs located within FST regions and cis-regulatory elements with gained 
H3K27ac modifications in backfat and IMF, respectively. D Odds ratio from Fisher's exact test was calculated for variants associated with H3K27ac peaks 
in four adipose depots and uniquely gained H3K27ac peaks in IMF across backfat thickness trait and IMF content trait. E Dual-luciferase reporter assay 
was used to validate the effects of categories 1–2 SNPs on the regulatory elements activity in pig primary adipose cells (ADSCs). F H3K27ac signals in the 
promoters and enhancers of the SETD2 and HACE1 genes in the four adipose depots from MS pigs and human adipose tissue. G Expression of human 
obesity-associated genes from the HPO database in pig adipose depots. H The expression of human obesity-associated genes and pig backfat thickness-
associated candidate genes in the four adipose depots of MS pigs and LW muscle tissue (as a control). The pie chart shows the percentage of backfat 
thickness-associated candidate genes or human obesity-associated genes in each group. ICis-regulatory elements sequence and function conservation 
analysis between pigs and humans. The genes used for conservation analysis are pig adipose depots-expressed human obesity-associated genes in PHO 
database. J Correlation analysis of human obesity-associated genes expression between human adipose tissue and each pig adipose depot. The x-axis 
shows the gene expression level (CPM) in each adipose depot from MS pigs, and the y-axis shows the gene expression level (TPM) in adipose tissues 
from humans. PPC presents pearson correlation coefficient (PCC). K Correlation analysis of H3K27ac intensity around human obesity-associated genes 
between human adipose tissue and each adipose depot from MS pigs. The x-axis shows the H3K27ac intensity for each adipose depot from MS pigs, and 
the y-axis shows the H3K27ac intensity in human adipose tissues. L-M Verification of pig promoter activity in pig primary ADSCs and human ADSCs line 
using dual-fluorescence reporter system. P-random1 and 2 were negative controls. The P-value in figure E & L-M was calculated using Student's t-test, 
and the data are mean ± standard deviation (n = 4), with *** indicating P < 0.001, ns indicating no significant difference.
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processes were approved by the Ethics Committee of 
Huazhong Agricultural University (HZAUSW-2018-008).

RNA-seq library construction and sequencing
Total RNA was extracted from four adipose tissues, 
each sampled from two MS pigs, using TRIzol reagent 
(Thermo Scientific, 15596026). The RNA samples had 
high quality with RNA integrity values of 6.4–8.5 (Sup-
plementary Table 1). The high-quality RNA samples were 
further purified using the rRNA-depletion method (Ribo-
Zero-Seq) and used to construct strand-specific RNA-
seq libraries in accordance with the Illumina guidelines 
(Illumina, San Diego, CA). The libraries were sequenced 
using the Illumina HiSeq X Ten (PE150) platform, and 
30.8–45.9 M raw reads were acquired for each sample.

ChIP-seq library construction and sequencing
For immunoprecipitation of DNA for ChIP-seq library 
construction, the frozen adipose tissues were ground 
to a fine powder in liquid nitrogen, and about 400  mg 
adipose tissue, an amount sufficient for two ChIP-seq 
experiments, was transferred to a 15 ml centrifuge tube 
(Corning, 430052) and resuspended with 5 ml cold phos-
phate-buffered saline (PBS). The adipose tissue was fixed 
with 1% formaldehyde (Sigma-Aldrich, 252549) while 
rotating at room temperature for 20 min. To quench the 
fixation, glycine was added to a final concentration of 
0.2 M, and the sample was rotated at room temperature 
for 10  min. The fixed adipose tissue was washed with 
cold PBS and divided into two 1.5 ml microtubes (Axy-
gen, MCT-150-C), then quickly frozen in liquid nitrogen. 
Samples were stored at − 80 °C or used immediately for 
the next step. Nuclei were released with lysis buffer (1% 
SDS, 50 mM Tris-HCI [pH 8.0], 20 mM EDTA, 1 × prote-
ase inhibitors), and the nuclear lysates were fragmented 
using a Covaris S220 (Adaptive Focused Acoustics®); 
0.5–1.0 µg DNA was acquired for immunoprecipitation. 
H3K27ac (Abcam Cat# ab4729, RRID: AB_2118291) 
antibodies (3 µg) were added to 11 μl M-280 sheep anti-
rabbit IgG Dyna beads (ThermoFisher, 11203D), and 
then was rotated at 4 °C overnight. After that, incubating 
the mixture of chromatin and antibody-bound beads at 
4 °C overnight. Then ChIP-DNA was purified and ChIP-
seq libraries were constructed as described by the NEB 
Next® Ultra™ II DNA Library Prep Kit (NEB #E7645S/L), 
and then sequenced on an Illumina HiSeq X Ten PE150 
platform.

ATAC-seq library construction and sequencing
About 50  mg of each adipose tissue was washed with 
1 ml ice-cold PBS and then nuclei were released in 1 ml 
lysis buffer (50  mM HEPES [pH 7.5] [Life Technolo-
gies, 15630–080], 140  mM NaCl [Ambion, AM9760G], 
1  mM EDTA [pH 8.0] [Ambion, AM9260G], 10% 

glycerol [Sigma-Aldrich, G7757], 0.5% NP-40 [Roche, 
11754599001], and 0.25% Triton X-100 [Amresco, 0694]) 
by rotating at 4 °C for 10 min followed by washing with 
1  ml cold PBS. Nuclei were filtered with a 40  µm cell 
strainer, and the number of nuclei were counted. The 
transposition reaction mixture (12.5  μl TD buffer, 10  μl 
ddH2O, and 2.5  μl TDE [Illumina, FC-121-1030]) was 
added to 50,000 nuclei, and the reaction was incubated at 
37 °C with shaking (650 rpm) for 1 h in a Thermo Mixer 
(Eppendorf ). DNA purification was then performed with 
a DNA Clean&Concentrator-5 kit (ZYME, D4004). PCR 
amplification was carried out with an appropriate num-
ber of cycles, which was determined to nine according 
to our previous research. Size selection of the amplified 
PCR products (200–1000  bp fragments) was performed 
with KAPA pure beads (Roche, KS8002). Products from 
the size selection step were quantified and sequenced 
using an Illumina HiSeq X Ten PE150 platform.

Hi–C 3.0 library construction and sequencing
We constructed Hi-C 3.0 libraries for backfat and groin 
fat of MS pigs according to the standard protocol with 
several modifications [1]. In this study, adipose tissues 
were fixed with 1% FA (F8775, Sigma) and 2.5 mM EGS 
(21,565, Thermo Scientific), and restriction enzymes 
AluI (R0137, NEB) and HaeIII (R0108, NEB) were used 
to digest chromatin, and biotin-labled bridge linker were 
used for proximal ligation. To capture as many genomic 
chromatin interaction events as possible, we invested 
600  ng of DNA derived from proximal ligation for sub-
sequent library construction. For each library, approxi-
mately 200 G of raw sequencing data was obtained.

Sequencing data processing

RNA-seq

The reads obtained from RNA-seq were aligned to the 
susScr11 (Sus scrofa 11.1) reference genome assembly 
using STAR v2.7.5c. RSEM v1.3.3 was used to calcu-
late gene expression levels with the GTF form Ensembl 
Release 101 used as input Genes that were not simulta-
neously detected in two replicates were removed, and 
the counts per million (CPM) profiles of genes were 
obtained using DESeq2 v1.36.0. DEGs between different 
adipose depots were also identified using DESeq2 with 
|log2FoldChange| (|log2FC|) > 1 and P < 0.05. Although 
IMF had only one replicate, DESeq2 allows such com-
parisons when other conditions include replicates, as was 
the case for backfat, belly fat, and groin fat. These depots 
had sufficient replicates to estimate dispersion, enabling 
valid differential expression analysis involving IMF. For 
gene expression filtering, we required CPM > 1 in at least 
two replicates for depots with replicates, while for IMF 
(with only one replicate), we applied the threshold of 
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CPM > 1 in that single sample. DEGs between groin fat 
and belly fat tissue, and those between IMF and belly fat 
tissue were subjected to gene ontology (GO) term analy-
sis using DAVID Bioinformatics Resources 2021 ​(​​​h​t​t​p​s​:​/​
/​d​a​v​i​d​.​n​c​i​f​c​r​f​.​g​o​v​/​​​​​)​. The lipid synthesis-promoting genes 
derived from the DEGs in the GO terms.

ChIP-seq
ChIP-seq datasets were processed according to the 
ENCODE ChIPseq pipeline (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​k​u​n​d​​a​j​​e​
l​a​​b​/​c​​h​i​p​s​​e​q​​_​p​i​p​e​l​i​n​e). In addition, the H3K27ac datasets 
of adipose tissues from adult LW pigs were downloaded 
from GEO under accession number GSE158418 ​(​​​h​t​t​p​:​/​/​n​
c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​g​e​o​​​​​)​.​​

The cross-correlation values, including NSCs and RSCs, 
were calculated for each sample via the ENCODE ChIP-
seq pipeline. The FRiP scores were calculated based on 
read counts (FRiP = reads falling into peak regions/total 
mapped reads). All ChIP-seq samples with NSC > 1.05, 
RSC > 0.8, and FRiP > 1% were considered qualified [62]. 
Narrow peaks with P > 10−5 and (IPRPM-INPUTRPM) < 1 
were removed, the overlapping of enriched regions 
was merged, and then the 2  kb regions centered at the 
midpoint of merged regions were acquired to identify 
enhancers and promoters.

The promoters and enhancers of different adipose 
depots from MS pigs were identified using the trimethyl-
ation of histone H3 at lysine 4 (H3K4me3) and H3K27ac 
ChIP-seq data from a previous study [11], as well as 
H3K27ac ChIP-seq data from MS pigs generated here. 
The regions enriched with both H3K27ac signal located 
within the extended regions (2.5  kb upstream and 1  kb 
downstream) of a gene transcription start site (TSS) from 
our previous study [11] and H3K4me3 signals were des-
ignated as promoters, and other H3K27ac peaks were 
defined as potential enhancers.

Super-enhancers (SEs) in each fat tissue were identified 
in accordance with the default parameters of ROSE from 
the Young Lab [28]. Furthermore, to characterize the 
resemblance and discrepancy between the epigenomes 
of different fat depots of MS pigs, the overlap between 
H3K27ac peaks identified by ChIP-seq data from the 
four different fat tissues was investigated using Intervene 
v0.6.5. To calculate the H3K27ac signal matrix of enhanc-
ers and promoters in the four fat depots of MS, the 
enhancer and promoter regions identified by ChIP-seq 
data were separately merged using the merge command 
of BEDTools v2.26.0 with the parameter “–d 0”. The mul-
tiBigwigSummary BED-file function of deepTools v2.5.2 
was utilized to calculate the H3K27ac intensity of merged 
enhancers and promoters in different MS fat depots.

The normalize.quantiles function of the preprocess-
Core package v1.58.0 in R v4.2.1 was used to normalize 
the H3K27ac signals, which were used for generating 

heatmaps. The heatmaps of enhancers and promoters 
showing distinct patterns of H3K27ac intensity between 
different MS fat tissues were generated by clustering 
using the k-means function and plotting using the pheat-
map package v1.0.12 in R v4.2.1. In the H3K27ac inten-
sity heatmap of enhancers and promoters of backfat, belly 
fat, groin fat, and IMF, enhancers of clusters P19–P20 
and promoters of clusters P19–P20 were defined as sta-
ble. Enhancers of cluster P20 and promoters of clusters 
P20 showed high H3K27ac intensities in all fat samples. 
Housekeeping genes regulated by enhancers or promot-
ers of P20 were filtered out, and the filtered genes were 
subjected to GO term enrichment analysis using DAVID 
Bioinformatics Resources 2021 ​(​​​h​t​t​p​s​:​/​/​d​a​v​i​d​.​n​c​i​f​c​r​f​.​g​o​v​
/​​​​​)​, using a significance threshold of P < 0.05. The house-
keeping genes were identified using transcriptomes of 12 
tissue types from four pig breeds of 2-week-old pigs in 
previous research [11], and the housekeeping gene list is 
presented in Supplementary Table 11.

ATAC-seq
ATAC-seq datasets from this study and those of adi-
pose tissue from adult LW pigs downloaded from GEO 
(accession number GSE158418; ​h​t​t​p​:​/​/​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​
g​e​o​​​​​) [16] were processed in accordance with our previ-
ous study [11]. The broad peaks of ATAC-seq signals of 
each fat tissue from MS pigs were called by the MACS2 
v2.2.7.1 broad module, and a significant broad peak was 
defined as P < 10–5. The footprints of each significant 
broad peak were analyzed using the wellington_foot-
prints.py function of pyDNase v0.2.0 with the parameters 
“−A” and a significance threshold of P < 10–15. The overlap 
between open chromatin regions identified by ATAC-seq 
data for the four different fat depots from MS pigs was 
determined using Intervene v0.6.5.

To characterize the differential open chroma-
tin regions, the overlapping open chromatin regions 
between different adipose depots were identified using 
the intersect command of BEDTools v2.26.0 with the 
parameter “−d 0”. The overlap between the merged open 
chromatin regions and H3K27ac peaks was determined 
using BEDTools v2.26.0. The multiBigwigSummary BED-
file function of deepTools v2.5.2 was used to calculate the 
ATAC intensities of merged open chromatin regions in 
belly fat, groin fat, and IMF. The ATAC intensities were 
normalized using the normalize.quantiles function of the 
preprocessCore package v1.58.0 in R v4.2.1 (​h​t​t​p​​s​:​/​​/​b​i​o​​c​o​​
n​d​u​​c​t​o​​r​.​o​r​​g​/​​p​a​c​​k​a​g​​e​s​/​p​​r​e​​p​r​o​c​e​s​s​C​o​r​e) and used for ​g​e​n​e​
r​a​t​i​n​g heatmaps of merged open chromatin regions.

Comparative analysis of cis-regulatory elements
We merged the promoters, enhancers, H3K27ac peaks, 
and open chromatin regions from published data (from 
the adipose depots of 2-week-old pigs and adult LW 

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://github.com/kundajelab/chipseq_pipeline
https://github.com/kundajelab/chipseq_pipeline
http://ncbi.nlm.nih.gov/geo
http://ncbi.nlm.nih.gov/geo
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://ncbi.nlm.nih.gov/geo
http://ncbi.nlm.nih.gov/geo
https://bioconductor.org/packages/preprocessCore
https://bioconductor.org/packages/preprocessCore
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pigs) using BEDTools, respectively. The cis-regulatory 
elements (promoters, enhancers, and open chromatin 
regions) identified in the backfat, belly fat, groin fat, and 
IMF of MS pigs were also merged, respectively. The over-
lap between these merged cis-regulatory elements of MS 
pigs and those cis-regulatory elements of published data 
was determined using the intersect command of BED-
Tools. In addition, the overlap of H3K27ac peaks and 
open chromatin regions between each adipose depot 
from this study and those from published data was deter-
mined, respectively.

Hi–C
The TADs and Hi-C contact matrixes of two adipose 
tissues, ULB and GOM of Bama pig, were downloaded 
from GEO under accession number GSE183447 ​(​​​h​t​t​p​:​/​/​
n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​g​e​o​​​​​)​. The analysis of changes in TADs 
was mostly based on a previous study [23]. The TADs 
of the ULB that uniquely overlapped with those in the 
GOM were identified, and a TAD was defined as a stable 
TAD when the ratio of overlap was 0.5. TADs in the ULB 
that were split into two or more TADs in the GOM were 
defined as split TADs. The TADs that were present as two 
or more TADs in the ULB but present as a single TAD in 
the GOM were defined as merged TADs, and the remain-
ing changes were classified as TAD rearrangements [23].

For the stable and changed TADs (i.e., those that dif-
fered between the ULB and GOM), the H3K27ac and 
ATAC-seq peak intensities of each MS fat depot were 
calculated. The multiBigwigSummary BED-file function 
of deepTools v2.5.2 was utilized to calculate the H3K27ac 
and ATAC-seq intensities of the backfat for stable and 
changed TADs. The H3K27ac and ATAC-seq intensities 
were normalized using the normalize.quantiles function 
of the preprocessCore package v1.58.0 in R. The normal-
ized H3K27ac and ATAC intensities of TADs were used 
for generating boxplots. Moreover, the number of differ-
ential H3K27ac modification peaks between different fat 
depots that overlapped with the stable or changed TADs 
were counted.

The Hi-C 3.0 data of backfat and groin fat were pro-
cessed using the HiC-Pro (version 2.11.1) pipeline to 
produce the ICE normalization contact matrices. The 
insulation score of the ICE matrix was calculated by 
using the following options: -is 480,000 -ids 320,000 
-im iqrMean -ss 160,000. Furthermore, the insulation 
method was utilized to define the topologically associat-
ing domain (TAD) structure (insulation/boundaries). The 
methods for stable and changed TADs between backfat 
and groin fat were consistent with those used for ULB 
and GOM.

Analysis of differentially activated cis-regulatory elements
The enhancers and promoters between backfat and belly 
fat, backfat and groin fat, backfat and IMF, belly fat and 
groin fat, belly fat and IMF, and groin fat and IMF were 
merged by BEDTools v2.26.0 respectively. EdgeR v3.38.4 
was used to identify the differentially activated promot-
ers or enhancers with |log2FC|> 0.58 and P < 0.05. The 
distance from each enhancer to the TSS of each gene 
was calculated in the range of ± 500  kb centered on the 
enhancer. The gene closest to an enhancer was consid-
ered to be potentially regulated by that enhancer, and 
the gene and its enhancer were located in the same TAD. 
Furthermore, if a promoter overlapped with the TSS 
region of a gene, that gene was considered to be regulated 
by that promoter.

The differentially activated open chromatin regions 
(between belly fat and groin fat and between belly fat and 
IMF) were similarly identified by edgeR with the criteria 
|log2FC|> 0.58 and P < 0.05. The regulatory genes in open 
chromatin regions were identified using the same meth-
ods used to identify enhancers. Then the differentially 
activated enhancers, promoters, and open chromatin 
regions were separated into two groups according to the 
log2FC value, and the cis-regulatory elements without 
differential histone modification were selected as con-
trols. The log2FC expression values of genes associated 
the cis-regulatory elements were compared using the wil-
cox.test function in R v4.2.1.

Moreover, the number of footprints in each ATAC-seq 
broad peak for different fat depots (belly fat and groin 
fat, belly fat and IMF) was counted, and the ATAC broad 
peaks in different fat depots (belly fat and groin fat, belly 
fat and IMF) were merged using BEDTools v2.26.0. The 
number of footprints represents the number of transcrip-
tion factors (TFs). The TF number in the merged peaks 
between belly fat and groin fat or belly fat and IMF were 
compared, and peaks with the same number of TFs in the 
two depots were considered stable peaks. If the numbers 
of TFs were different between two adipose depots, the 
merged peaks were separated into two groups (increased 
or decreased number of TFs) based on the positive or 
negative values of subtraction result of the two numbers.

The cis-regulatory elements were classified by deter-
mining the overlap between each category ATAC broad 
peak and the log2FC of H3K27ac signal in the cis-regu-
latory elements, and the associated each category ATAC 
broad peak was compared by wilcox.test function in 
R v4.2.1. The overlap between the merged ATAC-seq 
peaks (belly fat and groin fat, or belly fat and IMF) and 
the merged H3K27ac peaks was determined. The “com-
puteMatrix scale-regions” function of deepTools v2.5.2 
was utilized to calculate the H3K27ac (or ATAC-seq) 
intensities of belly fat and groin fat (or belly fat and IMF) 
for overlapping peaks with the parameters “–binSize 100 

http://ncbi.nlm.nih.gov/geo
http://ncbi.nlm.nih.gov/geo
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–beforeRegionStartLength 5000–afterRegionStartLength 
5000–regionBodyLength 100”.

Analysis of super-enhancers in four different adipose depots
To validate the reliability of SEs, the SE score, calculated 
by ROSE, of these defined as SEs was compared with 
these of an equal number of random enhancers. More-
over, the SEs and TEs from four different adipose tissues 
and the expression profiles of genes associated with them 
were applied for statistical comparisons. The regulated 
genes associated with SEs were identified in accordance 
with enhancers. To annotate the GO biological process 
terms of genes associated with SEs in backfat, belly fat, 
groin fat, and IMF, GO analysis was conducted using 
DAVID Bioinformatics Resources 2021 ​(​​​h​t​t​p​s​:​/​/​d​a​v​i​d​.​n​c​
i​f​c​r​f​.​g​o​v​/​​​​​)​, using a significance threshold of P < 0.05.

ROSE was used to merge the enhancers of the four dif-
ferent adipose depots for identifying the SEs. We ranked 
the merged enhancers according to SE score in back-
fat, belly fat, groin fat, and IMF. The merged enhancers 
identified as SEs in all four adipose depots were defined 
as stable SEs; the merged enhancers identified as an SE 
in any three of the four adipose depots were defined as 
“stable at least in three adipose depots”; and the merged 
enhancers identified as SEs in no more than two of the 
four adipose depots were defined as “SEs switched at 
least in two adipose depots” or “swiched SEs”.

Motif analysis of transcription factors
The TFs of footprints on merged open chromatin regions 
between belly fat and groin fat and between belly fat and 
IMF were identified using the findMotifs.pl function of 
HOMER v4.11.1 with P < 0.01. These TFs were first fil-
tered by gene expression profile, and the differentially 
expressed TFs are highlighted in the figures. We deter-
mined the overlap between expressed TFs of footprints 
on open chromatin regions with up-regulated H3K27ac 
signals in belly fat (compared with groin fat or IMF) 
and those of footprints on open chromatin regions with 
down-regulated H3K27ac signals in belly fat (compared 
with groin fat or IMF). These overlapping TFs were 
defined as changed TFs of changed peaks between differ-
ent adipose depots.

In the H3K27ac intensity heatmap of enhancers and 
promoters in backfat, belly fat, groin fat, and IMF, 
enhancers of clusters P19–P20 and promoters of clus-
ters P19–P20 were defined as shared enhancers and pro-
moters among the four adipose depots. The H3K27ac 
intensities of these shared enhancers and promoters 
were calculated using the “computeMatrix scale-regions” 
function of deepTools v2.5.2. After filtering out the dif-
ferentially activated promoters/enhancers and these 
associated with housekeeping genes, the remaining pro-
moters/enhancers were defined as stable promoters/

enhancers. Then the overlap between the stable promot-
ers or enhancers and the open chromatin regions were 
determined, and the overlapped open chromatin regions 
were defined as stable open chromatin regions. Motif 
analysis was conducted on footprints of stable open chro-
matin regions. The predicted TFs binding on stable open 
chromatin regions was defined as stable TFs on stable 
peaks; the housekeeping genes and changed TFs were 
removed, and those with CPM > 1 in at least one adipose 
depot were retained.

Conservation analysis of cis-regulatory elements across 
mammals
The backfat thickness-related genes were collected from 
Web of Science. The FST value between LW (n = 37) and 
MS (n = 16) was calculated by VCFtools v0.1.17 with 
parameters “–fst-window-size 150,000–fst-window-step 
15,000” [63]. Furthermore, the number of Category 1 and 
Category 2 SNPs of pig in H3K27ac-activated peaks from 
four different fat depots were counted [48], these SNPs 
were also located in top 10% FST regions. QTLs of backfat 
thickness traits and IMF traits for pig were downloaded 
from PigQTLdb database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​a​​n​i​m​​a​l​g​​e​n​o​m​​e​.​​o​
r​g​​/​c​g​​i​-​b​i​​n​/​​Q​T​L​d​b​/​S​S​/​i​n​d​e​x​/). The number of functional 
variants associated with QTLs for backfat thickness 
traits and IMF related traits (unpublished data) in our 
H3K27ac-activated peaks from four different fat depots 
was counted. We identified the obesity-related genes 
with the term HP: 0001513 from the Human Phenotype 
Ontology (HPO, https://hpo.jax.org/app/). The names of 
HPO genes were converted to the names of the homolo-
gous genes in pigs. In addition, these genes were filtered 
by the gene expression profile in MS fat tissues. Heat-
maps of the expression levels of backfat thickness-related 
genes and both obesity- and backfat thickness-related 
genes were generated using the pheatmap package 
v1.0.12.

Human ChIP-seq data for H3K27ac were downloaded 
from the Roadmap Epigenomics project (Roadmap 
Epigenomics [wustl.edu]). The 1 kb regions centered on 
each predicted promoter and enhancer from obesity-
related genes were converted from pig genomic locations 
(susScr11) to human genomic locations (hg19) using the 
LiftOver tool from the UCSC genome browser with the 
parameter “minMatch = 0.5”. The pig enhancers and pro-
moters that could be converted to human genomic loca-
tions were considered as sequence-conserved enhancers 
and promoters. Furthermore, the enhancers and promot-
ers of pigs were considered function conserved if the cor-
responding human homologous sequence was covered by 
human enhancers and promoters, respectively. The cov-
ered reads in the range of ± 500 kb centered on the TSS 
regions of obesity-related genes were calculated using the 
multiBamSummary BED-file function of deepTools2.5.2.

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://www.animalgenome.org/cgi-bin/QTLdb/SS/index/
https://www.animalgenome.org/cgi-bin/QTLdb/SS/index/
https://hpo.jax.org/app/
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Cell experiments

Isolation of pig adipose-derived stem cells (AD-
SCs)
The dissociation protocol was adapted from prior 
research with minor adjustments [64]. ADSCs from 
porcine backfat of 2-day-old piglets were collected and 
minced with scissors. Then digested in a solution con-
taining collagenase A (ROCHE, 10103586001), dispase 
II (ROCHE, 4942078001), and 2% AA (Gibco, 15140122) 
prepared in DMEM (Gibco, C11995500BT). Digestion 
was performed in water bath shaker at 37  °C for 1  h. 
Digestion was terminated by the addition of an equal 
volume of DMEM containing 2% AA, and the cells were 
resuspended in DMEM containing 20% FBS and 2% 
AA. The suspension was filtered through a 100  μm cell 
strainer. The collected ADSCs were cultured in growth 
medium as outlined below.

Cell cultures
For PK-15 and HEK-293 T cell culture, cells were cultured 
in basic culture medium DMEM (Gibco, C11995500BT) 
supplemented with 10% FBS (Gibco, 10270–106) at 
37  °C in 5% CO2. For primary pig ADSCs and human 
ADSCs line (IM-H289, IMMOCELL), cells were cul-
tured in growth medium (Gibco, C11875500BT) supple-
mented with 20% FBS, 1% GlutaMax (Gibco, 35050061), 
1% NEAA (Gibco, 11140050), 5  ng/ml bFGF (Gibco, 
13256029), 1% AA (Gibco, 15140122) at 37 °C in 5% CO2. 
For adipogenic differentiation of ADSCs, medium was 
formulated as previously described, with minor modifi-
cations made. When cells reached 80% confluence, they 
were treated with adipogenic induction medium (MAD I: 
0.5 mM IBMX, 125 nM indomethacin, 1 µM dexametha-
sone, 20 nM insulin, 1 nM T3, and 0.5 µM rosiglitazone 
added to complete DMEM medium with 10% FBS) for 
2 days. Then, the medium was switched to maintenance 
differentiation medium (MAD II: 20  nM insulin added 
to complete DMEM medium with 10% FBS) and cells 
were cultured for another 5 days before being harvested. 
Medium was changed every day.

Oil red O staining
To confirm the success of adipogenic induction, cells 
were fixed in 4% paraformaldehyde for 20  min at room 
temperature, then washed twice with PBS. Next, they 
were dehydrated in 60% isopropanol for 5  min and 
washed with PBS. After that, cells were incubated with 
Oil Red O (dissolved in 60% isopropanol) for 30  min, 
rinsed with 60% isopropanol for 5  s, and finally washed 
three times with PBS. Then observe the cells under a 
microscope and take photos.

Luciferase activity assay
The dual-luciferase reporter system was used to verify 
the cis regulatory elements activity and the effects of cat-
egories 1–2 SNPs on the regulatory elements activity. 
The promoters and the corresponding random regions 
(serving as negative controls) from the pig genome were 
cloned into PGL3-Basic vector plasmid (E1751, Pro-
mega), respectively. The enhancers and the correspond-
ing random regions (serving as negative controls) from 
the pig genome were cloned into PGL3-Promoter vec-
tor plasmid (E1761, Promega), respectively. The genomic 
barren regions that were non-coding areas and showed 
no enrichment of H3K27ac or ATAC-seq signal in our 
datasets were used as negative controls. The cell trans-
fection kit jetPrime (Polyplus, 101000046), fluorescence 
detection kit (11402ES60, Yeasen), as well as the multi-
functional microplate reader (BioTek Synergy H1, Agi-
lent) were used according to manufacturer’s instructions. 
The genomic loci for the cloned sequences, along with 
the primer sequence information used in this study, are 
detailed in Supplementary Table 8, and the detailed insert 
sequences information are in Supplementary Table 12.

RT-qPCR assay
Total RNA was extracted using Trizol reagent 
(15596018CN, Invitrogen) and RNA extraction kit 
(ER501, Trans) from ADSCs isolated from the backfat 
tissue of two-day-old Large White pigs, as well as from 
adipocytes after their induction of adipogenic differen-
tiation. The extracted mRNA was reverse-transcribed to 
generate cDNA (RR047A, TAKARA). The SYBR® Green 
Realtime PCR Master Mix (QPK-201, Toyobo) was used 
to detect mRNA levels by quantitative real-time PCR 
assayed on the real-time PCR detection system (Bio-Rad). 
The relative levels of RNA expression were normalized to 
GAPDH expression levels using the 2−ΔΔCt method. Each 
sample was detected in quadruplicate. The genomic loci 
and primer sequences for RT-qPCR are shown in Supple-
mentary Table 9.

SiRNA transfection experiment
To knockdown PPARA and SOX6 genes, siRNAs target-
ing these two genes were purchased from Anhui Gener-
albiol. SiRNA or negative control were transfected into 
ADSCs using jetPrime (Polyplus, 101,000,046) accord-
ing to the manufacturer’s instructions. After 5  h, cells 
were washed once with PBS and cultured in adipogenic 
induction medium (MAD I). Cells were then cultured 
as described above for 72 h before being harvested. The 
siRNA sequences for PPARA and SOX6 genes are shown 
in Supplementary Table 10.
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Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
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Supplementary Material 1: Figure S1 Identification of cis-regulatory 
elements in four adipose depots. (A-C) Multidimensional scaling (MDS) 
analysis of various datasets. MDS analysis of H3K27ac ChIP-seq, RNA-seq, 
and ATAC-seq data for backfat, belly fat, groin fat, and IMF, respectively. 
(D-E) Statistical analysis of newly identified cis-regulatory elements for 
adipose tissues in this study. The published backfat data (blue) of four 
pig breeds (MS, ES, LW, and Duroc) at two weeks of age and adult LW 
pigs from FAANG project were used for comparing. (F-G) Verification of 
promoter and enhancer activities using dual-fluorescence reporter system 
in PK-15 cell lines. P/E-random were negative controls. The P-value was cal-
culated using Student's t-test, and the data are mean ± standard deviation 
(n=4), with *** indicating P<0.001. (H) Venn diagram showing the overlap 
of open chromatin regions across four adipose depots. (I) Percentages of 
open chromatin regions identified in each adipose depot that are com-
mon to all, any three, any two, or only one depot, respectively. Figure S2 
Distinct patterns of promoters for different adipose depots. (A) Heatmap 
of H3K27ac intensities in promoters for four adipose depots. (B) Venn 
diagram showing the overlap between genes associated with promoters 
in the P20 cluster and housekeeping genes. (C) Bar plot of enriched GO 
terms for P20-related genes excluding non-housekeeping genes. (D-E) 
Examples of genome browser screenshots showing the regions around 
the ID4 and MMP27 genes. Figure S3 Differential analysis in histone 
modification density and accessibility of cis-regulatory elements between 
belly fat and IMF. Venn diagram showing the overlap of TADs between the 
backfat and groin fat from MS pigs (A), as well as between ULB and the 
GOM from Bama pigs (B). Percentages of variable H3K27ac peaks located 
in stable or changed (other) TADs of MS pigs (C) and Bama pigs (D). (E) Dis-
tribution of variable H3K27ac signal peaks in stable and changed TADs of 
Bama pigs. Enrichment of ATAC signal intensity for each adipose depots at 
the boundaries of stable and changed TADs of MS pigs (F) and Bama pigs 
(H). (G) Enrichment of the H3K27ac modification intensity for each adipose 
depots at boundaries of stable and changed TADs of Bama pigs. (I) Volcano 
plot showing genes differentially expressed between belly fat and IMF. (J-
L) Boxplot of the fold change (FC) in gene expression following differential 
histone modification of enhancers or promoters between adipose depots 
inside stable TADs of Bama pigs. Gain, stable and loss indicate changes of 
H3K27ac signal. (M). Boxplots indicating the fold change (FC) in H3K27ac 
signal densities of cis-regulatory elements following changes of footprint 
number between the belly fat and IMF inside stable TADs of Bama pigs. 
(N) Boxplot showing ATAC-seq intensity levels in enhancers of lipid 
synthesis-promoting genes differentially expressed across the four adipose 
depots inside stable TADs of Bama pigs. The P-values in (E-H), and (J-N) 
were calculated using a single-sided unpaired Wilcoxon test. * indicates P 
< 0.05, *** indicates P < 0.001. Figure S4 Bar plot of enriched GO terms for 
genes regulated by switched SEs. Figure S5 Enrichment of Transcription 
factors binding in belly fat and IMF. (A) Venn diagram showing the overlap 
of motifs enriched in footprints of cis-regulatory elements of belly fat gain 
and belly fat loss, respectively. Motifs of belly fat gain or loss represented 
that, compared with groin fat, motifs enriched in the cis-regulatory ele-
ments with H3K27ac and ATAC-seq signals simultaneously up-regulated 
or down-regulated in the belly fat, respectively. (B) Heatmap of H3K27ac 
and ATAC-seq intensities in cis-regulatory elements of belly fat and IMF. 
“Loss, stable and gain” represent differential H3K27ac or ATAC signals in cis-
regulatory elements between the two adipose depots. (C) Venn diagram 
showing the overlap of motifs enriched in footprints of cis-regulatory 
elements in belly fat gain and belly fat loss, respectively. Motifs of belly fat 
gain or loss represent that, compared with IMF, motifs enriched in the cis-
regulatory elements with H3K27ac and ATAC-seq signals simultaneously 
up-regulated or down-regulated in the belly fat, respectively. (D) Scatter 
plot of differentially expressed TFs that uniquely enriched in cis-regulatory 
elements of belly fat gain. (E) Logo plots and P values of motifs from TFs 
differentially expressed between belly fat and IMF. (F) Scatter plot of dif-
ferentially expressed TFs that uniquely enriched in cis-regulatory elements 
of belly fat loss. (G) Logo plots and P values of motifs from TFs differentially 
expressed between belly fat and IMF. (H) Venn diagram illustrating the 
overlap of TFs with footprints in common cis-regulatory elements and 
those TFs with footprints in differential cis-regulatory elements between 

belly fat and groin fat, as well as between belly fat and IMF. (I-J) RT-qPCR 
validation of groin fat and IMF high expression genes in different depots, 
respectively. RT-qPCR validation of belly fat high expression genes (K) and 
IMF high expression genes (L) in the commercial three-way crossbred 
pigs (DLY). The data presented in I-L are mean ± standard deviation (n=3). 
The ns indicates not significant, * P<0.05, ** P<0.01, *** P<0.001. Figure S6 
Conservation analysis and validation of cis-regulatory elements between 
pigs and humans. (A-B) Dual-luciferase reporter assay was used to validate 
the effects of categories 1-2 SNPs on the regulatory elements activity in 
pig primary adipose cells (ADSCs). The P-value in figures was calculated 
using Student's t-test, and the data are mean ± standard deviation (n=4), 
The ns indicates not significant, * P<0.05, ** P<0.01, *** P<0.001. (C) 
Sequence and function conservation analysis of promoters and enhancers 
for pig backfat thickness-associated candidate genes in adipose tissues 
between pigs and humans. (D-E) Verification of pig promoter activity in 
pig PK-15 and 293T cell lines using dual-fluorescence reporter system. 
P-random1 and 2 were negative controls. The P-value in figure A-B & D-E 
was calculated using Student's t-test, and the data are mean ± standard 
deviation (n=4), with *** indicating P<0.001, ** indicating P<0.01, * indicat-
ing P<0.05.
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Supplementary Material 3.
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