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Abstract
Endoplasmic reticulum (ER) stress is associated with obesity as this state challenges lipid and carbohydrate metabolisms, resulting in 
glucolipotoxicity and endoplasmic reticulum dysfunction. It can be induced by excessive ectopic fat accumulation, rising blood glucose 
levels or meta-inflammatory factors, which disturb the liver’s numerous pathways favoring hepatic lipogenesis. In the present study, it 
was attempted to identify liver molecular processes associated with fat deposition in pigs based on combined RNA-ATAC-seq analysis. 
The pig groups used in the present study were significantly different in terms of subcutaneous and visceral fat deposition; they belonged 
to a native Polish breed and were not under selection pressure. Based on RNA-ATAC-seq combined analysis, identification was made 
of 45 significant differentially expressed genes (DEGs) in liver tissue dependent on fat deposition, for which open chromatin regions in 
transcription start sites were found. The functional analysis pinpointed that 5 of them are involved in the ER stress process (MANF, 
SELENOS, HYOU1, PIK3R1, and HSPA5). These five proposed genes expressed in the liver as candidates associated with fat deposition 
in pigs because ER stress plays a significant role in this organ in molecular process associated with the determination of fat level in the 
organism, which was previously broadly described in humans. 
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Domestic pigs (Sus scrofa) have undergone long-term 
selection for lean meat. These treatments have led to sig-
nificantly decreased fat contents in carcasses, regarding 
subcutaneous and intramuscular fat types (Tyra and Zak, 
2013). Therefore, one of the priorities in pig breeding is 
to recover the proper fat content, which is strongly as-
sociated with meat flavor and its technological properties 
(Savell and Cross, 1988). Thus, searching for molecular 
processes related to adipogenesis and fat deposition us-
ing pigs as the scientific model is still popular (Ropka-
Molik et al., 2020; Sun et al., 2020; Xing et al., 2019).

Endoplasmic reticulum (ER) stress occurs when ER 
homeostasis is perturbed by the accumulation of unfolded/
misfolded proteins or calcium depletion (Malhi and Kauf-
man, 2011). The liver is a vital metabolic, secretory and ex-
cretory organ, where hepatocytes are the predominant cell 
type playing a significant secretory role. Hepatocytes are 

enriched in ER and are highly susceptible to ER perturba-
tion and stress. If ER stress is prolonged and restoration to 
ER homeostasis fails, unfolded protein response (UPR) ac-
tivation leads to cell death (Liu and Green, 2019). ER stress 
has been implicated in the pathogenesis of liver diseases 
such as non-alcoholic fatty liver disease (NAFLD). Moreo-
ver, ER stress is strongly associated with obesity as this state 
challenges lipid and carbohydrate metabolisms, resulting in 
glucolipotoxicity and endoplasmic reticulum dysfunction 
(Fernandes-da-Silva et al., 2021). ER stress can be induced 
by, for example, excessive ectopic fat accumulation, rising 
blood glucose levels or meta-inflammatory factors, which 
disturb the liver’s numerous pathways favoring hepatic 
lipogenesis. ER stress is also intensely active in obesity, he-
patic steatosis, and diabetes pathogenesis, and has become  
a potential target to prevent metabolic diseases. Therefore, 
scientists seek strategies to alleviate ER stress by avoid-
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ing inflammation, apoptosis, lipogenesis suppression, and 
insulin sensitivity augmentation.

In the present investigation, a combination of assay for 
transposase-accessible chromatin (ATAC-seq) and RNA-
seq analyses of the liver tissue were used to identify DNA 
regulatory elements widespread in the Sus scrofa genome 
related to fat deposition molecular process. Pig groups 
used in the present study significantly differed in subcuta-
neous and visceral fat deposition. The goal of the present 
study was to identify crucial differently expressed genes 
associated with fat deposition mechanisms, for which spe-
cific, important open chromatin regions were determined. 
The study combined RNA and ATAC-seq methods to test 
transcriptome and transcriptionally active chromatin with-
in lean and fatty pigs. In pig breeding, the knowledge of 
genome regulation still needs to be improved, making it 
difficult for researchers to understand and identify causa-
tive variants related to complex traits that could be used in 
genomic prediction in breeding programs. Moreover, epi-
genetic regulations associated with determining fat storage 
in pig species must be better understood. In the present 
report, one of the important liver molecular process was 
identified that is probably highly associated with increased 
fat storage in pig carcasses.

Material and methods

Animals
The research biological material was derived from 

pigs (Złotnicka White) maintained in the Pig Testing Sta-
tion (PTS) of the National Research Institute of Animal 
Production. 

Seventy five gilts of Złotnicka White were maintained 
at the weight of 100±2 kg in the PTS, keeping the same 
feeding and environmental conditions. This part of the 
study was funded by the National Centre for Research and 
Development in Poland no. BIOSTRATEG2/297267/14/
NCBR/2016. Immediately after slaughtering, liver tissues 
from all pigs were sampled and stabilized in RNAlater™ 
Stabilization Solution (Invitrogen™) (gene expression anal-
ysis) and media tissue-specific for liver tissue (William’s 
E medium with 1x hepatocyte plating/thawing medium A; 
Thermo Fisher Scientific) (ATAC-seq analysis). Samples 
for ATAC-seq after Acutase digestion were frozen in cryo-
tubes with cryoprotectant Cryostor 10 (Stemcell) and Mr 
Frosty™ Freezing Container to the temperature –80°C and 
these in RNAlater solution in –20°C. In turn, in the PTS, af-
ter 24 hours of cooling, the right half-carcass of all pigs was 
dissected, and traits associated with fat content were meas-
ured. Based on this estimation, 16 pigs were selected and 
classified into fat or lean groups, 8 per group (Table S1). The 
results of pig carcass traits of selected pigs were presented in 
a previous study (Piórkowska et al., 2022).

cDNA, ATAC and DNA library preparation
RNA from liver tissue was isolated using PureLink™ 

RNA Mini Kit (Invitrogen™). The RIN parameters were 

estimated by the TapeStation 2200 system and RNA tapes 
(Agilent). The samples with RIN over 7 were acceptable. 
cDNA libraries for liver tissue were prepared by TruSeq 
RNA Sample Preparation Kit v2 (Illumina).

Frozen liver cells for ATAC libraries were thawed, 
washed, and centrifuged. A vitality test was performed 
using 0.4% trypan blue nucleus stain (Sigma Aldrich) and 
calculation based on prepared software (Chrobociński et 
al., 2022). To further analysis, liver cell samples should 
be performed with 80% vitality. Due to this restriction, 
2 samples were removed, and the number of samples in 
each group was reduced. The ATAC library preparation 
was performed with a modified Buenrostro et al. (2015) 
procedure. Based on Scepter2 (Millipore), and 60 mm 
aperture sensors, 50,000 cells in 1.5 ml were lysed in Ly-
sis Buffer that contained 10 mM Tris.Cl, pH 7.4, 10 mM 
NaCl, 3 mM MgCl2, 0.1 % (v/v) Igepal® following Buen-
rostro et al. (2015). Then the transposition reaction was 
performed according to TruePrepTM DNA Library Prep 
Kit V2 for Illumina® protocol (Vazyme). The ATAC-seq 
libraries were double indexed (TruePrep Index Kit V2 for 
Illumina TD502, Vazyme). Special primers (P1-AATGA-
TACGGCGACCACC and P2-GTCTCGTGGGCTCG-
GAGA) were used according to the Buenrostro et al. 
(2015) protocol to avoid the cessation of amplification 
prior to saturation. The ready libraries were purified us-
ing AMPure® XP Beads (Beckman). The final concentra-
tion was checked by TapeStation2000 (Agilent) and us-
ing Quibit 2.0 (Invitrogen™). The ATAC libraries were 
divided into two fractions, A and B suggested by Milani et 
al.  (2016) and Yan et al. (2020). Fraction A corresponds 
to that within the nucleosome-free region (NFR) (library 
size 175–250 bp, insert <100 bp) and fraction B being 
that with mono-, di, and tri-nucleosomes (library size 
250–625 bp, insert ~ 200, 400, 600 bp). This separation 
was done using ready-to-use 10% Novex™ TBE Gels on 
the XCell SureLock® Mini-Cell (Invitrogen, Carlsbad, 
USA) in 0.5% TBE and QIAquick Gel Extraction Kit 
(Qiagen). For each pig chosen for fat and lean groups, 
DNA was isolated from liver tissue to prepare naked 
transposed DNA libraries based on TruePrepTM DNA 
Library Prep Kit V2 for Illumina® protocol (Vazyme). 
Results obtained based on DNA libraries were used as 
internal control to determine the background level of in-
trinsic accessibility of genomic DNA and correct for any 
Tn5 transposase sequence cleavage bias (Milani et al., 
2016). Quality control of cDNA and ATAC libraries after 
preparation was performed by Qubit Fluorometer (Inv-
itrogen) and a TapeStation 2200 system (D1000 tapes, 
Agilent). To work on frozen and thawed liver cells during 
preparation of ATAC libraries, there have been applied  
a few special control steps: control of the lysis stage (1) 
– normal procedure but without adding Tn5 transposase, 
after ATAC library preparation – control step for the pres-
ence of genomic DNA not associated with open chroma-
tin regions, (2) – GAPDH promoter enrich amplification 
– F-TTCCTGGGTCACTACCGAAG, R GGGCAGTG-
GACTAGGAGGAG and two desert DNA regions (non-
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coding genes), region 1 F-TCTGGAAGAGTCTC-
CTAAAGCAA, R-GGGCTTCATGATGCTTGTCT and 
region 2 F- GGCCCAGGAGGTTCTATGAC, R-GCT-
GAAGGACAGCTTTGGAG. These special primer pairs 
should amplify promoter GAPDH gene regions in both 
ATAC libraries and DNA isolated from the liver. cDNA, 
ATAC-seq and DNA libraries were sequenced in 150PE 
cycles on a HiSeq 3000 System (Illumina, San Diego, 
CA, USA) in the outdoor institution (Admera Health Bi-
opharma Services).

ATAC-seq raw data was processed using Flexbar, 
NGmerge, BWA. Filtration for aligned reads/marking 
duplicates was performed by samtools, samjdk, picard, 
own prepared scripts and peak calling analysis has been 
performed by Genrich (threshold – signal value 200), as 
negative control results from DNA libraries were includ-
ed. Ensembl Variant Effect Predictor (VEP) (Sscrofa11.1, 
GCA_000003025.6, Ensembl 106: Apr 2022) has been 
used to signal annotation, 5`UTR, 3`UTR, intron, coding 
sequence, upstream and downstream regions. The statisti-
cal analysis involved also information about ATAC signals 
overlapped transcription start sites (TSSs). The sequence 
data for ATAC libraries have been submitted to the Gene 
Expression Omnibus (accession no. GSE199870).

Differential expression analysis for genes and isoforms 
with corresponding P-values has been performed using a 
negative binomial generalized linear model in the DeSeq2 
package in R/Bioconductor for RNA-seq results (Love et 
al., 2014). Fold change (FC) >1.2 has been accepted by 
false discovery rates (FDR, <0.05). For identification of 
significant ATAC signals, focus has been on the important 
ATAC peaks that had full representation in only one of the 
HFD or LFD groups. This approach allowed narrowing 
the investigation area to the most important gene expres-
sion regulation signals. Moreover, TSS and promoter <1 
kb peaks were included in the same test.

Validation of RNA-seq results has been performed 
using qPCR method and 14 genes were tested: PON3, 
ACACA2, PCK1, HP, LDHA, CTP1, FASN, FGB, 
PIK3R1, FADS1, CYP1A1, GYS1, ACAA2, and AHSG. 
As an endogenous control RPL29, OAZ1 and RLP27 
have been used. The obtained qPCR results were com-
pared with RNA-seq results by Pearson correlation coef-
ficient and P-value (<0.05) were generated using the SAS 
Enterprise 7.1 tool. The correlation plot was generated 
using Excel dot plot with an indicated trend line. Primers 
and probes were presented in Table S2.

	
Functional analysis and identification of tran-

scription factor (TF) motifs
The functional annotation clustering of transcriptom-

ic and ATAC results was performed using the functional 
annotation tool David, Webgestalt and protein–protein 
interaction (PPI) was assessed using the String database. 
All other statistical calculations were performed us-
ing ANOVA (SAS) and post hoc tests. UCSC Genome 
Browser was used for visualization of ATAC signals cor-
responding to significant genes.

All peaks mapped in the TSS and promoter <1 kb re-
gions were aligned to isoforms corresponding to genes 
and were searched for TF motifs using PROMOv3.

Results

Liver transcriptome profiling dependent on sub-
cutaneous fat (SF) deposition

The average numbers of raw reads detected per sam-
ple and after filtration were 60,666,131 and 59,144,631, 
respectively. After mapping to the pig reference genome 
(Sscrofa11.1 GCA_000003025.6 assembly), the average 
exonic rate was 76%, the intronic rate was 14.7%, and 
the intergenic rate was 8.2%. The heatmap based on the 
DEGs shows clustering into low- and high-fat pig groups 
(Figure 1 a). One sample was not included in further 
analysis due to clustering in the opposite FD group.

 The liver transcriptome was investigated across 
groups of pigs that differed in fat deposition level. It was 
shown that 364 genes were regulated (showing >1.2 FC 
and FDR <0.05), dependent on the SF level. The WEB-
gestalt tool indicated that they were involved in fatty acid 
metabolism, insulin resistance, glucagon signaling path-
ways, vitamin B5 (pantothenate) metabolism, PPARA-
activated gene expression, response to elevated platelet 
cytosolic Ca2+, and the selenium micronutrient network 
(Figure 1 b). 

Validation of RNA-seq results
The RNA-seq results were validated using the qPCR 

method, and Pearson correlation included 14 genes. qPCR 
confirmed the RNA-seq outcomes, as a positive correla-
tion was determined for each gene (Table S 3). Lower 
Pearson coefficients were obtained for the FASN gene (P 
coeff.=0.59), which could be associated with gene com-
plexity, numerous polymorphic variants and slight chang-
es in isoforms compared with the Ensembl data. 

ATAC-seq library concentration, QC tests and sig-
nal mapping

All control steps were passed: control of lysis stage 
(i) was properly executed, as was control of the enriched 
GAPDH promoter region (ii).

The Genrich tool identified the signals associated with 
each sample separately, and at least 5000 signals were iden-
tified. All signals were assigned localizations to the 5`UTR, 
3`UTR, upstream, downstream, coding sequence and intron 
regions. Moreover, all signals were checked to determine 
whether they overlapped with the TSSs. The preliminary 
statistical analysis showed that in the LFD group, signifi-
cantly more signals mapped to the 5`UTR regions than 
in the HFD pigs (Figure 2), and the opposite results were 
found for ATAC signals associated with intron and inter-
genic regions, much more signals for intronic and intergenic 
regions in HFD pigs. Moreover, the length and gene number 
of signals that overlapped with the TSS were checked and 
no significant differences between groups were detected.
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Analysis of TSS and promoter <1 kb ATAC signals 
based on Genrich calculation

There was identified an average of 5425 peaks (cor-
responding to 12680 genes) and 2194 signals (correspond-
ing to 8840 genes) that overlapped with the TSS and <1 
kb promoter region, respectively. Almost 70% of these 
signals came from A fraction (inserts up to 150 bp). Sub-
sequently, focus was made on ATAC signals only associ-
ated with DEGs and these ATAC signals overlapped with 
221 DEGs. Nevertheless, these ATAC signals were not 
present in all samples, therefore in our further considera-
tion, ATAC signals fully represented in only one groups 
(in the HFD or LFD group) were included, these signals 

have been called ATAC signals of interest (ATAC SI). This 
approach narrowed the investigation area to the most criti-
cal gene expression regulation signals. Moreover, TSS and 
promoter <1 kb peaks were included in the same test.

In total, 890 and 2028 ATAC SI corresponding to the 
TSSs and <1 kb promoter regions were identified in the 
HFD and LFD groups, respectively. The overlapping 
DEGs and ATAC SI revealed 45 genes (Figure 3). DA-
VID ontology (Figure 3 b) and PPI interaction (Figure 3 
a) analyses indicated that these genes enriched processes 
associated with fat cell destination, cholesterol efflux, 
and ER stress (MANF, HYOU1, SELENOS, PIK3R1 and 
HSPA5) (Figure 3). 

Figure 1. Results for HFD and LFD pig liver samples. A) Gene clustering visualized by heatmaps showing genes whose expressions differ be-
tween HFD and LFD pigs in liver tissue. Each row refers to a gene, while columns refer to the investigated samples. Upregulated genes are shown 
in shades of yellow and downregulated in shades of brown. The heatmap for down- and upregulated DEGs was plotted using the R project with 
the pheatmap package. B) Functional analysis performed using the WebGestalt tool. Left side presents GO dependence and right side indicates 

DEGs involved in the molecular pathways based on different databases

Figure 2. Mapping of ATAC signals to Sscrofa11.1.100. A) Mean percentage of ATAC signals mapped to particular genome regions for HFD pigs. 
B) Percentage of ATAC signals mapped to particular genome regions for each sample. C) Mean percentage of ATAC signals mapped to particular 
genome regions for LFD pigs. The percentage means that were significant according to ANOVA test between analyzed groups are marked with 

black frames

A      						        B
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Figure 3. Functional protein association networks for 45 ATAC-DEGs. A) PPI analysis presented by STRING B) plot generated by ggplot2 R-
package. Based on DAVID functional analysis presenting involvement of particular genes in KEGG pathways

Figure 4. Visualization of ATAC TSS signals using UCSC Genome Browser on Pig Feb. 2017 (Sscrofa11.1/susScr11) and gene expression pre-
sented based on raw counts generated by RNA-seq related to ER stress genes. Red and blue colors show ATAC TSS signals for high- and low-FD 
pig groups, respectively. Ensembl and NCBI gene reference information has been included. In the light blue frame, genes of interest are highlight-
ed. CpG islands are marked in green according to the internal UCSC Genome Browser database. Gene orientation is indicated by yellow arrows
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The RNA-seq analyses for porcine liver show that all 
genes involved in ER stress were upregulated in the liver, 
along with increased subcutaneous FD (Figure 4). More-
over, the visualization (yielded by the UCSC Genome 
Browser combined with CpG island information) reveals 
that every TSS ATAC signal was strongly correlated with 
the occurrence of CpG islands.

In the PROMO v3 analysis, DEGs were included for 
which ATAC signals overlapping the TSS or located in 
promoter region <1 kb were found. Then, identification 
was made of the shared TFs of ATAC signals overlap-
ping TSSs for DEGs that enriched the ER stress pathway 
(Table 1, Figure 5). In Figure 5, the arrows indicate TFs 
for ER-related genes that are crucial to regulating the ex-
pression of genes in the liver related to fatty metabolism 
(Steensels et al., 2020). Table 1 lists the TFs for ER-re-
lated genes that play a significant role in the liver during 
fat deposition and adipogenesis, and their involvement in 
particular molecular processes or pathways (Steensels et 
al., 2020).

Discussion

ATAC-seq analysis enables the identification of open 
chromatin by generating ATAC signals or peaks, which 
correspond to gene expression-regulatory elements. Be-
sides the location of the identified peaks, it can obtain 
sequence information and check for potential TF binding 
to these regions, suggesting possible transcriptional regu-
lations. In the present study, we performed a combined 
RNA-ATAC-seq analysis of liver tissue, which was de-
pendent on SF deposition in pigs, to assess the potential 
capacity of TF regulation to play a significant role during 
fat storage. 

In the experiment, wherein ATAC signals for DEGs 
were assessed, we observed 45 significant genes that may 
play a vital role in fat metabolism. Our functional analy-
sis indicated that they could be involved in the regulation 
of fat cell destination and cholesterol efflux, as well as in 
ER stress (MANF, SELENOS (VIMP), HYOU1, PIK3R1 
and HSPA5). ER stress arises with ER homeostasis, and 

Figure 5. Shared TFs of ATAC signals overlapping TSSs for endoplasmic reticulum stress-related DEGs. Below are indicated TFs that are crucial 
to regulating the expression of genes in the liver related to fatty liver diseases. PPAR – peroxisome proliferator-activated receptor, RXR – retinoid 
X receptor, C/EBPa/b – CCAAT/enhancer-binding protein alpha/beta, STAT5A – signal transducer and activator of transcription 5A, NFkB – nu-
clear factor kappa B, IRF1/3 – interferon regulatory factor 1/3, interferon regulatory factor 1, AP1 – K-box region and MADS-box transcription 

factor family protein, c-JUN – JUN (CJUN) Jun proto-oncogene, NRF2 – nuclear factor erythroid 2-related factor 2

Table 1. Shared TFs for which binding sites in TSS ATAC signals associated with DEGs ER stress-related were found

Gene name TF total TFs associated with fatty liver Regulated processes

HSPA5,
HYOU1,
MANF,
PIK3R1,
SELENOS

223 PPAR-alpha/RXR-alpha
C/EBP-alpha
C/EBP-beta
STAT5A
NF-kB
IRF1
IRF3
AP1
Nrf2

Lipid metabolism, inflammation, fibrosis
Lipid metabolism
Lipid metabolism
Lipid metabolism
Inflammation
Inflammation
Inflammation
Inflammation, fibrosis
Inflammation

HSPA5,
HYOU1,
PIK3R1,
SELENOS

18 FOXO3a Glucose homeostasis

HSPA5 PIK3R1 
SELENOS

6 XBP1 Metabolic stress

HYOU1 MANF 5 FXR Lipid metabolism
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the liver is highly susceptible to ER stress given its syn-
thetic and other biological functions. Numerous animal 
models have been used to pinpoint the crucial role of 
ER stress in the pathogenesis of liver diseases, includ-
ing NAFLD (Malhi and Kaufman, 2011). The pig groups 
used in the present study differed significantly in terms of 
fat levels, both subcutaneous and visceral (Piórkowska et 
al., 2022). Our study tested the sequences corresponding 
to the TSS ATAC signals of significant DEGs possibly 
related to TF binding. Shared binding sites were identi-
fied for a few transcription factors, such as PPAR-alpha/
RXR-alpha, C/EBPα, C/EBPβ, STAT5A, NF-κB, IRF1, 
IRF3, AP1, c-Jun and NRF2, which have been previously 
determined to play a vital role in transcriptional regula-
tion in NAFLD and related processes (Steensels et al., 
2020). Steensels et al. (2020) suggested that other TFs 
are crucial to the metabolic stress process in the liver – 
IRE1α, eIF2α, ATF4, ATF6 and Xbp1 – and that meta-
bolic stress is strongly related to cellular and ER stresses. 
These TFs initiate special transcriptional events that 
resolve ER stress. In the present study, the binding site 
of Xbp1 was identified in TSS ATAC signals for three 
candidate genes for ER stress (HSPA5, SELENOS, and 
HYOU1), which could suggest transcriptional interac-
tion. Xbp1, as a critical liver TF, is induced in response 
to a high-caloric diet, which subsequently transcribes 
factors facilitating protein folding and lipogenesis (Lee 
et al., 2008). Nevertheless, prolonged obesity-induced 
stress limits Xbp1, aggravates ER stress and leads to in-
sulin resistance (Lee et al., 2011), and the rescue of Xbp1 
resulting from additional Xbp1 doses in a high-fat diet 
mouse model induces improved glucose homeostasis 
and reduced hepatic steatosis. However, the molecular 
mechanisms leading to this process remain unclear (Liu 
et al., 2015). On the other hand, though the binding site 
for ATF4 was not identified within ATAC signals over-
lapping TSSs, which does not rule out transcriptional 
regulation by ATF4, increased ATF4 expression was 
observed in the liver correlated with increased fat depo-
sition, which may also suggest possible transcriptional 
regulation, and the ATF4 binding site can be located be-
yond the TSS region. In a previous study on NASH (non-
alcoholic steato hepatitis) patients, in which NAFLD was 
observed, elevated ATF4 expression compared to pa-
tients with simple steatosis was shown. In turn, in mice 
on a regular diet, the depletion of Atf4−/− led to attenuated 
hepatic lipogenesis without affecting hepatic triglycer-
ide production and fatty acid oxidation, which prevented 
excessive fat accumulation in the liver. This observation 
was accompanied by a significant reduction in the he-
patic expression of SREBP-1c, PPARγ, FASN and ACC 
(Xiao et al., 2013). Thus, increased ATF4 expression in 
fatty pigs may also suggest the crucial role of ATF4 as 
a TF in hepatic lipogenesis in this species. On the other 
hand, unresolved ER stress and the prolonged activation 
of IRE1α TF lead to the activation of inflammatory tran-
scription factors such as NF-κB and c-jun, though in the 
present study, ER stress in the liver was not measured, so 

it can be suggested that these events could be ER stress-
related, which needs further analysis. Therefore, these 
TFs related to inflammation may also play a significant 
role in the liver, as they are associated with increased 
SF levels (Steensels et al., 2020). The present report has 
shown that the identified candidate genes for ER stress 
contain TF motifs in the TSS for NF-κB and c-jun.

Into the pool of the candidate genes for ER stress, for 
which ATAC signals in the TSS regions were identified, 
the MANF gene was included which encodes the mes-
encephalic astrocyte-derived neurotrophic factor, which 
is a secretory protein, localized in the RE lumen (Yang 
and Gao, 2020). It is an ER stress-responsive protein and 
plays a vital role in cell protection. In a rat model, recom-
binant human MANF significantly inhibited ischemia-
induced increases in BiP, p-IRE1, and XBP1, prevent-
ing neuron loss (Yang et al., 2014). Cell-derived MANF 
protects against liver inflammation and fibrosis, while 
hepatocyte-derived MANF prevents hepatosteatosis 
(Chhetri et al., 2020). During hepatocellular carcinoma 
(HCC) development, MANF can act as a cancer suppres-
sor by inhibiting the NF-κB/Snail signal pathway (Liu et 
al., 2020). Moreover, it was observed that MANF supple-
mentation ameliorates several hallmarks of liver aging 
(Chhetri et al., 2020), including improving age-related 
metabolic dysfunction. In addition, the literature reports 
that MANF expression in tissues other than the liver is 
regulated by ATF6 and Xbp1 transcription factors (Lind-
holm et al., 2008; Mizobuchi et al., 2007). However, in 
pig liver, this regulation can be associated with regions 
other than the TSS, especially when ATF6 and Xbp1 in-
volvement in metabolic stress has previously been sug-
gested. In the present study, a positive correlation was 
observed between MANF expression and fat deposition, 
which could be related to the activation of molecular 
mechanisms to prevent ER stress induced by excessive 
subcutaneous fat accumulation; given that the positive 
correlation between liver and subcutaneous fats content 
has previously been widely described (Jang et al., 2011), 
MANF can be considered as valuable molecular marker 
in pig breeding. However, the present study did not in-
vestigate whether ER stress in the liver was observed in 
the fatty pigs based on liver parameters, which can be the 
subject of further research. Although a reporter for IRE1/
XBP1 pathway activation confirmed that obesity elicits 
ER stress predominantly in the liver (Yoshiuchi et al., 
2008), the suggested transcriptional interaction network 
should be further experimentally tested using cell cultur-
ing in future studies.

HYOU1 encodes hypoxia-upregulated 1, belonging 
to the Hsp70 family, also known as the 150 kDa oxy-
gen-regulated protein (ORP150). HYOU1 is induced in 
response to a variety of stimuli, including endoplasmic 
reticulum stress, hypoxia or glucose deficiency (Kuwa-
bara et al., 1996). In turn, its upregulation is associated 
with numerous diseases related to endoplasmic reticu-
lum stress, such as diabetes, degenerative neurologi-
cal diseases and cardiovascular diseases (Wang et al., 
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2019). Moreover, a type 2 diabetes study has shown that 
HYOU1 can improve insulin sensitivity in the liver, but 
is not implicated in insulin secretion (Rao et al., 2021), 
and its anti-ER stress and anti-apoptotic effects occur 
downstream of AMPK signaling in liver cell lines (San-
son et al., 2008). Overall, HYOU1 is considered a chap-
eron protein for ER, because during ER stress, HYOU1 
inhibits apoptosis, maintains calcium homeostasis, and 
exhibits cytoprotective effects by preventing this kind 
of stress through the implementation of many molecu-
lar mechanisms, such as the phosphorylation of IRE1 
and JNK and the downregulation of XBP1, XBP1s and 
CHOP expression. Moreover, its interaction with ATF6 
and IRE1 keeps them inactive, thereby inhibiting UPR. 
In the liver, HYOU1 is mainly induced in response to ER 
stress, for example in Fed–Fast–Refed cycle experiment, 
as it was tested using a mice model (Ji et al., 2023). In 
our study, the upregulation of HYOU1 was identified in 
the liver, along with increased SF deposition. Zong et al. 
(2016) showed that inducing HYOU1 expression recruits 
Nrf2 and ATF4 transcription factors during thyroid can-
cer development. The ATAC signal found as overlapped 
with the TSS HYOU1 region revealed a motif for Nrf2; 
in turn, ATF4 expression was also positively correlated 
with SF deposition, which suggests a similar approach to 
regulation as in thyroid cancer development. 

Selenoprotein S (SELENOS) belongs to the seleno-
protein family, which exhibits a wide range of poten-
tially highly important biological functions, though this 
remains unclear for nearly half of the members (Pitts 
and Hoffmann, 2018). However, individual animals in a 
mouse model with a deficiency of the tRNASec required 
for selenoproteins synthesis did not survive early embry-
ogenesis (Bösl et al., 1997). Studies in humans reported 
that the defective expression or function of selenopro-
teins impinges upon numerous physiological processes 
in muscular, skeletal, respiratory, neurological and en-
docrine systems (Schweizer and Fradejas-Villar, 2016). 
Selenoprotein S is localized in the ER membrane. It has a 
glycine-rich C-terminal region that mediates binding with 
VCP (Lee et al., 2014). Thus, SELENOS is also known 
in the literature as VIMP (VCP-interacting membrane 
protein) (Ye et al., 2004). SELENOS is highly expressed 
in the pancreas, adipose tissue, testis, and stomach. It 
has been identified in a human study that its promoter 
contains the ER stress element and binding sites for the 
factor NF-kB. Moreover, SELENOS upregulation was 
observed in response to inflammatory cytokines (Curran 
et al., 2005), ER stress, and glucose deprivation (Gao et 
al., 2004). During ER stress, SELENOS is essential to 
ER-associated degradation (ERAD), whereby this mul-
tiprotein complex translocates misfolded proteins across 
the ER membrane for cytosolic degradation by the UPR 
system (Lee et al., 2015). In turn, cell culture experi-
ments found that the knockdown of SELENOS impairs 
cell viability in response to agents that cause ER stress 
(Rueli et al., 2017). Moreover, it was suggested that SE-
LENOS indirectly implicates Ca2+ signaling by maintain-

ing ER homeostasis and its role in ERAD (Pitts and Hoff-
mann, 2018). In the liver, a higher SELENOS expression 
was found in steatosis. Moreover, in the human liver, 
increased over 4-fold VIMP expression was found after 
acetaminophen (APAP) or diclofenac (DCF) treatments 
as the response to injury and activation of repair proce-
dures (Vickers et al., 2018), which was classified as re-
lated to ER stress. On the other hand, liver VIMP expres-
sion level was elevated after selenium supplementation, 
which was observed in male mice (Capelle et al., 2021). 
In the present study, an increased SELENOS expression 
was found in the livers of fatty pigs, which could be as-
sociated with preventing ER stress. This observation 
also suggests that ER stress can significantly affect the 
response to increased SF deposition. 

HSPA5 encodes the binding immunoglobulin protein 
(BiP) (Kampinga and Craig, 2010), and is also a member 
of the heat shock protein (HSP70) family. It is localized 
in the ER lumen, which plays the role of a chaperon in 
the folding and assembly of proteins. During ER stress, 
it interacts with the transmembrane stress sensor pro-
teins PERK, IRE1 and ATF6, inducing the repression of 
UPR. BiP contains two structural domains, a nucleotide-
binding domain (NBD) and a substrate-binding domain 
(SBD), which interact and facilitate the translocation of 
proteins into the ER, folding and holding protein sub-
strates there, as well as initiating UPR and assisting in 
ERAD (Wang et al., 2017). HSPA5 promotes the degra-
dation of cytotoxic misfolded proteins and cell survival 
(Wang et al., 2009). HSPA5 is highly expressed in the 
liver during NAFLD. It has been observed that the new 
adipokine vaspin, which regulates hepatocyte steatosis, 
acts via HSPA5, which significantly reduces hepatocyte 
fibrosis via the activation of AMP-activated protein ki-
nase (AMPK) and decreasing NF-κB gene expression 
(Abdolahi et al., 2022). Moreover, Rehati et al. (2023), 
using RIP-Seq assays, demonstrated that HSPA5 immu-
noprecipitates specific cellular mRNAs such as EGFR, 
NEAT1, LRP1 and TGFß1, which are important in the 
pathology of NAFLD, and HSPA5 might play an impor-
tant role in regulating the alternative splicing of NAFLD-
related genes. Our research has identified the increased 
expression of HSPA5 in fatty pigs, which could be associ-
ated with a similar mode of molecular regulation to that 
which was presented during NAFLD in the human study. 
Moreover, binding sites were found for numerous vital 
liver TFs in ATAC signals; however, in the literature, 
there is no information about the upstream regulation of 
the HSPA5 gene, which may be a target in future studies 
because motifs of important liver TFs were found in TSS 
ATAC for the HSPA5 gene in the present study, which 
suggests potential regulation.

PIK3R1 encodes subunit 1 of the phosphoinositide-
3-kinase regulatory mechanism, which is a heterodimer 
that consists of an SH2-containing regulatory subunit 
(p85) and a catalytic subunit (p110) (Ueki et al., 2000). 
Fruman et al. (2000) showed, using a mouse model, 
that the deletion of PIK3R1 in the liver may result in a 
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marked reduction in insulin-stimulated PI3K activity, 
with significant reductions in glucose and lipid homeo-
stasis. Overall, PIK3K/Akt signaling pathway regulates 
numerous cellular activities such as induction of stem 
cell differentiation, promotion of cell proliferation and 
inhibition of apoptosis. Wang et al. (2022) indicated 
that this pathway exerts anti-inflammatory, antioxidant 
stress, anti-apoptosis and autophagy regulation effects 
through downstream related targeted pathways and pro-
teins, thus alleviating liver ischemia-reperfusion injury. 
Therefore PIK3R1 plays a role in the liver repair pro-
cedure in response to different types of injuries. Moreo-
ver, it was proved that PIK3R1 regulates HCC and its 
expression in HCC tissue is significantly increased com-
pared to normal tissue. This overregulation is associated 
with proliferation, migration and promotion of apoptosis 
in HCC cell line (Ai et al., 2018). In addition, the up-
regulation of PIK3R1 is described in numerous other 
human cancers (endometrial, breast, colon and glioblas-
toma), and its role in tumor progression and metastasis 
has been confirmed (Ai et al., 2018; Lin et al., 2015). In 
turn, the PIK3R1 (p85-alpha) can play a significant role 
in ER stress because disturbing the heterodimerization 
between p85α (Pik3r1) and p85β (Pik3r2) in response 
to insulin treatment allows monomers of p85 to interact 
with XBP-1, which is one of the main regulators of UPR 
(Park et al., 2010). This interaction entailed an increase 
in the nuclear translocation of XBP-1s, the spliced form 
of XBP-1. In ob/ob mice, this interaction is lost, which 
results in a severe defect in XBP-1s translocation and in 
the resolution of ER stress; the amelioration of this defect 
was achieved after inducing p85α and p85β expression 
(Park et al., 2010). In our study on fatty pigs, increased 
PIK3R1 expression was observed in the liver, which sug-
gests the role of ER stress in response to excessive fat 
deposition, as in human obesity. However, the expression 
level of PIK3R2 was not increased in these pigs, which 
suggests the role of the Pik3r1 monomer before dimeri-
zation with p85β, which should be tested in future stud-
ies using cell culturing. On the other hand, following the 
analysis of the TSS ATAC signal of PIK3R1, TF binding 
motifs were found for numerous important TFs related 
to lipid metabolism in the liver. However, in the previ-
ous report by Kim et al. (2014), it was only indicated 
that PIK3R1 expression is sensitive to the PPAR-gamma 
in 3T3-L1 adipocyte cells, and two motifs, known as 
PPRE regions, were found located 2,000 bp upstream of 
the PIK3R1 TSS. Further, PIK3R1 promoter expression 
increased, induced by the PPARγ overexpression, which 
enhanced the insulin-stimulated activation of AKT. In the 
present study no other ATAC signal located in the upper 
promoter region was identified, so regulation of PPAR-
gamma with fat deposition in the liver is doubtful. How-
ever, the binding of the other significant TFs for which 
motifs were found in the promoter of PIK3R1 in pigs can 
be tested in future studies. 

The presented ER stress-related genes/proteins in-
teract together, inducing multiple processes. It was ob-

served that siRNA-mediated silencing of MANF showed 
increased cultured cells sensibility to ER stress-induced 
death (Apostolou et al., 2008). While, during ER stress, 
UPR sensors (IRE1, PERK and ATF6) are induced and 
GRF78 (HSPA5) protein (Dudek et al., 2009) interacts 
with three UPR sensors and HYOU1 as its co-factor con-
trols its function. ERSE-II (ER stress response element 
II) is found in ERAD-related components HERPUD1 
(homocysteine-inducible, ER stress-inducible, ubiquitin-
like domain member 1, also known as HERP) and VIMP 
(Schulze et al., 2005) and mammaliam MANF is upregu-
lated by ERSE-II expression (Mizobuchi et al., 2007). 
HSPA5 and XBP1 are induced as prosurvival reporters 
during ER stress (Iurlaro and Muñoz-Pinedo, 2016) and 
PIK3R1 (p85-alpha) disturbs the heterodimerization be-
tween p85α (Pik3r1) and p85β (Pik3r2), where p85 inter-
acts with XBP-1 (Park et al., 2010).

Conclusion
The application of a comprehensive approach com-

bining ATAC and RNA-seq analyses allowed us to pin-
point the metabolic stress processes that occurred in por-
cine liver and that were crucial for fat deposition. The 
analyses performed indicate epigenetic modification, 
which could be strongly associated with fat deposition 
and suggests a significant role of ER stress in fat accu-
mulation. The proposed candidate genes related to ER 
stress (MANF, SELENOS, HYOU1, PIK3R1 and HSPA5) 
should be analyzed in the future in terms of factors deter-
mining fat deposition through modifications of pathways 
in liver tissue. They should also be tested in further stud-
ies where ER stress in the liver will be estimated in the 
fat deposition context. In turn, open reading frame analy-
ses using the available web databases pinpointed which 
potential TFs can be bound, and where, which suggested 
transcriptional regulation for important ER-related genes. 
Moreover, multiple similarities with NAFLD in the hu-
man study confirmed that pigs could represent a good 
animal model for recognizing molecular processes asso-
ciated with increased fat status. However, future studies 
applying cell culturing should investigate the potential of 
transcriptional regulation.
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