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Editorial

Trends and Prospects in Pig Genomics and Genetics
Katarzyna Piórkowska * and Katarzyna Ropka-Molik

National Research Institute of Animal Production, Animal Molecular Biology, 31-047 Cracow, Poland;
katarzyna.ropka@iz.edu.pl
* Correspondence: katarzyna.piorkowska@iz.edu.pl

Pork is one of the most commonly consumed meat in the world. The domestication
of pigs in Europe dates back to 5000 BC, from which the selection over decades has led to
a significant reduction in backfat levels and improvements in growth rates. In pigs, with
the development of registered and genetic evaluation methods, breeding has moved from
genetic improvement through open herd books to breeding-specific lines [1]. Breeding
goals in Europe have changed for economic reasons, consumer tastes and customs, and
also due to the introduction of new methods for measuring phenotypic traits. Today’s
goals focus on reproduction, resistance, and meat quality. Nevertheless, work is still
underway on new breeding goals based on important new traits, as well as their study and
implementation in measurement tools [2]. Genomic selection used in many countries can
increased the genetic progress rate by up to 35% per year for all traits. However, not all
European countries have introduced this requirement; in many, activities are still underway,
e.g., preparing reference populations (Relationship-Based Genomic Selection (RBGS)) [3].
Proposed the next step in pig breeding is to use full information on the DNA sequence,
which will enable an understanding of specific genotypes and their underlying biology,
as well as identifying genes that may affect resistance to diseases that pose a challenge to
the industry [4]. Another advance in the genetic improvement of pigs was the attempt at
gene editing, where based on these methods, pigs resistant to PRRSv were produced [5].
Geneticists’ current challenge is developing pigs resistant to ASF, a disease brought from
Africa that causes huge economic losses, mainly among the populations of central and
eastern Europe [6,7].

There is still a lot going on in pig genetics and genomics, not only in Europe. The
latest research on Chinese pig populations, based on the genome at the chromosomal level
of the Chenghua pig, has redefined pig introgression [8]. It has been determined that the
migration routes of pigs from China, where pig domestication occurred much earlier than
in Europe, approximately 12,000 years ago, led gradually through different geographi-
cal areas of China and only then reached Europe. In addition, the researchers identified
two genes, FBN1 and NR6A1, associated with evolutionary adaptation to different geo-
graphical latitudes in Chinese pigs [8]. Another Chinese study based on 250 sequences
from 32 Eurasian pig breeds constructed a pangenome in which the so-called PAVs (pres-
ence/absence variants), non-reference sequences, and over 3000 new genes were identified,
as well as unidentified features of the pig mobilome, including several transposable ele-
ments (TE) candidates as adaptive insertions that were co-opted into genes responsible for
hypoxia responses, skeletal development, regulation of heart contraction and development
of neurons, probably contributing to the local adaptation of Tibetan wild boars [9].

This special issue, entitled Trends and Prospects in Pig Genomics and Genetics, exam-
ines various directions for improving this species in terms of utility, health, and welfare
traits, as well as the use of porcine cells to model human disease states.

One of the main directions of the current SI was the assessment of molecular mecha-
nisms related to the deposition of adipose tissue, which is associated with the taste of pork,
but is also considered in the context of modelling processes generally related to obesity.

Genes 2024, 15, 1292. https://doi.org/10.3390/genes15101292 https://www.mdpi.com/journal/genes1
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Blińska et al. [10] used an in vitro model of differentiation of mesenchymal stem cells
into adipocytes and digital PCR to identify significant extra- and intracellular microRNA
potential involved in adipogenesis in their study. They observed that only microRNAs
related to the inflammatory process were highly expressed and secreted by differentiating
adipocytes. On the other hand, Wang et al. [11] focused on LncPLAAT3-AS transcript,
which promotes the transcription of PLAAT3, a regulator of adipogenesis. Using dual
luciferase assay, the authors revealed that LncPLAAT3-AS sponging miR-503-5p leads
to the inhibition of PLAAT3 expression. Moreover, additional observation showed that
LncPLAAT3-AS and PLAAT3 were significantly more expressed in fatty pig breeds’ adi-
pose tissue than in lean pigs. In turn, using RT-PCR and RACE methods, Zhu et al. [12]
characterized in fat tissue cis-SAGe product BCL2L2–PABPN1 (PB), generated based on
the fusion of both proteins. It was found that PB promotes proliferation and inhibits the
differentiation of primary porcine preadipocytes. Moreover, in porcine preadipocytes
with overexpression of PB, identified numerous DEGs (differentially expressed genes) and
DEmiRNAs related to fat-associated pathways such as MAPK and PI3K-AKt and miRNAs
ssc-miR-339-3p is critical for adipogenesis regulation throughout PB. Lin et al. [13] recog-
nized the role of SESN3 in regulating adipogenesis and found that Sestrin-3 inhibits porcine
preadipocyte proliferation. The mechanism of activation was through SMAD3 involved in
the development of non-alcoholic steatohepatitis (NASH), where SESN3 inhibited SMAD3,
thus improving ssc-miR124 activity, and then suppressed C/EBPα and GR to regulate
pre-adipocytes adipogenesis. Piórkowska et al. [14] using variant calling and χ2 analyses
based on liver RNA-seq data, identified genetic markers related to the FGL1 gene, which
probably play a significant role in lipid metabolism because it is related to the regeneration
of the liver organ, in addition, its abundance is expressed in brown adipose tissue and
associated with proper plasma lipid profiles in mice blood. The authors suggested that
the FGL1 rs340465447_A allele can be used as a target in pig selection focused on elevated
fat levels.

Two reports of SI considered a problem of fertility—litter size. Srihi et al. [15] esti-
mated the additive and dominance variances of the purebred (Retinto and Entrepelado
pigs) and CASTÚA crossbreed populations for litter size (including total number born
(TNB) and number born alive (NBA)) for and calculated the additive genetic correlations
between the purebred and crossbred performances. The authors identified four genomic
regions (containing 30 SNPs) that each explained >2% of the additive genetic variance in
chromosomes 6, 8 and 12. In turn, Sell-Kubiak et al. [16] based on 2000 SNP associated
with pig litter size traits and reported based on previous genome-wide association studies
(GWASs), gathered and integrated associations between SNPs and these traits. Authors
selected the most interesting candidate genes reported in multiple populations such as
PRKD1 involved in angiogenesis and associated with stillborn and TNB, and two new
not previously reported—FAM13C and AGMO related to TNB, and the most promising
candidate genes for litter size—SOSTDC1, which was described before as associated with
male fertile in rats.

Porcine cells are commonly used as models of human disease, which is under consid-
eration in medical science. The present SI contains two studies [17,18] using porcine atrial
cardiomyocytes during the primary in vitro culture as a model that describes molecular
mechanisms occurring in these cell types related to heart failure. The heart was considered a
non-regenerated organ, but a few reports suggest it has modest intrinsic regenerative poten-
tial. Therefore, Bryl et al. [18] characterized cell cultures from the right atrial appendage and
right atrial wall during cell culture cultivation duration of up to 30 days, based on a microar-
rays approach, they observed DEG enrichment in GO of stem cell population maintenance”
and “stem cell proliferation”, which suggested for previously described regenerative heart
potential. In turn, Nawrocki et al. [17], using in vitro cell culture, extracted from the my-
ocardium, revealed that DEGs were classified as involved in ontological groups such as:
“cellular component assembly”, “cellular component organization”, “cellular component
biogenesis”, and “cytoskeleton organization with significantly increased expression of

2



Genes 2024, 15, 1292

COL5A2, COL8A1, and COL12A1 encoding different collagen subunits, pivotal in cardiac
extracellular matrix (ECM) and significant down-regulated related to cellular architecture
such as ABLIM1, TMOD1, XIRP1, and PHACTR1. Using porcine cells as a model allows for
a better understanding of underlying molecular mechanisms of cardiovascular pathologies,
which seems crucial to developing effective therapeutic options.

In this special issue, we present the latest advances in pig genetics and genomics,
including identifying mechanisms related to adipose tissue deposition and lipid metabolism
and using pig cells to model processes related to circulatory system abnormalities, including
identifying candidate genes. The special issue also includes manuscripts on identifying
markers for reproductive traits in pigs, which is an important economic aspect, and several
items presenting non-standard research methods. We warmly encourage you to familiarize
yourself with our new SI entitled “Trends and Prospects in Pig Genomics and Genetics”.

Author Contributions: K.P. writing—original draft preparation; K.R.-M. writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: None of the authors has a financial or other relationship with other people or
organizations that may inappropriately influence this work.
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Altered Transcript Levels of MMP13 and VIT Genes in the
Muscle and Connective Tissue of Pigs with Umbilical Hernia
Jakub Wozniak 1, Weronika Loba 1, Alicja Wysocka 1,†, Stanislaw Dzimira 2 , Przemyslaw Przadka 3 ,
Marek Switonski 1 and Joanna Nowacka-Woszuk 1,*

1 Department of Genetics and Animal Breeding, Poznan University of Life Sciences, Wolynska 33,
60-637 Poznan, Poland; jakub.wozniak@up.poznan.pl (J.W.); weronika.loba@up.poznan.pl (W.L.);
alicja.wysocka@igcz.poznan.pl (A.W.); marek.switonski@up.poznan.pl (M.S.)

2 Department of Pathology, Wroclaw University of Environmental and Life Sciences, C.K. Norwida 31,
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3 Department of Surgery, Wroclaw University of Environmental and Life Sciences, Plac Grunwaldzki 51,
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* Correspondence: joanna.nowacka-woszuk@up.poznan.pl; Tel.: +48-61-8487242
† Current address: Institute of Human Genetics, Polish Academy of Sciences, Strzeszynska 32,

60-479 Poznan, Poland.

Abstract: Umbilical hernia (UH) and inguinal hernia (IH) are among the most common defects in
pigs, affecting their welfare and resulting in economic losses. In this study, we aimed to verify the
association of previously reported differences in transcript levels of the ACAN, COL6A5, MMP13, and
VIT genes with the occurrence of UH and IH. We examined mRNA levels in muscle and connective
tissue from 68 animals—34 affected by UH and 34 controls. In a second cohort, we examined inguinal
channel samples from 46 pigs (in four groups). We determined DNA methylation levels in muscle
tissue for the UH and control animals. The transcript level of MMP13 changed in the UH cases, being
upregulated and downregulated in muscle and connective tissue, respectively, and the VIT gene also
showed an increased muscular mRNA level. The transcript of the ACAN gene significantly decreased
in old pigs with IH. We further observed an increased DNA methylation level for one CpG site within
the MMP13 gene in UH individuals. We conclude that these alterations in gene mRNA levels in
the UH animals depend on the tissue and can sometimes be a consequence of, not a cause of, the
affected phenotype.

Keywords: umbilical hernia; inguinal hernia; pig; DNA methylation; transcript level

1. Introduction

Global pig production continues to grow with the increasing human population. Live-
stock provide many benefits such as employment growth, protein-rich food, and carbon
storage [1], and the pig has become one of the most important livestock species [2]. The
expanding pig industry needs to balance meat quality and animal welfare [3,4]. An impor-
tant health issue in the pig industry is disorders like umbilical and inguinal hernia [5–7],
which can result in economic losses.

Hernia is one of the most widespread condition in pigs; it involves the abdominal
contents protruding and forming a subcutaneous bladder beneath the navel (umbilicus) [8],
in the case of umbilical hernia (UH), or protruding via the inguinal canal in the case of
inguinal hernia (IH) [9]. It can be affected by both genetic and environmental factors, such
as incorrect cutting of the umbilical cord, high pressure in the abdomen, and infections and
lesions of the body layers [7,10]. It is know that the occurrence of hernia ranges between
0.05% and 6.6%, depending on the breed and size of the studied cohorts. For example, the
incidence of umbilical hernia in the Landrace and Pietrain breeds was reported to be 0.05%
and 0.08%, respectively. For scrotal hernia, these estimations reached 2.4% for the Landrace

Genes 2023, 14, 1903. https://doi.org/10.3390/genes14101903 https://www.mdpi.com/journal/genes5
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and 6.6% for the Yorkshire breed [11–13]. The heritability of this disorder is rather low at
approximately 0.3 [14]. Affected animals often show retarded growth and reduced feed
efficiency [5]. They also suffer from pain, which increases morbidity and mortality [15].
Hernia is thus a severe problem for both breeders and veterinarians [16].

Although several studies have focused on identifying the genetic markers associ-
ated with hernia (reviewed, e.g., by [16,17]), the molecular mechanism responsible for
this disorder in pigs remains poorly understood [5,8,15,18,19]. Recent studies have used
transcriptome analysis to highlight several genes as strong candidates which correlated
with the occurrence of umbilical hernia [6]. The researchers used RNA-seq technology
for umbilical ring tissue fragments in five healthy and five umbilical hernia pigs, identify-
ing 230 differentially expressed genes. Some of these genes (ACAN, VIT, LGALS3, EPYC,
CCBE1, as well as genes from the COL and MMP families) have been taken as key con-
tributors, since they are involved in the remodeling of the extracellular matrix as well
as in resistance, production, and integrity of collagen [6]. A similar study concerning
scrotal hernia (a form of inguinal hernia) was also performed for the inguinal canal tissue
collected from four affected and four normal pigs. This research uncovered 703 differen-
tially expressed genes, and the MAP1CL3C, MYBPC1, SLC8A3, FGF1, BOK, DES, TPM2,
and SLC25A4 genes were indicated as crucial in hernia pathogenesis. These genes are
involved in important processes such as cell differentiation, muscular system regulation,
and myofibril assembly [20].

DNA methylation is one of the regulatory mechanisms which has an influence on gene
expression. The effect of this epigenetic modification may vary depending on the location
of methylated cytosines and the level of methylation itself. It was already reported that
cytosine methylation in gene body is connected with increased expression. On the other
hand, the existence of methylated sites in 5′-flanking regions, rich in CpG dinucleotides
(called CpG islands) is associated with gene silencing and repression of transcription [21].
Therefore, it is justified to search for changes in DNA methylation level as a potential
mechanism for altered gene expression.

The aim of this study was to determine the transcript level of the VIT (Vitrin), MMP13
(Matrix Metallopeptidase 13), ACAN (Aggrecan), and COL6A5 (Collagen type VI α 5 chain)
candidate genes in the muscle and connective tissues dissected from the umbilical ring of
pigs with UH and in the muscle tissue of inguinal canal of pigs with IH, and to search for
epigenetic mechanisms, such as DNA methylation changes, that are responsible for mRNA
level alterations.

2. Materials and Methods
2.1. Ethics Statement

The samples in this project were collected during routine veterinary procedures. This
is permitted under Polish law and does not require the approval of the local Bioethical
Commission for Animal Care and Use in Poznan, Poland (13 January 2020).

2.2. Groups, Phenotypes, and Sample Collection
2.2.1. Pigs with Umbilical Hernia

Sixty-eight piglets were derived from a cross between a DunBred (Landrace × York-
shire) maternal hybrid line and Landrace or Duroc paternal lines. The animals all came
from the same commercial breeding farm located in Wielkopolska Province, Poland. The
animals were of both sexes and were aged 3–4 weeks. They were assigned into two groups:
34 animals were classified by veterinarians as umbilical hernia cases, while the control
group (N = 34) was composed of healthy siblings (animals from the same litter as the hernia
cases but showing no signs of hernia). This resulted in 34 full or half sibling pairs, so the
affected animal always had a healthy sibling. Most of these pairs were born by different
sows with the exception of 5 litters (delivered by 5 sows), where samples were collected
from two hernia cases and two healthy controls. The animals were sacrificed by headshot,
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which was followed by collection of muscle and connective tissue samples separately from
around the navel. Tissue samples were immediately frozen in dry ice for further analysis.

2.2.2. Pigs with Inguinal Hernia

Forty-six unrelated male pigs were included in this part of the analysis. The animals
were a cross between the Polish Large White and Polish Landraces and came from local
breeding farms. The pigs were divided into four groups on the basis of veterinarian opinion:
group G1 contained ten healthy young animals weighing 30–35 kg without any signs of
hernia. The second group (G2) consisted of fifteen animals weighing 30–35 kg and with
nonregressive inguinal hernias. G3 group contained eleven pigs weighing 30–35 kg with
regressed IH (the hernia was at first clinically observed, but disappeared once the animal’s
body weight exceeded 25 kg). The fourth group (G4) contained ten adult animals weighing
100–120 kg with IH observed throughout their lives. For the G2 and G3 animals, a fragment
of the inguinal canal was collected during the delayed castration procedure, while the
samples from G1 (at a weight of 30–35 kg) and G4 (at weight of 100–120 kg) were collected
post-mortem from the slaughter house.

2.3. RNA Extraction and cDNA Synthesis for qPCR Assay

Total RNA extraction was performed using an RNeasy Fibrous Tissue Mini Kit (Qia-
gen, Germantown, MD, USA). The 30 mg of tissue from each sample was homogenized
in buffer RTL supplied with the RNeasy Fibrous Tissue Mini Kit (Qiagen) using TissueL-
yser LT (Qiagen). The following steps were performed in line with the manufacturer’s
instructions. The quantity and quality of total RNA were assessed by using a NanoDrop
ND-2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) with 260/280 nm
wavelength readings.

Around 1 µg of RNA from each sample was reverse-transcribed using a Transcriptor
First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany) in a total volume of 20µL,
following the manufacturer’s directions. The cDNA was subsequently evaluated with
a NanoDrop ND-2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and
diluted with nuclease-free water to approximately 700 ng/µL.

2.4. Quantitative Real-Time PCR

The cDNA was used in real-time PCR reactions running on a LightCycler® 480 II
(Roche, Mannheim, Germany). We analyzed ACAN, COL6A5, MMP13, and VIT from
both connective and muscle tissue of 34 healthy animals and 34 animals with umbilical
hernia. The procedure was additionally performed on muscle tissue from the inguinal
canal for healthy and inguinal hernia pigs (46 animals in total). Primers were designed
using Primer3Plus software (version 2.4; https://primer3plus.com/cgi-bin/dev/primer3
plus.cgi; accessed on 2 June 2021; Supplementary Material Table S1). The reactions for
each gene were performed in duplicate using a LightCycler® 480 SYBR Green I Master
(Roche, Mannheim, Germany) in a total reaction mix of 10 µL per well, following the
manufacturer’s instructions. The thermocycler program began with an initial denaturation
cycle at 95 ◦C for 10 min, followed by 45 cycles including denaturation at 95 ◦C for 10 s,
annealing at 60 ◦C for 5 s, and elongation at 72 ◦C for 5 s. Melting curve analysis was carried
out after each amplification in order to verify product specificity. The relative expression
values of each gene were computed on the basis of the standard curve method with a series
of ten-fold dilutions of a DNA of known concentration (standards). The relative changes in
expression level of genes were normalized against the level of reference (internal control)
of the H3F3A (H3 histone, family 3A) and PPIA (Peptidyl-prolyl cis-trans isomerase A)
genes [22], as described by [23].

2.5. Methylation Analysis

An in silico analysis was performed for the two differentially expressed genes, MMP13
and VIT, for which statistically significant results were observed in the transcript level.
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The analysis with CpGPlot software (version EMBOSS 6.6.0; http://www.ebi.ac.uk/Tools/
seqstats/emboss_cpgplot/; accessed on 17 November 2022) pointed to several CpG sites
in the 5′ untranslated region (5′UTR) of the first exon of MMP13 and in exon 12 of VIT
(Supplementary Material Table S2).

The PyroMark Assay Design 2.0 software (Qiagen) was used to design primers for
the pyrosequencing analysis (Supplementary Material Table S1). Thirty-four animals
with umbilical hernia and 34 controls were analyzed in this way. The DNA was isolated
from the muscle tissue (the amount of connective tissue was insufficient to perform this
analysis) using a Genomic Mini Kit (A&A Biotechnology, Gdańsk, Poland). The quantity
and quality of DNA was assessed with the use of a NanoDrop ND-2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) with 260/280 nm wavelength readings. Five
hundred nanograms of DNA was bisulfite-converted using an EZ DNA Methylation-Gold
kit (Zymo Research, Irvine, CA, USA). Additionally, nonmethylated controls were prepared
using REPLI g Mini Kits (Qiagen), in line with the manufacturer’s instructions. The fully
methylated controls were prepared from 500 ng of DNA using CpG methyltransferase
(M.SssI, Thermo Fisher) with incubation for 3 h at 37 ◦C. Next, PCR was performed
with a PyroMark PCR kit (Qiagen), following the manufacturer’s instructions. The PCR
conditions were: initial denaturation at 95 ◦C for 15 min; 44 cycles of denaturation at 94 ◦C
for 30 s, primer annealing at 56 ◦C for both genes, for 30 s and elongation at 72 ◦C for 30 s,
followed by a final extension at 72 ◦C for 10 min. The negative control samples (without
the DNA template) were also prepared for each reaction. PCR amplification results were
checked on 1.5% agarose gel electrophoresis. The pyrosequencing reaction for the amplicons
was carried out on a PyroMark Q48 Autoprep (Qiagen) system using PyroMark Q48
Advanced CpG Reagents (Qiagen), following the manufacturer’s recommended protocol.
Finally, PyroMark Q48 Autoprep software (Qiagen) was used to calculate the percentage
methylation for each of the CpG sites.

2.6. Statistical Analysis

Statistical analysis was carried out in the R statistical environment (version 4.1.2) [24].
The Shapiro–Wilk test was used to test the normality of the data using the “shapiro.test”
function from the “stats” package (version 4.1.2). Subsequently, to compare mRNA results
for pigs with UH and controls, a p-value was computed using the nonparametric, two-tailed
Mann–Whitney U test. The same test was used to compare different DNA methylation
levels between the UH and control animals. Each methylated cytosine was examined
independently. The “wilcox.test” function was used to calculate p-values with parameter
“paired = FALSE”. Moreover, adjustment using the Benjamini and Hochberg (1995) [25]
procedure (FDR) was performed for the mRNA results using the “p.adjust” function.
Finally, the “cor.test” function was applied to perform the Spearman’s rank correlation test
to examine the significance of the correlation between the MMP13 relative mRNA level
and the CpG methylation level.

Four groups of animals with inguinal hernia were compared. Initially the Shapiro–Wilk
test and the Kruskal–Wallis rank sum test were used (“kruskal.test” function from the “stats”
package (version 4.1.2)). Subsequently, Dunn’s test for multiple comparisons with the FDR
correction was chosen as a post hoc test, in order to identify exactly which groups differed,
using the “dunnTest” function from the “FSA” package (version 0.9.3). For the performed
tests, the statistical significance cutoff was set at p < 0.05.

3. Results
3.1. Relative mRNA Levels of the Studied Genes in the UH Pigs

Quantitative real-time PCR was performed for MMP13, VIT, ACAN, and COL6A5 in
muscle and connective tissue for all 68 animals, revealing differences in the mRNA level
of MMP13 and VIT between the control and hernia pigs. The transcript level of MMP13
was significantly higher in pigs with UH than in the muscle tissue of controls (padj. < 0.01);
this was unlike the connective tissue, whose mRNA level was lower in the UH animals
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(padj. < 0.001). This indicates that the transcript level depends on the analyzed tissue. The
only significant result for the VIT gene was observed in muscle tissue (padj. < 0.05), where a
higher level of mRNA was found in UH pigs than in controls. For ACAN and COL6A5, the
differences proved insignificant in all of the tissues (Figure 1).
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3.2. Relative mRNA Levels of Studied Genes in IH Pigs

The mRNA level was determined for MMP13, VIT, ACAN and COL6A5, but the
Kruskal–Wallis test indicated significant results only for the ACAN (p = 0.02) gene. Sub-
sequently, the post hoc test showed significantly lower transcript levels (padj. < 0.05) in
group G4 than in groups G1, G2, and G3 (Figure 2), indicating that the altered ACAN
expression was not related with the presence of hernia. On the other hand, we found that
the expression of this gene was significantly downregulated in group G4 represented by
adult IH pigs (>100 kg), so the observed differences can be related to the animal’s age.
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3.3. CpG Methylation Level

DNA methylation levels were examined in exon 12 for VIT and in the 5′UTR for
MMP13. For both genes, cytosine methylation level was determined in the muscle tissue
and seven CpG sites were studied for each gene (Supplementary Material Table S3). Only
one statistically significant result was found for the single cytosine marked CpG7 in the
MMP13 gene (chr9: 33616509). In this case, we observed significant higher (p < 0.001) cyto-
sine methylation levels in the UH animals (mean = 34%) than in the controls (mean = 29%);
see Figure 3. However, there was no significant correlation between the MMP13 relative
mRNA level and the CpG methylation level at this position (ρ = 0.09342564; p = 0.4486).
This observation shows that the DNA methylation of the studied region is probably not
responsible for altered transcript level of MMP13 gene.

10



Genes 2023, 14, 1903Genes 2023, 14, x FOR PEER REVIEW 7 of 11 
 

 

 
Figure 3. Mean percentage of DNA methylation ± SD in the CpG of two candidate genes: MMP13 
(A) and VIT (B) for UH and control pigs. The cytosines are indicated as CpG1, CpG2, CpG3, CpG4, 
CpG5, CpG6, and CpG7. Only one significant difference was observed for CpG7 in MMP13; the p-
value refers only to this cytosine. 

4. Discussion 
Information on the background of porcine hernia remains scarce [16]. Much effort 

has been put into identifying genetic variants that predispose to hernia development 
[5,6,8,15,18,19,26], but the polygenic nature of this condition has made such studies chal-
lenging. A new approach involving the transcriptome differences between hernia and con-
trol animals was thus undertaken for umbilical and inguinal hernia [6,20]. 

Here we studied the mRNA levels of four genes (ACAN, COL6A5, MMP13, and VIT) 
initially noted by Souza et al. [6] as strong candidates for hernia formation. The novelty of 
our study is that, in the case of umbilical hernia, we examined the muscle and connective 
tissues separately (dissected from the umbilical ring), which has not been done previously 
[6]. We also determined whether altered transcript levels in muscle tissue might be caused 
by differences in epigenetic mechanisms (DNA methylation). We additionally checked 
whether the same genes have altered expression in inguinal canal tissue collected from 
inguinal hernia pigs. 

Our most interesting results were for the MMP13 gene, in which the transcript level 
was increased in the muscle tissue and decreased in the connective tissue of the pigs with 
umbilical hernia. Expression of this gene has previously been associated with inguinal 
hernia in humans [27], while its downregulation has been noted in pigs with umbilical 
hernia by Souza et al. [6]. Those researchers, however, studied the transcriptome in a mix 
of different cell types collected from the umbilical ring. Here we were able to distinguish 
between muscle and connective tissues and found the opposite results. These differences 
may be caused by the different molecular function of the MMP13 protein depending on 
the expression site. MMP13 (known also as collagenase-3) is a member of the matrix met-
alloproteinase (MMP) family, which are proteins that degrade the components of the ex-
tracellular matrix and remodel connective tissue [28]. We can thus speculate that the re-
duced level of the MMP13 gene in the connective tissue of the affected animals leads to 
incorrect tissue remodeling and possible lower tissue strength, which can predispose for 
hernia development. MMP13 also plays a role in wound healing [29], and it is known that 
cytokines and growth factors formed under pathological condition induce MMP levels 
[30]. The increased MMP13 transcript level observed in the muscle tissue in our study 

Figure 3. Mean percentage of DNA methylation ± SD in the CpG of two candidate genes: MMP13
(A) and VIT (B) for UH and control pigs. The cytosines are indicated as CpG1, CpG2, CpG3, CpG4,
CpG5, CpG6, and CpG7. Only one significant difference was observed for CpG7 in MMP13; the
p-value refers only to this cytosine.

4. Discussion

Information on the background of porcine hernia remains scarce [16]. Much effort has been
put into identifying genetic variants that predispose to hernia development [5,6,8,15,18,19,26],
but the polygenic nature of this condition has made such studies challenging. A new
approach involving the transcriptome differences between hernia and control animals was
thus undertaken for umbilical and inguinal hernia [6,20].

Here we studied the mRNA levels of four genes (ACAN, COL6A5, MMP13, and
VIT) initially noted by Souza et al. [6] as strong candidates for hernia formation. The
novelty of our study is that, in the case of umbilical hernia, we examined the muscle and
connective tissues separately (dissected from the umbilical ring), which has not been done
previously [6]. We also determined whether altered transcript levels in muscle tissue might
be caused by differences in epigenetic mechanisms (DNA methylation). We additionally
checked whether the same genes have altered expression in inguinal canal tissue collected
from inguinal hernia pigs.

Our most interesting results were for the MMP13 gene, in which the transcript level
was increased in the muscle tissue and decreased in the connective tissue of the pigs with
umbilical hernia. Expression of this gene has previously been associated with inguinal
hernia in humans [27], while its downregulation has been noted in pigs with umbilical
hernia by Souza et al. [6]. Those researchers, however, studied the transcriptome in a mix
of different cell types collected from the umbilical ring. Here we were able to distinguish
between muscle and connective tissues and found the opposite results. These differences
may be caused by the different molecular function of the MMP13 protein depending on
the expression site. MMP13 (known also as collagenase-3) is a member of the matrix
metalloproteinase (MMP) family, which are proteins that degrade the components of the
extracellular matrix and remodel connective tissue [28]. We can thus speculate that the
reduced level of the MMP13 gene in the connective tissue of the affected animals leads to
incorrect tissue remodeling and possible lower tissue strength, which can predispose for
hernia development. MMP13 also plays a role in wound healing [29], and it is known that
cytokines and growth factors formed under pathological condition induce MMP levels [30].
The increased MMP13 transcript level observed in the muscle tissue in our study might
thus be rather a consequence of the hernia condition. It can be suggested that an elevated
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level of MMP13 is needed for wound healing (e.g., that the disruption of muscle tissue
by the hernia induces increased repair processes). This hypothesis is supported by earlier
studies, in which the involvement of the MMP13 gene in tissue healing and repair processes
has already been confirmed [31,32].

We also checked whether the differences in the mRNA level of the MMP13 gene
are the results of DNA methylation changes. Due to the limited quantity of connective
tissue sample, this analysis was performed only for the muscle tissue. We found that
in the studied 5′UTR region (exon 1) the methylation level for one cytosine (CpG7) was
significantly increased in the affected animals. It is known that the 5′UTR region contains
multiple regulatory elements that are important for the correct initiation of translation [33].
Moreover, a recent broad study of DNA methylation changes during human early embryo
development concluded that, in the 5′UTR region (where the high CpG density was ob-
served), the methylation level was low and negatively correlated with gene expression [34].
However, in our study, the significantly methylated cytosine in the 5′UTR of the MMP13
gene did not correlate with the transcript level of the MMP13 gene. We are thus unable
to determine whether the difference we observed in DNA methylation has a significant
relation to the hernia condition.

One interesting result concerned elevated transcript levels of the VIT gene in UH pigs.
This observation did not confirm the result reported by Souza et al. [6], who examined a
mix of tissues from the umbilical ring to compare 5 UH with 5 control pigs; they noted
that the level of VIT expression was reduced. The VIT gene encodes an extracellular
matrix (ECM) protein, which contains two von Willebrand A domains. It seems that
the VIT protein is associated with migration and cell adhesion, like the majority of von
Willebrand A domain-containing proteins [35,36]. Based on this information, we suggest
that the observed overexpression of this gene in muscle tissue may be an effect of the repair
mechanism acting in response to muscle damage by the hernia. Our study did not show
altered transcript levels of the ACAN and COL6A5 genes in the tissues of the UH pigs.

Interestingly, significant differences in the mRNA level of the ACAN gene were found
in the IH pigs. Differences were observable between young (group G1, G2, and G3) and old
(group G4) pigs, but not between those with inguinal hernia and those which were healthy.
We thus assume that the reduced mRNA level of ACAN is an effect of aging. It is known
that this protein (aggrecan) is a proteoglycan and is a component of the extracellular matrix
which exists in form of proteoglycan aggregates. It plays an important role in the function
of cartilaginous tissues [37], as well as in skeletal development through its involvement in
the endochondral ossification process [38]. Our observation could thus be explained by the
role of the ACAN protein in collagen production, with young pigs needing higher levels in
the intense growth phase, whereas aggrecan in adults is involved in skeletal development.
Moreover, ACAN is an important element of cartilage extracellular matrix that is reduced
as aging of the organism proceeds [39]. The ACAN gene was the only gene that was found
to be differently expressed in the pigs with inguinal hernia in this study, and no differences
were observed for MMP13, VIT, or COL6A5.

5. Conclusions

Pigs with umbilical hernia showed differences in mRNA levels for the MMP13 gene in
muscle and connective tissue dissected from the umbilical ring as well as changes in the
DNA methylation of a single cytosine located in the 5′UTR of MMP13. This may be the
result of the demand for the MMP13 protein in UH pigs depending on tissue type. The
VIT gene differed in transcript level in muscle tissues, which may be a result of umbilical
hernia, rather than a cause. In the case of inguinal hernia, only the ACAN gene showed
decreased mRNA levels in the muscle tissue of the inguinal canal in older animals, which
may be a consequence of aging rather than pathological status.
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Supplementary Materials: The following supporting information can be downloaded from: https:
//www.mdpi.com/article/10.3390/genes14101903/s1, Table S1: primer sequences for the ACAN,
COL6A5, MMP13, VIT, H3F3A, and PPIA genes used in qPCR and for the MMP13 and VIT genes
used in pyrosequencing; Table S2: CpG genomic position according to Sscrofa11.1. and their location
in the gene context; Table S3: the mean percentage of DNA methylation with standard deviation and
p-value in each studied cytosine, in two examined genes (MMP13 and VIT), for both control and
umbilical hernia groups.
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Abstract: The recovery of Nero Lucano (NL) pigs in the Basilicata region (Southern Italy) started in
2001 with the collaboration of several public authorities in order to preserve native breeds that can
play a significant economic role both due to their remarkable ability to adapt to difficult environments
and the value of typical products from their area of origin. In this study, by using the Illumina
Porcine SNP60 BeadChip, we compared the genetic structures of NL pigs reared in a single farm
in two different periods separated by a time interval corresponding to at least three generations.
The results showed an increase in the percentage of polymorphic loci, a decrease in the inbreeding
coefficient calculated according to ROH genome coverage (FROH), a reduction in the number of
ROH longer than 16 Mb and an increase in ROH with a length between 2 and 4 Mb, highlighting a
picture of improved genetic variability. In addition, ROH island analysis in the two groups allowed
us to identify five conserved regions, located on chromosomes 1, 4, 8, 14 and 15, containing genes
involved in biological processes affecting immune response, reproduction and production traits. Only
the conserved ROH island on chromosome 14 contains markers which, according to the literature,
are associated with QTLs affecting thoracic vertebra number, teat number, gestation length, age at
puberty and mean platelet volume.

Keywords: Nero Lucano pig; Southern Italy; inbreeding coefficient (FROH); runs of homozygosity
(ROH) islands

1. Introduction

Farms rearing Nero Lucano (NL) pigs, a typical autochthonous black pig, are charac-
terized by a very low level of environmental impact [1], since animals are raised outdoors
in the Basilicata region (Southern Italy) and are able to exploit marginal areas and feed
resources available in the environment. The sustainability of the production chain and
the specific organoleptic properties of NL pig cured products are particularly appreciated
by customers and, therefore, economically advantageous for breeders. In addition, the
enhancement and protection of this breed is useful for the conservation of biodiversity and
for the reduction in the environmental impact and climate footprint. These matters are goals
of the “Farm to Fork Strategy” of the European Union [2], aiming to obtain a sustainable
and affordable food chain effective for consumers, producers, climate and environment.

Starting from 2001, the NL pig breed was subject to an intervention for its recovery
from extinction thanks to public authorities (the Basilicata Region, the University of Basili-
cata, the Regional Breeders Association, the Comunità Montana Medio Basento). However,
it still suffers all the problems (for example, slow growth speed and a low number of
newborns per delivery) determined by the inbreeding associated with the low number of
sires and dams typical of “small” populations [3,4]. In addition, this breed is character-
ized by very low frequencies of alleles at the IGF2, MC4R and VRTN loci that, according
to the literature, are associated with positive effects on some meat production traits in
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cosmopolitan breeds, and is free from malignant hyperthermia (MH) [5]. Recently, we
analyzed the genotypes using the 61,565 SNPs of the Illumina Porcine SNP60 BeadChip of
about 70% of sires and dams born from 2004 to 2014 of the NL pig population, in order to
obtain a first picture of its genetic structure [6]. As expected for a recovering population
starting from only six subjects, the analyzed individuals were characterized by high levels
of inbreeding coefficients (both FMOL, calculated by referring to allelic frequencies, and
FROH, calculated according to the ROH extension), low effective population size and long
generation intervals. These results depict a population still at risk and the need for actions
to avoid an excessive inbreeding coefficient increase.

At the end of 2021, we received from the owners of a farm, whose NL pigs were
analyzed ten years ago, blood samples collected by the veterinary service during the
normal activities of animal controls. As a consequence, we had the opportunity to make
comparisons between two groups of NL pigs reared in the same farm and separated by
a time period of about ten years, corresponding to at least three generations, in order to
obtain a picture of the evolution of their genetic structure by using the ROH approach and
to identify ROH islands characterized by a conserved structure through generations.

2. Materials and Methods
2.1. Animals

Animal blood samples were obtained from 76 Nero Lucano pigs reared in a single
farm where, about ten years ago, 66 samples of the same breed had already been collected.

2.2. DNA Analyses

DNA samples were genotyped with the Illumina Porcine SNP60 BeadChip v2. The
data quality control, accomplished by using PLINK v.1.9 [7], determined the removal of
3 samples due to the genotyping rate being lower than 95% and 2548 SNPs due to a call
rate of lower than 95%. Hardy–Weinberg equilibrium was calculated by considering only
polymorphic loci located on the 18 autosomal chromosomes. The runs of homozygosity
(ROH) were obtained by defining a sliding ’window’ of 50 SNPs, allowing a maximum of
one heterozygote and one missing call in the ‘window’ and at least 50 SNPs per ‘window’.
Individual inbreeding values based on ROH (FROH) were calculated as FROH = ΣLROH/L,
where ΣLROH is the total ROH length per individual and L is the autosomal genome length
(2265.77 Mb, according to Sscrofa 11.1 Genome Assembly).

Gene location was accomplished by referring to NCBI Sus scrofa Annotation Release
106 (https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Sus_scrofa/106/, accessed
on 30 December 2022).

Gene Ontology (GO) enrichment analysis was performed by using DAVID Knowledge-
base v2022q4 [8,9] (https://david.ncifcrf.gov/home.jsp, accessed on 15 February 2023) and
protein–protein interaction by using STRING 11.5 software [10] (https://string-db.org/,
accessed on 15 February 2023). REVIGO 1.8.1 software was used to reduce and visualize
GO terms [11] (http://revigo.irb.hr/, accessed on 15 February 2023).

Significance tests and graphic plots were obtained by using R-4.1.2 software [12].

3. Results

The variation of the genetic structure of Nero Lucano pigs in a time period corre-
sponding to at least three generations was analyzed by comparing 66 samples, NL-A,
collected about 10 years ago and 73 samples, NL-B, collected in 2021 from the same farm.
Samples belonging to the two groups were compared without considering the separation
of individuals according to their generation since. Unfortunately, pedigree data were not
available for samples collected in 2021.

The comparison of the minimum allele frequency (MAF) of the SNPs in the two groups
showed that the percentage of the polymorphic SNPs increased from 67% to 83% in about
ten years (Figure 1) (see also Figure S1 for MAF chromosomal distribution).
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Figure 1. Comparison of the SNPs’ distribution according to the minimum allele frequencies (MAF)
in the two Nero Lucano pig groups (z = 61.22, p < 0.00001).

The analysis of genotype distributions accomplished only for the SNPs located in
the 18 autosomal chromosomes showed that in NL-B pigs, 6.32% of SNPs were not in
Hardy–Weinberg equilibrium, and in 65.48% of cases, the disequilibrium was determined
by an excess of homozygotes. The corresponding values in NL-A pigs were 3.43% and
46.61%, respectively.

The ROH analysis of the 73 NL-B pigs allowed us to identify 3690 total ROH, covering
28.11% of the 18 autosomal chromosomes, whereas in the 66 NL-A pigs, the number of
total ROH was 3626, covering 38.63% of the autosomal genome (Table 1).

Table 1. Features of ROH clustered according to length in NL-A and NL-B pigs.

ROH Class

NL-A NL-B

ROH
Number

SNPs/ROH
(Mean ± SD)

% Genome
Coverage

ROH
Number

SNPs/ROH
(Mean ± SD)

% Genome
Coverage

<2 Mb 260 57.30 ± 7.67 0.29 236 59.82 ± 8.71 0.25
2–4 Mb 897 85.67 ± 22.93 1.73 1052 84.14 ± 20.18 1.85
4–8 Mb 859 169.26 ± 46.37 3.24 913 161.81 ± 41.76 3.16
8–16 Mb 707 329.64 ± 76.12 5.40 741 321.53 ± 72.55 5.07
>16 Mb 903 1180.92 ± 783.82 27.97 748 1002.98 ± 636.18 17.78

Total 3626 - 38.63 3690 - 28.11

In addition, the mean ROH number per pig was 50.55 ± 10.97 in NL-B and
54.94 ± 7.66 in NL-A (t(137) = 2.7, p = 0.008), with a total ROH length per pig spanning from
a minimum of 38.09 Mb to a maximum of 1260.11 Mb (mean 636.80 ± 219.04 Mb) in NL-B
and from a minimum of 236.82 Mb to a maximum of 1366.99 Mb (mean 875.1 ± 198.49 Mb)
in NL-A (t(137) = 6.7, p < 0.00001). As a consequence, the mean ROH length per pig was
12.47 ± 3.69 Mb in NL-B and 15.90 ± 3.10 Mb in NL-A. In both groups, the distribution
of ROH among the size classes was balanced, with the exception of those with a length
lower than 2 Mb. As shown in Table 1, the ROH number and genome coverage percentage
showed the greatest increase for the class 2–4 Mb and the greatest decrease for the class
>16 Mb in NL-B pigs.

Individual inbreeding values based on ROH extension (FROH) ranged from a minimum
of 0.02 to a maximum of 0.56, with a mean value of 0.28 ± 0.10 in NL-B, whereas in NL-A,
the corresponding values were 0.10, 0.60 and 0.39 ± 0.09, respectively (Figure 2). As a
consequence, the FROH mean value decreased by 28% in about ten years.
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Figure 2. Distribution of the individual FROH (inbreeding coefficient based on runs of homozygosity)
values in two groups of Nero Lucano pigs (t(137) = 6.7, p < 0.00001).

The number of core ROH, defined as the consensus regions determined by the over-
lapping of individual ROH [7], was 587 in NL-B and 494 in NL-A (Figure S2, Table S1).
ROH islands were obtained by considering an uninterrupted stretch of at least three
SNPs both located in a core ROH and exceeding 99% of the standardized distribution [13]
(Figure 3). By using this approach, 24 and 19 ROH islands were identified in NL-B and
NL-A, respectively (Table S1). The higher number of ROH islands observed in NL-B was,
however, associated with a lower total extension (NL-B 22.79 Mb versus NL-A 29.94 Mb)
(Table S2).
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Figure 3. Manhattan plot of SNPs’ distribution in runs of homozygosity in NL-A and NL-B pig
autosomal chromosomes. The red lines, different for each group, indicate the threshold of the top 1%
of the observations. Green dots represent SNPs located in ROH islands.

As shown in Table 2, only in five ROH islands, located in chromosomes 1, 4, 8, 14, and
15, can a partial or total overlap be observed between the two groups.

Table 2. Features (extension, number of SNPs and genes) of ROH islands conserved between NL-A
and NL-B pigs.

SSC
NL-A NL-B N.

Genesfrom-to N. SNPs from-to N. SNPs

1 61,286,411-63,123,772 52 61,286,411-63,012,075 47 1
4 96,094,167-96,682,751 19 96,094,167-96,243,742 8 7
8 135,852,700-136,018,155 4 135,852,700-136,018,155 4 2

14 46,176,964-48,062,822 60 46,176,964-47,999,414 58 39
15 126,097,384-126,642,052 17 126,097,384-126,642,052 17 3
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According to Sus scrofa 11.1 Genome Assembly, the five overlapping regions contain
52 genes (Table S3). Gene Ontology (GO) analysis using DAVID Knowledgebase v2022q4
showed that 26 genes were significantly involved in 15 biological processes (Table 3)
whose GO terms were grouped into four superclusters (inflammatory response, system
development, regulation of cellular component organization and glycerolipid metabolism)
by using REVIGO software (Figures 4 and S3).

Table 3. Genes associated in biological processes after Gene Ontology (GO) analysis by using DAVID
v2022q4 software.

GO Biological Process Genes

GO:0006954 inflammatory response S100A12, S100A8, S100A9, OSM, PLA2G3, RHBDD3,

GO:0048731 system development
LIF, LIMK2, NF2, S100A8, S100A9, THOC5, AP1B1, CUL3,
GAL3ST1, GAS2L1, INPP5J, KREMEN1, NEFH, PLA2G3,
RHBDD3, SELENOM, ZNRF3

GO:0051128 regulation of cellular component organization LIF, LIMK2, MORC2, NF2, S100A9, CUL3, GAS2L1, HNRNPD,
INPP5J, KREMEN1, MTMR3, PLA2G3,

GO:0033043 regulation of organelle organization LIF, LIMK2, MORC2, NF2, CUL3, GAS2L1, HNRNPD, MTMR3,

GO:0009914 hormone transport LIF, OSM, PLA2G3, SELENOM,

GO:0051046 regulation of secretion LIF, S100A8, OSM, PLA2G3, RHBDD3,

GO:0046903 secretion LIF, S100A8, OSM, PLA2G3, RHBDD3, SELENOM,

GO:0050729 positive regulation of inflammatory response S100A8, OSM, PLA2G3

GO:0031345 negative regulation of cell
projection organization LIMK2, INPP5J, KREMEN1,

GO:0023061 signal release LIF, OSM, PLA2G3, SELENOM,

GO:0051247 positive regulation of protein
metabolic process

LIF, LIMK2, S100A8, TBC1D10A, CUL3, HNRNPD,
OSM, RHBDD3,

GO:0010648 negative regulation of cell communication LIF, NF2, CUL3, CASTOR1, KREMEN1, OSM, ZNRF3,

GO:0023057 negative regulation of signaling LIF, NF2, CUL3, CASTOR1, KREMEN1, OSM, ZNRF3,

GO:0048232 male gamete generation LIMK2, GAL3ST1, OSBP2, PLA2G3,

GO:0046486 glycerolipid metabolic process GAL3ST1, INPP5J, MTMR3, PLA2G3,
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Furthermore, three genes (S100A7, S100A8, S100A9) were involved in the IL-17 sig-
naling pathway, which is engaged in several immune regulatory functions such as the
response to injury, physiological stress, and infection [14].

Analysis of the 52 genes with STRING 11.5 software evidenced more protein–protein
interactions than expected (26 edges rather than 4, PPI enrichment p-value 8.5 × 10−13)
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(Figure S4). As a consequence, some of the proteins coded by these genes are at least
partially biologically connected. However, only part of the biological processes identified
by DAVID software found a correspondence with protein–protein interactions highlighted
by STRING software.

According to the Pig QTL database (version Sus scrofa 11.1 Genome Assembly),
only the conserved ROH island on chromosome 14 contained six QTLs affecting tho-
racic vertebra number (#64660 and #64771) [15], teat number (#126628) [16], gestation
length (#173177) [17], mean platelet volume (#37844) [18], and age at puberty (#22109) [19]
(Table S3). Each of the six SNPs located at the peak of association with the above-mentioned
QTLs were characterized by a MAF = 0 in both NL-A and NL-B pigs.

4. Discussion

In this work, we compared the results of Illumina PorcineSNP60 BeadChip genotyping
accomplished on two groups of Nero Lucano pigs, NL-A and NL-B, reared in the same
herd and sampled in two time periods separated by about ten years, corresponding to at
least three generations.

Analysis of the results showed that in this period the number of polymorphic loci
increased by about 24%. In addition, the ROH analyses in the two groups showed that
the mean ROH number, mean total ROH length and mean ROH length per pig were
characterized by decreased values in NL-B. The distribution of the ROH per class was
consistent with these results, showing a reduction in the number of ROH longer than 16 Mb
and an increase in the number of ROH with a length between 2 and 4 Mb in NL-B. All
the above-mentioned results were responsible for the strong decrease in the inbreeding
coefficient over ten years, from 0.39 to 0.28, based on ROH genome coverage (FROH). The
origin of this decrease could be explained either by introgression events or by the use of
sires and dams belonging to other NL herds. However, according to what was stated by
the breeder and to the typical morphological traits characterizing the NL-B individuals, the
former hypothesis can be excluded.

According to several authors, the frequency and extension of ROH are affected by
ancient or recent inbreeding events in the population and/or by the presence of genes under
strong selection [20,21]. ROH islands are stretches of homozygous genomic sequences
characterized by a very high frequency in a population. As a consequence, the analysis
of ROH islands has been the object of several studies in different species in order to
identify genes associated with domestication or useful for the improvement of animal
production and reproduction. We identified five ROH islands in common between NL-A
and NL-B groups—that is, genomic regions constantly maintained through generations
as homozygous milestones. Of course, genes contained in these homozygous milestones
should be strong candidates to have effects on the adaptive selection of this breed.

Some of the genes identified in these five regions are involved in biological processes
affecting immune response, reproduction and production traits. For example, three of the
calcium ion binding proteins belonging to the S100 family (S100A7, S100A8, S100A9) are
involved in the IL-17 signaling pathway, which is important in the immunity to pathogens,
or contribute to the pathogenesis of inflammatory diseases [14]. Furthermore, S100A6 is
involved in the response to the viral infection causing porcine reproductive and respiratory
syndrome (PRRS), one of the most economically significant swine infectious diseases [22,23];
PPGRP-S has a role in the immunity against intestinal microorganisms [24]; RHBDD3
suppresses, in mice, the production of IL6, preventing the development of autoimmune
diseases [25]; and PLA2G3 affects the maturation and function of mast cells, key players
in the inflammatory response [26]. The conservation of regions containing genes affecting
immune response is probably due to the need for an efficient immunological system in
animals living outdoors in semi-wild conditions, such as NL pigs.

As far as pig reproduction traits are concerned, the MORC2 gene prevents apoptosis
of granulosa cells [27], whereas SMTN, coding for a structural protein found exclusively
in contractile smooth muscle cells, is associated with ovarian follicle growth and devel-
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opment [28]. Furthermore, both OSBP2 and LIMK2 are involved in spermatogenesis [29].
In mice, the defective gene MORC2b is responsible for male and female sterility [30], and
mice deficient in OSBP2 produce a severely reduced number of spermatozoa that show
very low motility and no fertilizing ability in vitro [31]. Similar results are observed for
mice with a disrupted LIMK2 gene in which the progression of spermatogenesis is strongly
affected [32] and for humans where mutations in the heterozygous state in LIMK2 are
present in infertile males [33]. Finally, an LIF gene polymorphism (rs3463076786: C/T) is
associated with the number of stillbirths in pigs [34].

In Chinese Anqing six-end-white pig, SELENOM has been identified as a candidate
gene affecting body weight [29]. This gene is highly expressed in the brain and may be
involved in neurodegenerative disorders. Transgenic mice with targeted deletion of this
gene are characterized by obesity, suggesting a possible role of SELENOM in the regulation
of body weight and energy metabolism [35]. In addition, DOCK10 is a candidate gene
associated with intramuscular fat [36], and EWSR1 is associated with meat quality traits, in
particular meat colour [37]. The PLA2G3 gene belongs to the phospholipase A2 family that
in pigs, as in other vertebrates, is involved in lipid metabolism [38]. In humans, KREMEN1
and ZNRF3 are involved in body fat distribution [39].

The conserved five ROH islands were also analyzed for the presence of QTLs, and
only the one on chromosome 14 contained markers associated with effects on thoracic
vertebra number, teat number, gestation length, mean platelet volume and age at puberty.
Unfortunately, these markers were monomorphic in all of the genotyped NL pigs, and
therefore cannot be used to analyze the variation of these traits in this breed. In any
case, the conserved ROH island located on chromosome 14 could have had a key role
in pig domestication since it was also identified in other breeds. In fact, the upstream
region containing the AP1B1, EWSR1, KREMEN1, NEFH, THOC5, and ZNRF3 genes (see
Table S3) was identified in Russian Large White pigs as a signature of selection associated
with QTLs affecting reproduction and production traits [40], whereas the downstream
region containing MORC2, SMTN, INPP5J, PLA2G3 and RNF185 genes (see Table S3)
was identified by Li et al. [41] as a signature of selection in Chinese pigs. This region
is associated with a QTL affecting intramuscular fat linoleic acid content [42,43] that is
positively correlated with pork flavor [44]. As a consequence, it is plausible that genes
contained in this ROH island could also play an important role in the quality of NL pig
cured meat products which are particularly appreciated for their organoleptic properties.

In conclusion, the search for ROH islands conserved through generations can be
used to mark boundaries of genomic regions to be analyzed for the identification of
mutations affecting the expression of economically important genes and/or differentiating
cosmopolitan from small autochthonous populations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes14071503/s1, Figure S1. Chromosomal distribution according
to the minimum allele frequencies (MAF) of the SNPs in the two groups, NL-A and NL-B, of Nero
Lucano pigs (0 = non-defined chromosome position, 23 = X chromosome, 24 = Y chromosome, 25 = XY
ψ-autosomal region). Figure S2. Chromosomal distribution of core ROH (bars), and minimum and
maximum frequencies of core ROH (lines) in the two groups, NL-A and NL-B, of Nero Lucano pigs.
Dots indicate ROH islands. Figure S3. “Revigo Treemap” of Gene Ontology terms for genes located in
the five ROH islands conserved between NL-A and NL-B pigs. Figure S4. Network of protein–protein
interaction (PPI) analysis carried out on genes located in the five ROH islands conserved between
NL-A and NL-B pigs (nodes represent proteins). Table S1. Chromosomal distribution of the number
of core ROH and ROH islands in the two groups, NL-A and NL-B, of Nero Lucano pigs. Table S2.
Features of the ROH islands in the two groups, NL-A and NL-B, of Nero Lucano pigs (total overlaps
are highlighted in yellow, partial overlaps are in red). Table S3. Genes and QTLs mapped in the five
ROH islands conserved between NL-A and NL-B pigs.
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Abstract: Heart failure remains a major cause of death worldwide. There is a need to establish new
management options as current treatment is frequently suboptimal. Clinical approaches based on
autologous stem cell transplant is potentially a good alternative. The heart was long considered
an organ unable to regenerate and renew. However, several reports imply that it may possess
modest intrinsic regenerative potential. To allow for detailed characterization of cell cultures, whole
transcriptome profiling was performed after 0, 7, 15, and 30 days of in vitro cell cultures (IVC)
from the right atrial appendage and right atrial wall utilizing microarray technology. In total,
4239 differentially expressed genes (DEGs) with ratio > abs |2| and adjusted p-value ≤ 0.05 for the
right atrial wall and 4662 DEGs for the right atrial appendage were identified. It was shown that a
subset of DEGs, which have demonstrated some regulation of expression levels with the duration
of the cell culture, were enriched in the following GO BP (Gene Ontology Biological Process) terms:
“stem cell population maintenance” and “stem cell proliferation”. The results were validated by
RT-qPCR. The establishment and detailed characterization of in vitro culture of myocardial cells may
be important for future applications of these cells in heart regeneration processes.

Keywords: cardiomyocytes; porcine cardiac muscle; long-term in vitro cell culture; stemness markers;
transcriptomic analysis
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1. Introduction

The past three decades have brought progress in cardiovascular medicine leading to a
significant decrease in mortality due to acute cardiovascular syndromes in developed coun-
tries [1]. Still, in many cases, myocardial injury leads to the development of heart failure,
“a complex clinical syndrome that results from any structural or functional impairment of
ventricular filling or ejection of blood” [2]. Heart failure (HF) has an annual prevalence of
approximately 37.7 million people [3]. Survival of HF patients varies from 3 to 5 years, on
average, making their prognosis poorer than for most cancers [4].

There is a need to develop more optimal methods for the treatment of heart failure.
The heart was considered an organ unable to regenerate and renew. However, there is
now evidence suggesting that the heart may have some ability for self-repair, especially in
response to exploitation/physiological stress [5–10]. Therapies based on cells driving heart
regeneration may become a promising new strategy for current disease management.

Cardiac progenitor cells (CPCs) are potentially a heterogenous group of cells which
activate in response to an injury and contribute to cardiomyocytes’ replenishment. They are
localized in different heart regions (atria, ventricles, epicardium, or pericardium) [11]. Many
studies in the past two decades have focused on the identification and isolation of this cell
population in adult mammalian hearts. Their characteristic properties include clonogenicity,
self-renewal, differentiation into several cell types of cardiac lineage, expression of specific
transcription factors—Isl-1, Nkx2.5, MEF2C, and GATA-4—and stemness markers such
as Oct3/4, Bmi-1, and Nanog. Intramyocardial transplantation of such cells leads to
a reduction of scar size and the preservation of left ventricular function in preclinical
myocardial infarction models [11–13]. These subpopulations include c-kitpos CPCs [14–16],
cardiosphere-derived cells (CDCs) [17–20], cardiac side population cells (SP) [21–23], Sca-
1pos CPCs (stem cell antigen-1) [24,25], epicardium-derived progenitor cells (EPDCs) [26,27],
cardiac colony-forming unit fibroblasts (cCFU-Fs) [28,29], and Islet-1pos cells [30–32].

Two types of adult cardiac progenitor cells have reached clinical testing [33,34]. It
is noteworthy that results of CADUCEUS, a clinical study of cardiosphere-derived cells,
showed a reduction of infarct size, increased viable heart mass, and regional contractility
in the group administered with autologous CDCs compared to the group that received
standard treatment. Nevertheless, there was no significant difference in left ventricular
(LV) ejection fraction between the groups [34].

A significant challenge to employ cardiac stem cells is the small pool of these cells.
Furthermore, the precise role of the majority of CPCs in the adult heart is unknown [11].
As a consequence, molecular characterization of these cell populations and the elucidation
of genetic and epigenetic mechanisms which dictate the cells’ phenotype and fate is crucial
for further progress.

The aim of this work was to establish a methodology for the identification of presumed
cardiac stem cells, as well as for primary in vitro cultures’ conditions of cardiomyocytes
isolated from two different fragments of porcine (Sus scrofa f. domestica) heart, namely,
the right atrial appendage and right atrial wall. It is suggested that there may reside a
specific cell population with regenerative potential within porcine cardiac muscle. The
establishment and detailed characterization of in vitro culture of cardiac muscle cells may
be important for future applications of these cells in heart regeneration processes.

2. Materials and Methods
2.1. Animals

For this study, a total of 25 pubertal crossbred Landrace gilts bred on a commercial
local farm were used. The gilts had a mean age of 155 days (range 140–170 days), and
the mean weight was 100 kg (95–120 kg). All of the animals were housed under identical
conditions and fed the same forage (depending on age and reproductive status).

This research related to animal use has complied with all the relevant national regula-
tions and institutional policies for the care and use of animals. As the research material
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is usually disposed of after slaughter, being a remnant by-product, no Ethical Committee
approval was needed for this study.

2.2. Cell Isolation

After slaughter, porcine hearts were transported to the laboratory on ice within 40 min
of harvest. Next, two heart fragments were excised from the right atrial appendage and
right atrial wall. The excised tissue was washed in 10% povidone–iodine solution (Betadine;
EGIS, Warsaw, Poland) at room temperature, twice in 0.9% sodium chloride solution
(NATRIUM CHLORATUM 0,9% FRESENIUS, Fresenius Kabi, Warsaw, Poland) at room
temperature, and eventually in cold (kept at 4 ◦C) Dulbecco’s Phosphate Buffered Saline
(D-PBS; SIGMA-ALDRICH, St Louis, MO, USA, Merck KGaA, Darmstadt, Germany) (137
mM NaCl, 27 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) supplemented with
2% antibiotics/antimycotics (100 U/mL penicillin G sodium, 100 µg/mL streptomycin
sulfate, and 0.25 µg/mL amphotericin B) (Antibiotic Antimycotic Solution (100×); SIGMA-
ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt, Germany). Next, tissue was
subjected to two-step mincing in Petri dishes using sterile tools. Firstly, the heart fragments
were placed in a droplet of cold Dulbecco’s Modified Eagle Medium (DMEM; SIGMA-
ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt, Germany), cut into cubes with
sides of ~5 mm, and transferred to 50 mL conical tubes for intensive washing with cold
D-PBS. Washed fragments were then minced into ~1 mm3 fragments, also in a droplet of
cold DMEM. Each tissue fragment was incubated in 10 mL of collagenase type II solution
(collagenase type II; SIGMA-ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt,
Germany) in DMEM (c = 1 mg/mL) with shaking (100 rpm) for 40 min at 37 ◦C (Orbital
Shaker with a Heating Module and Incubator Hood, Incubator 1000/Polymax 1040 model;
Heidolph Instruments GmbH & Co. KG, Schwabach, Germany). After digestion, the
solution was filtered through an autoclavable stainless steel cell sieve with steel mesh
and subsequently through 70 µm nylon cell strainers. The filtrate was transferred to
15 mL conical tubes and centrifuged (5 min, 200× g, room temperature) (Centrifuge 5810R,
Eppendorf AG, Hamburg, Germany). After centrifugation, the supernatant was discarded
and the pellet was resuspended in 5 mL of cold D-PBS. The centrifugation was repeated
and the pellet resuspended in 1 mL of DMEM/F12 supplemented (cardiomyocytes culture
medium) at 37 ◦C consisting of DMEM/Nutrient Mixture F-12 Ham (DMEM/F12; SIGMA-
ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt, Germany), 20% Fetal Bovine
Serum (FBS; SIGMA-ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt, Germany),
10% Horse Serum (HS; SIGMA-ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt,
Germany) and 1% antibiotics/antimycotics (100 U/mL penicillin G sodium, 100 µg/mL
streptomycin sulfate, and 0.25 µg/mL amphotericin B) (Antibiotic Antimycotic Solution
(100×); SIGMA-ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt, Germany). Cells
were then seeded in 25 mL bottles (at a final volume of 4 mL of medium).

2.3. Long-Term Primary Cell Culture

Cells were cultured at 37 ◦C in a humidified atmosphere of 5% CO2 in 25 mL bottles
for a maximum of 30 days.

Once the cultures reached 70–80% confluency, they were passaged by washing with
3 mL of D-PBS, digested with 3 mL of 0.025% trypsin/EDTA (Trypsin-EDTA solution
(0.25%), SIGMA-ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt, Germany) at
37 ◦C for 3–5 min, neutralized by the addition of 6 mL of DMEM supplemented with 10%
FBS, 4 mM L-glutamine solution (L-glutamine solution (200 mM), SIGMA-ALDRICH, St.
Louis, MO, USA, Merck KGaA, Darmstadt, Germany) and 1% antibiotics/antimycotics
(100 U/mL penicillin G sodium, 100 µg/mL streptomycin sulfate and 0.25 µg/mL ampho-
tericin B) (Antibiotic Antimycotic Solution (100×); SIGMA-ALDRICH, St. Louis, MO, USA,
Merck KGaA, Darmstadt, Germany), centrifuged (5 min, 200× g, room temperature), and
resuspended in DMEM/F12 supplemented (cardiomyocytes culture medium).
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The medium was changed every 3 days and the culture was observed under an
inverted microscope employing relief contrast (IX73, Olympus, Tokyo, Japan) every day.
Before the harvesting of cells for further experiments, photos of the culture at three time
points, 7 days, 15 days, and 30 days, were also taken to observe possible morphological
changes.

2.4. Detection of Chosen Markers Using Flow Cytometry (FC)

After reaching a proper degree of confluence, the cells were digested from the culture
plate, using 0.025% trypsin/EDTA solution, and subjected to FC analysis through staining.
To identify characteristic markers, the following antibodies were used: Anti-CD44 FITC
(Abcam, Cambridge, UK), Anti-CD90 APC, and Anti-CD105 PE (R&D systems). For
the staining of cytoplasmic proteins, firstly, cells were permeabilized and fixed in BD
Perm/Wash™ buffer on ice. Next, 300 µL of BD Perm/Wash™ buffer was added to
100 µL of cells in solution. The samples were subsequently centrifuged (250× g, 5 min),
supernatant was discarded, and cells were incubated with antibodies for 30 min on ice.
Following incubation, a wash with BD Perm/Wash™ buffer was performed. Such prepared
cells were analyzed with a BD FACSAria™ cytometer and FACSDiva™ software (Becton
Dickinson, Franklin Lanes, NJ, USA). Cell surface markers (CD44, CD105, and CD90) were
identified, then 5 µL of antibodies were added to 100 µL of cell suspension. The mix
was washed twice in PBS and centrifuged (250× g, 5 min). The pellet, remaining after
supernatant removal, was resuspended in 100 µL of PBS and subjected to acquisition in a
flow cytometer.

2.5. RNA Extraction and Isolation

Total RNA was extracted after 7, 15, and 30 days of the cell culture, respectively.
The cells were treated as if they were passaged (see Long-term primary cell culture for
details) but the pellet was resuspended in 500 µL of TRI Reagent Solution (TRI Reagent®,
SIGMA-ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt, Germany). The aliquots
were stored in −80 ◦C until RNA isolation.

Total RNA was isolated according to the Chomczyński and Sacchi method [35,36].
Firstly, 100 µL of chloroform (SIGMA-ALDRICH, St. Louis, MO, USA, Merck KGaA,
Darmstadt, Germany) was added, the samples were mixed by inversion and shaken for
15 sec, and then incubated for 10 min at room temperature. Subsequently, the biphasic
emulsion was separated by centrifugation at 12,000× g for 15 min at 4 ◦C. The upper,
aqueous phase which contained RNA was transferred to new Eppendorf tubes. Next,
250 µL of isopropanol (SIGMA-ALDRICH, St. Louis, MO, USA, Merck KGaA, Darmstadt,
Germany) was added, the samples were mixed by inversion, shaken for 15 s, and incubated
for 15 min at room temperature. The samples were centrifuged at 12,000× g for 10 min at
4 ◦C. Then, 1 ml of 75% ethanol solution (SIGMA-ALDRICH, St. Louis, MO, USA, Merck
KGaA, Darmstadt, Germany) was added to the precipitate, the samples were vortexed
for 20 s, and centrifuged at 7500× g for 15 min at 4 ◦C. The supernatant was discarded
and the samples were air-dried and dissolved in 20–50 µL (depending on pellet size) of
DEPC-treated water.

The spectrophotometric analysis at λ = 260 nm (NanoDrop spectrophotometer; Thermo
Fisher Scientific, Waltham, MA, USA) was performed in order to assess the concentration
of the samples.

2.6. Microarray-Based Transcriptomic Profiling

Total RNA (100 ng) from each pooled sample was subjected to two rounds of sense
cDNA amplification (Ambion® WT Expression Kit, Life Technologies, Carlsbad, CA,
USA). The obtained cDNA was used for biotin labeling and fragmentation by Affymetrix
GeneChip® WT Terminal Labeling and Hybridization (Affymetrix, Santa Clara, CA, USA).
Biotin-labeled fragments of cDNA (5.5 µg) were hybridized to the Affymetrix® Porcine
Gene 1.1 ST Array Strip (48 ◦C/20 h). Microarrays were then washed and stained according
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to the technical protocol using the Affymetrix GeneAtlas Fluidics Station. The array strips
were scanned employing Imaging Station of the GeneAtlas System. Preliminary analysis
of the scanned chips was performed using Affymetrix GeneAtlasTM Operating Software.
The quality of gene expression data was confirmed according to the quality control criteria
provided by the software. The obtained CEL files were imported into downstream data
analysis software.

2.7. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

An amount of 1 µg of isolated RNA diluted in PCR-grade water (up to a final volume
of 8 µL) from each sample was reverse transcribed by RT2 First Strand Kit (Qiagen®, Hilden,
Germany) according to the protocol. With the exception of incubation, samples were kept
on ice. First, to eliminate the genomic DNA, 2 µL of GE (5x ×gDNA Elimination Buffer)
was added to 1 µg of isolated RNA. Samples were incubated at 42 ◦C for 5 min. Next, the
reaction mix, which included 4 µL BC3 (5× RT Buffer 3), 1 µL P2 (Primer and External
Control Mix), 2 µL RE3 (RT Enzyme Mix 3), and PCR-grade water up to the final volume of
10 µL, was prepared and 2 incubations were performed: at 42 ◦C for 15 min, and at 95 ◦C
for 5 min. Next, samples were cooled on ice and 91 µL of H2O was added to each reaction.

The validation of microarray data was/will be performed on LightCycler® 96 Instru-
ment (Roche Diagnostics GmbH, Mannheim, Germany). cDNA synthesized in reverse
transcription served as a template. Primers were designed in Primer3Plus software (version
0.4.0; Whitehead Institute for Biomedical Research, Massachusetts Institute of Technology,
Cambridge, MA, USA) [37–39] using sequences of chosen transcript variants of the genes
available in the Ensembl database [40] (Table 1). The components of the reaction mix were
as follows: QUANTUM EvaGreen® PCR Kit (5×) (Syngen Biotech, Wroclaw, Poland) which
was used as the master mix, 10 µM of oligodeoxynucleotides (SIGMA-ALDRICH, St Louis,
MO, USA, Merck KGaA, Darmstadt, Germany), and PCR-grade water. Next, 9 µL of the
reaction mix and 1 µL of the template were added to each respective well on a 96-well plate.
The plate was sealed with a sealing foil, centrifuged at 1500 rpm 400 × g for 1 min, and
placed in the thermocycler. The thermal profile of the reaction is presented in Table 2.

The 2−∆∆CT method for relative gene expression analysis was applied [41,42]. cDNA
synthesized from RNA isolated after 0 days of cell culture served as a control. The relative
expression of the studied genes was normalized against the expression of 2 reference
genes—GAPDH and ACTB.

Table 1. Oligodeoxynucleotides designed to detect the expression levels of the studied genes.

Gene Symbol 5′→3′ Sequence of the Forward
Primer

5′→3′ Sequence of the Reverse
Primer Product Length (bp)

ASPM AACAGATTACGTCGTGCTGC CTGTCTCTAGGCCGATTCGT 205

BMPR1A ATTTGGGAAATGGCTCGTCG CCCAGCATTCCGACATTAGC 205

CTNNA1 CTTCTTGGCGGTCTCAGAGA ACCCCTGGCTCATAGTTGTC 171

CTNNB1 CCTCTCATCAAGGCTACCGT AGGGCTCCAGTACAACCTTC 218

DDX6 ACACTGCCTCAACACACTTT GATTTCGATGTTCCTGCCTCA 220

DOCK7 TGCTTACTCCACCTGCATCA ATAGTCCTTCCGCATCAGGG 198

EIF4E GCAAACCTTCGGCTGATCTC ATTAGCCATCGTCCTCCTCG 173

EPAS1 TGGGCTGGAGAGTTGAGAAG AATAGTCTCCAGGGCTGCTG 151

FANCD2 CAGTGTATGCCGCTCCTAGA GAGATTGCCCAGCCAGAAAG 246

FGF2 GCAGAAGAGAGAGGGGTTGT CGTTCGTTTCAGTGCCACAT 195

FGFR2 ATCGAGATTTAGCCGCCAGA TCCCACATTAACACCCCGAA 214

FOXO1 ATCACCAAGGCCATCGAGAG AGTTCCTTCATTCTGCACGC 189
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Table 1. Cont.

Gene Symbol 5′→3′ Sequence of the Forward
Primer

5′→3′ Sequence of the Reverse
Primer Product Length (bp)

FRS2 TGCCTTTAAGTGTGCTCGTG TGGGTAAGTTCTGAGCAGCA 182

HIF1A CTCAGTCGTCACAGTCTGGA CCACCTCTTTTGGCAAGCAT 212

HMGA2 ACCTCCCAATCTCCCGAAAG GTTGTCCCTGGGCTGAAGT 161

ID4 ACTACATCCTGGACCTGCAG CCTCCCTCTCTAGTGCTCCT 250

KDM1A GTCCAGTTTGTGCCACCTCT TGCCTACATGCCCGAACAAA 139

KIT ATTGTGAATCTTCTCGGCGC ACTCCGGGTTTCATGTCCAT 227

KITLG TGGCCAGTTCTATCCATGCA TGGTCAGGGGTAAAGGCAAA 175

KLF10 TGAGCTGCAGTTGGAAGTCT TGTGAGGCTTGGCAGTATCT 246

LIF GAACCTCTGAAAACTGCCGG ACAGGAGTGATGGAAAGGGG 151

MCPH1 CAGCCGACCATGTTCATCAG AGTTCTCAGAGGCACAGACC 217

MED14 CCACCATCCTCACTCACAGT TCACTCCGGGTTCATTGGAA 198

MED21 GTCCTCCTGCCTCTTTCAGT CCTCCAGACATGTAGCAGCT 228

MED27 ACTTGCATTCAGTCAACCGG TTGTTCGACCACTTGTACGC 172

MED7 ACTAGTAGAAGGCACGCGAA ACTGCCCTTCACGGTGATTA 150

MTF2 AAACTGCTGAGCCACCTTTG TGCCTGGAAATGCTAGACGA 172

NF1 GAATCCCCACCACAGTACCA AAGGAGATGTGGGTGTCAGG 226

NKAP GAGTCCCAGGAAGAGTTGCT CATAGCTGCACCTTCACCAG 162

NOTCH2 TTATGTCTCACCCCTGCCAG ACTGTCCTGGAACGTCACAT 246

PAX6 TTGCCCGAGAAAGACTAGCA GTGGGTTGTGGGATTGGTTG 196

PRRX1 GGACACACTACCCAGATGCT TTTGAGGAGGGAAGCGTTCT 155

RAB10 ATGGCGAAGAAGACGTACGA AGGAGGTTGTGATCGTGTGA 232

RACGAP1 ACCGCTGGAATACTGGAGTC TGACAGGGAGCTGGATGAAG 184

RBPJ ATGGGCAGTGGATGGAAGAA TGTTTTGGCCGTGCAATAGT 156

RTF1 CCAGGCGACAGTGTAAACCT TCGCTGGCTGACTTGGAATT 175

RUNX1 GTCCCAACTTCCTCTGCTCT CTTCCACTCCGACCGACAAA 226

SFRP2 GCTCCAAAGGTATGTGAAGCC GGTCTTGCTCTTGGTCTCCA 159

SMC3 TGGAGGACACTGAGGCAAAT TCCTGTTGCCGCTCTAAGAA 248

SNAI2 GCCGAGAAGTTTCAGTGCAA GGGTCCGAATGTGCATCTTC 169

SOX5 CAGCAGCAAGAACAGATCGC AGCCAGTGTCCGTTGATCAG 147

SS18 CGGATATGACCAGGGACAGT CTTGCTGCGTTTCACCTGAT 175

STAT3 AGCAGCAAAGAAGGAGGAGT ACACGAGGATGTTGGTAGCA 166

TAF4B GCCAGTCAGTTTCCTCAAGC ACGAGTGTGCCAACCAATTC 227

TBX3 AGGGTGTTCGATGACAGACA GACGTGGTGGTGGAGATCTT 233

TET1 TCTGGCAAGAAGAGAGCAGC ATGGATGGGGTCGGTGAGTA 248

TGFB1 ACCATGCCAATTTCTGCCTG GAACGCACGATCATGTTGGA 208

VPS72 TCCTTCGAGTACAAGAGCGG GCACTTGCGCTTCTTATGGA 188

WNT2B CAACGTGGGGACTTTGACTG TGGCACTTACACTCCAGCTT 185

ACTB CCCTGGAGAAGAGCTACGAG CGTCGCACTTCATGATGGAG 156

GAPDH CCAGAACATCATCCCTGCCT CCTGCTTCACCACCTTCTTG 185
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Table 2. Thermal profile of RT-qPCRs.

Step Temperature
(◦C) Time (s) Number of

Cycles

Preincubation 95 600 1

Amplification
Denaturation 95 15

40Annealing 58 15
Elongation 72 15

Melting

95 60

1
40 60
70 1
95 1

Cooling 37 30 1

2.8. Bioinformatic Data Analysis and Visualization

All of the presented analyses were performed and prepared using the R programming
language with the Bioconductor package [43,44]. Each CEL file was merged with a descrip-
tion file. In order to correct the background, normalize, and summarize results, the Robust
Multiarray Averaging (RMA) algorithm was used. To determine the statistical significance
of the analyzed genes, moderated t-statistics from the empirical Bayes method were com-
puted. The obtained p-value was corrected for multiple comparisons using Benjamini and
Hochberg’s procedure. The selection of differentially expressed genes (DEGs) was based
on adjusted p-value ≤ 0.05 and ratio > abs(1). The DEGs list was uploaded to DAVID
(Database for Annotation, Visualization, and Integrated Discovery) [45–47]. DAVID was
used to retrieve Gene Ontology Biological Process (GO BP) terms enriched in the list of
identified genes [48,49]. Significantly changed GO BP terms were defined as those enriched
in at least 5 genes and for which the adjusted p-value ≤ 0.05. Plots were generated using
the GOplot package [50].

RT-qPCR analyses and graphs were performed and prepared using Microsoft Excel
(Microsoft Corporation). The results are presented as mean values ± standard deviation
(SD) of two technical replicates of each reaction.

3. Results
3.1. Isolation of Cells from Two Fragments of Porcine Cardiac Muscle and Long-Term In Vitro
Primary Culture

Cell isolation, establishment, and maintenance of the cell culture from two fragments,
namely, the right atrial appendage and right atrial wall, was successful. The cultures were
observed every 3 days up to the 30th day (Figure 1). Cell morphology was similar in all
cultures. Initially, cells had rather irregular shapes and gained a spindle-like appearance
with the duration of the culture. Interestingly, we observed the formation of 3D clusters as
captured for the culture of cells from the right atrial wall. The choice of those fragments was
based on the fact that they can be easily collected during open heart surgery for coronary
artery bypass grafting and, therefore, performed experiments could be later translated into
humans. Two fragments—the right atrial appendage and right atrial wall—were selected
for further characterization due to the ease of collection.

3.2. Identification of Possible Stemness Phenotype of the Cells Isolated from the Heart Tissue

In order to enable a comparison of specific regions of the heart as potential locations
of concentration of cells with presumed stem cell characteristics, CD44, CD90, and CD105
were chosen and the cells were analyzed for their presence with flow cytometry in the 7th,
15th, and 30th days of primary cultures. Results from the 7th day of cell culture derived
from the right atrium show some expression of cytoplasmic CD105 (MFI fold change of
1.82). A similar situation was observed for the 15th day of cell culture (MFI fold change of
1.84), while for the 30th day, expression of cytoplasmic CD105 and CD90 was detected (MFI

31



Genes 2023, 14, 1223

fold change of 2.88 and 3.12, respectively) (Figure 2). As for the right atrial appendage,
cytoplasmic CD105 and CD90 was expressed in cells derived from the 7th-day culture
(MFI fold change 1.89 and 2.03, respectively), while cytoplasmic CD105 was also expressed
in the 15th day of culture (MFI fold change 1.95) and CD90 on the surface and in the
cytoplasm were detected in the cells from the 30th-day culture (MFI fold change 11.4 and
5.08, respectively) (Figure 3). It should be noted however that the number of events—i.e.,
the number of cells—is relatively low (frequently below 100), except for the sample derived
from the right atrial appendage in the 30th day of culture.
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3.3. Transcriptomic Characterization of the Cardiomyocytes during Long-Term In Vitro Culture

To further understand molecular changes occurring in CMs under the influence of
in vitro culture conditions, whole transcriptome profiling by Affymetrix microarray was
performed. Gene expression changes between 0 and 7, 15, and 30 days of cardiomyocytes
culture were studied. A total of 12,257 transcripts were examined by Affymetrix® Porcine
Gene 1.1 ST Array Strip. Genes were considered as differentially expressed (differentially
expressed genes, DEGs) based on 2 parameters: ratio > abs |2| and adjusted p-value ≤ 0.05.

Followingly, biologically relevant processes in which the DEGs could be implicated
were explored. For this purpose, DAVID (Database for Annotation, Visualization, and
Integrated Discovery) software was utilized and enabled the extraction of gene ontology
biological process terms (GO BP), which contain DEGs. DAVID searching was performed
for up- and downregulated gene sets separately, and only gene sets in which the adjusted
p-value ≤ 0.05 were selected. Two gene ontology biological process terms (GO BP) were
chosen in this work: “stem cell population maintenance” and “stem cell proliferation”. The
chosen sets were then subjected to a hierarchical clusterization procedure and presented as
heatmaps (Figure 4). The symbols, fold changes in expression, and adjusted p-values for the
10 most deregulated genes at each time point in culture are shown in Tables S1 and S2. The
majority of genes which belong to the GO term “stem cell maintenance” in samples derived
from right atrial wall tissue are upregulated in comparison to day 0, and this tendency
remains until day 30. FGF2, EIF4E, TBX3, LIF, and EPAS1 showed a gradual increase in
expression levels with the duration of culture, with the highest expression in day 30 among
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all the genes in this GO term. There are, however, several genes in which expression in
comparison to day 0 seems unchanged or was downregulated. Similar tendencies can be
observed for genes in the group “stem cell proliferation”. In this case, TBX3 and SOX5
were the most upregulated, while downregulation was noted for PAX6, WNT2B, FGFR2,
and SNAI2 (Figure 4). In the samples from the right atrial appendage, approximately half
of the genes enriched in the “stem cell maintenance” GO term showed a slight increase
in expression in relation to day 0, while the other half experienced initial upregulation,
especially in day 7, slight in day 15, and subsequent downregulation in day 30. Similar
observations can be made when analyzing the genes for the “stem cell proliferation” GO
term in the same samples (Figure 4).
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Figure 4. Heatmap representation of differentially expressed genes belonging to the chosen GO BP
terms. The arbitrary signal intensity acquired from microarray analysis is represented by colors
(green—higher expression; red—lower expression). D—day of the primary culture; RA—right atrial
wall; RAA—right atrial appendage.

To check if the genes belong to more than one ontological group and to characterize
these groups in a more detailed manner, the results of gene annotation enrichment analysis
were visualized with the circle plot (GOCircle) (Figure 5), the relationships between genes
and terms were plotted with the GOChord plotting function (Figure 6), and a heatmap of
genes and terms was generated with the GOHeat function (Figure 7).
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Figure 5. The circle plot shows the differentially expressed genes and z-score of the chosen GO BP
terms “stem cell population maintenance” and “stem cell proliferation”. The outer circle shows a
scatter plot for each term of the logFC of the assigned genes. Red circles display upregulation and
green circles downregulation. The inner circle shows the z-score of each GO BP term. The width
of each bar corresponds to the number of genes within the GO BP term and the color corresponds
to the z-score. The z-score refers to the difference between the number of upregulated genes and
the number of downregulated genes divided by the square root of the count, where the count is the
number of genes assigned to a term.

The circle plot reveals that the genes in the samples from the right atrial appendage
show a general tendency of expression level upregulation. There are more genes enriched
for the “stem cell proliferation” GO term than for “stem cell population maintenance”. As
for the samples from the right atrial appendage, although the tendency of gene expression
upregulation can also be observed, some genes in the sample from the 30th day of cell
culture show decreased expression levels. Furthermore, the “stem cell proliferation” GO
BP term is slightly decreased (based on the z-score).

Moving to Figure 6, for samples from the right atrial wall, only 1 of the displayed genes
was present in both GO terms, and all of the genes showed greater or lesser upregulation
in day 7 compared to day 0. In the samples derived from the right atrial appendage, 5 of
the presented genes were enriched in both GO terms, and only 2 of the displayed genes
showed a tendency to decrease.

The heatmap presented in Figure 7 shows common differentially expressed genes for
both GO terms in the 7th vs. 0 day of the culture. Genes SFRP2 and PRRX1 are the most
highly expressed for both the right atrial wall and right atrial appendage.
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The RT-qPCR (reverse transcription-quantitative polymerase chain reaction) technique
was also utilized to validate the chosen results of high-throughput transcriptome profiling.
The results are demonstrated as a bar chart (Figure 8).
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4. Discussion

Despite recent progress in cardiology having caused a significant decrease in CVD
(cardiovascular disease)-related deaths, the number of heart failure cases has increased [1].
There has been an increasing interest in regenerative medicine that would allow finding a
cellular replacement for the cardiomyocytes lost during the disease [13].

In recent years, the dogma stating that the adult heart lacks any regenerative potential
has been questioned by the evidence that cardiac muscle cells possess some small self-
renewal capacity over the mammalian lifetime. Heart precursor cells have been described
in adult hearts of several mammalian species. However, there is no unified methodology
for the isolation of cardiac stem cells [14,28,51–53].

Primary cultures of cells from two of the porcine heart tissue fragments have been
successfully established and, as evident by results from a previous study of the group,
namely, the presence of α-MHC and α-actinin as well as GATA-4 in the cells analyzed
by flow cytometry, CM from the right atrial wall and right atrial appendage have been
isolated [14,54]. In the last two decades, there has been a significant increase in the number
of types of cardiac progenitor cells reported. These cells have been identified and isolated
based on the expression of a whole variety of markers on their surface which overlap to
some extent and are highly mixed. Here, CD90, CD44, CD105, and GATA-4 have been
proposed as putative stemness markers [54] and a small population of cardiac muscle-
derived cells expressing these markers has been identified.

CD90 (THY1) has been described as a marker of a variety of stem cells, including
mesenchymal stem cells [55–57]. As for other cells, CD90 was described as characteristic
for endothelial cells, smooth muscle cells, or fibroblasts, among others [58–60]. According
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to some reports, CD90 can be present on cardiac progenitors [28,61–64], while others have
shown that only CD90neg CSCs can have any therapeutic role and that they generally
outperform unsorted cells [65]. The flow cytometry results have revealed the presence
of this marker in the cytoplasm of cells derived from the right atrial wall in the 30th day
of the IVC and derived from the right atrial appendage in the 7th day of the IVC. Cells
derived from the right atrial appendage in the 30th day seem to point out the presence of
this marker on their cell surface. As the populations of cardiac progenitor cells are usually
small, this may suggest the presence of other cell types typical for the heart. It should be
noted however that the number of events in case of these samples is relatively small and
thus the interpretation cannot be held fully reliable—additional experiments involving
more viable cells would be required.

CD44 is a surface glycoprotein which participates in the transduction of signals im-
portant for cell migration, cell adhesion, and cell–cell interaction, and it plays a role in
sensing cues from the microenvironment [66]. It interacts with several components of the
extracellular matrix, including hyaluronan [67]. Similarly, to CD90, it is a canonical marker
of mesenchymal stem cells [55]. There were several reports of cardiac progenitor cells which
are CD44pos, including epicardium-derived progenitor cells and cardiac colony-forming
unit fibroblasts [28,68]. According to FC, very few cells have shown CD44 expression.
Conversely, it is widely known that cardiac stem cells constitute a small population of cells
in the adult mammalian heart [13].

Endoglin, or CD105, is a type I transmembrane protein which serves as a BMP9/10
co-receptor and TGF-β signaling auxiliary receptor that is expressed primarily on vascular
endothelial cells [69,70]. It is important for maintaining the proper structure of vasculature
and is indispensable for heart development [71]. Furthermore, together with CD90 and
CD44, CD105 is a marker of mesenchymal stem cells [55]. There are numerous reports
of CD105 presence on cardiac progenitor cells, especially for cardiosphere-derived cells,
Sca-1pos CPC, and EDPCs [25,28,61,63,64]. According to our FC analysis, there is a small
population of cells expressing this marker.

GATA-4 is a transcription factor which regulates early cardiac development and
specification [72–74]. Together with ISL1, MEF2C, and NKX2-5, it is often used for the
identification of cardiac phenotype in heart precursor cells [11]. GATA-4 is expressed in
CPCs including Sca1pos cells, Isl-1pos cells, and cardiac fibroblasts [31,51,52,75]. Apart from
its role in cardiac morphogenesis at the embryonic stage, GATA-4 is crucial for cardiac
hypertrophy by regulating transcriptional activation of cardiac-specific genes [74,76]. BRD4-
GATA4 have also been recently revealed to regulate adult cardiac metabolism [77].

FC analysis has revealed that GATA-4 was expressed in all samples except the 30D
right atrial appendage (MFI fold change in the range 2–4 compared to the control) [54]. It is
therefore suggested that GATA-4 could regulate the functioning of adult cardiomyocytes in
culture, including their growth.

Despite several phenotypic variations of cardiac progenitor cells having been identi-
fied, the precise role and molecular identity of CPCs in the adult heart remains enigmatic. A
small pool of precursor cells is also a significant challenge and underlines the importance of
the research that would allow molecular profiling of CPCs. There are studies which report
characterization of the mammalian cardiac progenitor cells’ transcriptome but the majority
utilize different techniques than ours and aim at studying changes occurring at the embry-
onic stage [78–80]. Nevertheless, molecular changes at the transcriptomic and epigenomic
level in putative adult murine heart-derived CPCs have been described [81,82]. Interest-
ingly, in 2013, Dey et al. reported microarray-based transcriptional profiling of five cardiac
(ckit+, Sca1+, and side population) and bone marrow-derived (ckit+ and mesenchymal stem
cell) progenitors from adult mice and found out that cardiac ckit+ cells are the most distinct
and seem to be the most primitive cell population [83]. However, the hypothesis that cells
present in the bone marrow transdifferentiate to cardiomyocytes was disproven and the
studies of Anversa et al., who first identified c-kit+ cells, are now not held reliable [84,85].
Additionally, genetic lineage tracing studies have revealed that Sca1+ cells give rise rather
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to endothelial cells and not myocytes [86]. The porcine cardiac transcriptome has been
recently reported as updated [87] and there are several studies in which transcriptomic
profiling of porcine hearts was utilized to address different questions [88–90]. It appears
that the current study is the first analysis that aims at transcriptome profiling of porcine
cardiomyocytes during long-term in vitro culture.

SFRP2 was one of the most highly upregulated genes in cells derived from both heart
fragments through the duration of the culture. For the right atrial wall, a certain decrease
in expression levels with IVC time was observed; nevertheless, it remained as the 1st- or
2nd-most highly upregulated gene, while for the right atrial appendage, the expression
increased in the 15th day compared to the 7th day and remained high until the end.

SFRP2, a secreted frizzled-related protein 2, is a member of the sFRP family which
regulates both canonical and noncanonical Wnt signaling, influencing many fundamental
processes such as proliferation, apoptosis, and differentiation [91]. β-catenin-dependent
and β-catenin-independent Wnt signaling pathways are indispensable for heart develop-
ment [92]. As for cardiomyocytes differentiation, research has shown that after the initial
activation of β-catenin, required for mesoderm specification to cardiac progenitors, it is the
inhibition of this molecule which allows for differentiation of these progenitors to cardiomy-
ocytes [93]. It has also shown to be important in cardiac fibrosis as well as angiogenesis,
thereby contributing to the restoration of the cardiac function after injury [94,95]. Studies
on adult murine cardiac progenitor cells (Sca1+) have shown that Sfrp2 may promote the
differentiation of such cells into CMs after injury [96]. It has also been shown that myocar-
dial injury may induce c-kit+ cells to exhibit cardiomyocyte-specific gene expression and
Sfrp2 enhances this effect [97], and, lastly, the same group has claimed that Sfrp2 induces
cardiomyocyte differentiation in c-kit+ cells in vivo in health and MI, as revealed by genetic
lineage tracing and functional assessment of the developed CMs [98].

Although, at the early stages of cardiomyogenesis, SFRP2 prevents the generation
of cardiac progenitors from mesoderm cells and promotes the maintenance of cells in
the undifferentiated state [99], as mentioned above, there is evidence in adult cardiac
progenitors that it facilitates differentiation to cardiomyocytes and, furthermore, it promotes
cardiac fibrosis. As the cells in this study were isolated from adult porcine hearts, it is
suspected that upregulation of this molecule had rather a negative effect on maintaining
the stemness phenotype/undifferentiated state.

PRRX1 (Paired Related Homeobox 1) was also one of the two most highly upregulated
genes in samples from both heart fragments. For the right atrial wall, a situation was similar
to SFRP2—compared to the 7th day, a certain decrease in PRRX1 levels in the 15th and 30th
days of the culture was observed, and the ratios were generally similar to SFRP2. For the
right atrial appendage, the expression increased in the 15th day compared to the 7th day,
but only slightly, and, overall, the expression levels were 2–3 times lower than for SFRP2.

PRRX1 belongs to the paired family of homeobox-containing transcription factor
proteins and has nuclear localization.

There are several studies characterizing the expression of PRRX1 in the developing
hearts of vertebrates, mainly in mesenchymal tissues, including in the heart and arter-
ies [100–102].

Prrx1 is involved in scar-free heart regeneration. A 2021 study by de Bakker et al.
demonstrated that loss of Prrx1b in cryo-injured zebrafish hearts led to excessive fibrosis and
a reduction of cardiomyocyte proliferation at the injury border zone. Single cell sequencing
and lineage tracing have shown that Prrx1 is expressed mostly in epicardial and epicardial-
derived cells and that there is an excess of fibroblasts producing TGF-β ligand and ECM
in injured prrx1b−/− hearts. Mechanistically, Prrx1 promotes Ngr1 and, consequently,
cardiomyocytes’ proliferation not only in in vivo zebrafish model but, noticeably, in human
fetal epicardial-derived cells [103].

As a transcription factor, PRRX1 can physically interact and regulate expression
of genes crucial for proper cardiac function. In a study investigating AF pathogenesis,
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Guo et al. showed that SHOX2 and ISL1,2 were genes that played roles in cardiac pacing
and conducting systems that undergo such regulation [104].

In another 2021 study, it was revealed that deletion of a noncoding variant genomic
region at 1q24 associated with downregulation of Prrx1 leads to a gain of more myogenic
phenotype in atrial cardiomyocytes. This suggests that Prrx1 is a negative regulator of
cardiac muscle lineage-specific gene expression. They also described a negative feedback
regulatory loop between Prrx1 and Mef2, an important regulator of cardiomyocytes’ devel-
opment and differentiation, which may indicate that this relationship is important in the
maintenance of cardiomyocyte homeostasis [105].

It is difficult to unequivocally assess the potential influence of PRRX1 on the long-term
culture. Many of the previous studies have described the role of PRRX1 in embryonic
development, while here, the cells were collected from adult pigs. It seems that studies
on AF seem to be the closest to the current system, as they were mostly conducted on
mammalian–human or murine cells, although not porcine. PRRX1 could potentially
promote cardiomyocytes’ proliferation and control expression of genes involved in the
proper functioning of cells, as well as regulate the myogenic phenotype. The culture consists
of cells which express markers characteristic for cardiomyocytes based upon flow cytometry
data. At the same time, the authors do not have broader transcriptomic data which would
possibly reveal a profile of expression of other genes important for the determination of
such a phenotype. Furthermore, it is interesting that contradictory trends in the expression
of this gene have been observed with the duration of culture between samples from the
right atrial appendage and right atrial wall.

The other two most deregulated genes in the presented data are RACGAP1 and SNAI2.
RACGAP1, Rac GTPase Activating Protein 1, here enriched in the “stem cell proliferation”
GO BP term, is crucial for cytokinesis, namely, for the myosin contractile ring formation as
well as proper attachment of the midbody to the cell membrane [106,107]. Many reports
describe its role in the development and progression of different cancers, where it may
serve as a proliferation and poor prognosis marker [108–110]. It has also been shown that
RACGAP1 promotes hematopoietic stem cells’ differentiation and inhibits cell growth [111].

It has been shown that brk1, nckap1, and wasf2, which belong to WAVE2 complex and
the regulators of small GTPase signaling, namely, cul3a and racgap1, are critical to cardiac
development. A CRISPR KO of racgap1 in zebrafish heart demonstrates atrial dilation and
pericardial edema [112].

It therefore seems that RACGAP1 could promote the proliferation of cultured cells. In
samples from the right atrial wall, it can be clearly observed that the expression drops in
the 30th day of culture, while for samples from the right atrial appendage, this tendency is
even more significant; in the 15th day of culture, there is already 3-fold downregulation,
which would suggest that, with time, possibly the cell proliferation decreases and further
implies that further culture optimization is needed.

SNAI2, Snail Family Transcriptional Repressor 2, is an EMT-related transcription
factor, promoting a migratory and invasive phenotype. Possibly the best-known target
gene of this transcriptional repressor is CDH1, encoding E-cadherin, an epithelial cell
adhesion molecule [113]. It is therefore not surprising that SNAI2 plays a crucial role in
developmental processes such as mesoderm formation, or neural crest migration, but also
in cancer [114,115]. As for the heart development, Slug is a key for epicardial EndMT, in
which a group of epicardial cells migrate to the heart and differentiate into smooth muscle
cells and fibroblasts, as well as for endocardial EndMT, which is indispensable for valve
development [116,117].

Apart from functions in embryonic development, SNAI2 regulates adult stem/progenitor
cell function—self-renewal, lineage commitment, and apoptosis in hematopoietic, mam-
mary, epidermal, or mesenchymal tissues [118].

It is difficult to assess the role of SNAI2 in the system presented here as it should
consist mainly of adult porcine cardiomyocytes, not endothelial cells, or cells at the em-
bryonic stage. In cultures derived from both heart fragments, the tendencies are relatively
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similar—gradual downregulation with the culture duration. If it therefore comes to any
pro-angiogenic influence, it is downregulated with the culture time.

5. Conclusions

Primary in vitro long-term cultures of porcine cardiomyocytes isolated from two
different fragments, the right atrial appendage and right atrial wall, were established and
documented. The expression of potential stemness markers (GATA-4, CD44, CD90, and
CD105) and CMs’ markers (α-MHC and α-actinin) in cultures was characterized using
flow cytometry [54]. GATA-4, α-MHC, and α-actinin were expressed in all cultures, at all
time points, while CD90 was majorly expressed at later time points [54]. It can therefore be
concluded that the isolation and culture of mature cardiomyocytes was successful. CD90
and GATA-4 expression may indicate not only putative stemness, because these proteins
can serve as markers of some cardiac cell types or may play roles in the functioning of
mature cardiomyocytes. The influence of cell culture conditions on potential stemness
properties was also characterized by transcriptomic profiling. In total, 49 genes associated
with such properties demonstrated differential expression, with the 4 most deregulated
genes being SFRP2, PRRX1, RCAGP1, and SNAI2.

It would be interesting to perform all the experiments after fluorescence-activated
or magnetic cell sorting with properly chosen markers characteristic for the cells which
have been claimed to possess self-renewal and differentiation capacities and compare
them to mature cardiomyocytes and previously characterized putative cardiac progenitor
cells [119,120]. Conclusions based on the presence or absence of certain stem cell markers
alone cannot be treated as a proof of potency [121]. It would be crucial to establish functional
assays which would enable the assessment of such features [11–13,120].

Lastly, the low number of cells analyzed by flow cytometry as well as the results of
transcriptomic profiling, which seem to point out the presence of sources of variation in
the data other than the conditions itself, clearly show that more optimization of the culture
conditions is needed.
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derived from the fragment of the right arial appendage.
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Abstract: Extracellular miRNAs have attracted considerable interest because of their role in intercellu-
lar communication, as well as because of their potential use as diagnostic and prognostic biomarkers
for many diseases. It has been shown that miRNAs secreted by adipose tissue can contribute to
the pathophysiology of obesity. Detailed knowledge of the expression of intracellular and extra-
cellular microRNAs in adipocytes is thus urgently required. The system of in vitro differentiation
of mesenchymal stem cells (MSCs) into adipocytes offers a good model for such an analysis. The
aim of this study was to quantify eight intracellular and extracellular miRNAs (miR-21a, miR-26b,
miR-30a, miR-92a, miR-146a, miR-148a, miR-199, and miR-383a) during porcine in vitro adipogenesis
using droplet digital PCR (ddPCR), a highly sensitive method. It was found that only some miRNAs
associated with the inflammatory process (miR-21a, miR-92a) were highly expressed in differentiated
adipocytes and were also secreted by cells. All miRNAs associated with adipocyte differentiation
were highly abundant in both the studied cells and in the cell culture medium. Those miRNAs
showed a characteristic expression profile with upregulation during differentiation.

Keywords: adipocytes; ddPCR; ECmiRNAs; mesenchymal stem cells; pig

1. Introduction

MicroRNAs (miRNAs) are a well-known class of small, noncoding RNAs that regulate
post-transcriptional gene expression through mRNA destabilization or inhibition of trans-
lation [1]. To date, over 2500 miRNAs have been discovered in the human genome, and it
is estimated that they regulate over 60% of protein-coding genes [2]. miRNAs thus play an
essential role in all biological processes, including cell differentiation and development [3].
Changes in miRNA expression have been reported in altered physiological conditions and
various diseases, so these molecules have been treated as promising therapeutic targets.
miRNA-based therapies involve correcting altered miRNA expression levels using mimics
or inhibitors [4]. Moreover, miRNAs can be used as biomarkers of pathophysiological con-
ditions [5]. In particular, extracellular miRNAs (ECmiRNAs) can serve as good diagnostic
markers due to their stability and ease of sample collection. ECmiRNAs have been detected
in cell-free conditions, including cell culture media and biological fluids, such as serum,
plasma, saliva, tears, urine, breast milk, etc. [6].

The role of miRNAs has been extensively studied in the context of the development of
obesity. It has been shown that miRNAs are involved in the control of a range of processes,
including adipogenesis, insulin resistance, and inflammation in adipose tissue [7].

Dysregulation of many miRNAs has been identified in the adipose tissue of obese
individuals [8–10]. The presence of adipocyte-related miRNAs in adipocyte-derived mi-
crovesicles indicates their involvement in intercellular communication in both paracrine
and endocrine manners [10–12]. Studies of miRNA in adipocyte tissue have also been
conducted on the domestic pig (Sus scrofa), an important animal model for human obesity
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and also a major livestock species [13]. There are a number of reports on the function-
ing of individual miRNAs during the formation of fat tissue in the pig (summarized by
Song et al. [14]). High-throughput miRNA profiling of porcine adipocyte tissue has also
allowed the detection of a complex microRNA–mRNA regulatory network related to fat
deposition in pigs [15–18]. A recent study of the identification of miRNAs in porcine
adipose-derived and muscle-derived exosomes showed some miRNAs to be involved in
skeletal muscle–adipose crosstalk [19].

Most of the research on porcine miRNAs has been carried out on adipose tissues,
while studies on in vitro models of adipogenesis are scarce [20]. Due to the heterogeneous
nature of adipose tissue—which is composed of several cell types, including adipocytes,
preadipocytes, stem cells, endothelial cells, and various blood cells [21]—cultured adipocytes
represent a good system for studying molecular events that occur during adipogenesis,
including the secretion of miRNA by adipocytes [22]. The aim of this study was thus to quan-
tify eight miRNAs (miR-21a, miR-26b, miR-30a, miR-92a, miR-146a, miR-148a, miR-199a,
and miR-383) during porcine in vitro differentiation of mesenchymal stem cells (MSCs)
into adipocytes. These miRNAs were selected on the basis of their role in differentiation
and inflammation processes (Table 1). The expression of intracellular and extracellular
microRNAs was evaluated using droplet digital PCR (ddPCR), a highly sensitive method.

Table 1. Characteristics of the analyzed miRNAs.

microRNA Function Reference

miR-21a modulates inflammation, regulates adipogenic
differentiation, and is upregulated in obesity [23–25]

miR-26b mediates the multiple differentiation of MSCs
and promotes adipocyte differentiation [26,27]

miR-30a accelerates adipogenesis and promotes fatty acid
and glucose metabolism in adipocytes [28,29]

miR-92a controls inflammatory response and
inhibits adipose browning [30,31]

miR-146a plays a role in inflammatory process in various
disorders and is upregulated in obesity [32,33]

miR-148a regulates MSC differentiation into adipocytes,
a biomarker of obesity [34,35]

miR-199a regulates adipocyte differentiation and fatty acid
composition during adipogenesis [36,37]

miR-383 its expression correlates with various
inflammatory diseases [38]

2. Materials and Methods
2.1. Mesenchymal Stem Cell Culture

Mesenchymal stem cells were derived from the adipose tissue (AD-MSCs) of a three-
month-old female Polish Large White pig. Tissue sample collection was approved by the Lo-
cal Ethical Commission for Experiments on Animals at Poznan University of Life Sciences,
Poznan, Poland (approval no. 57/2012). Following Stachecka et al. [39], the AD-MSCs were
cultured in Advanced DMEM (Gibco, Life Technologies, Grand Island, NY, USA) supple-
mented with 10% FBS (v/v) (Sigma-Aldrich, St. Louis, MO, USA), 5 ng/mL FGF-2 (Promo-
Cell GmbH, Heidelberg Germany), 2 mM L-glutamine (Gibco), 1 mM 2-mercaptoethanol
(Sigma-Aldrich), 1 × antibiotic antimycotic solution (Sigma-Aldrich), and 1 × MEM NEAA
(Gibco) at 37 ◦C in 5% CO2. To avoid the possible influence of FBS-derived miRNAs on
obtained results, the same part of filtered FBS was used during the whole cell culture
experiment. The AD-MSCs were propagated by passaging using standard cell culture pro-
cedures, and their stemness was confirmed by staining for positive (CD44, CD90, CD105)
and negative (CD45) markers (Abcam, Cambridge, UK).
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2.2. Adipogenic Differentiation

Adipogenesis was induced by culturing early-passage MSCs in an adipogenic dif-
ferentiation medium composed of Advanced DMEM (Gibco), 10% FBS (Sigma-Aldrich),
1 × antibiotic antimycotic solution (Sigma-Aldrich), 1 × MEM NEAA (Gibco), 5 ng/mL
FGF-2 (PromoCell GmbH), 1 × linoleic acid albumin, 1 × ITS, 1 µm dexamethasone (Sigma-
Aldrich), 100 µm indomethacin (Sigma-Aldrich), and 50 mM IBMX (Sigma-Aldrich). The
cells were cultured for ten days. Adipogenic differentiation was monitored using visual
examination of lipid droplet formation under a phase-contrast microscope (Nikon TS100
Eclipse, Melville, NY, USA) and BODIPY staining. Cells were fixed with 4% paraformalde-
hyde in PBS (w/v) for ten minutes at room temperature and washed thrice with PBS. The
cells were then incubated with BODIPY 493/503 (Thermo Fisher, Waltham, MA, USA)
in PBS (3 µg/mL) and washed thrice in PBS. The nuclei were counterstained with DAPI
in Vectashield medium (Vector Laboratories, Newark, CA, USA) and examined under a
fluorescence microscope (Nikon E600 Eclipse, Melville, NY, USA). Each measurement was
performed in triplicate.

2.3. RNA Extraction from Cells and Culture Medium

Total RNA extraction from cells (approximately 2 × 106 in number) and the cell culture
medium (200 µL) was performed on days 0, 2, 4, 6, 8, and 10 of adipogenesis using the
miRNeasy Micro Kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol.
The RNA samples isolated from cell culture medium were enriched in the fraction of
miRNAs, both exosomal and non-exosomal ECmiRNAs. All samples were analyzed in
duplicate. The RNA concentrations and quality were assessed using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and Qubit RNA HS Assay
Kit (Thermo Fisher Scientific) on a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).

2.4. Real-Time PCR

One microgram of RNA was reversely transcribed using a Transcriptor High Fidelity
cDNA Synthesis kit (Roche Diagnostic, Mannheim, Germany). Primer sets for quanti-
tative real-time PCR for selected protein-coding marker and reference genes (Table S1)
were designed using the PRIMER 3 software (http://simgene.com/Primer3 (accessed on
12 May 2022)). The relative transcript levels were assessed using a LightCycler 480 SYBR
Green I Master kit (Roche Diagnostic) with a LightCycler 480 II (Roche Life Science). All
samples were analyzed in triplicate. Standard curves were designed as tenfold dilutions
of the PCR products. Relative transcript levels of the studied genes were calculated after
normalization with the transcript level of a reference gene, ribosomal protein L27 (RPL27),
which has shown stability during adipogenic differentiation [40,41].

2.5. miRNA-Specific Reverse Transcription

Reverse transcription was performed with 10 ng of total RNA using a TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Reverse transcription
reactions were conducted with the use of an RT primer specific to each tested miRNA. The
following TaqMan MicroRNA Assays (Applied Biosystems) were employed: miR-21a-5p,
(Assay ID: 000397), miR-26b-5p (Assay ID: 000406), miR-30a-5p (Assay ID: 000417), miR-92a-3p
(Assay ID: 000431), miR-146a (Assay ID: 005896), miR-148a-3p (Assay ID: 000470), miR-199a-3p
(Assay ID: 002304), and miR-383-5p (Assay ID: 000573). RNU6b (Assay ID: 001093) was used
as the reference for normalizing the ddPCR results [42]. The reverse transcription reactions
were performed following the manufacturers’ recommendations.
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2.6. Droplet Digital PCR (ddPCR)

miRNA quantification was performed using droplet digital PCR (ddPCR). All sam-
ples were analyzed in duplicate. Each PCR reaction consisted of 1 µL cDNA, 11 µL of
2 × ddPCR SuperMix for Probes (Bio-Rad, Hercules, CA, USA), 9 µL of H2O, and 1 µL of
TaqMan primers and probe from the corresponding TaqMan MicroRNA Assay (Applied
Biosystems). The reaction mixtures were divided into approximately 20,000 droplets using
a QX200 droplet generator (Bio-Rad) followed by PCR performed on a T100 Thermal Cycler
(Bio-Rad) using the following conditions (ramp rate of 2 ◦C/s): initial denaturation at 95 ◦C
for 10 min, 40 cycles at 94 ◦C for 30s, followed by 60 ◦C for 1 min and denaturation at
98 ◦C for 10 min. A QX200 droplet reader (Bio-Rad) was used to detect fluorescence, and
the results were analyzed using QuantaSoft software (Bio-Rad). The fraction of positive
droplets was quantified using the Poisson distribution.

Since cell culture media may carry miRNAs derived from supplements such as fetal
bovine serum (FBS) [43], an experiment on the expression level of the investigated miRNAs
in the pure cell culture medium, supplemented with 10% of FBS, was performed. Expres-
sion of miR-92a, miR-146a, and miR-26b was not observed, while expression of miR-21a,
miR-383, miR-30a, miR-148a, and miR-199a was on very low level (Table S2), which was
about 1% of the average expression level of extracellular miRNAs (Table S6). Thus, an
additional normalization step was abandoned.

2.7. Statistical Analysis

Differences between expression levels were assessed separately for each miRNA and
for each medium. To give the analyzed variables a normal distribution, the expression levels
were transformed by taking the natural logarithm of the original values. The following
model was then used to assess the differences between the expression levels on each day:

log (Exp) ij = µ + DAY j + sampleID i + error ij,

where log (Exp) is the natural logarithm of the expression level recorded on the jth DAY for
the ith sampleID. DAY was a categorical variable with six levels (0, 2, 4, 6, 8, 10). The sampleID
and error were random terms. The sampleID was treated as random term to account for
repeated observations of the sample on following days. The analyses were performed using
the R environment [44]. The effects of the model were estimated using the lme4 package [45]
and the significance of the differences between days was assessed using the lmerTest [46]
and emmeans packages [47], making use of Satterthwaite’s method [48] for approximating
degrees of freedom. The p-values for comparing expression levels on particular days were
adjusted for multiple comparisons using Tukey’s method for comparing six estimates.

To assess whether there was a relationship between the expression level in the medium
and cells, the previously used model was updated to include the log-transformed expression
in the medium log (Expmedium). The following model was thus used:

log (Exp) ij = µ + log (Expmedium) ij + DAY j + sampleID i + error ij.

The regression line was obtained by applying the locally weighted scatterplot smooth-
ing method available from the ggplot2 package [49].

3. Results

Eight miRNAs associated with inflammatory processes (miR-21a, miR-92a, miR-146a,
miR-383) and adipocyte differentiation processes (miR-26b, miR-30a, miR-148a, miR-199a)
were included in this study (Table 1). The abundances of these miRNAs were determined
in cells and in cell culture medium over ten days of adipogenic differentiation (Figure 1).
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Figure 1. The adipocyte differentiation experiment. Mesenchymal stem cells (MSCs, day 0 of
differentiation) were treated with adipogenic hormonal inducers and were cultured for ten days.
Cells and media were collected for total RNA isolation on days 0 (A), 2 (B), 4 (C), 6 (D), 8 (E), and
10 (F). Representative images were taken after staining the lipid droplets with BODIPY 493/503
(green); the nuclei were counterstained with DAPI (blue). Scale bar: 50 µm.

The differentiation process was monitored by evaluating the accumulation of lipid
droplets using BODIPY staining (Figures 1 and 2A, Table S3). On day 4, individual cells
with lipid droplets were seen, while lipid accumulation was highly abundant from day 6.
Adipocyte differentiation was also confirmed by the upregulation of expression of three
marker genes: CEBPA, FABP4, and PPARG (Figure 2B, Table S3).

The expression of all the miRNAs was successfully detected with the ddPCR method
(Figure 3).

It was found that, of the miRNAs associated with the inflammatory process, miR-21a
showed the highest expression in differentiated adipocytes and was also highly secreted
by these cells (Figure 4A,B; Tables S4 and S5). Both intracellular and extracellular miR-21a
levels were upregulated during adipogenesis. miR-92a was also highly expressed by
adipocytes, reaching its highest level on day 10 of differentiation. The abundance of
extracellular miR-92a initially decreased on days 2–4, returned to its original level after
day 6, and then decreased (Figure 4C,D; Tables S4 and S5). The expression of miR-146a in
the studied differentiation system was quite low (Figure 4E,F; Tables S4 and S5). Cellular
miR-146a was upregulated during adipogenesis, but was not secreted by the differentiated
cells. The lowest expression level was found for miR-383, and this was comparable in the
cells and in the cell culture medium (Figure 4G,H; Tables S4 and S5).

In terms of miRNAs associated with adipogenesis, all the molecules we examined
here were highly expressed during differentiation (Figure 5; Tables S4 and S5). The highest
expression in cells was found for miR-26b, next to miR-199a, miR-148a, and miR-30a. Of
these, miR-26b, miR-148a, and miR-30a had the highest expression levels at the end of
differentiation (day 10), while for miR-199a this occurred on day 4 of adipogenesis. All
extracellular miRNAs had similar expression profiles, reaching the highest level on day 6
of differentiation. miR-199a, miR-30a, and miR-148a were secreted at comparable levels,
while the amount of miR-26b was lower.
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Figure 2. Monitoring of adipocyte differentiation. (A) Lipid droplet accumulation was quantified
by measuring BODIPY 493/503/DAPI fluorescent intensity. Error bars show SDs. The error bars
represent standard deviations. (B) Measurements of the relative transcript level of three genes: CEBPA,
FABP4, and PPARG. Each dot represents relative expression (mean of 3 repeats). The line is simple
linear regression based on the collected data points and the gray area represents the 0.95 confidence
interval for the regression line.

53



Genes 2023, 14, 683Genes 2023, 14, x FOR PEER REVIEW  7  of  14 
 

 

 

Figure 3. Examples of the detection of miRNAs using the ddPCR method. Absolute quantification 

(concentration in copies/μL) of miR‐148a in cells (A) and cell culture medium (B) at days 0 (d0), 2 

(d2), 4 (d4), 6 (d6), 8 (d8), and 10 (d10). NC: negative control (sample without cDNA template). Error 

bars indicate the Poisson 95% confidence intervals. 

It was found that, of the miRNAs associated with the inflammatory process, miR‐21a 

showed the highest expression in differentiated adipocytes and was also highly secreted 

by these cells (Figure 4A,B; Tables S4 and S5). Both intracellular and extracellular miR‐21a 

levels were  upregulated  during  adipogenesis. miR‐92a was  also  highly  expressed  by 

adipocytes,  reaching  its  highest  level  on  day  10  of  differentiation.  The  abundance  of 

extracellular miR‐92a initially decreased on days 2–4, returned to its original level after 

day 6, and then decreased (Figure 4C,D; Tables S4 and S5). The expression of miR‐146a in 

the studied differentiation system was quite low (Figure 4E,F; Tables S4 and S5). Cellular 

miR‐146a  was  upregulated  during  adipogenesis,  but  was  not  secreted  by  the 

differentiated  cells. The  lowest  expression  level was  found  for miR‐383,  and  this was 

comparable in the cells and in the cell culture medium (Figure 4G,H; Tables S4 and S5). 

In terms of miRNAs associated with adipogenesis, all the molecules we examined 

here were  highly  expressed  during  differentiation  (Figure  5;  Tables  S4  and  S5).  The 

highest expression in cells was found for miR‐26b, next to miR‐199a, miR‐148a, and miR‐

30a. Of these, miR‐26b, miR‐148a, and miR‐30a had the highest expression levels at the 

end of differentiation (day 10), while for miR‐199a this occurred on day 4 of adipogenesis. 

All extracellular miRNAs had similar expression profiles, reaching the highest  level on 

day 6 of differentiation. miR‐199a, miR‐30a, and miR‐148a were secreted at comparable 

levels, while the amount of miR‐26b was lower. 

Figure 3. Examples of the detection of miRNAs using the ddPCR method. Absolute quantification
(concentration in copies/µL) of miR-148a in cells (A) and cell culture medium (B) at days 0 (d0),
2 (d2), 4 (d4), 6 (d6), 8 (d8), and 10 (d10). NC: negative control (sample without cDNA template).
Error bars indicate the Poisson 95% confidence intervals.
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Figure 4. Relative expression levels of extracellular and intracellular miRNAs related to inflamma-
tion during the ten days of adipocyte differentiation. The expression of miR-21a (A,B), miR-92a
(C,D), miR-146a (E,F), and miR-383 (G,H) was normalized using RNU6B. Dots represent the actual
measurements, the line is a local regression based on the collected data points, and the gray area
represents the 0.95 confidence interval for the regression line.
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Figure 5. Relative expression levels of extracellular and intracellular miRNAs related to adipogenesis
during the ten days of adipocyte differentiation. The expression of miR-26b (A,B), miR-30a (C,D),
miR-199a (E,F), miR-148a (G,H) was normalized using RNU6B. Dots represent the actual measure-
ments, the line is a local regression based on the collected data points, and the gray area represents
the 0.95 confidence interval for the regression line.

Comparing the expression levels of intracellular and extracellular miRNAs showed
higher expression in cells than in the medium for all the studied miRNAs except miR-383
(Table S6). No relationship was found between the expression level of intracellular and
extracellular miRNAs (Table S7).

4. Discussion

To better understand the role of miRNA in adipocyte formation, we examined the
expression of the selected intracellular and extracellular miRNAs during adipogenesis,
using the domestic pig as a model organism. We employed ddPCR, as a robust method for
absolute quantification of miRNAs [50]. This method has proven to be especially useful for
quantifying extracellular miRNAs [51,52]. Here, we showed the usefulness of ddPCR for
detecting less abundant ECmiRNAs in adipogenic spent medium.

We found that, of the studied miRNAs, miR-21a showed the highest expression in
differentiated cells, and its expression was very high in the cell culture medium. It has
been reported that miR-21 is frequently upregulated in many chronic diseases, including
obesity [25]. It plays a pivotal role in the functioning of adipose tissue through its regulation
of many biological processes, such as thermogenesis, browning of adipose tissue, angio-
genesis, apoptosis, and adipogenesis [53]. A previous study of MSCs isolated from human
adipose tissue showed that miR-21 expression increased in the early stages of adipogenic
differentiation and gradually decreased after day 3 [24]; in our differentiation system,
miR-21a was upregulated throughout the entire differentiation period. Studies of miR-21
mimics and inhibitors as therapeutic agents in obesity treatment have also provided vary-
ing results [53,54]. miR-21 has also been depicted as secreted by macrophages of adipose
tissue [10], while in this study we confirmed its secretion by adipocytes. Further studies,
including of both the intracellular and extracellular form of miR-21a, are thus needed.
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To date, little has been learned about the role of miR-92a in adipogenesis. There are
reports of its involvement in brown adipocyte differentiation [55]. Exosomal miR-92a
abundance has also been observed in human serum after cold-induced brown adipose
tissue activity [56]. In 3T3L1 cells, the miR-17–92 cluster accelerated adipocyte differentia-
tion by negatively regulating the tumor suppressor Rb2/p130 during the early stages of
adipogenesis [57]. Here, we provide evidence that miR-92a alone is upregulated during
porcine adipogenesis and is secreted by adipocytes.

Recently, miR-146a has been recognized as a potential regulator of porcine intramus-
cular preadipocytes [58]. The authors reporting this observed that miR-146a-5p mimics
inhibited preadipocyte proliferation and differentiation, while the miR-146a-5p inhibitors
promoted cell proliferation and adipogenic differentiation. Both that study and our present
one found a similar expression pattern for these miRNAs, with the expression peaking in
the early stages of adipogenesis (on days 2 or 4 of differentiation, respectively). Interest-
ingly, miR-146a was one of the studied miRNAs that was not secreted by differentiated
cells (as was miR-383).

Of the studied miRNAs, miR-26b, miR-30a, miR-148a, and miR-199a have been re-
ported as involved in adipocyte formation through their promotion or acceleration of
adipogenesis, which they achieve by regulating numerous target genes [27,28,34,59]. Their
expression was found to gradually increase after the induction of adipocyte differentiation,
as in our study. Only miR-199a reached its highest expression at day 4 of adipogenesis,
and its expression then decreased, as confirmed by its function in the proliferation and
differentiation of porcine preadipocytes [60]. This miRNA was highly expressed in cells
and also secreted more. It seems that this molecule has a comprehensive set of functions
and plays a role in a range of different processes, such as angiogenesis, aging, apoptosis,
proliferation, and myogenic differentiation [61,62].

All the extracellular miR-26b, miR-30a, miR-148a, miR-199a, and miR-92a showed
the same expression profiles, with their expression peaking on day 6 of differentiation. It
was previously reported that exosomal miRNAs are secreted from hypertrophic adipocytes
and transferred to small adipocytes to promote lipogenesis and hypertrophy of emerging
adipocytes [63,64]. This may be one reason why high expression of these extracellular
miRNAs is observed in the intermediate days of differentiation, when new adipocytes arise
at an intense rate. As we found no strong correlation between the expression of intracel-
lular and extracellular miRNAs, it can be anticipated that the secretion of miRNA is an
independent process regulated by other mechanisms, such as the formation of extracellular
vesicles such as exosomes or transportation via protein–miRNA complexes [65,66].

Our study revealed relatively high intercellular variation of miRNA expression
(Tables S4–S6, which may be related to the heterogeneity of cell populations in terms of
differentiation timing. It has been shown in previous studies that a high standard deviation
is found for low-expressed miRNA [67]. Application of new methods, such as single-cell
microRNA–mRNA co-sequencing, revealed that microRNA expression variability might
be responsible alone for non-genetic cell-to-cell heterogeneity [68]. The authors found
that miRNAs with low expression levels showed inherently large standard deviations,
while the variation of high-abundance miRNAs gradually decreased as the expression
level increased.

It has been shown that the miRNA expression profile can serve as a signature of
cell identity, through the expression of a unique miRNA. However, this would seem to
be difficult to apply to adipose tissue, as it expresses a wide range of miRNAs [65,69].
Our study of cultured adipocytes allowed us to obtain more detailed knowledge of the
relationship between the intracellular and extracellular microRNAs that are expressed
during the formation of adipocyte cells. Taking into account the fact that miRNAs from
adipose tissue participate in intercellular and interorgan communications, and that their
aberrant expression may lead to pathological conditions, further comprehensive studies of
extracellular and intracellular miRNAs are needed.
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5. Conclusions

We showed that miRNAs associated with adipogenesis and inflammation processes
are expressed by differentiated adipocytes. Both intracellular and extracellular miRNAs
have characteristic expression profiles during porcine adipogenesis. We found that there
is no relationship between the expression level of intracellular miRNAs and the levels of
extracellular miRNAs. ddPCR proved a useful method of quantifying miRNAs during
in vitro adipogenesis, especially for less abundant extracellular miRNAs.

Supplementary Materials: The following supporting information can be downloaded from https://
www.mdpi.com/article/10.3390/genes14030683/s1. Table S1: PCR primers used to study the expression
level of adipocyte differentiation marker genes. Table S2: Expression levels of miRNAs in cell culture
medium supplemented with 10% of fetal bovine serum (FBS). SE—standard error; Table S3: Lipid
droplet content and relative gene expression of CEBPA, FABP4, and PPARG genes across the consecutive
days of experiment (supplementary to Figure 2). The regression slope and p-values were obtained using
the locally weighted scatterplot smoothing method of the ggplot2 package. Table S4: Expression levels
of intracellular miRNAs over the course of differentiation. The comparisons were made between days of
the experiment for one miRNA at a time, and so the table should be read column by column. The same
letters indicate an absence of significant difference (at the 0.05 level) between the expression levels; Table
S5: Expression levels of extracellular miRNAs over the course of differentiation. The comparisons were
made between days of the experiment for one miRNA at the time, so the table should be read column
by column. The same letters indicate an absence of significant difference (at the 0.05 level) between the
expression levels; Table S6: Expression levels of intracellular and extracellular miRNAs. The comparisons
were made between miRNAs, so the table should be read row by row. The same letters indicate an
absence of significant difference (at the 0.05 level) between the expression levels; Table S7: Relationship
between the expression in the medium and cells based on regression slopes for the log-transformed
expression in the medium on the log-transformed expression in cells for different miRNA.
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Abstract: Swine DNA profiling is highly important for animal identification and parentage verifica-
tion and also increasingly important for meat traceability. This work aimed to analyze the genetic
structure and genetic diversity in selected Polish pig breeds. The study used a set of 14 microsatellite
(STR) markers recommended by ISAG for parentage verification in the native Puławska pig (PUL,
n = 85) and three commercial pig breeds: Polish Large White (PLW, n = 74), Polish Landrace (PL,
n = 85) and foreign breed Duroc (DUR, n = 84). Genetic differentiation among breeds accounted for
18% of the total genetic variability (AMOVA). Bayesian structure analysis (STRUCTURE) indicated
that the four distinct genetic clusters obtained corresponded to the four breeds studied. The genetic
Reynolds distances (θw) showed a close relationship between PL and PLW breeds and the most
distant for DUR and PUL pigs. The genetic differentiation values (FST) were lower between PL and
PLW and higher between PUL and DUR. The principal coordinate analysis (PCoA) supported the
classification of the populations into four clusters.

Keywords: Sus scrofa; STR; genetic differentiation

1. Introduction

Maintaining high-quality meat production and the preservation of food safety are
directly related to the biodiversity and individual and breed identification of animals.
Swine DNA profiling is highly important for animal identification, parentage verification
and, more recently, meat traceability [1–3]. Pork is the most frequently chosen meat
by consumers; therefore, maintaining high-quality standards in pork production is very
important—not only for commercial pigs but especially for the population of native pig
breeds. Native breed pigs can provide meat that is both high in quality and functional.
Local, primitive breeds give rise to native pig breeds. Breed purity was maintained through
the careful selection of individuals for mating, while breeding work was based on selective
breeding. Many of the traits inherited from primitive ancestors are present in pigs from
native breeds, such as adaptability to local environmental conditions, feed availability and
extensive farming. In addition to high fertility, the animals have good maternal care and
display good breeding performance. The animals live for a long time and are resistant
to stress and pathogens. Products obtained from their meat possess unique sensory and
nutritional quality. The native breeds of pigs in Poland are White Złotnicka, Złotnicka
Spotted and Puławska. Polish native breeds are valued not only for the fact that they are
bred in Poland, but also because their meat is used to produce traditional Polish cured
meats with specific technological properties and taste qualities. Regarding the chosen Polish
native pigs breed to study, the Puławska breed originates from the Lublin region. These
pigs have numerous favorable characteristics, such as good health, resistance to disease, low
fodder requirements and fattening tendency. Moreover, the Puławska breed is recognized
for its early maturation, rapid growth, high feed utilization, high fattening and slaughter
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values and adaptability to local environmental conditions. Through cross-breeding this
pig with the Large White and Berkshire breeds, the Pulawska population was transformed
into a dual-purpose fat–meat type. Now, the Puławska breed is used for commercial
crossing [4]. Puławska, as a rare breed, was included in the Farm Animals Genetic Resources
Conservation Program. Among the Polish local breeds, the distinguishing quality traits of
the Puławska pig are emphasized. Meat obtained from these animals is characterized by
higher culinary value than that from mass production. Recently, products from this breed
have been very popular on the Polish market, e.g., “traditional cold cuts from Puławiak”.
In order for authentic Pulawska breed meat and meat products to be verified, it should
be included in DNA testing for the individual identification of animals and provision
for the retrieval of this information as and when required, which is very important for
meat traceability. This means that the meat is produced from an identified animal and has
information about its origin. According to ISAG recommendations published in the 1990s,
microsatellite markers (short tandem repeats, STR) can be used to prove the parentage of
farm animals. Moreover, STRs are applied to study genetic structure and diversity, as well
as to track the ancestry of diverse farm animal species [5–9], including pigs [10–17]. The
ISAG conference in 2012 outlined the first microsatellite panel of 24 markers for parentage
verification: IGF1, S0002, S0005, S0026, S0068, S0090, S0101, S0155, S0178, S0215, S0225,
S0226, S0227, S0228, S0355, S0386, SW024, SW072, SW240, SW632, SW857, SW911, SW936,
SW951 [18]. An updated list of recommended markers was released in 2014. The STRs were
divided into core and additional panels. Fifteen microsatellite loci made up the main panel:
S0005, S0090, S0101, S0155, S0227, S0228, S0355, S0386, SW24, SW240, SW72, SW857, SW911,
SW936 and SW951. The additional panel includes seven microsatellites: IGF1, S0002, S0026,
S0215, S0225, S0226 and SW632 [19]. In the study, we analyzed DNA microsatellite marker
polymorphisms of the core STR panel [18,19] in Polish native Puławska pigs and three
commercial pig breeds: Polish Large White, Polish Landrace and a foreign breed, Duroc.

The National Breeding Program includes the following breeds: Puławska pig (PUL),
Polish Large White (PLW), Polish Landrace (PL) and foreign breeds Duroc (DU), Hampshire
and Pietrain. In Poland, these breeds are used for crossbreeding and fattening in pig
production and are some of the most economically important (https://www.polsus.pl/
index.php/en/pig-breeding, accessed on 29 November 2022). The aims of this study were
to assess the level of genetic diversity and determine the population structure of the native
Puławska pig and three commercial pig breeds, PL, PLW and DUR, by using a set of
14 STRs. The 14 STRs are recommended for individual pig identification and parentage
verification. No studies present the assessment of the polymorphisms of STR markers
recommended for the identification of pigs in the Polish population. The study by Szmatola
et al. [20] was based only on five STRs not used in routine testing. With the values adjusted
for sample sizes, they discovered four breeds to have high levels of genetic diversity: 0.740
for Polish Landrace, 0.697 for Pietrain, 0.692 for Polish Large White and 0.688 for Puławska.
However, the Duroc breed has the smallest amount of effective alleles, allelic richness and
genetic diversity (0.589). Their findings indicate there has been some gene flow between
breeds, particularly between Polish Landrace and Polish Large White. The Duroc breed
was shown to have the lowest admixture, confirming its great purity. The authors conclude
that further research should probably be performed using more microsatellites and by
analyzing mitochondrial DNA. Here, we test the possibility of using 14 STR markers to
predict the pig breed, which may be useful in the future for meat traceability.

2. Materials and Methods
2.1. Material

Blood samples were collected from pigs undergoing routine parentage testing at
NRIAP. A total of 338 pigs were studied, including Puławska pigs (PUL, n = 85) and three
selected commercial breeds: Polish Large White (PLW, n = 74), Polish Landrace (PL, n = 85)
and Duroc (DUR, n = 84).
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DNA was extracted from blood samples using the Sherlock AX Kit (A&A Biotech-
nology, Gdynia, Poland), following the manufacturer’s protocol. Extracted DNA was
quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington,
DE, USA).

In the analysis, we selected 14 loci from the recommended ISAG main panel of
15 markers for the identification of individuals and parentage testing in the pig: S0090,
S0101, S0155, S0227, S0228, S0355, S0386, SW24, SW240, SW72, SW857, SW911, SW936 and
SW951. The markers and used primer sequences are presented by Radko et al. [20,21].

2.2. Methods

The one-multiplex reaction containing the 14 STR loci was amplified using the Type-It
Microsatellite PCR Kit (Qiagen Inc, Hilden, Germany) reagents and fluorescently labeled
primers. The reaction mixtures, with a final reagent volume of 12.5 µL, contained 50 ng
DNA. The Veriti® Thermal Cycler amplifier was used for the PCR reaction (Applied Biosys-
tems, Foster City, CA, USA) with the following thermal profile: 5 min initial denaturation
at 95 ◦C, followed by 28 cycles of denaturation at 95 ◦C for 30 s, annealing at 57 ◦C for
90 s, elongation of primers at 72 ◦C for 30 s and final elongation of primers at 60 ◦C for
30 min. The PCR products were analyzed using an ABI 3500xl capillary sequencer (Applied
Bio-Systems, Foster City, CA, USA). The amplified DNA fragments were subjected to elec-
trophoresis in 7% denaturing POP-7 polyacrylamide gel in the presence of a size standard
of 500 LIZ (Thermo Fisher Scientific) and a reference sample with a known DNA profile for
allele standardization. The results of the electrophoretic separation were analyzed using
the GeneMapper® Software 4.0 (Applied Biosystems, Foster City, CA, USA).

2.3. Data Analysis

Analysis of molecular variance and genetic differentiation.
Analysis of molecular variance (AMOVA) and pairwise estimates of genetic differenti-

ation (FST) across populations were performed using the GenAlEx ver. 6.51 software [21].

Population Structure and Genetic Distance

Population structure was analyzed using a Bayesian clustering algorithm implemented
in STRUCTURE software version 2.3.4 [22–24], considering an admixture model with
correlated allele frequencies between breeds. The lengths of the burn-in and Monte Carlo
Markov Chain (MCMC) simulations were 100,000 and 500,000, respectively, in 5 runs
for each number of clusters (K) ranging between 2 and 5. The results were exported to
STRUCTURE HARVESTER [25] to plot the likelihood membership coefficient (∆K) values.

Genetic distance was analyzed using pairwise estimates of genetic differentiation—
FST and Reynolds distance—θw [26]. The individual-animal-based neighbor-joining den-
drogram was generated from the estimated pairwise genetic distances between shared
alleles using the DARwin ver. 6 software (http://darwin.cirad.fr/, accessed on 29 Novem-
ber 2022).

The population relationships based on principal coordinate analysis (PCoA) were
obtained using the GenAlEx ver. 6.51 software [21].

3. Results and Interpretation

The development of reliable molecular tools for genetically distinguishing between
two breeds of species and identifying breed components in food products has become
increasingly important due to the increasing demand for improved quality control. For the
purpose of the identification of animals and products, microsatellites (STRs) are widely
used as molecular markers. STR markers used in this context have to present high diversity.
The genetic diversity of microsatellite loci is determined based on genetic parameters
such as the PIC index and heterozygosity. These parameter values show the usefulness of
markers for further research, including individual identification and genetic population
diversity. Previous studies have shown that all 14 STR markers, recommended by ISAG
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for pig identification, were polymorphic in the sampled groups [27]. Based on the STRs,
we calculated the medium genetic differentiation for the breeds studied. Interestingly,
the average value of heterozygosity (HE) and the polymorphic information content (PIC)
were above 0.5 for all breeds except DUR (PIC = 0.477) [27]. These polymorphism results
demonstrate the potential of the analyzed STRs for the individual identification of pigs.

The F-statistic is commonly chosen for studying population structures. It is frequently
applied to decompose the genetic variance into within-individual, within-population and
among-population components [28]. The analysis of molecular variance (AMOVA) is
commonly implemented for estimating the F-statistic [29,30].

3.1. Analysis of Molecular Variance (AMOVA)

AMOVA is an important element of molecular analysis that allows the statistical infer-
ence of genetic variation among and within populations. In our study, the variance analysis
(AMOVA) was performed using all 14 polymorphic STRs and revealed that variation
among individuals was greater than the variation in the inter-population.

The average genetic differentiation between the breeds was 18% (p < 0.001), while the
total variability was 82%. Details of AMOVA results are presented in Table 1 and Figure 1.

Table 1. Analysis of molecular variance (AMOVA) based on 14 STR markers. The AMOVA result
revealed that individual variation was greater (82%) than the variation in the inter-population (18%).

Source of Variation df Sum of Squares Variance Components % Variation

Among populations 3 481.869 0.957 18%
Within populations 328 1396.500 4.258 82%

Total 655 3112.256 5.512 100%
AMOVA on model base population of four pig breeds (PLW—Polish Large White; PL—Polish Landrace;
PUL—Puławska Pig; DUR—Duroc); df—degree of freedom.
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In the pig population studied, the AMOVA revealed that most of the variance was at-
tributed to differences within populations, among individuals, and 18% could be attributed
to differences among the four pig groups. A similar genetic differentiation was observed
with other breeds in other studies using STR markers [13,29].

3.2. Structure Analysis

STRUCTURE is the first approach giving an insight into the population structure
resulting from the sample set and providing a prelude to other genetic analyses. Assigning
individuals to breeds is often useful in population genetics studies, in which obtaining a
population classification can provide an inference of individual ancestry that may not have
been adequately defined beforehand [22,31,32]. The population structure and degree of
admixture of the four pig breeds were evaluated using Bayesian model-based clustering in
the STRUCTURE software. The structure of the breeds studied was determined based on

64



Genes 2023, 14, 276

the degree of admixture for each individual using the correlated allele frequencies model
implemented in the software STRUCTURE. The obtained ∆K value was highest at K = 4.

On the basis of the 14 STRs, the results of STRUCTURE revealed the subdivision of
the pig breeds into four genetic clusters (Figure 2). The average proportion of assignment
to the cluster of above 95% was found for all pig breeds. The highest assignment value
was found in the DUR (Q = 0.9716). Such a high probability may allow the assignment of
unknown individuals to particular breeds. The between-individual tree of Figure 3 shows
the same results—four clusters grouping the individuals that belong to the same breed.
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Figure 2. STRUCTURE analysis of 14 STR genotypes from pigs studied. The samples were grouped
by the 4 breeds (K = 4). PLW—Polish Large White; PL—Polish Landrace; PUL—Puławska Pig;
DUR—Duroc.

3.3. Genetic Differentiation

The study of the genetic differentiation of the breeds derived by the population
structure analysis considered measures of two common estimates of differentiation—FST
and the Reynolds genetic distance (θw). The pairwise FST values between breeds varied
from 0.106 (between PL and PLW) to 0.283 (between PUL and DUR). Similarly, genetic
distance was the greatest between PUL and DUR (θw = 0.430) and the smallest between PL
and PLW (θw = 0.109) (Table 2).

Table 2. Reynolds genetic distance (θw) and pairwise estimates of genetic differentiation (FST)
among 4 studied pig breeds (PUL—Puławska; PLW—Polish Large White; PL—Polish Landrace;
DUR—Duroc). The θw values are above the diagonal, and FST estimates are below the diagonal.

PL PLW PUL DUR

PL 0.109 0.275 0.422
PLW 0.106 0.288 0.429
PUL 0.146 0.147 0.430
DUR 0.201 0.222 0.283

The pairwise FST and the Reynolds distances among the breeds showed that the
national PL and PLW breeds formed one cluster, while Duroc was relatively distant from
the other breeds. This indicated that Poland’s pig breeds are separated by the largest
genetic distance from the foreign Duroc breed. This reflects the fact that Duroc originated
in the USA by the crossing of Red Guinea pigs and Iberian pigs with the Berkshire breed
and was introduced to Poland relatively recently—in the 1970s.

The close genetic relationship between the PL and PLW breeds was proven by STRUC-
TURE analysis with K = 3 (Figure 2), the pairwise FST and θw values. This was further
supported by the results of the principal coordinate analysis (PCoA). The obtained results
of PCoA analysis show four pig clusters—Duroc (DUR), Puławska (PUL) and the Polish
Landrace (PL) and Polish Large White (PLW) together (Figure 4). The PL and PLW breeds
were included in one cluster, which confirmed the genetic relationship between these
breeds and confirmed the clear distinction of the DUR breed from the Polish population.
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Figure 4. Principal coordinate analysis (PCoA) of the four pig breeds. DUR—Duroc; PUL—Puławska
Pig; PL—Polish Landrace; PLW—Polish Large White. A two dimensional plot of the PCoA analysis
show the clustering of four breeds. The first and second coordinates account for 56.9% and 24.5%,
respectively, of the total variation.
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Figure 4 illustrates the population relationships based on the PCoA using 14 STR
markers. The first principal coordinate distinguished clearly the DUR breed from the PUL,
PL and PLW breeds. The second principal coordinate separated the PL and PLW breeds
from the other two pig breeds. The first, second and third principal coordinates (PCoA)
represented 56.9%, 24.5% and 18.6%, respectively, of the total variation.

Nowadays, single-nucleotide polymorphism markers are increasingly used for bio-
diversity studies and the identification and parentage control of livestock, including
pigs [33–36]. SNP genotyping has been used already to develop an SNP panel for dis-
criminating breeds, meat and other pig products [37,38]. However, STR markers are still
widely used in routine studies due to their reliability, sensitivity and cheaper analysis
methods. Therefore, STR analysis in the pig population should continue.

4. Conclusions

The present study analyzed the genetic differentiation of selected pig breeds, Polish
Large White, Polish Landrace, Puławska pigs and Duroc, and the possibility of using DNA
tests for pig breed prediction.

The analysis of the genetic structure of the pig populations based on 14 STRs showed
a clear division of the population into four groups, representing the four selected breeds
for study. Our study demonstrates that a panel of microsatellite markers recommended by
ISAG for the individual identification of pigs also may be useful for pig breed prediction
and, in the future, for meat traceability. It is especially important for the population of
native or local pigs, such as the Puławska breed, which can provide meat that is both high
in quality and functional.

The presented work can be the first step to developing a system to determine whether
meat comes from a pig of the declared breed and whether the meat was produced consis-
tently with the declaration on the packaging.
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Abstract: Animal fat deposition has a significant impact on meat flavor and texture. However, the
molecular mechanisms of fat deposition are not well understood. LncPLAAT3-AS is a naturally
occurring transcript that is abundant in porcine adipose tissue. Here, we focus on the regulatory
role of lncPLAAT3-AS in promoting preadipocyte proliferation and adipocyte differentiation. By
overexpressing or repressing lncPLAAT3 expression, we found that lncPLAAT3-AS promoted the
transcription of its host gene PLAAT3, a regulator of adipocyte differentiation. In addition, we
predicted the region of lncPLAAT3-AS that binds to miR-503-5p and showed by dual luciferase assay
that lncPLAAT3-AS acts as a sponge to absorb miR-503-5p. Interestingly, miR-503-5p also targets and
represses PLAAT3 expression and helps regulate porcine preadipocyte proliferation and differen-
tiation. Taken together, these results show that lncPLAAT3-AS upregulates PLAAT3 expression by
absorbing miR-503-5p, suggesting a potential regulatory mechanism based on competing endogenous
RNAs. Finally, we explored lncPLAAT3-AS and PLAAT3 expression in adipose tissue and found that
both molecules were expressed at significantly higher levels in fatty pig breeds compared to lean
pig breeds. In summary, we identified the mechanism by which lncPLAAT3-AS regulates porcine
preadipocyte proliferation and differentiation, contributing to our understanding of the molecular
mechanisms of lipid deposition in pigs.

Keywords: primary adipocyte cells; adipose tissue; lncRNA-AS; RNA-seq

1. Introduction

In recent years, genome annotation has identified many lncRNAs, although the func-
tions of most of these lncRNAs are still unknown [1]. Some antisense lncRNAs have been
demonstrated to have functions. For example, the ZFPM2 antisense RNA 1 (ZFPM2-AS1)
lncRNA has been reported to regulate the migration and invasion of hepatocellular carci-
noma cells by mediating the miR-139/GDF10 axis [2]. GAS6 antisense RNA 1 (GAS6-AS1)
regulates cell proliferation and invasion in clear cell renal cell carcinoma (ccRCC) by medi-
ating the AMPK/mTOR signaling pathway, suggesting that GAS6-AS1 may be a potential
therapeutic target in ccRCC [3]. Nqo1-AS1 upregulates Nqo1 expression by binding to the
Nqo1 3′UTR and increasing Nqo1 mRNA stability, thereby attenuating cigarette smoke-
induced oxidative stress [4]. Although many studies have been conducted on antisense
lncRNAs [5], the role of lncRNAs in porcine adipogenesis remains largely unknown.

Pigs are an essential animal in the agricultural economy and an important source
of meat worldwide [6]. In addition, domestic pigs are essential model animals that are
frequently used in medical research due to having a similar genome size, gene structure and
function, anatomical structure of the digestive organs, metabolic patterns, visceral organ
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metabolism, and dietary habits (omnivorous diet) to humans [7,8]. In nutritional, metabolic,
and cardiovascular studies, as well as in several other areas of biomedical research, pigs
have proven to be valuable animal models [9].

It has been previously reported that the knockdown of PLAAT3 significantly inhibits
lipid deposition in mice [10]. Previous studies have shown that lncPLAAT3-AS enhances
PLAAT3 mRNA stability by forming an RNA–RNA dimer with the PLAAT3 transcript [11].
However, there is no direct evidence of a specific regulatory role for lncPLAAT3-AS in adipo-
genesis or for the associated molecular mechanisms. To analyze the role of lncPLAAT3-AS
in lipogenic differentiation, we overexpressed or knocked down lncPLAAT3-AS in porcine
primary preadipocytes. The results from these experiments showed that lncPLAAT3-AS
regulates the expression of cell cycle-related genes and promotes the differentiation of
preadipocytes. lncPLAAT3-AS promoted adipocyte differentiation by acting as a sponge
for miR-503-5p, thereby repressing the activity of this miRNA and promoting the increased
expression of PLAAT3. In conclusion, our findings demonstrate the molecular mechanism
by which a lncRNA regulates adipogenesis and provide a potential molecular approach to
improving lean muscle mass in livestock production by inhibiting fat deposition.

2. Materials and Methods
2.1. Ethics Statement

All procedures involving animals in this study were managed and operated in strict
accordance with the Regulations for the Management of Laboratory Animal Affairs (Min-
istry of Science and Technology, Beijing, China, June 2004) and were also approved by
the Animal Care and Use Group Institution, College of Animal Science and Technology,
Sichuan Agricultural University, China, under license number NO.20210162.

2.2. Cell Culture and Differentiation

The piglet was humanely killed and the fat tissue from the backs of the female
Rongchang piglets was collected to obtain preadipocytes. After removing the soft tissue
and small tubes, the remaining fat tissue was washed three times with phosphate-buffered
salt water (PBS, Gibco, Carlsbad, CA, USA). Next, about 60 g of the fat tissue was quickly
minced and digested at 37 ◦C for 1 h with 0.25% type I collagenase (Invitrogen, Carlsbad,
CA, USA). The digested tissue solution was then centrifuged at 1000 rpm for 8 min. The cells
were passed through 100 um strainers, and the pellet (containing cleaned preadipocytes)
was resuspended in Dulbecco’s changed Eagle medium (Gibco, Carlsbad, CA, USA) con-
taining 20% fetal calf serum (Gibco, Carlsbad, CA, USA). The preadipocytes were cultured
containing 5% CO2 and maintained at 37 ◦C. When preadipocytes reached 80% conflu-
ence, they were digested with trypsin and passaged in new neo-culture plates. After the
preadipocytes had grown and spread to an appropriate density in the cell culture plates,
they were treated with insulin (Sigma, Saint Louis, MI, USA), 3-isobutyl 1-methylxanthine
(Sigma, Saint Louis, MI, USA), and dexamethasone (Sigma, Saint Louis, MI, USA) to induce
differentiation of the preadipocytes into mature adipocytes [12]. All cell experiments were
repeated three times independently, and the cells used on all three occasions were from the
same pig.

2.3. Cell Transfection

Cells were transfected using lipofectamine 3000 (Lipo3000, Invitrogen) according
to the manufacturer’s instructions, with opti-MEM (Gibco, Carlsbad, CA, USA) as an
auxiliary transfection reagent. Taking 6-well plates containing 2 mL of medium per well
as an example, 100 µL of opti-MEM was first incubated with 5 µL of Lipo3000, separately,
for 5 min. Subsequently, the two solutions were combined and incubated for 10 min, after
which the combined solution was added to the culture medium to transfect the cells.
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2.4. Western Blot Assay

Cells were collected from six-well plates using a cell spatula. The extracted protein was
isolated using a radio immunoprecipitation assay (RIPA) kit (Bio-Rad, Hercules, CA, USA).
After the proteins were extracted, the BCA kit was used to determine their concentration.
Absin-prepared SDS-PAGE gels (Absin Bioscience Inc., Shanghai, China) were used to
separate the proteins. Using a BIO-RAD protein transfer machine, the products were
then transferred onto polyvinylidene difluoride membranes and incubated with primary
antibodies. Protein bands were detected using ECL (Service) and visualized using the ECL
Western Blot Detection Kit (Thermo Scientific, Rockford, IL, USA) and the Image Quant
LAS 4000 kit (GE HealthCare, Chicago, IL, USA). All western blotting experiments were
repeated at least three times.

2.5. Luciferase Reporter Assay

Wild type (WT) and MUT lncPLAAT3-AS plasmids were constructed using the
pcDNA3.1 vector. They were transfected with miR-503-5p mimics, miR-503-5p inhibitor,
miR-503-5p mimics negative control (mimics NC), and miR-503-5p inhibitor negative con-
trol (inhibitor NC) using the lipofectamine 3000 reagents into PK15 cells as described in
Section 2.4. After 48 h, the samples were collected, and the fluorescence strength was de-
tected using the Dual-Glo Luciferase Assay System (Promega, Madison, WI, USA) following
the manufacturer’s instructions.

2.6. Assessment of Cell Proliferation via CCK-8 and EdU Assays

The growth and spread of cells were detected using the Cell Counting Kit 8 (CCK-8,
Biosharp, Hefei, China) and 5-ethynyl-20-deoxyuridine (EdU, Ribobio, Guangzhou, China).
After transfection, 10 µL of CCK-8 reagent was added to each well of the cell culture plate,
and the absorbance at 450 nm was measured after 24 h. Preadipocytes were seeded in
12-well plates for the EdU assay. Following transfection, 100 mL of 50 mM EdU reagent
was added to each well and grown for at least 24 h before images were taken with a Nikon
TE2000 microscope (Nikon, Tokyo, Japan).

2.7. RNA Isolation and Reverse Transcription

Trizol (Invitrogen) was used to extract the total RNA from cells. The total RNA was
reverse transcribed to cDNA using the HiScript III RT Super Mix (Vazyme, Nanjing, China),
oligo-dTs according to the manufacturer’s instructions. Denaturing gel electrophoresis and
spectrophotometry (Thermo, Waltham, MA, USA) was used to measure RNA mass and
concentration, and the final product was diluted to the appropriate volume with water.

2.8. Real-Time Quantitative PCR

Taq Pro Universal SYBR qPCR Master Mix reagents (Vazyme, Nanjing, China) were
used for real-time quantitative PCR (RT-qPCR). Primer5 software was used to design RT-
qPCR primers, and their sequences are shown in Table 1. RT-qPCR was performed on a
Bio-Rad CFX96 Real-Time PCR detection system. Each sample was analyzed in triplicate.
The relative expression levels of each gene tested within the samples were calculated using
the 2−∆∆CT method.

Table 1. Primer information for quantitative real-time PCR (qRT-PCR).

Gene Primer Sequence (5′ to 3′) Product Size (bp)

PLA2G16
F: ATATGTGGTCCACCTGGCTCCCC

395R: ATTGCTTTTGCCGCTTGTTTCTG

PLA2G16-AS
F: GGACTCTGCGGCCATTTAAC

213R: GCTTTGGGACAATGAGTCGC
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Table 1. Cont.

Gene Primer Sequence (5′ to 3′) Product Size (bp)

GAPDH
F: CCCCTTCATTGACCTCCACT

192R: CCATTTGATGTTGGCGGGAT

CCND1
F: GCATGTTCGTGGCCTCTAAG

228R: CGTGTTTGCGGATGATCTGT

CDK4
F: TCAGCACAGTTCGTGAGGTG

77R: GTCCATCAGCCGGACAACAT

P53
F: GGGACGGAACAGCTTTGA

161R: TTTGCACTGGCGAGGAG

PPARγ
F: CTCCAAGAATACCAAAGTGCGA

150R: GCCTGATGCTTTATCCCCACA

C/EBPα
F: CAAGAACAGCAACGAGTACCG

124R: GTCACTGGTCAACTCCAGCAC

FABP4
F: GAAGTGGGAGTGGGCTTT

190R: TTATGGTGCTCTTGACTTTCCT

ACS
F: GCAGGCAGGCTCAGTTT

129R: CTCTGTTCAGGGGAGGGT

ACADL
F: TGTCTCCAGCTGCATGAAACGA

107R: AGCTGCACACAGTCATAAGCCA

DGAT
F: CCTACCGCGATCTCTACTACTT

126R: GGGTGAAGAACAGCATCTCAA

FAS
F: CCAACCAGCAACACCAA

100R: CAGGTACGGGAATGAGGA

ssc-miR-503 UAGCAGCGGGAACAGUACUGCAG

U6
F: CGCTTCGGCAGCACATATAC

87R: TTCACGAATTTGCGTGTCAT

2.9. Oil Red O Staining

After induction of adipogenesis, cells were washed two to three times with PBS (Gibco,
Carlsbad, CA, USA) and then fixed for 30 min in 4% paraformaldehyde. The samples were
rinsed twice with 60% isopropanol and dried for 30 min before being treated with 1 mL
of the oil red O dye working solution. A microscope was used to observe the oil red O
staining after adding 1 mL PBS (Gibco, Carlsbad, CA, USA) to the culture plate.

2.10. RNA-Seq and Collection of Sequencing Data

Ampure XP beads (Beckman Coulter, Brea, CA, USA) were used to purify the PCR-
amplified cDNA fragments with adapters. The switching mechanism at the 5′ end of the
RNA transcript primer with oligo(dG) at the 3′ end was added in advance to the cDNA
synthesis reaction. The switching mechanism at the 5′ end of the RNA transcript primer
oligo(dG) pairs with the protruding C’s at the end of the synthetic cDNA to form an
extension template for the cDNA, and the reverse transcriptase automatically switches
the template to use the SMART primer as an extension template to continue extending
the cDNA strand to the end of the primer. All resulting cDNA strands have an oligo(dT)-
containing primer sequence at one end and a known SMART primer sequence at the other
end, which can be amplified using universal primers after the second strand has been
synthesized. A Bioanalyzer Agilent Technologies 2100 (Agilent Technologies, Santa Clara,
CA, USA) was used to validate the cDNA library. Following heat-denatured PCR products,
splint oligos were used to circularize them. The final library was considered to be the
single-stranded circular DNA. After the final library was amplified with phi29 (Thermo
Fisher Scientific, Waltham, MA, USA), over 300 copies of each molecule were produced
as DNA nanoballs (DNBs) [13,14]. A Bioanalyzer Agilent Technologies 2100 was used to
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validate the cDNA library. Following heat-denatured PCR products, splint oligos were used
to circularize them. The final library was considered to be the single-stranded circular DNA.
After the final library was amplified with phi29 (Thermo Fisher Scientific, Waltham, MA,
USA), over 300 copies of each molecule were produced as DNBs. The DNBs loaded into
the patterned nanoarray were read using the BGISEQ500 platform (BGI, Shenzhen, China).

FAStQC software (Version 0.11.9) was used to quality control (QC) the raw data
obtained from sequencing, and the Q30 values and gas chromatograph (GC) content of
the sequencing data were calculated. Hisat software (Version 2 2.2.1) was used to perform
genome alignment of the clean reads, and 90.55–91.20% could be aligned to the reference
genome, indicating valid reads and good sequencing results. The differentially expressed
genes were characterized, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) functional enrichment analyses were performed

A total of seven Chinese pig breeds were downloaded, including Chenghua, Neijiang,
Tibetan, Qingyu, Wujin, Yacha, and Yanan, and one Western breed, Yorkshire. RNA-seq
data were downloaded from the National Library of Medicine database (https://www.
ncbi.nlm.nih.gov/geo/, accessed on 20 July 2022, accession numbers SRP090525) [15,16].

2.11. Data Analysis and Statistics

At least three independent replicates were performed for each experiment. MRNA and
miRNA expression levels were calculated using the 2−∆∆Ct method, and data are presented
as the mean ± SEM of each group. ANOVA and Student’s t-test were applied to assess
the differences in expression levels between groups using GraphPad Prism 8.0 (GraphPad
Software), with p < 0.05 considered significant and p < 0.01 highly significant. A * indicates
significant differences, and ** indicates highly significant differences.

3. Results
3.1. LncPLAAT3-AS Regulates Porcine Primary Preadipocyte Proliferation

To assess the role of lncPLAAT3-AS in porcine primary preadipocyte proliferation, we
transfected porcine primary preadipocytes with a lncPLAAT3-AS overexpression plasmid or
siRNA-lncPLAAT3-AS. As shown in Figure 1A, lncPLAAT3-AS expression was significantly
decreased after transfection with siRNA-lncPLAAT3-AS and significantly increased after
transfection with the lncPLAAT3-AS overexpression plasmid compared with the negative
control (p < 0.01). Next, we performed an EdU and proliferation assay and found that the
percentage of EdU-positive cells increased after overexpression of lncPLAAT3-AS, while
transfection with siRNA-lncPLAAT3-AS siRNA had the opposite effect. The results from
the CCK-8 assay results were similar: the cell fluorescence value at 450 nm increased by
50% after overexpression of lncPLAAT3-AS compared with the negative control (p < 0.01)
(Figure 1B,D). We then examined the expression of genes involved in cell proliferation and
apoptosis by RT-qPCR results and found that CCND1, CCNE1, and CDK4 were significantly
upregulated after transfection with the lncPLAAT3-AS overexpression plasmid compared
with the negative control, while transfection with siRNA-lncPLAAT3-AS had the opposite
effect (p < 0.01). In addition, lncPLAAT3-AS overexpression resulted in a significant decrease
in the expression of cell cycle protein-dependent kinase inhibitor (p53), a marker of inhibited
cell proliferation (p < 0.01) (Figure 1C). Taken together, these results suggest that lncPLAAT3-
AS plays a role in promoting the proliferation of porcine primary preadipocytes.

74



Genes 2023, 14, 161

Figure 1. LncPLAAT3-AS promotes preadipocyte proliferation and differentiation. Primary
adipocytes were transfected with a lncPLAAT3-AS overexpression plasmid, an siRNA against
lncPLAAT3-AS (si-lncPLAAT3-AS), or a negative control (si-NC) construct; (A) transfection efficiency
was measured by qRT-PCR; (B) cell proliferation was evaluated by CCK-8 assay; (C) expression of
genes associated with cell proliferation was measured by qRT-PCR; (D) representative images of an
EdU assay of PK15 cells transfected with lncPLAAT3-AS mimics or lncPLAAT3-AS inhibitor; (E) oil
red O staining; (F) expression of marker genes related to adipogenesis, fatty acid oxidation, and fatty
acid transportation synthesis (scale bars 100 µm); (G) PLAAT3 expression after transfection with each
of the three constructs described above. All results are presented as means ± SEM; n = 3; * p < 0.05;
** p < 0.01; n.s., no significant difference.

3.2. LncPLAAT3 Promotes Porcine Primary Preadipocyte Differentiation

To assess the role of lncPLAAT3-AS in porcine preadipocyte differentiation, we
transfected porcine primary preadipocytes with one of the three constructs described
in Section 3.1 and then induced lipogenic differentiation for 8 days. As shown in Figure 1E,
oil red O staining demonstrated that inhibition of lncPLAAT3 expression significantly
reduced lipid droplet formation compared with the negative control group, while overex-
pression of lncPLAAT3-AS had the opposite effect. To confirm these results, we examined
the expression levels of CEBPα, PPARγ, and FABP4, which are markers of adipocyte differ-
entiation [17]. We found that transfection with the lncPLAAT3-AS overexpression vector
significantly enhanced the expression of all three of these genes, while transfection with the
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siRNA inhibited their expression (Figure 1F). These suggest that lncPLAAT3-AS promotes
adipocyte differentiation. In addition, we examined the expression of genes related to
fatty acid synthesis (ACS and ACADL) [18] and fatty acid oxidation (DGAT and FAS). As
expected, ACS and ACADL expression were significantly increased and DGAT and FAS
expression were significantly decreased in the lncPLAAT3 overexpression group compared
to the control group, while the opposite effect was observed in the siRNA-treated group
(Figure 1F). These experimental results were further validated at the protein level within
the samples (Figure 1G). Based on the above results, it is reasonable to conclude that
lncPLAAT3-AS promotes preadipocyte differentiation.

3.3. Differences in Gene Expression in Adipocytes after lncPLAAT3 Overexpression or Knockdown

To characterize the regulatory role of lncPLAAT3-AS in primary preadipocytes, we per-
formed RNA-seq analysis of cells in which lncPLAAT3-AS was overexpressed or knocked
down, as well as the negative control, with each sample yielding an average of 6.72 G of
data (Figure S1A,B and Table S1). The correlation coefficient and principal component
analyses showed a clear separation among the three groups (Figure 2A,B). Compared with
the negative control group, there were 824 differentially expressed genes (DEGs) in the
lncPLAAT3-AS overexpression group and 2219 DEGs in the lncPLAAT3-AS siRNA group
(Figures 2C,D and S2A, and Table S2). The potential functions and signaling pathways of
all DEGs were determined by GO and KEGG enrichment analyses. Upregulated genes
in the lncPLAAT3-AS overexpression group compared with the control group (such as
ADORA1, CCR5, and CD36) were associated with an inflammatory response, cellular re-
sponse to lipid, and regulation of lipid storage; downregulated genes in the lncPLAAT3-AS
overexpression group compared with the control group (such as CSF2, TFPI, and NOS3)
were associated with a cellular response to lipopolysaccharide, lipid homeostasis, and
positive regulation of lipid localization. Upregulated genes in the lncPLAAT3-AS siRNA
group compared with the control group (such as ABL2, ADCY1, and ARG1) were associated
with a response to lipopolysaccharide and Semaphorin-plexin signaling, while downregu-
lated genes in the lncPLAAT3-AS siRNA group compared with the control group (such as
ACTC1, ACTN2, and ADGRB1) were associated with cellular component morphogenesis
(Figures 2E–H and S2B,C). Interestingly, 20 genes closely related to fat metabolism, such
as CD36, CD68, CCR5, and TREM2, exhibited the same expression patterns as PLAAT3,
indicating that PLAAT3 plays an important role in adipogenesis (Figure 2I,J) [19–22]. For
example, the scavenger receptor CD36 participates in the high-affinity tissue uptake of long-
chain fatty acids (FAs) and contributes to lipid accumulation and metabolic dysfunction in
excess [18].
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Figure 2. (A) Sample correlation heatmap; (B) principal component analysis; (C,D) volcano plot of
differentially expressed genes. Positive values indicate upregulation, while negative values indicate
downregulation. The x-axis represents the log2 scale of fold change. A significant difference in
expression is indicated by the y-axis, which is the −log10 scale of the adjusted p values. The red
dots in the figure indicate genes with significantly upregulated expression (at least two-fold change),
blue dots indicate genes with significantly downregulated expression (at least two-fold change),
and gray dots indicate genes with no significant difference in expression level. (E–H) The top
20 GO pathways for the differentially expressed genes according to the following comparisons:
upregulated in lncPLAAT3-AS vs. control, downregulated in lncPLAAT3-AS vs. control, upregulated
in si-lncPLAAT3-AS vs. control, downregulated in si-lncPLAAT3-AS vs. control; (I) differentially
expressed gene pathway enrichment analysis; (J) All enriched GO and KEGG pathways.
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3.4. LncPLAAT3-AS Targets miR-503-5p during Adipocyte Differentiation

Numerous studies have shown that lncRNAs can regulate various cellular responses
by sponging on miRNAs [3,4,6,23]. Therefore, we used a lncTar online prediction software
(http://www.cuilab.cn/lnctar (accessed on 23 November 2022)) and a dual-luciferase
reporter system to screen for candidate miRNA binding partners and identified miR-503-5p
as a potential lncPLAAT3-AS target gene (Figure 3A). To determine whether this was an
authentic interaction, we assayed the chemiluminescence values of PK15 cells cotransfected
with the wild-type and mutant lncPLAAT3-AS vectors described above and an miR-503-5p
mimic or an NC mimic, using an enzyme marker. As expected, the relative fluorescence
values of the cells cotransfected with the miR-503-5p mimic and the lncPLAAT3-AS-WT
vector were significantly lower than those of the other three groups (Figure 3B,C). These
results validated the target gene prediction for lncPLAAT3-AS. Moreover, we verified the
interaction between miR-503-5p and PLAAT3 using a dual-luciferase reporter system and
found that miR-503-5p targets PLAAT3 (Figure 3D). Next, we asked whether miR-503-5p is
involved in porcine preadipocyte proliferation and differentiation. Then, we performed
the mock transfection of porcine preadipocytes or transfected them with miR-503-5p and
mock NC, inhibitor, or inhibitor NC (Figure 3E) to examine whether miR-503-5p affects
preadipocyte proliferation. Transfection with the miR-503-5p mimics significantly inhibited
preadipocyte proliferation, while the inhibitor-treated group had the opposite response
(Figure 3F). CCK-8 and EdU assays confirmed this observation (Figure S3A,B), as did
fluorescence quantification of the expression of marker genes for proliferation and cell
cycle progression (Figure S3C). We also analyzed the effect of transfection of porcine
preadipocytes with an miR-503-5p mimic, an inhibitor, and separate control reagents
on preadipocyte differentiation. Surprisingly, miR-503-5p overexpression significantly
inhibited the ability of preadipocytes to secrete lipid droplets, while cells transfected
with the inhibitor had the opposite response (Figure S3D). Analysis of the expression of
marker genes for lipogenic differentiation and fatty acid metabolism confirmed this result
(Figure S3E). Taken together, these findings suggest that, in addition to enhancing the
stability of PLAAT3 by forming an RNA–RNA dimer [11], lncPLAAT3-AS also helps to
regulate adipogenesis and related molecules through miR-503-5p.

3.5. Differences in lncPLAAT3-AS and PLAAT3 Proliferation among Different Pig Breeds

To explore the role of lncPLAAT3-AS and PLAAT3 in fat deposition among different
pig breeds, we downloaded the RNA-seq data for seven Chinese pig breeds, namely
Chenghua, Neijiang, Qingyu, Yanan, Wujin, Yacha, and Tibetan, as well as one introduced
Western breed, Yorkshire, with three biological replicates per breed. We analyzed PLAAT3
and lncPLAAT3-AS expression among the different breeds and found that both showed
slight upregulation, though statistically insignificant, in six of the seven Chinese pig
breeds (except for Wujin) compared with the Western breed, Yorkshire. This suggests that
both PLAAT3 and lncPLAAT3-AS play an essential role in fat deposition in pigs and are
potentially involved in the distinct adiposity phenotype between Chinese (relatively obese)
and Western (relatively lean) breeds (Figure 4A,B).

3.6. SNPs of lncPLAAT3-AS and PLAAT3

Single nucleotide polymorphic SNPs may disrupt the structural features of many non-
coding RNAs, interfere with their molecular function, and produce phenotypic effects [24].
We therefore searched for and identified a variety of SNP sites within lncPLAAT3-AS
(Figure S4). Although these SNPs do not occur in the region of lncPLAAT3-AS that binds to
miR-503-5p, they may change the secondary structure and/or expression of lncPLAAT3-AS,
which should be explored in future studies.
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motes preadipocyte proliferation and differentiation by targeting miR-503-5p. Therefore, 
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mice. However, the rate of lipolysis was significantly higher in PLAAT3-deficient mice 
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Figure 4. (A) Bar graph showing PLAAT3 expression in eight pig breeds. (B) Bar graph showing
lncPLAAT3-AS expression in eight pig breeds. All results are presented as means ± SEM; n = 3;
* p < 0.05; n.s., no significant difference.

4. Discussion

In this study, we found that lncPLAAT3-AS promotes adipocyte lipogenic differentia-
tion and mediates the miR-503-5p/PLAAT3 interaction in adipocytes. The knockdown of
lncPLAAT3-AS in adipocytes decreases cell viability and inhibits adipocyte proliferation
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and lipogenic differentiation, whereas the knockdown of miR-503-5p had the opposite
effect [25,26]. Our results suggest that lncPLAAT3-AS and miR-503-5p could serve as targets
for manipulating adipocyte lipogenic differentiation.

Based on previous studies of lncPLAAT3-AS, we investigated the role of lncPLAAT3-AS
in regulating porcine primary preadipocyte development by overexpressing or disrupting
this lncRNA in porcine primary preadipocytes and analyzing the effects with RNA-seq
technology. In addition to enhancing PLAAT3 stability by forming RNA–RNA dimers,
it appears that lncPLAAT3-AS functions within a second regulatory pathway to regulate
adipogenesis and related molecules. One of the most well-accepted models for lncRNAs
function is their role as ceRNAs which act as sponges to absorb free miRNAs via sequence
complementarity, thereby inhibiting target miRNA function [27]. Li et al. reported that
UBE2CP3 promotes gastric cancer development mainly through the miR-138-5p/ITGA2
axis. In addition, their study showed that UBE2CP3/IGFBP7 can form an RNA duplex that
interacts directly with the ILF3 protein. ILF3-mediated RNA–RNA interactions between
IGFBP7 mRNA and UBE2CP3 in turn play an important role in protecting the stability of
UBE2CP3 mRNA [23]. We found that lncPLAAT3-AS significantly promotes preadipocyte
proliferation and differentiation by targeting miR-503-5p. Therefore, our findings suggest
that lncPLAAT3-AS plays an essential role in lipid deposition in pigs.

Adipocyte differentiation is essential for lipid deposition in mammals [28]. It has been
shown that the normal expression of the PLAAT3 gene promotes lipid deposition in mice.
However, the rate of lipolysis was significantly higher in PLAAT3-deficient mice due to
the significantly lower expression of adipose prostaglandin E2 bound to the Gai-coupled
receptor EP3, increased cyclic AMP expression, and significantly lower adipose tissue
mass [10,11]. In our study, we performed RNA-seq on porcine preadipocytes, followed by
both GO and KEGG enrichment analysis, and found that lncPLAAT3-AS is closely related
to cellular metabolism, as is its host gene, PLAAT3. Further analysis showed that the
expression changes of many critical genes involved in fat metabolism mirrored those of
PLAAT3. The cluster of differentiation 36 (CD36) is the upstream gene of PLAAT3, whose
main function is to release arachidonic acid (AA) from the cell membrane via cytoplasmic
phospholipase A(2)α (cPLA(2)α), which is one of the products of PLAAT3. In addition to
this, CD36 contributes to the production of pro-inflammatory eicosanoids. Compared to
control cells, CHO cells normally expressing human CD36 released significantly more AA
and prostaglandin E(2) (PGE(2)) in response to thapsigargin-induced ER stress [29]. The
results in this study are worthy of further testing in a more significant number of samples.

British Yorkshire and local Chinese pigs differ significantly in meat production traits
and have complementary characteristics. Local Chinese pigs have tender, flavorful, and
juicy meat but grow slowly and produce little lean meat [30] Although Yorkshire pigs grow
faster and produce more lean meat, the quality of the meat is not as high as that of local
Chinese breeds. The differences in PLAAT3 and lncPLAAT3-AS expression among the
eight pig breeds are also consistent with the abovementioned differences in phenotypic
traits, demonstrating that PLAAT3 and lncPLAAT3-AS play an important role in pig fat
deposition [15,16].

Increasingly, high-throughput sequencing has been used to identify non-coding RNAs
involved in adipogenesis [31,32]. Non-coding RNAs, which were once considered nonsense
transcripts, play a rich variety of essential roles in various biological processes. Therefore,
it is crucial to continue to explore the diversity of non-coding RNAs and validate their func-
tions to advance our understanding of epigenetic regulation and gain a deeper appreciation
of the range of genetic information carried by these molecules [33].

5. Conclusions

In summary, we report the role of the PLAAT3–lncPLAAT3-AS–miR-503-5p regulatory
axis in preadipocyte development. lncPLAAT3-AS promotes the expression of the host
gene PLAAT3 by adsorbing miR-503-5p, thereby promoting the lipogenic differentiation
of porcine primary preadipocytes. Furthermore, we identified related genes that may be
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involved in adipogenesis by performing RNA-seq on preadipocytes in which lncPLAAT3-
AS was overexpressed or inhibited and explored the differences in PLAAT3 and lncPLAAT3-
AS expression among different pig breeds. Our study provides a theoretical basis for other
researchers to explore the molecular mechanisms of non-coding RNA-mediated regulation
of lipid deposition.
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Małgorzata Natonek-Wiśniewska * , Agata Piestrzynska-Kajtoch , Anna Koseniuk and Piotr Krzyścin
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Abstract: The pig, one of the most important livestock species, is a meaningful source of global meat
production. It is necessary, however, to prove whether a food product that a discerning customer
selects in a store is actually made from pork or venison, or does not contain it at all. The problem
of food authenticity is widespread worldwide, and cases of meat adulteration have accelerated the
development of food and the identification methods of feed species. It is worth noting that several
different molecular biology techniques can identify a porcine component. However, the precise
differentiation between wild boar and a domestic pig in meat products is still challenging. This paper
presents the current state of knowledge concerning the species identification of the domestic pig and
wild boar DNA in meat and its products.

Keywords: pig; wild boar; species identification; genetic markers; genetic methods

1. Introduction

The pig is believed to be one of the most important livestock species for humans. It
is an excellent animal model for studying the molecular background of several human
diseases [1], and above all, it is a meaningful source of global meat production. Pork is
widely used in the food industry, but one problem is determining the food’s authentic-
ity, especially in terms of the species. Meat adulteration involves replacing or partially
replacing high-value meat with cheaper quality meat [2], which involves economic, qual-
ity, safety, and socio-religious issues [3]. Together with pork, products may introduce
veterinary drugs banned from the food chain, such as ractopamine, which is forbidden
in many countries [4,5]. Moreover, undeclared pork may be contaminated with harmful
microorganisms, such as the endoparasites Toxoplasma and Trichinella [6]. The presence
of pork in food may also conflict with religious and cultural practices. Thus, the fraud
of undeclared pork in food can affect consumer trust in the meat industry. Because of
such illegal food practices, many governments have enacted laws prohibiting similar fraud.
To ensure existing regulations are followed, laboratories worldwide have designed and
developed various methods to identify animal species in food products, including methods
to detect porcine components. According to scientific reports, efforts have also been made
to provide a cost-efficient diagnostic tool for distinguishing wild boar (Sus scrofa), domestic
pig (Sus scrofa domestica), and their hybrids (Figure 1). This is not easy, as the pig and the
wild boar are evolutionarily closely related [7], and thus share many genetic markers. How-
ever, the identification methods have changed over time, accompanied by the development
of innovative techniques that are now based on DNA testing. This work aims to present
the current state of knowledge concerning the species identification of the domestic pig
and wild boar DNA in meat and its products.
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2. Pig and Wild Boar Phylogenetics

A considerable number of animal breeds on Earth originated from diverse wild ances-
tors which, after being domesticated, exhibit a large phenotypic variety [8]. In the study
by Groenen et al. [7], a comprehensive analysis of the phylogenetic background of the
subspecies structure of wild boars and pigs was provided. The genomes of wild boars and
domestic pigs from Europe and Asia revealed separate European and Asian lineages. The
study also gave an insight into the history of population size changes. Both lines of wild
boars diverged about 1.6–0.8 Myr (million years) ago, resulting in alleles divergence in the
millions of loci [7]. Wild boars are the ancestors of modern domestic pigs, and it is believed
that multiple domestication events occurred separately for species in Asia and Europe [7,9].

After domestication, many incidents of the admixture of domestic populations with
local wild boars occurred because both species are found in the same habitat [9]. More-
over, there are farms (e.g., in Bulgaria and Sardinia) where pigs are kept in semi-wild
conditions. It is highly likely that domestic pigs sporadically crossed with wild boars [10].
The frequent hybridisation of these two breeds was found in the studies on the European
population [10–13]. Studies of the MC1R (melanocortin 1 receptor) gene in the Polish popu-
lation of wild boars also proved the existence of admixed genotypes [14,15]. Crossbreeding
domestic pigs with wild boars is documented and has served hunting purposes, better meat
production, better taste, and reduced aggressive behaviour [11,12]. However, crossbreds
have a high risk of pathogen transmission (e.g., ASF, African Swine Fever), which is the
primary reason crossbreeding farms are under strict legislation in the European Union [12].
It is highly likely that some wild boars farmed in Poland were released or escaped from the
farms and became a potential source of genome admixture in the wild population. Other
studies have also suggested such a scenario [11,12,14]. The domestication of the pig and
the mixing of domestic pig and wild boar populations cannot be ignored, as they provide
the background to the problem of distinguishing between these subspecies.
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3. Authentication of Meat from Domestic Pig

The authentication of domestic pig meat is mainly based on mitochondrial DNA
(mtDNA). The well-known sequences of the mitochondrial genome allow comparison of
the porcine mtDNA with the genome of any species. The advantages of mitochondrial
DNA over genomic DNA are due to its properties. The mitochondrial genome is well
understood and described in many databases (GenBank, EST, GSS). It is also species-specific
and is present in many copies in every organism cell. Moreover, mtDNA is resistant to
unfavourable factors, such as high temperature or pressure. This last feature is essential
because it allows the identification of DNA in preserved meat products, the production
of which involves thermal processing. Properties of mtDNA translate into biological
specificity and high sensitivity of pork identification methods, which is very important
when investigating highly processed products such as sausages, canned pork, pork fat,
or gelatine. However, to date, it is impossible to distinguish pork from venison based on
mtDNA variability only.

The heat treatment of food causes fragmentation of the DNA. This may reduce the
chance of extracting good quality DNA sufficient for further analysis. In the literature,
we can find many reports on the influence of individual types of heat treatment on DNA
quality. Traditional cooking, heating in a microwave [16], or processing pork for canned
meal influence the amount of DNA obtained, and the isolate rate remains at a reasonable
level. In contrast, DNA extracts from gelatine or meat meal had much worse properties.
In the first case, the quantity and quality of DNA described by the absorbance ratio had
the values of 400–600 ng/µL and 1.7–1.9, respectively. However, only 15–145 ng/µL were
obtained for gelatine or meat meal, with a purity often below 1.6 or above 1.9. These are
the difficulties any laboratory faces in food product species identification.

The obtained DNA can be analyzed by many methods. Most of them are based on the
PCR reaction, which can be used in several variants such as classical PCR, real-time PCR,
sequencing, DNA barcoding and NGS (next-generation sequencing). The advantages and
limitations of these methods are presented in Table 1.

Table 1. Advantages and limitations of different methods used for Sus scrofa meat identification.

Technique/Method Advantages Limitations and Difficulties References

PCR

Simple to develop and easy
to conduct
Can detect small amounts of DNA
High specificity species identification
Analysis of monoplexes or
multiplexes depending on needs
Low detection limit
Ability to detect processed and
heat-treated samples

No quantitation
Lower specificity when amplicon length is short
More difficult PCR optimisation in case of
multiplex PCR
Unequal amplification efficiency which causes
variable sensitivity
Contaminants could produce
false-negative results
Lower DNA yield for heat-treated samples

[17–21]

PCR RAPD

Detects multi-species, and no
previous knowledge of
DNA is required
Can detect a high level of
polymorphism (for example, between
similar species)
Costs per assay are low

Unable to differentiate species in mixtures
Mistakes during the analysis of degraded or
autoclaved materials
Difficulties in obtaining reproducible results

[22–24]

PCR-RFLP Species-specific restriction pattern

The results can be challenging to interpret in the
case of entirely unknown species components of
the studied object
Inadequate for highly processed or
meat mixtures

[25,26]
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Table 1. Cont.

Technique/Method Advantages Limitations and Difficulties References

Real-Time PCR
(quantification and
qualification)

Possible quantitative result
Very high sensitivity
High sample throughput

Probe-based methods are expensive and
time-intensive
Dye-based methods are less accurate
Quantification PCR requires appropriate
reference material
Precision of measure is different for different
product types
qPCR instruments are very costly
HRM analysis requires HRM-capable real-time
PCR machines and specialised
software algorithms

[27–29]

Digital PCR Better detection limit and accuracy

Little sample volume per reaction
Small dynamic range if the number of partitions
is limited
The risk of falsely low quantification due to
molecular dropout
Restricted multiplex detection

[30,31]

LAMP

Rapid
High specificity
High amplification efficiency
No need for thermal cycling
Low operational cost

Less versatile
Little to no multiplexing
Less sensitive to inhibitors than PCR in case of
complex samples. The method is more
complicated than classical PCR owing to the
presence of more primers

[32–35]

DNA barcoding and
NGS

High sensitivity and specificity
Single-step DNA sequencing and
quantification by NGS
High throughput detection

High-quality DNA necessary
Long analysis time from DNA extraction to the
finish of bioinformatics analysis
Complex library preparation protocol for NGS
Trace quantity of foreign DNA may cause
inaccurate estimation of species
Costly equipment to analyse and very highly
skilled personnel

[36,37]

4. Methods Used for Species Identification—Possibilities and Application
4.1. PCR

Methods based on classical PCR are used mainly for qualitative analysis of a specific
species or group of different species. They are very useful when we want to check the
potential presence of swine DNA. They provide the highest analysis sensitivity of all DNA-
based methods. Qualitative identification of porcine DNA is a perennial research problem,
yet it still enjoys unabated interest. However, research tendencies have changed over the
years. Twenty years ago, all methods were based on the analysis of long DNA fragments.
Now, short counterparts, often below 100 bp, are preferred. These changes are related to the
more excellent suitability of short amplification products for analysing processed samples.

4.2. PCR RAPD

The random amplified polymorphic DNA (RAPD) technique is based on DNA ampli-
fication, with a short arbitrary primer that amplifies multiple fragments of the analyzed
genome. It is followed by separating obtained DNA fragments (based on their sizes) using
gel electrophoresis. PCR-RAPD for species identification is most useful for rapid qualitative
analysis. In the literature, it was described as a helpful tool for differentiating domestic
animals, including pigs [38]. The identification of particular species DNA in meat samples
using a random amplified polymorphic DNA (RAPD) technique because of numerous
obstacles is rarely used for commercial samples [38,39].

86



Genes 2022, 13, 1825

4.3. PCR-RFLP

The basis of the PCR-RFLP (Restriction Fragment Length Polymorphism) reaction is
the amplification of a large amplicon homologous for several species using a standard pair
of sequence-specific primers. The large amplicons are then digested using one or more
restriction enzymes into shorter reaction products. The method is efficiently implemented
to screen for several species’ DNA in one sample [40,41], even for gelatine [42]. Because of
its properties, the technique has been successfully implemented for the complex analyses of
animal groups (mammals, birds, or being a potential ingredient of a product, even gelatine)
and then their specific representatives. Restriction enzyme analysis to detect pork has
been performed frequently over the past several years. It enables us to simultaneously
distinguish different species, including farm animals [40,43], and sometimes in combination
with wild or companion animals [44,45]. Thus, despite many limitations (Table 1) and newer
techniques, the restriction enzyme method is still used to determine pork in food products.

4.4. Real-Time PCR (Quantification and Qualification)

Real-time PCR is an easy method that allows qualitative and quantitative measurement
of the species composition in any product. This technique is probably the most widely
used for pork identification of all PCR-based techniques. Depending on the probes or dyes
used, results occur in a shorter time than the classic PCR. In quantitative analysis, more
accurate (accuracy, precision) results are obtained using probes (Taqman, TAMRA, Dabcyl,
BHQ). The analysis is useful in controlling the declaration of the species composition in
gelatine [46] and processed foods [29]. In both cases, the standard deviation of CT and
DNA concentration below 4% were demonstrated. The dyes (SYBR Green, EvaGreen) can
also be used for a quantitative reaction, but the obtained results have a more significant
measurement error [47]. On the other hand, in the qualitative determinations, the method
with dyes works perfectly [48,49]. Currently, much emphasis is placed on the possibility of
declaring a product vegan or kosher. A natural consequence of such a declaration should
be the ability to identify falsifications at an extremely low level. A recent study indicated
that the sensitivity of the real-time PCR method is improving. It is already possible to
identify adulteration at 10 pg [47] or a concentration of 0.001% [48].

4.5. Digital PCR

Digital PCR (dPCR) is an alternative, sensitive, and specific method but does not
rely on a standard curve. The basis of dPCR is to quantify the absolute number of targets
present in a sample using limiting dilutions, PCR, and Poisson statistics. Because the
habitat of reaction is divided into many smaller ones and endpoint amplification is less
susceptible to competition between targets, this technique can detect small numbers of
targets. It is useful whenever we need to perform quantitative determinations. Currently,
this technique is increasingly more accurate than qPCR, owing to the lack of dependence on
matching the type of reference material to the tested samples. It is described as suitable for
usage by competent food safety authorities to verify compliance with the labelling of meat
products, and to ensure quality and safety throughout the meat supply chain [50]. The
studies found that the sensitivity of the method was very high—the lowest concentration
of pork DNA, for which at least 95% of the replicates were positive, was 0.1 pg/µL [50]. As
mentioned, the method shows the absolute result expressed in DNA copies. However, for
practical purposes, there are ways of converting the result into the classical concentration
of a component of a given species. Based on tests of 20 sausage samples carried out in six
laboratories, it has been shown that the method can be used to evaluate meat in mixed
meat products, with the highest accuracy and precision compared to the results generated
by real-time PCR [31].

4.6. LAMP

Loop-mediated isothermal amplification (LAMP) is a rapid, economical and species-
specific DNA-based assay for the authentication of animal species. The technique amplifies
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the animal mitochondrial D-loop region by isothermal amplification. In recent years, many
laboratories have been working on developing this technique because of the shorter and less
expensive hardware requirements compared to the PCR test, and the parameters sufficient
for its use in the testing of commercial samples. The assay can detect pork to the level of
100 fg admixture, and the DNA detection limit was 0.0001% [51].

Cross-amplification of related species like cattle, buffalo, sheep, goat, and chicken was
excluded by incorporating their DNA in the reaction assay [51,52]. It can also be integrated
into compact lab-on-a-chip devices to develop micro-total analysis systems [51,53]. An
essential feature of the research is the ability to analyze processed meat [52]. This makes
LAMP a serious competitor to real-time PCR methods in pork identification in typical
food samples.

4.7. DNA Barcoding and NGS

DNA barcoding generally relies on the use of a specific genetic target. The conventional
DNA barcoding target is usually a ~650 bp region of the mitochondrial COI gene. This
method is one of the most basic and oldest methods of species identification. It is mainly
used for the analysis of cooked food samples. A study revealed that the rate of mislabelling
for pork sausage was 21% [36,54].

The recent and fast development of benchtop next-generation sequencers has made
NGS technologies highly applicable for meat speciation, including pork [37]. Most genome-
wide association methods have been introduced using Porcine SNP Beadchips (Illumina,
Inc., San Diego, CA, USA) and whole genome resequencing. These methods allow for the
analysis of several SNP markers, CNVs, indels and STRs in a single reaction run. Studies
have indicated that the sensitivity of this method is 1% of the total DNA [55].

Connecting both techniques (barcoding and NGS) improves the performance of analy-
sis in comparison to traditional barcoding. Therefore, they can be serious candidates for
species identification in the near future. Recently, the utility was presented for extracts
from muscle meat, and DNA admixtures from model sausages [56] and commercial lamb
sausages [57]. The observed limit of detection (LOD) was on the level of 0.1% [56] and al-
lowed for the detection of a few adulterations in porcine DNA from processed food [57,58].
The NGS-based methods can also distinguish domestic pigs and wild boars.

5. Genetic Markers Used for Pig and Wild-Boar Distinguishing

Molecular techniques to identify animal species components in human food and ani-
mal feed use different genetic markers based on genomic or mitochondrial DNA. There are
cost-effective and easily performed tests for DNA identification of cattle, horse, and poultry
in food and animal feed [17,59]. Some of the methods used for pigs were discussed above.
A reliable method for the differentiation of both subspecies would impact biodiversity, food
fraud cases, detection of illegal hunting procedures, and zoonosis prevention. However,
whether genomic DNA markers can be useful for analysis performed on DNA extracted
from highly processed food products remains a subject of study.

5.1. Mitochondrial DNA Genome Loci

Mitochondrial sequences have been widely studied in the context of phylogenetics in
many species [60–62], but using mtDNA only for distinguishing wild boar from domestic
pig is unreliable. A different approach is needed. Fajardo et al. [63] conducted studies on
wild boars and commercial pig breeds differentiation based on combining both nucleus
(melanocortin 1 receptor, MC1R) and mitochondrial DNA (D-loop) analysis. The analysis
of the MC1R gene proved to be more effective for species identification based on the
polymorphism of mitochondrial DNA [63].

5.2. Melanocortin 1 Receptor Gene (MC1R)

The animal’s coat colour is a visual feature that reflects changes in environment and
breeding selection. It is a trait that phenotypically differentiates pigs and wild boars.

88



Genes 2022, 13, 1825

Wild animal forms are characterised by a dark fur colour, while domestic species have
pale coat colours [61]. Several genes have been identified as associated with skin and
hair pigmentation. MC1R, along with the ASIP gene, regulates the synthesis of two dyes:
eumelanin (brown to black) and pheomelanin (crema to red) in melanocytes [64]. Both
genes express an epistatic interaction [65,66]. An MC1R allele (E + allele, also called “wild”
allele) unique to the wild boar’s population was identified by Kijas et al. [67]. Most likely,
owing to selection during the breeding work, individuals with the “wild” allele were
lost. Implementing PCR-RFLP and real-time PCR protocols to identify four polymorphic
MC1R loci gave inconsistent results. In Greece, a population of pigs and wild boars was
distinguished using this marker [68]. However, further studies revealed that the “wild”
allele was also present in some domestic breeds, and “domestic” alleles were found in wild
boar samples [11,14,69].

5.3. Nuclear Receptor Subfamily 6, Group A, Member 1 (NR6A1)

Owing to increasing meat efficiency, domestic pig breeds are characterised by more
vertebrae. This is another trait that differentiates wild boars and European commercial pigs.
In the wild boar, the number of vertebrae is 19 and in pig breeds it is 21–23. A proline to
leucine substitution at codon 192 (p.Pro192Leu) in the nuclear receptor subfamily 6, group
A, member 1 (NR6A1) gene was shown to be the most likely causative mutation underlying
the QTL (Quantitative Trait Loci) [70].

Since neither MC1R nor NR6A1 studies as single markers proved to be an effective
tool to differentiate both species, the combination of both genes was studied. In general,
the combination of single nucleotide polymorphisms in MC1R and NR6A1 genes was
tested using real-time PCR [11,71] or multiplexed using the SNaPshot Multiplex System
method [72]. The results were promising.

5.4. Short Tandem Repeats (STRs)

Short tandem repeats (STRs, also known as microsatellites) are genetic markers that
are commonly used in parentage testing and verification [73]. These markers are specific
for the species, so they seemed good candidates to distinguish wild boar and pig. The
hybridisation between pigs and wild boars based on STRs and MC1R was studied by
Nikolov et al. [74]. STRs combined with SNPs in MC1R, NR6A1 genes or mitochondrial
D-loop have also been analyzed [10,75].

Bayesian clustering based on 10 STRs and mitochondrial D-loop polymorphic loci
indicates that the wild and domestic forms are not divergent. Wild boars and domestic
pigs share the most common mtDNA haplotypes, and microsatellite alleles weakly resolve
both groups when examining a phylogenetic tree [10]. Nikolov et al. [74] proved the
introgression of wild boar to Balkanian domestic pig breeds by studying MC1R genotypes
and 10 STRs. In the population from Balkanste, the introgression in wild boar is more
apparent than the introgression in domestic pigs from Western Europe [74]. Lorenzini
et al. [75] implemented the STRs protocol combined with MC1R and NR6A1 to identify both
subspecies for forensic purposes. In this case, STRs were introduced to group individuals
into the parental population. However, this marker type does not efficiently identify recent
hybrids. STRs alone identify lower hybrids than genotyping polymorphic loci, along with
MC1R and NR6A1 [75].

5.5. Other Potential Genetic Markers

As pigs and wild boars are closely related, and genetic introgression from domestic
pigs into European wild boar has been proved [74,76], phylogenetically close taxa distin-
guishing requires introduction of high-throughput, SNP-based (SNP, Single Nucleotide
Polymorphism) molecular techniques. A 70K SNP chip was used in a French study [13] to
determine the timing of the hybridisation (s) and to check the domestic pig admixture in the
wild boar population. The study revealed that among wild boars, 83% to 100% of animals
had a genome of “wild” origin and local ancestry analyses showed adaptive introgression
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from a domestic pig. These results indicated that population admixture must be considered
in studies on pig and wild boar distinguishing.

Some loci responsible for phenotypic features important in domestication were re-
vealed by Rubin et al. [77] with the whole-genome resequencing method. They found
33 candidate selective sweeps representing 18 different loci. Among others were regions on
chromosome 1 (SSC1) including the NR6A1 gene (described above), on SSC4 including the
PLAG1 gene, on SSC8 including the LCORL gene, and SSC13 overlapping the OSTN gene.
The PLAG1 gene was previously associated with human and cattle height [78,79], and the
LCORL gene was connected to the body size of various species [80–82]. OSTN produce
the osteocrin, which is an inhibitor of osteoblast differentiation [83]. Its expression levels
differed between muscle fibre types [84] and were correlated with food intake [85]. In the
same project, authors found 72 nonsynonymous substitutions in the coding sequences,
with the difference in allele frequency between pig and wild boar (i.e., NR6A1, CYCS,
ACER1, HK2, KITLG, TCTE1, SERPINA6, SEMA3D, and many others) three of which (in
NR6A1, CCT8L2 and MLL3) were colocalized with putative sweep regions [77]. All of these
associations between putative sweeps and phenotypic differences could potentially be used
to distinguish wild boars and domestic pigs.

Wilkinson et al. [86] used a Porcine 60K SNP chip to find signatures of diversifying
selection between different pig breeds (traditional and commercial European pig breeds),
and also compared the pig breeds with wild boar. Among others, the results showed
high levels of differentiation between pig and wild boar genomic regions connected to
bone formation (on SSC1), growth (on SSC7), and fat deposition (on SSC7 and SSCX). The
differentiated genomic region on chromosome 7 was the most extensive and contained such
genes as PPARD and CDKN1A associated with fat deposition [87,88]. It was close to the
MHC loci, which is known to be a crucial, vertebrate immunity complex. Wild boar-specific
selection signatures in SSC7, with one of the regions in SSC7 located close to the PPARD
gene, were also observed by Muñoz et al. [89]. Fatness was one of the features under the
strong selection in domestic pigs [90].

Seeking global patterns in pig domestication, Yang et al. [8] calculated the genome-
wide fixation index (Fst) between domestic pigs and wild boars (from Asia and Europe,
separately) based on a genome-wide single nucleotide polymorphism. Among genes
located close to the top outlier, SNPs with the highest Fst values were ones associated
with phenotypic features and traits that changed during domestication, such as growth
(SOX2-OT), muscle development (MSTN), energy balance (NMU, LEP, GSK3A), social
behaviour (TBX19, PAFAH1B3), reproduction (ESR1, GNRHR, PATZ1, PLSCR4), metabolism
(TMEM67, FOXA1, INSIG2), central nervous system (LRRC4, VEPH1, CDH9), immune
system (LAIR1), and even perception of smell (Olfr466) [8]. The polymorphisms linked to
genes, candidates for domestication loci, could potentially be used as markers for pig and
wild boar distinguishing.

Recently, Moretti et al. [91] proposed a method to select a reduced SNP panel for the
traceability of pig breeds and wild boars. The panel allowed discriminating among all
species and wild boars in their study, and even to distinguish hybrid crossing.

The methods and markers implemented to date for distinguishing both subspecies in
meat and muscle are summarised in Table 2. Although some of the genetic markers seem
promising, none of the above markers was tested on DNA isolated from meat products.
Since the analysis of such samples requires a unique approach, as the DNA isolated
from food products is fragmented, methods for genotyping mutations may generate false
negative results. Further studies are needed to resolve that problem.
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Table 2. The molecular techniques and markers implemented for identifying domestic pig and wild
boars and their hybrids in meat or muscles.

Technique Marker/Gene
Tested on Sample of

References
Muscle Meat

PCR RFLP and
real-time PCR

MC1R, NR6A1,
mtDNA regions yes yes [11,14,63,68,70–72]

PCR multiplex STRs yes no [10,75]

6. Conclusions

Pork identification in food is essential from an economic, quality, safety, and socio-
religious points of view. Several methods can be used for this species identification, such
as PCR, real-time PCR, PCR-RAPD, PCR-RFLP, Digital PCR, LAMP, DNA barcoding and
NGS. Some methods (classical PCR and real-time PCR) have been used since the 1990s and
are still being improved for the analysis of more processed food. There are also possibilities
for distinguishing between pork and wild boar meat. However, further study is needed to
establish reliably distinguishing methods.

According to us, the best hope for further development in this field of research is
provided by simple and/or modern techniques. A simple method like PCR (classic or
real-time) is sufficient for fast and cheap pork identification, while modern techniques
are preferable owing to the undeniable advantages of accuracy (Digital PCR), low price
(LAMP), high specificity (NGS), and high throughput (DNA barcoding and NGS). In our
opinion, each of these techniques is meaningful and useful for strictly defined types of
samples (raw/processed/canned food; one-species meat/mixed meat of different species)
and problems we must resolve, such as species identification of pig or differentiation
their subspecies.
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Abstract: Nearly 2000 SNPs associated with pig litter size traits have been reported based on genome-
wide association studies (GWASs). The aims of this study were to gather and integrate previously
reported associations between SNPs and five litter traits: total number born (TNB), number born
alive (NBA), number of stillborn (SB), litter birth weight (LWT), and corpus luteum number (CLN), in
order to evaluate their common genetic background and to perform a meta-analysis (MA) of GWASs
for total number born (TNB) recorded for animals from five pig populations. In this study, the genes
with the largest number of associations with evaluated litter traits were GABRG3, RBP7, PRKD1,
and STXBP6. Only 21 genes out of 233 associated with the evaluated litter traits were reported in
more than one population or for more than one trait. Based on this evaluation, the most interesting
candidate gene is PRKD1, which has an association with SB and TNB traits. Based on GO term
analysis, PRKD1 was shown to be involved in angiogenesis as well. As a result of the MA, two new
genomic regions, which have not been previously reported, were found to be associated with the
TNB trait. One SNP was located on Sus scrofa chromosome (SSC) 14 in the intron of the FAM13C
gene. The second SNP was located on SSC9 within the intron of the AGMO gene. Functional analysis
revealed a strong candidate causal gene underlying the QTL on SSC9. The third best hit and the most
promising candidate gene for litter size was found within the SOSTDC1 gene, associated with lower
male fertility in rats. We showed that litter traits studied across pig populations have only a few
genomic regions in common based on candidate gene comparison. PRKD1 could be an interesting
candidate gene with a wider association with fertility. The MA identified new genomic regions on
SSC9 and SSC14 associated with TNB. Further functional analysis indicated the most promising gene
was SOSTDC1, which was confirmed to affect male fertility in other mammals. This is an important
finding, as litter traits are by default linked with females rather than males.

Keywords: corpus luteum number; number of stillborn; gene ontology; genomic regions; gene
network; pCADD; protein–protein interaction

1. Introduction

Since the discovery of the first genomic association between litter size and estrogen
receptors in 1996 [1], there have been high hopes of finding more major genomic regions
for reproduction traits [2]. Currently, one of the most popular methods for uncovering the
associations between traits and genes is genome-wide association study (GWAS) using
single nucleotide polymorphism (SNP) markers [2–4]. Genomic regions related to litter
traits were revealed by GWAS in various farm animal species, including rabbits [5,6],
goats [7,8], cattle [9], and pigs [10–12]. Although GWAS has presented some shortcomings
resulting from the rigid structure of the chips and uneven distribution of markers across
the chromosomes, those studies still provided the greatest insight into the genetic bases of
many reproduction traits in a variety of pig populations [10].

Many results of GWAS and earlier QTL mapping are stored in the Pig QTL database [13].
Although it doesn’t store all associations reported in the literature, this database is a highly
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important source of information and gathers 30,869 QTLs for 692 traits, with 1625 of those
being QTLs for litter traits. Among those QTLs, 356 are related to total number born (TNB),
223 to number born alive (NBA), 137 to number of stillborn (SB), 52 to litter birth weight
(LWT), and 130 to corpus luteum number (CLN). The reported QTL regions were in most
cases identified using SNPs in GWASs.

Even though those studies were performed on different populations, they often used
the same SNP chips and statistical methodology. However, the results of those studies are
not repeatable across breeds or even within one breed. This lack of overlap among GWAS
results for TNB and NBA was recently described in a review by Bakoev et al. [12]. Moreover,
litter traits proved to be highly complex polygenic traits. This, in contrast to production
traits such as backfat and growth rate that have several major genes confirmed [14–16],
resulted in detection of only one major QTL, the previously mentioned estrogen receptor [1].

Despite the high number of studies and QTLs reported for litter traits, no research
aimed at reviewing the existing results of GWASs for several litter traits in a more systematic
manner. One of the main approaches to integrate and pool the results from single GWASs is
a meta-analysis (MA). The GWAS MA is widely used in medical research and is becoming
more popular in livestock studies [17–19]. Meta-analysis could also be used to increase the
power of association studies by combining datasets from different sources and reducing
false positive associations [20,21]. This also could help indicate new major QTLs for
litter traits.

Therefore, the aims of this study were to (1) gather and integrate previously reported
associations between SNPs and five litter traits: total number born (TNB), number born
alive (NBA), number of stillborn (SB), litter birth weight (LWT), and corpus luteum number
(CLN) to evaluate their common genetic background; (2) investigate the relationships
among reported candidate genes for litter traits by searching for functional interactions
among proteins encoded by those genes; and (3) combine the full GWAS results from
several studies to identify the effects of gene sets in a meta-analysis.

2. Materials and Methods

This study’s main objectives were to: (1) gather and integrate previously reported
associations between SNPs and five litter traits: total number born (TNB), number born
alive (NBA), number of stillborn (SB), litter birth weight (LWT), and corpus luteum number
(CLN) to evaluate their common genetic background; (2) investigate the relationships
among reported candidate genes for litter traits by searching for functional interactions
among proteins encoded by those genes; and (3) combine the full GWAS results from
several studies to identify the effects of gene sets in a meta-analysis. This was performed
using two datasets. Dataset A (Tables S1–S5; Supplementary_Tables) refers to the data
generated from significant SNPs reported in studies performed for five traits: total number
born (TNB), number born alive (NBA), number of stillborn (SB), litter birth weight (LWT),
and corpus luteum number (CLN). Dataset B refers to data created from full GWAS results
for TNB generated in five studies: [10,22–25] (Table 1).

Table 1. Overview of phenotypic and genomic data available for meta-analysis of GWAS results for
total number born (TNB) collected in dataset B.

Source of Data Uimari et al. [22] Sell-Kubiak et al. [23] Ma et al. [25] Zhang et al. [10] Balogh et al. [24]

Population Finnish Landrace Large White Erhualian Duroc Hungarian Large
White

Phenotype deEBV 1 deEBV 1 EBV 2 deEBV 1 TNB
BeadChip Porcine SNP60 Bead Chip

Individuals 328 2351 48 1067 290
Available SNPs 57,868 40,969 28,020 32,147 56,592
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Table 1. Cont.

Source of Data Uimari et al. [22] Sell-Kubiak et al. [23] Ma et al. [25] Zhang et al. [10] Balogh et al. [24]

Method

single-SNP mixed
model with

pedigree
relationship

matrix

single-SNP mixed
model with genomic
relationship matrix

single-SNP mixed
model with

pedigree
relationship

matrix

single-SNP mixed
model with

genomic
relationship

matrix

multi-SNP mixed
model with

genomic
relationship

matrix
Detected SNPs 5 0 5 7 3

Threshold
−log10(p-value) ≤

5.7 3 −log10(p-value) ≥ 5
−log10(p-value) ≤

5.75 3
−log10(p-value) ≥

4
−log10(p-value) ≥

5

1 deEBV, i.e., deregressed breeding values of total number born; used to remove parents’ average. 2 EBV, i.e.,
direct breeding values of total number born. 3 Bonferroni corrected p-value.

2.1. Dataset A

To create dataset A, this part of the study was performed following the guidelines
from “Genome-wide association studies meta-analysis” by Thompson et al. [26]. The
selection of published GWAS results included in the analysis was conducted from March
2020 to December 2020 within the following databases: Web of Knowledge, Web of Science,
PubMed, and Google Scholar. Studies reporting associations between SNPs and TNB, NBA,
SB, LWT, or CLN were collected using various combinations of the following terms: “pig”,
“litter size”, “total number born”, “number born alive”, “litter size”, “SNP”, “litter birth
weight”, “stillbirth”, “born dead”, “ovulation”, “corpus luteum number”, “polymorphism”,
and “GWAS”. Later, the survey was supported by searching for QTL associations in the
Pig QTL database and also by screening the references of retrieved papers. The complete
data collected for dataset A are presented in Supplementary_Tables in Tables S1–S5, which
include Sus scrofa chromosome (SSC) location, allele, candidate gene, and breed. The
general overview of dataset A is presented in Table 2.

Table 2. Publications reporting SNPs and genes associated with a total number of piglets born (TNB),
number born alive (NBA), number of stillborn (SB), or litter birth weight (LWT).

Trait Number of SNPs Number of Genes Publication

TNB

1 1 An et al. [27]
13 7 Coster et al. [28]
145 83 He et al. [29]

3 0 Kumchoo and Mekchay [30]
1 1 Li et al. [31]
1 1 Liu et al. [32]
7 5 Ma et al. [25]
4 4 Sato et al. [33]

10 7 Sell-Kubiak et al. [23]
5 2 Uimari et al. [22]
2 2 Uzzaman et al. [34]

10 5 H. Wang et al. [35]
1 1 Y. Wang et al. [36]

40 6 Wu et al. [37]
5 3 Wu et al. [38]
7 4 Zhang et al. [10]
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Table 2. Cont.

Trait Number of SNPs Number of Genes Publication

NBA

1 1 An et al. [27]
17 8 Bergfelder-Drüing et al. [39]
11 6 Chen et al. [11]
3 3 Coster et al. [28]
3 3 Kumchoo and Mekchay [30]
1 1 Li et al. [31]
9 7 Ma et al. [25]
2 2 Sato et al. [33]

27 11 Suwannasing et al. [40]
1 0 Uzzaman et al. [34]
5 3 Y. Wang et al. [36]

101 19 Wu et al. [37]
15 6 Wu et al. [38]

SB

46 22 Chen et al. [11]
6 3 Onteru et al. [41]

13 11 Schneider et al. [42]
2 1 Uimari et al. [22]

22 15 Verardo et al. [43]

LWT
1 1 Coster et al. [28]
1 1 Liu et al. [32]

10 2 Zhang et al. [10]

CLN 24 12 Schneider et al. [44]

2.2. Dataset B

Dataset B was created by merging complete results of GWAS for TNB from five pub-
lications: Uimari et al. [22], Sell-Kubiak et al. [23], Ma et al. [25], Balogh et al. [24], and
Zhang et al. [10]. The dataset created after merging the results from the five GWASs con-
sisted of 63,531 SNPs available for further analysis. A specific overview of data collected
in dataset B is presented in Table 1. In short, the data came from five different popula-
tions: Finnish Landrace, Large White, Erhualian, Duroc, and Hungarian Large White, and
different methods were applied to perform the GWASs: single-SNP mixed model with
pedigree additive relationship matrix or with genomic relationship matrix, and multiple-
SNP Bayesian approach (Table 1). All populations were genotyped with Porcine SNP60
Bead Chip. The GWAS data from Sell-Kubiak et al. [23] covered phenotypes presented in
a published paper, whereas the p-values of SNPs are the result of the single-SNP GWAS
with genomics relationship matrix (more details in Supplementary_Method) and were not
published in the mentioned paper.

2.3. Gene Ontology Analysis

Analysis of gene ontology (GO) terms [45] assigned to candidate genes collected in
dataset A was performed using the PANTHER classification system Version 16 [46] with the
newest available Ensembl Sscrofa11.1 as a reference genome. The analysis was performed
with the binomial test of overrepresentation to explore biological processes in which the
candidate genes are involved [46]. Results from the PANTHER were considered statistically
significant at a false discovery rate (FDR)-corrected p-value ≤ 0.05 [47]. This analysis was
performed on all candidate genes for five litter traits simultaneously.

2.4. Gene Network Analysis

The gene network analysis was performed with GeneMANIA [48] as a plug-in to
Cytoscape v3.8.2 [49], with the human gene annotation as a reference. Settings allowed the
authors to evaluate co-expression, physical interaction, gene interactions, shared protein
domains, and co-localization. This analysis was performed only on candidate genes from
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dataset A that either had at least two SNPs detected along their sequence (Table 3) or were
associated with more than one trait or presented in more than one study (Table 4).

Table 3. Genes with at least two SNPs in their sequence associated with total number born (TNB),
number born alive (NBA), or number of stillborn (SB).

Trait Gene Number of SNPs Publication

TNB

GABRG3 5 Coster et al. [28]
MSI2 3 He et al. [29]
BICC1 2 Zhang et al. [26]

ENTPD1 2 He et al. [29]
ENOX1 2 Sell-Kubiak et al. [23]
SUGCT 2 Sell-Kubiak et al. [23]
NR3C2 2 Wu et al. [38]

GABRB3 2 Coster et al. [28]

NBA

RBP7 5 Suwannasing et al. [40]
ARID1A 3 Chen et al. [11]
LRRK1 2 Suwannasing et al. [40]

ZMYND12 2 Suwannasing et al. [40]
RIMKLA 2 Suwannasing et al. [40]

RTL4 2 Suwannasing et al. [40]
UBE4B 3 Suwannasing et al. [40]

ALDH1A2 2 Wu et al. [37]
GABRA5 2 Wu et al. [37]
INPP4B 2 Wu et al. [37]
DNAJC6 2 Wu et al. [37]

QKI 2 Wu et al. [37]
SOX6 2 Wu et al. [37]

SB

PRKD1 5 Chen et al. [11]
STXBP6 4 Chen et al. [11]

PBX1 2 Chen et al. [11]
GRM1 2 Chen et al. [11]

CYP24A1 2 Verardo et al. [43]

2.5. Protein–Protein Interactions

Interactions between proteins coded by candidate genes reported in dataset A were
investigated using a protein–protein interactions network using STRING Genomics v.11 [50].
The level of confidence for observed protein–protein interactions was limited to medium
confidence interactions with scores > 0.40 with remaining settings at default [51].

2.6. Meta-Analysis on Dataset B

To combine estimates of SNP associations for TNB obtained from different populations,
MA was performed on dataset B. Based on Garrick et al. [52], the decision was made that
despite different definitions of phenotypes for TNB, the five datasets can be combined into
one. All available 63,531 SNPs were included in the MA based on the weighted Z-score
model. This approach considers the p-value, direction of effect, and number of individuals
present in each study and was performed using METAL software [53]. The weighted Z-score
model was chosen in accordance with Van den Berg et al. [54], who indicated this method
as the most preferable when combining GWAS results with differences in the definition of
the phenotypes, as is present in dataset B. Post-MA, the Bonferroni correction was applied
to establish statistically significant associations. In addition, MA was performed in several
runs with subsets of SNPs as follows: with all SNPs, with SNPs from at least 2 populations,
with SNPs from at least 4 populations, and with SNPs present in all populations.

The evaluation of candidate genes found with the MA was performed with Bgee
Version 14.2 (https://bgee.org/api/, accessed on 26 August 2022), GeneCards [55] and
Ensembl BioMart.
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2.7. Candidate Genes and Causal Variants

To assess possible candidate genes and variants underlying GWAS peaks, we also
used the pCADD pipeline as described in [56]. In short, we extracted all sequence variants
in linkage disequilibrium (LD) with the top SNP from the meta-GWAS. The candidate
variants in LD with the top SNP were ranked according to their pCADD score. pCADD
provides a per-base impact score [57] to distinguish between variants that likely have impact
(positive or negative) and variants that are benign. The pipeline additionally provides gene
annotation and functional genomic information to further fine-map the QTL region.

3. Results

In this study, two datasets were analyzed. First, dataset A (Tables S1–S5;
Supplementary_Tables) refers to the data generated from significant SNPs reported in
GWASs performed for five traits: total number born (TNB), number born alive (NBA),
number of stillborn (SB), litter birth weight (LWT), and corpus luteum number (CLN).
Second, dataset B refers to data created from full GWAS results for TNB generated in five
studies [10,22–25] (Table 1).

3.1. SNPs and Candidate Genes from Dataset A

In total, 24 papers that studied at least one of the litter traits of interest were found
(Tables S1–S5; Supplementary_Tables). Most of these studies focused on TNB and NBA,
while studies for SB, LWT, and CLN were more limited (Table 2). The most common breeds
evaluated in these studies were Large White, Yorkshire, Landrace, Duroc, and their crosses,
with occasional occurrence of Erhualian and Berkshire. The definition of phenotypes varied
across the publications and traits. While most of the publications used direct measurement
of the trait, some authors chose deregressed breeding values as phenotypes [10,22,23]. In
addition, in two studies, TNB phenotypes were divided into TNB at the first parity and the
later parities [22,25].

The highest number of associations among SNPs and analyzed traits was reported
as expected for TNB and NBA (Table 2), as those were the most-studied traits. Identified
SNPs were rarely placed within the candidate gene. Most SNPs identified to be associated
with the evaluated traits were located at least 50 Kbp away from the candidate gene. Only
in the case of TNB, NBA, and SB were at least two SNPs with significant association with
these traits in one population located within the candidate gene regions (Table 3). Genes
with the largest number of associations along their sequences were GABRG3, RBP7, PRKD1,
and STXBP6. Furthermore, only 21 genes out of 233 associated with the selected litter traits
were reported in more than one population or for more than one trait (Table 4). For one
gene out of this list (DDAH1) the overlap was expected, as the two studies reporting it were
based on data from the same population [25,29]. This was not the case for the remaining
populations presented in Table 4.

3.2. GO Term Analysis Results

In total 34 GO terms related to the biological processes were found (FDR < 0.05;
Table 5). The most promising biological processes were “positive regulation of blood vessel
endothelial cell migration”, describing genes NRP1, PIK3C2A, HDAC9, AKT3, and PRKD,
and “positive regulation of cell migration involved in sprouting angiogenesis”, describing
NRP1, PIK3C2A, HDAC9, and AKT3. Surprisingly, the majority of the remaining GO terms
were involved with processes in nervous system development or regulation.
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3.3. Gene Network and Protein–Protein Interactions

The two gene network analyses indicated that most links among genes are based
on co-expression and genetic interaction. The graphical representation of those results in
presented in Figures 1 and 2.
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Interactions among proteins (protein–protein interaction network; PPIN) coded by 

genes associated with the analyzed traits are presented in Figure 3. In total, 174 genes 

formed some pairs or chains of interactions with one evident cluster built of 138 proteins 

and 12 short chains that contained a maximum of 7 genes coding those proteins. The genes 

with the largest number of proven links among coded proteins were CDC42, LRRK1, and 

AKT3. 

Figure 1. Gene network analysis of candidate genes that had at least two SNPs associated with
reproduction traits.

Genes 2022, 13, 1730 13 of 23 
 

 

3.3. Gene Network and Protein–Protein Interactions 

The two gene network analyses indicated that most links among genes are based on 

co-expression and genetic interaction. The graphical representation of those results in pre-

sented in Figures 1 and 2. 

 

 

Figure 1. Gene network analysis of candidate genes that had at least two SNPs associated with re-

production traits. 

 

 

Figure 2. Gene network analysis of candidate genes that had an association reported with at least 

two reproduction traits or in two different populations. 

Interactions among proteins (protein–protein interaction network; PPIN) coded by 

genes associated with the analyzed traits are presented in Figure 3. In total, 174 genes 

formed some pairs or chains of interactions with one evident cluster built of 138 proteins 

and 12 short chains that contained a maximum of 7 genes coding those proteins. The genes 

with the largest number of proven links among coded proteins were CDC42, LRRK1, and 

AKT3. 

Figure 2. Gene network analysis of candidate genes that had an association reported with at least
two reproduction traits or in two different populations.

Interactions among proteins (protein–protein interaction network; PPIN) coded by
genes associated with the analyzed traits are presented in Figure 3. In total, 174 genes
formed some pairs or chains of interactions with one evident cluster built of 138 proteins
and 12 short chains that contained a maximum of 7 genes coding those proteins. The
genes with the largest number of proven links among coded proteins were CDC42, LRRK1,
and AKT3.

Overall, those two analyses did not provide strong evidence for interactions among
candidate genes for the litter traits.
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Figure 3. Protein–protein interaction network analysis of genes associated with total number born, 

number born alive, number of stillborn, litter birth weight, and corpus luteum number in pigs. 

Types of interactions: teal line—known interaction based on curated database, pink line—known 

interaction experimentally determined, green line—predicted interaction based on gene neighbor-

hood, red line—predicted interaction based on gene fusion, blue line—predicted interaction based 

on a gene co-occurrence. 

Figure 3. Protein–protein interaction network analysis of genes associated with total number born,
number born alive, number of stillborn, litter birth weight, and corpus luteum number in pigs. Types
of interactions: teal line—known interaction based on curated database, pink line—known interaction
experimentally determined, green line—predicted interaction based on gene neighborhood, red
line—predicted interaction based on gene fusion, blue line—predicted interaction based on a gene
co-occurrence.
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3.4. Meta-Analysis of Five GWA Studies

As a result of the MA performed on dataset B, two SNPs were found to be significantly
associated with TNB. The first, rs80945731, located on SSC14: 62633073, was available in
four out of five evaluated populations [10,22,24,25]. Based on Ensembl Sscrofa11.1, this
SNP is located in the intron region of the FAM13C gene. The second, rs81300422, located
on SSC9: 84696142, was unfortunately present in only one population [22]. According to
Ensembl Sscrofa11.1, this gene is located within the intron of the gene AGMO. Importantly,
these two SNPs found in the MA are reported for the first time to have an association with
TNB. The last run of MA, which included only SNPs present in all populations, did not
show any significant association with the evaluated traits.

3.5. Candidate Genes and Causal Variation

To assess candidate causal genes at the two QTL loci, we ran the pCADD-GWAS
pipeline in four different breeds from Topigs Norsvin [45]. The rs81300422 SNP, which
is located on SSC9, was segregated only in a synthetic boar line with a 7% minor allele
frequency. The third best hit with the pCADD pipeline (after two intergenic SNPs) is
upstream of the SOSTDC1 gene. The SOSTDC1 gene is a member of the sclerostin family
functioning as a bone morphogenetic protein (BMP) antagonist, which is known to be
associated with fertility. The descriptive statistics for TNB, NBA, SB, and mummies per
genotype of rs81300422 is presented in Table 6. It can be observed that animals being
homozygous for the alternative allele tend to lower SB (in sows and boars from a synthetic
boar line and its crossbreeds) and higher rate of mummies (in sows from a synthetic boar
line and in crossbreed sows) than homozygous animals for the reference allele. This is,
however, not a statistically significant difference.

Table 6. Descriptive statistics of total number born (with SD), number born alive (with SD), number
of stillborn, and mummies per genotype of rs81300422 for sows ♀and boars ♂from a synthetic boar
line and its crosses.

Line Genotype N TNB NBA SB Mummies

Synthetic boar line ♀
0/0 17,527 10.13 (3.10) 9.28 (3.10) 0.85 0.30
0/1 3247 10.07 (3.05) 9.29 (3.02) 0.78 0.32
1/1 115 10.03 (2.95) 9.46 (2.85) 0.57 0.39

Synthetic boar line ♂
0/0 25,500 10.08 (3.10) 9.23 (3.10) 0.85 0.33
0/1 4333 9.95 (3.18) 9.12 (3.17) 0.83 0.37
1/1 231 9.64 (3.01) 8.86 (2.94) 0.78 0.34

Crossbreed 1 ♀
0/0 32,015 16.56 (3.89) 15.39 (3.74) 1.17 0.39
0/1 5290 16.52 (3.86) 15.30 (3.75) 1.21 0.35
1/1 206 16.41 (4.08) 15.37 (3.84) 1.04 0.43

Crossbreed 2 ♂
0/0 54,824 16.00 (3.93) 15.06 (3.85) 0.94 0.36
0/1 9714 16.02 (3.80) 15.05 (3.78) 0.97 0.36
1/1 172 15.83 (4.08) 15.02 (3.92) 0.80 0.34

1 Synthetic boar line × (Large White × Landrace) 2 Synthetic boar line × (Landrace × Large White).

The rs80945731 SNP on SSC14 was common in all four commercial breeding popu-
lations. The results yielded SNPs within and close to the PHYHIPL and FAM13C genes,
thus partially overlapping with the results of the candidate gene search applying the
classical approach.

4. Discussion

This study intended to evaluate existing knowledge about the genomic regions asso-
ciated with five litter traits in pigs: total number born (TNB), number born alive (NBA),
number of stillborn (SB), litter birth weight (LWT), and corpus luteum number (CLN), and
search for new candidate genes using bioinformatics analysis on combined results from

108



Genes 2022, 13, 1730

previous studies. This study is the first one to evaluate the possibility of a common genetic
background for those litter traits, as well as to present a meta-analysis for SNPs associated
with TNB and combining data from five different populations.

4.1. Genetic Relationship between Litter Traits

One of the hypotheses at the beginning of this study was that there must be over-
lapping genomic regions and candidate genes among the evaluated litter traits. This
hypothesis was based mostly on strong positive genetic correlations among TNB, NBA,
CLN, and LWT [58,59]; however, it was not confirmed with the data collected in dataset A.
Only one candidate gene, ZFYVE9, was reported for three litter traits (TNB, NBA, and CLN)
and in two populations [31,42]. Another three candidate genes for SB (with a negative ge-
netic correlation with the remaining litter traits [59]) were also found to be associated with
TNB (STXBP6 [11,29]), NBA (PRKD1 [11,28]) or CLN (SAMD4A [42,43]). For LWT, only
one candidate gene was in common with TNB (COPG2 [28]), whereas only one candidate
gene for SB overlapped between two populations (MAPK1P1L [43,44]). The abovemen-
tioned relationships among traits could suggest some pleiotropic effect of those genes
on litter traits. In two populations three candidate genes for TNB were also reported:
ASIC2 [29,37], GABRA5 [28,37], and NEK10 [29,37]. Even though some connections across
studies reporting candidate genes for litter traits can be observed, considering that we
studied 233 candidate genes in total and only 21 of them covered more than one trait or
population, one cannot assume the common genetic background of those traits. However,
for production traits in pigs, except for major genes, such overlap between traits or popu-
lations is also not common [13]. It should be mentioned here that the older studies from
PigQTLdb [13] reported very long QTLs because of high LD or access to SNP chips with
low density. Thus, some of the reported candidate genes might in fact be very distant from
the actual SNPs associated with the litter traits. Another reason might be the population
stratification, which if not accounted for, can lead to false positives (e.g., [23]).

The lack of overlap between traits in terms of candidate genes was present not only
among the studies for one trait but also within the same study if it focused on two or more
traits. Moreover, more than one SNP was rarely reported within the candidate gene in the
same population. Thus, the lack of overlap was not caused by the differences among the
populations or the methodologies behind detecting associations, which are mentioned as
two main reasons for differences among compared GWASs [12]. Even more so, the low
repeatability of results across populations is surprising, because most of the studies were
based on the same SNP chip and (in general) the most popular pig breeds. Another reason
might have been the low heritability of the studied traits, which based on different studies
varies from 0.05 to 0.2 [11,28,59,60]. The heritability level affects the ability to retrace the
trait’s heritability based on SNP associations [23].

Those results clearly show that the polygenic characteristics of the litter traits are
very complex, and despite the undeniable relationship among traits their genetic back-
ground is mostly affected by different genomic regions often involved in nervous system
development.

4.2. Connections among Candidate Genes

The gene network and protein–protein interaction analysis did not indicate clear
clusters among candidate genes. It needs to be noted, however, that those analyses were
based only on linking selected candidate genes with existing databases. This is why the
current study did not produce gene expression or any other empirical data that could have
been included as additional information for candidate genes. In addition, pig genomic
databases are lacking information in comparison with human, mouse, or even cattle gene
databases. Thus, the majority of the evidence suggesting functional links among analyzed
genes were based on the co-expression of putative homologs present in other organisms
(Ensembl Sscrofa11.1). In only a few cases were links between proteins experimentally
determined or proteins involved in the same pathway [55].
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Some similarities among litter traits can be seen in the GO terms analysis performed
on dataset A. This analysis clearly showed that genes involved in neurodevelopment
and the nervous system are overrepresented among candidate genes for the studied litter
traits. This came as a surprising result as we expected to see more genes involved in
vasculogenesis and angiogenesis, as blood supply to the uterus and developing fetus was
indicated in the past as one of the most limiting factors for litter size [22,61]. That is why
from all the possible biological processes that were significant in GO term analysis, we are
certain that those involved in positive regulation of blood vessel endothelial cell migration
and positive regulation of cell migration involved in sprouting angiogenesis require the
most attention.

Interestingly, out of the five genes that have the aforementioned GO terms annotated
to them, PRKD1 is the gene with five SNPs along its sequence associated with number of
stillborn [11] and one SNP with TNB [29]. PRKD1 encodes a protein kinase involved in
many cellular processes, including cell migration and differentiation, cell survival, and
regulation of cell shape and adhesion [55]. Mutation in this gene causes congenital heart
defects in humans [62,63]. In addition, it was also indicated as a candidate gene for age
at puberty in maternal and terminal Landrace, Duroc, and Yorkshire lines [64]. Thus, it is
associated with at least three traits related to reproduction in their different populations.
This indicates that PRKD1 should be one of the genes considered for molecular analysis
involving gene expression or sequencing to confirm its association with litter traits in pigs.

4.3. The New Genomic Region Associated with Litter Size

The meta-analysis of GWAS results coming from five different populations indicated
two new SNPs associated with litter size. Even though our MA produced far fewer
significant results than each of the GWASs separately, this is the first time those SNPs are
reported as associated with litter size.

The first of the significant SNPs on SSC9, rs81300422 (genotyped only in one popula-
tion) is located in the intron of the gene AGMO encoding enzyme Alkylglycerol monooxyge-
nase, not very well studied in swine, which is involved in the degradation of ether lipids [65]
and the only enzyme that can breakdown alkylglycerols and lysol alkyl glycerophospho-
lipids [66]. This gene was shown to be associated with neurodevelopmental disorders
in humans [67], e.g., autism [68], type 2 diabetes [69–71], and immune defense [66]. In
humans, this gene was expressed mostly in tissues of the digestive tract, especially in the
liver, but also in the ovaries, uterus, prostate, and testes [55]. However, the literature does
not report any direct links of AGMO with fertility.

Thus, a far more interesting and promising candidate gene is SOSTDC1, indicated by
pCADD analysis, which has been found to affect fertility in male rats [72]. SOSTDC1 is a
negative regulator of spermatogenesis, and downregulation of this gene during puberty
is essential for quantitatively and qualitatively normal spermatogenesis governing male
fertility. The association between TNB and male fertility comes as a surprise, as litter traits
are in general linked with females. However, in some pig breeds it is observed that male
genetics plays a more important role in final litter size than originally expected [73,74].
Further comparison of litter traits among pigs with different genotypes for rs81300422
showed that the detected SNP could be affecting the number of stillborn and mummies
in pig populations available for pCADD. This was, unfortunately, not confirmed by the
statistical analysis.

The second significant SNP, rs80945731 (present in four populations), is located within
the gene FAM13C, which does not have a clear function in pigs. Nonetheless, it was
expressed in swine adipose tissue and tissues of the nervous system (e.g., amygdala or
medulla oblongata). At the same time, in humans FAM13C was shown to be associated
with endometrial mixed adenocarcinoma [55] as well as being used as a marker for prostate
cancer [75] or as a rectal adenocarcinoma survival predictor [76]. In humans, this gene also
was expressed (among others) in the tissue of the ovaries and uterus as well as the prostate
and testes [55]. The second gene indicated by pCADD for rs80945731 was PHYHIPL,
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which is differentially expressed among early, full, and expanded blastocysts in bovine IVP
embryos [77]. Both FAM13C and PHYHIPL in humans were expressed (among others) in
the tissue of the ovaries and uterus as well as the prostate and testes [55].

5. Conclusions

We have shown that litter traits (total number born, number born alive, number of
stillborn, litter birth weight, and corpus luteum number) studied across pig populations
have only a few genomic regions in common based on candidate gene comparison. The
most interesting candidate gene is PRKD1, which has an association with SB and TNB as
well as being involved in angiogenesis based on GO term analysis. Our meta-analysis
of GWAS results coming from five populations helped identify the new genomic regions
on SSC9 and SSC14 associated with TNB. Further pCADD analysis indicated the most
promising gene was SOSTDC1, which actually has a confirmed effect on male fertility. This
is an important finding, as litter traits are by default linked with females rather than males.
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Abstract: The goal of this study was to evaluate the effects of mutations in the FGL1 gene associated
with pig productive traits to enrich the genetic marker pool for further selection and to support the
studies on FGL1 in the context of the fat deposition (FD) process. The variant calling and χ2 analyses
of liver RNA-seq data were used to indicate genetic markers. FGL1 mutations were genotyped in
the Złotnicka White (n = 72), Polish Large White (n = 208), Duroc (n = 72), Polish Landrace (PL)
(n = 292), and Puławska (n = 178) pig breeds. An association study was performed using a general
linear model (GLM) implemented in SAS® software. More than 50 crucial mutations were identified
in the FGL1 gene. The association study showed a significant effect of the FGL1 on intramuscular
fat (IMF), loin eye area, backfat thickness at the lumbar, ham mass (p = 0.0374), meat percentage
(p = 0.0205), and loin fat (p = 0.0003). Alternate homozygotes and heterozygotes were found in the PL
and Duroc, confirming the selective potential for these populations. Our study supports the theory
that liver FGL1 is involved in the FD process. Moreover, since fat is the major determinant of flavor
development in meat, the FGL1 rs340465447_A allele can be used as a target in pig selection focused
on elevated fat levels.

Keywords: fibrinogen-like 1; FGL1; pig; fat deposition; selective markers

1. Introduction

Next-generation sequencing (NGS) technology is currently widely applied to pre-
dict processes associated with fat deposition and obesity-related events [1,2]. Besides
whole-genome sequencing (WGS) and genome-wide association studies (GWASs) [3], RNA
sequencing delivers valuable information about polymorphic sites located in transcripts [4]
to develop selective markers related to given traits. However, the main target of RNA-seq
analysis is to estimate transcript levels, including ncRNA molecules such as lncRNA and
miRNA [5]. Variant calling analysis based on transcriptome sequencing results could
be an alternative way to identify gene mutations associated with the fat deposition (FD)
process. Although, this type of analysis requires more detailed calculations than SNP
identification-based WGS data [6]. Nevertheless, identifying mutations within RNA-seq
data is the additive value because it requires only an extra in silico analysis.

Fibrinogen-like protein 1 (FGL1) is a member of the fibrinogen family mainly synthe-
sized in the liver [7]. It has been demonstrated that increased FGL1 expression is related to
the regeneration of the liver organ by stimulating 3H-thymidine uptake leading to hepato-
cyte proliferation [8]. FGL1 is also expressed in brown adipose tissue (BAT) and during liver
injury; expression is also upregulated in this tissue, which suggests cross-talk between an
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injured liver and bAT. Consistently, a study of Fgl1-deficient mice showed global metabolic
disorders, namely FGL1-null mice were heavier, had abnormal plasma lipid profiles, fasting
hyperglycemia with enhanced gluconeogenesis, and exhibited differences in white and BAT
morphology regarding wild types [9]. The authors implied that the structural similarity of
Fgl1 to angiopoietin factors regulating lipid metabolism showed that FGL1 likely plays a
crucial role in lipid metabolism and liver regeneration. On the other hand, FGL1 expression
has been examined in gastric cancer (GC) tissue [7], where FGL1 promotes GC proliferation,
and patient overall survival time with increased FGL1 expression was significantly shorter.
Therefore, the FGL1 gene has been proposed as a predictor in GC patients and a target for
treating this cancer type. Wang et al. [10] showed that Fgl1 is a major ligand for immune
inhibitory receptor lymphocyte-activation gene 3 (LAG-3) and inhibits antigen-specific T
cell activation. According to these findings, elevated FGL1 expression in the plasma of
cancer patients is related to poor prognosis.

Pigs are a highly suited animal model for predicting FD events due to many conver-
gences with the human body, such as the size of particular organs [11], body fat distribution,
and similar metabolism [12].

In the present study, Złotnicka White (ZW) pigs were used as an animal model in the
context of FD processes. ZW is a Polish indigenous breed included in the Polish Animal
Genetic Resource Conservation Program [13] and has never been under selection pressure,
thus retaining a high meat quality [14]. In addition, ZW pigs are differentiated in terms of
fat deposition in the carcass; therefore, it was possible to select two groups to represent low
and high-FD values. Variant calling analysis based on liver RNA-seq data identified, in a
cheaper manner than GWAS, numerous polymorphic sites in transcripts, and the χ2 test
pinpointed mutations characterized by significantly different allele distributions between
the FD pig groups. Following this work scheme, we found FGL1 variants highly interesting
regarding the possible application in the selection process.

2. Materials and Methods

Samples were collected after slathering in the Pig Test Station (PTS, National Research
Institute of Animal Production). Following carcass evaluation, the meat was intended for
sale and consumption. Ethical review and approval were waived for this study due to a
non-invasive method of collecting. All conducted research was approved by the Approving
Experiment Committee of the National Research Institute of Animal Production (Krakow,
Poland) according to the Polish Act on the Protection of Animals Used for Scientific or
Educational Purposes of 15 January 2015, which implements Directive 2010/63/EU of
the European Parliament and the Council of 22 September 2010 on the protection of
animals used for scientific purposes. Moreover, all procedures followed the guidelines and
regulations of the Local Krakow Ethics Committee for Experiments with Animals.

2.1. Animals and Methods

Female pigs of Złotnicka White were used in RNA-seq (n = 16) and association (n = 72)
analyses. The animals with an initial weight of 30 kg were delivered to the Pig Test Station
(PTS) of the National Research Institute of Animal Production from different farms. The
animals were maintained under the same environmental and diet conditions according to
a local procedure [15], feeding ad libitum to the final weight of 100 ± 2.5 kg. During pig
maintenance at the PTS, growth performance such as feed intake, feed conversion, and
daily gain were measured. After slaughter and detailed dissection, body composition traits
were measured, including meat percentage, carcass yield, weight of the most significant
cuts such as ham and loin, backfat thickness, and numerous fat-related traits, including
visceral and subcutaneous fat content and meat quality traits such as intramuscular fat
(IMF), pH, meat color, and myowater exudation [16].

Liver samples (n = 72) were collected within 20 min after dissection and stabilized in
RNAlater™ Stabilization Solution (Invitrogen, Waltham, MA, USA), and then frozen at
−20 ◦C. Next, two pig groups were selected based on fat-level measurements performed
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24 h after slaughter. The RNA-seq experiment included 16 ZW pigs, with 8 representing
high-fat deposition (HFD, n = 8) and low (LFD, n = 8) values.

Moreover, FGL1 variant frequency was estimated in Polish Large White (PLW) (n = 208),
Polish Landrace (PL) (n = 292), Puławska (n = 178), and Duroc (n = 72) pigs that are still
active in the Polish breeding. Animal samples for DNA isolation were collected as blood or
hair follicles and were banked in the National Research Institute of Animal Production as
part of other research projects.

2.2. Library Construction, Sequencing, and Aligning Raw Reads to the Pig Transcriptome

As described previously by Piórkowska et al. [17], RNA was isolated using a Pure-
Link™ RNA Mini Kit (Invitrogen, Waltham, MA, USA). Its quality and quantity were
calculated using TapeStatio2200 (RNA tape, Agilent, Santa Clara, CA, USA), and the RIN
parameters were over 7.5 value. The cDNA libraries were prepared using a TruSeq RNA
Sample Preparation Kit v2 (Illumina, San Diego, CA, USA), with a unique barcode for each
sample. The quality and quantity of the cDNA libraries were assessed by the Qubit Fluo-
rimeter (Invitrogen, Waltham, MA, USA) and TapeStation 2200 system (D1000 tape, Agilent,
Santa Clara, CA, USA). The final concentration of cDNA libraries’ was normalized to 10 nM,
and they were pooled. Transcriptome sequencing was performed in 150PE cycles on the
HiSeq 3000 System (Illumina, San Diego, CA, USA), employing commissioned sequencing
in Admera Health Biopharma Services. Aligning of raw reads to the pig transcriptome was
performed according to Piórkowska et al. [17].

2.3. Transcript Variant Identification

Picard tools and GATK v. 4.1.9 [18] were used to split reads containing Ns in their
CIGAR string and for the base quality score recalibration, indel realignment, removal
of duplicates, and finally to identify SNPs and indels. The filtering parameters were
selected according to the Best Practices workflow [6,19]. Mutation sites for annotation
and prediction were analyzed by SnpEff v. 4.1b [20] and the Variant Effect Predictor
(Ensembl) [21]. Differences in allele distribution of mutations identified by RNA-seq using
the χ2 test (corrected p-value at false discovery rate (FDR) ≤ 0.05) between the HFD
and LFD pigs were estimated. The FDR correction was conducted using the Rstats base
procedure and default parameters. In the χ2 test, it was expected that allele/genotypes
would have normal according to Gaussian distribution. The procedure in R was based on
Benjamin and Hochberg [22]. Functional analysis for proteins encoded by identified genes
was performed by the STRING 11.0b tool (https://string-db.org/).

Four of the most significant FGL1 variants located in the 3′UTR region, according to
the χ2 test, were validated by Sanger sequencing of DNA. The primers for sequencing are
shown in Table S1. New indel mutations identified in the FGL1 gene were submitted to
GenBank with access number MW827172 (NCBI database). miRBase v.22 and mirPath
v3.0 (Diana) tools we used to analyze significant SNPs and indels identified in the 3′UTR
regions for miRNA binding and miRNA functional analysis, respectively.

Linkage disequilibrium was estimated with analysis based on Barrett et al. [23] method.

2.4. FGL1 Genotyping, Frequency Estimation, and Statistical Analyses

For FGL1 3′UTR genotyping, PCR-RFLP, Sanger sequencing, and PCR-ACRS methods
were designed. The primers and restriction enzymes are shown in Table S1. FGL1 frequency
was estimated for ZW (sows), PLW (boar and sows), PL (boars), Puławska (boars and sows),
and Duroc (boars) pigs. Besides ZW, all individuals used in the study are still active in
Polish breeding. The examination of FGL1 variants frequency allowed us to establish the
selective potential targeted to increase organoleptic qualities of pork lost in the previous
intense breeding.

The differences in fat deposition traits and pig phenotypes, including 16 ZW pigs used
previously in RNA sequencing analysis, were calculated between HFD and LFD using the
ANOVA procedure (SAS v. 8.02) with a post-hoc Duncan test (SAS Enterprise).
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Association analysis was performed, including 72 ZW pigs using the GLM procedure
(SAS v. 8.02). Additionally, severely affected pig phenotype RYR1 mutation was genotyped
in the ZW population. All individuals included in the analysis were free of the RYR1
alternate allele [24].

The general linear model (GLM) (SAS Enterprise v. 7.1 with default settings; SAS
Institute, Cary, NC, USA) was used for statistical analyses. The linear model for fixed
analysis was:

Yijkl = µ + di + bj + α(xijk) + eijkl,

where: Yijk—observation, µ—overall mean, di—fixed effect of genotype group, bj—fixed
effect of the breed, α(xijk)—covariate for weight of the right side of the carcass, and eijkl—
random error. The GLM model for analysis within breeds omitted bj—fixed effect of
breed. The ratio between investigated pigs and their mothers (sows) was 1.7, and the ratio
between investigated pigs and their fathers (sires) was 2.28; therefore, these factors were not
included in the statistical model. During the whole year, the animals were maintained in
the pig house at the same temperature and humidity conditions and with the same feeding;
therefore, the model did not account for the effect of slaughter season. The least-square
means (LSM) method was used for the determination of significant differences between
genotype groups. The differences in phenotype in particular genotype groups are presented
as LSM ± SE.

Additive and dominance effects were calculated for a total of 72 pigs. Additive and
dominance effects were calculated using the regression (REG) procedure (SAS v. 8.02).
The additive effect was denoted as −1 and 1 for genotypes AA and GG, respectively. The
dominance effects are represented as −1 for AG heterozygotes and 1 for both homozygotes.

3. Results
3.1. Animals Used in the RNA-Seq Method

HFD pigs used in the experiment showed over 40% higher fat deposition in the lumbar
location and over 30% higher FD according to average backfat thickness and peritoneal
and loin fat than in LFD individuals. Analysis of FGL1 expression between high and LFD
pigs showed that in 180-day-old animals, FGL1 was not differentially expressed (Table 1).
Table 1 presents details of the phenotypic characteristics of HFD and LFD pigs.

Table 1. Characteristics of Zlotnicka White pigs representing high and low-fat deposition traits;
means ± SD.

Traits
HFD (n = 8) LFD (n = 8) All Pigs (n = 72)

Mean SD Mean SD p-Value Group Diff * Mean SD

Daily gain (g) 641 a 34.5 718 b 84.2 0.03 11% 700 106
Backfat thickness (cm) 2.09 A 0.31 1.53 B 0.36 0.004 27% 1.90 0.39
Peritoneal fat (kg) 0.72 A 0.11 0.46 B 0.06 0.0001 36% 0.61 0.16
Backfat thickness in the K1 point
(cm) 2.23 A 0.37 1.44 B 0.20 0.0002 35% 2.00 0.52

Ham fat mass with skin (kg) 2.49 A 0.21 1.80 B 0.23 1.86 × 10−5 28% 2.15 0.37
Loin fat mass with skin (kg) 2.37 A 0.17 1.58 B 0.28 2.06 × 10−5 33% 2.03 0.48
Fat over shoulder thickness (cm) 2.85 A 0.27 2.11 B 0.31 0.0002 26% 2.75 0.61
Lumbar fat I thickness (cm) 2.43 A 0.26 1.44 B 0.32 1.096 × 10−5 41% 2.16 0.55
Lumbar fat II thickness (cm) 2.20 A 0.47 1.26 B 0.21 0.0004 43% 1.95 0.54
Lumbar fat III thickness (cm) 2.74 A 0.63 1.80 B 0.29 0.003 34% 2.40 0.59
Average backfat thickness (cm) 2.46 A 0.27 1.60 B 0.17 8.63 × 10−6 35% 2.27 0.45
FGL1 expression level 3799.6 932.61 3731.6 1125.4 0.45

Abbreviation: SD—standard deviation, HDF—high-fat deposition, LFD—low-fat deposition. * Group diff—
differences between groups in percentage. Values with the same letters belong to the same statistical group
(A, B = p < 0.01; a, b = p < 0.05).

119



Genes 2022, 13, 1419

3.2. Variant Calling and χ2 Test Analyses

The average number of detected raw reads per sample was 62,276,008, and after filtra-
tion, it was 61,480,178. Mapping to the pig reference genome (Sscrofa11.1 GCA_000003025.6
assembly) showed that 70.8% of uniquely mapped reads matched the annotated exon re-
gions, and 16.5% matched the introns. Over 100,000 mutations were identified in analyzed
pigs, of which over 7000 showed significant differences in genotype distribution between
HFD and LFD groups. It was found that 73.8% of identified mutations belonged to known
variants deposited in the NCBI database. The number of insertions and deletions consti-
tuted a mere 7%, and significance according to the χ2 test was 356. There were close to 2500
3′UTR significant variants. Significant downstream and intron mutations were numerous,
over 2000 and 3500, respectively. Downstream and intron mutations are probably related
to non-coding but functionally transcribed active genomic regions or unannotated exons
(Table S2). However, they are considered an error or the result of poor genome annotation
in most cases [25].

3.3. FGL1 Mutations Identified Using Variant Calling Analysis for 16 ZW Pigs

For further analysis, the FGL1 variants were chosen because the FGL1 plays an impor-
tant role in the liver, the major organ for converting excess carbohydrates and proteins into
fatty acids and triglycerides then exported and stored in adipose tissue [26]. On the other
hand, String v. 11.0 showed that FGL1 is often mentioned in publications as co-expressed
(Figure S1) in the liver or plasma, with genes strongly associated with the regulation of fat
deposition. We have identified 114 mutations in the FGL1 gene region, including 3′UTR,
intron, and synonymous variants, and the χ2 test found 54 (3′UTR and intron) mutations
as significant revealing differences in genotype distribution between the analyzed FD pig
groups. The lowest chicq value (0.000335463) for 10 mutations in the 3′UTR region was
observed. Haplotype analysis and visualization of linkage disequilibrium, including all
SNPs, showed that they were clustered in a few blocks (Figure 1).
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the insulin signaling pathway, maturity-onset diabetes of the young, type II diabetes 
mellitus, and adipocytokine signaling pathway (Table S3). 
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Figure 1. Linkage disequilibrium blocks estimated for SNPs identified across the FGL1 gene [23].
Red color shows high LD > 0.8, green and medium yellow 0.8 > LD > 0.5, and low blue LD < 0.5.
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Haplotype analysis after variant calling calculation pinpointed that 10 of 3′UTR vari-
ants, including indels: NC_010459.5:g.5548991-5548992del and NC_010459.5:g. 5549161in-
sCAGCA were 100% linked. Results of the variant calling for liver tissue are available as an
Excel file containing a few sheets at shorturl.at/joxBT.

miRBase analysis showed that identified FGL1 3′UTR mutations may affect miRNA
binding sites previously reported as correlated with obesity, including those involved in the
insulin signaling pathway, maturity-onset diabetes of the young, type II diabetes mellitus,
and adipocytokine signaling pathway (Table S3).

Four of the identified 3′UTR FGL1 mutations were chosen to evaluate their effect
on pig phenotypes (SNPs: rs340465447 and rs330493983; indels: NC_010459.5:g.5548991-
5548992del and NC_010459.5:g. 5549161insCAGCA). Figure 2 presents the results of FGL1
mutation genotyping. New indel mutations were submitted as new alleles of the FGL1
gene to GenBank under accession number MW827172.
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sCAGCA. M—marker 100 bp DNA Ladder (New England Biolabs Inc., Ipswich, MA, USA). 
rs340465447 and rs330493983 SNPs were separated on 3.5% and 5% agarose gel, respectively. 

Preliminary association analysis, including 16 pigs that differed in fat deposition (the 
same as in the RNA-seq method), showed that 10 fully linked 3′UTR polymorphisms were 
significantly associated with fat deposition. Although only two alternative homozygous 
animals were found (AA-rs340465447 or CC-rs330493983), the heterozygous animals were 
quite distinct in FD traits from reference homozygotes. They showed almost 1 cm thicker 
backfat (p < 0.001) at three measured points of lumbar, 800 and 730 g (p < 0.001) heavier 
loin and ham fats, respectively. The differences between the FGL1 genotypes are shown 
in Table 2. 

Table 2. Means ± S.E. based on ANOVA test for important pig traits dependent on rs340465447, 
rs330493983, INDELs: NC_010459.5:g.5548991-5548992del and NC_010459.5:g.5549161insCAGCA 
genotypes in 16 ZW pigs differed in fat deposition. 

Traits 
FGL1 Genotype 

GG 
TT 

AG 
CT 

AA 
CC 

Loin weight (kg) 4.87 ± 0.40 A 4.38 ± 0.30 B 4.39 ± 0.30 
Ham weight (kg) 8.06 ± 0.30 a 7.48 ± 0.30 b 7.07 ± 0.7 b 
Feet mass (kg) 1.02 ± 0.05 Aa 0.95 ± 0.01 b 0.89 ± 0.07 Bc 

Figure 2. Showed genotyping results obtained for FGL1 3′UTR mutations two SNPs
rs340465447, rs330493983 and two INDELs: NC_010459.5:g.5548991-5548992del and
NC_010459.5:g.5549161insCAGCA. M—marker 100 bp DNA Ladder (New England Biolabs
Inc., Ipswich, MA, USA). rs340465447 and rs330493983 SNPs were separated on 3.5% and 5% agarose
gel, respectively.
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Preliminary association analysis, including 16 pigs that differed in fat deposition (the
same as in the RNA-seq method), showed that 10 fully linked 3′UTR polymorphisms were
significantly associated with fat deposition. Although only two alternative homozygous
animals were found (AA-rs340465447 or CC-rs330493983), the heterozygous animals were
quite distinct in FD traits from reference homozygotes. They showed almost 1 cm thicker
backfat (p < 0.001) at three measured points of lumbar, 800 and 730 g (p < 0.001) heavier
loin and ham fats, respectively. The differences between the FGL1 genotypes are shown
in Table 2.

Table 2. Means ± S.E. based on ANOVA test for important pig traits dependent on rs340465447,
rs330493983, INDELs: NC_010459.5:g.5548991-5548992del and NC_010459.5:g.5549161insCAGCA
genotypes in 16 ZW pigs differed in fat deposition.

Traits

FGL1 Genotype

GG
TT

AG
CT

AA
CC

Loin weight (kg) 4.87 ± 0.40 A 4.38 ± 0.30 B 4.39 ± 0.30

Ham weight (kg) 8.06 ± 0.30 a 7.48 ± 0.30 b 7.07 ± 0.7 b

Feet mass (kg) 1.02 ± 0.05 Aa 0.95 ± 0.01 b 0.89 ± 0.07 Bc

Knuckle fat with skin (kg) 0.21 ± 0.01 A 0.25 ± 0.02 B 0.24 ± 0.01 AB

Loin eye height (cm) 6.80 ± 0.16 A 6.22 ± 0.27 B 6.45 ± 0.32 AB

Loin eye area (cm2) 47.1 ± 2.75 a 43.5 ± 3.45 a 42.4 ± 3.48 ab

Meat percentage in primary cuts (kg) 64.2 ± 1.08 A 58.9 ± 1.21 Ba 58.3 ± 2.54 b

Meat percentage % 56.0 ± 1.05 A 50.5 ± 1.21 Ba 50.2 ± 2.51 b

Peritoneal fat (kg) 0.46 ± 1.99 A 0.70 ± 2.88 B 0.76 ± 4.89 AB

Loin fat with skin (kg) 1.58 ± 0.20 Aa 2.39 ± 0.20 B 2.28 ± 0.10 Bb

Ham fat with skin (kg) 1.80 ± 0.30 A 2.53 ± 0.01 B 2.38 ± 0.02 B

Backfat over shoulder (cm) 2.11 ± 0.31 A 2.83 ± 0.10 B 2.90 ± 0.31 B

Backfat over back (cm) 1.53 ± 0.36 A 2.10 ± 0.36 B 2.05 ± 0.05 B

Backfat over lumbar I 1.44 ± 0.32 Aa 2.43 ± 0.28 B 2.40 ± 0.20 b

Backfat over lumbar II 1.26 ± 0.21 A 2.18 ± 0.52 B 2.25 ± 0.25 B

Backfat over lumbar III 1.80 ± 0.71 Aa 2.78 ± 0.20 B 2.60 ± 0.29 b

Average backfat thickness (cm) 1.63 ± 0.18 A 2.47 ± 0.31 B 2.44 ± 0.10 B

Backfat in the point C1 1.44 ± 0.20 Aa 2.25 ± 0.15 B 2.15 ± 0.41 Bb

Backfat in the point K1 1.44 ± 0.20 Aa 2.25 ± 0.15 B 2.15 ± 0.41 Bb

Allele: G—wild, A—mutation. The probability was measured at least squares means for gene effect where
Pr > |t| for H0: LSMean = LSMean (SAS v. 8.02). Values with the same superscripts belong to the same statistical
group (A, B = p < 0.01; a, b = p < 0.05), p-value

3.4. GLM Analysis between Złotnicka White Phenotype and FGL1 Variants

The analysis of rs340465447, rs330493983, and indels NC_010459.5:g.5548991-5548992del
(TCA/A) and NC_010459.5:g.5549161insCAGCA (C/CAGCA) FGL1 mutations of the
3′UTR region, including the more numerous Złotnicka White population (n = 72), showed
that polymorphism linkage was not as strong as in the 16 individuals selected for RNA
sequencing. Two SNPs were fully linked but revealed a slightly different allele distri-
bution than observed for two indel mutations (Table S4). For NC_010459.5:g.5548991-
5548992del(TCA/A), we identified a higher number of heterozygotes than for rs340465447
(G/A) and fewer alternate homozygotes. According to the SNPs, the ZW population was
not in HWE.
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In turn, indel frequency was consistent with the HWE. The association analysis was
performed for rs340465447 (G/A) and NC_010459.5:g.5548991-5548992del (TCA/A) and
showed that these SNP mutations are associated with IMF and subcutaneous fat deposition
traits. Pigs with the AA genotype showed 24%, 23%, and 32% higher IMF, ABT, and loin
fat, respectively. Additive effect analysis confirmed this observation and showed that a
change A→ G leads to −0.24 cm (p < 0.01) of ABT, +2.90 cm2 (p < 0.01) of loin eye area and
+9 day (p < 0.05) of slaughter age. The rs340465447 mutation leads to changes in daily gain
and pH of loin and ham values measured 24 h after slaughter (Table 3).

The NC_010459.5:g.5548991-5548992del (TCA/A) polymorphism influenced fat and
meat traits, such as loin and ham mass, meat percentage, loin eye area and primary cuts,
and different kinds of subcutaneous fats, such as average backfat thickness and loin and
ham fats. In turn, for IMF, only a value of trend was observed. The dominance effect
comparing heterozygous with homozygous values showed that changes ins/del→ ins/ins
leads to +2.04% (p < 0.01) of meat percentage, +280 g (p < 0.05) of ham mass and −0.32 cm
(p < 0.01) in backfat thickness in the K1 point—over the lateral edge of the longissimus dorsi
muscle (Table 4). The differences between pig traits were shown even between ins/del
heterozygotes and ins/ins homozygotes.

3.5. FGL1 Frequency in Pigs Active in Polish Breeding

SNP and indel mutation frequencies were tested in the boars and sows used in
Polish breeding. Analysis showed that rs340465447/rs330493983 FGL1 polymorphisms
were rare in the PLW and Puławska breeds. There were only heterozygous variants
present. In turn, in the PL and Duroc, alternate homozygous AA was also observed. Dele-
tion NC_010459.5:g.5548991-5548992del (TCA/A) or insertion NC_010459.5:g. 5549161in-
sCAGCA(C/CAGCA) showed a lower frequency. Only heterozygotes were observed in
the PL, and none of the alternate homozygote pigs were found (Table S4).
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4. Discussion
4.1. Pig Potential as an Animal Model in Fat Deposition Research

At the end of the 20th century and the beginning of the 21st century, the rate of life
significantly accelerated due to vast civilization leap, the development of science, and
access to new technologies. The consequence of increased stress levels resulted in civiliza-
tion diseases, such as obesity leading to substantial health disorders such as diabetes [27],
hypertension [28], cancer [29], or premature death [30]. In the face of such a severe epi-
demic, various studies have determined the precise processes related to fat deposition [31],
treatment of its effects, and analysis of environmental factors conducive to obesity [32]. The
introduction of appropriate prevention through changing nutritional habits has also been
studied and implemented [33].

The molecular process associated with fat accumulation is often challenging in humans;
the specific clinical and physiological conditions related to obesity may be limiting due to
costs or complexity, the difficulties in obtaining appropriate tissue samples, or ethical prob-
lems. Thus, researchers use animal models where molecular DNA/RNA/protein functions
remain unchanged between species. Pig animal model better reflects the processes occur-
ring in humans than small lab animals, as they show human-like body proportions [34],
metabolism [35], and a similar distribution of adipose tissue and adipocyte size [36]. On the
other hand, mutations identified in pigs leading to significant phenotype disorders deliver
the information that may be applied in human research. The identified mutations may be
helpful in finding a potential problem solution. For example, the melanocortin receptor
4 (MC4R) gene, the mutation described by Kim et al. [37], was found to be significantly asso-
ciated with food consumption and increasing the fat content in pigs in different pig breeds
and countries, including in Poland [38]. A few years later, Chagnon et al. [39] found several
mutations significantly associated with morbid obesity in the study of human MC4R.

The present study identified mutations in the FGL1 gene, which were significantly
related to fat deposition in Złotnicka White (ZW) pigs using variant calling methods based
on RNA-seq data. We found more than 50 polymorphism sites that, according to the χ2 test,
showed significantly different genotype/allele distribution when comparing low- and
high-fat deposition pig groups. Most of them were located in the 3′UTR region, which
controls gene expression and does not change the amino acid sequence. As previously
mentioned, FGL1 is expressed mainly in the liver and is related to the regeneration of
this organ, being involved in the hepatocyte proliferation process [8]. Demchev et al. [9]
suggested in their reports that a lack of the FGL1 gene leads to increased body weight and
an abnormal plasma lipid profile. Nevertheless, RNA-seq data used in the present study
for gene variant identification showed that FGL1 was not differentially expressed between
high- and low-FD pig groups at 180 days old. However, these findings do not preclude
prior differentiation at the beginning of ontogenetic growth or in an embryonic stage.

Moreover, our String v. 11.0 analysis showed that FGL1 is often mentioned in the
publications as co-expressed in the liver or plasma with apolipoprotein C3 (APOC3),
apolipoprotein A1 (APOA1), and apolipoprotein A2 (APOA2), which are strongly associated
with the regulation of very-low-density lipoproteins, cholesterol efflux, and transport, and
triglyceride catabolic process with [40].

It is assumed that identified significant FGL1 3′UTR variants change binding sites for
numerous miRNAs previously described as playing a role in regulating lipid processes
related to diabetes, appearing as potentially regulating porcine FGL1 gene expression, such
as mir338-5p and mir338-3p. Their binding site was probably controlled by rs330493983
FGL1 SNP, which revealed a significant effect on fat deposition in pigs. The T variant
of rs330493983 occurring in lean pigs favors miRNA-338 binding, whereas the C variant
precluded interacting with this regulator. miR-338-3p is expressed in the liver and is
related to cancer pathogenesis [41,42]. However, this miRNA was also examined for its role
in metabolic disorders such as hepatic insulin resistance and mediation in glycogenesis
by regulating the AKT/GSK3β signaling pathway. Moreover, Li et al. [41] showed that
mir338-3p was down-regulated in db/db, HFD-fed, and TNFa-treated C57BL/6j mice. This
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observation suggested an adverse effect of mir-338-3p on fat deposition, similar to hepatic
FGL1, which Demchev et al. [9] observed in FGL1-null mice. Thus, the binding site in the
3′UTR region significantly affecting FD in pigs indicates likely regulation of mir-338-3p-
FGL1. However, it should be confirmed in further experimental research, including cell
culture and luciferase assay.

4.2. FGL1 Variants as a Potential Selective Marker to Improve Fat Content in Pigs

Long-term selection toward lean meat in pigs, both in the breeds used as dam and sire
lines, has led to decreased backfat thickness and IMF, which determine meat flavor and
technological suitability [43]. The attempted recovery of higher fat content in pig carcasses
by traditional breeding methods is time-consuming and expensive. The application of
genetic markers enables the selection process acceleration due to the possibility of young
animal evaluation and removing those with adverse gene variants. In Polish pig breeding,
only one requirement is identifying a mutation in the RYR1 gene and eliminating carriers
and burdened individuals from the dam and sire populations. Moreover, the Polish
Ministry of Agriculture and Rural Development presently funds the monitoring of IGF2
and MC4R polymorphisms [37,44] in PL pigs as a maternal component to indicate the
possibility of improving fat tissue levels. However, they still are searching for new potential
genetic markers that could be useful in this case.

In the present study, the possibility of using FGL1 3′UTR variants was tested in the
ZW breed, which is not under selection pressure, so within this population, a wide range
of fat-related and meat traits is represented; thus, ZW is a suitable material for association
study. Our research showed for interesting correlation of rs340465447_A, rs330493983_C,
NC_010459.5:g.5548991-5548992del_A and NC_010459.5:g.5549161insCAGCA_CAGCA
FGL1 alleles that were positively associated with subcutaneous fat and also IMF. Identifica-
tion of these alleles in Polish pig populations used as maternal and paternal components in
breeding was carried out. Their presence in these populations was rather poor. However,
in the PL and Duroc pigs, allele rs340465447_A occurred in the alternate homozygous form,
which is promising if breeders would try to introduce this selection marker to increase fat
levels, especially as only boars were analyzed in the PL and Duroc; therefore, its spread in
the PL population would be easier.

5. Conclusions

Mice and human studies show that FGL1 is indirectly related to the occurrence of
obesity and diabetes. Our study supports this theory because we detected interesting
FGL1 variants in the 3′UTR region using liver RNA-seq data related to fat levels in the pig
carcasses. We indicated that identified mutations are probably associated with miRNA
binding, which regulates FGL1 expression, and probably fat deposition in pigs. Moreover,
association analysis in ZW pigs pinpointed the possibility of the FGL1 variant, especially
rs340465447_A utility, in the selection process toward increasing fat level in pigs since fat is
the leading meat flavor carrier.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13081419/s1. Table S1: Primers used in the study. Table
S2: Potential changes in miRNA binding sites identified by miRBase dependent on mutations in
3′UTR region of FGL1 gene in pigs Table S3: Means ± S.E. based on ANOVA test for important
pig traits dependent on rs340465447, rs330493983, INDELs: NC_010459.5:g.5548991-5548992del and
NC_010459.5:g.5549161insCAGCA genotypes in 16 ZW pigs differed in fat deposition. Table S4: The
frequencies of alleles and genotypes of SNP and INDEL in 3′UTR of FGL1 gene in Złotnicka White
and pigs active in Polish breeding. Figure S1: Fgl1 and their interactions. By color are indicated
the involvement of particular interactions in the biological process, molecular function and KEGG
pathway associated with lipid metabolism. The protein interactions were generated by STRINGv.11b:
functional protein association networks. https://string-db.org/.
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4. Piórkowska, K.; Żukowski, K.; Ropka-Molik, K.; Tyra, M. Detection of genetic variants between different Polish Landrace and
Puławska pigs by means of RNA-seq analysis. Anim. Genet. 2018, 49, 215–225. [CrossRef]

5. Xing, K.; Zhu, F.; Zhai, L.; Chen, S.; Tan, Z.; Sun, Y.; Hou, Z.; Wang, C. Identification of genes for controlling swine adipose
deposition by integrating transcriptome, whole-genome resequencing, and quantitative trait loci data. Sci. Rep. 2016, 6, 23219.
[CrossRef]

6. Piskol, R.; Ramaswami, G.; Li, J.B. Reliable identification of genomic variants from RNA-seq data. Am. J. Hum. Genet. 2013,
93, 641–651. [CrossRef]

7. Zhang, Y.; Qiao, H.X.; Zhou, Y.T.; Hong, L.; Chen, J.H. Fibrinogen-like-protein 1 promotes the invasion and metastasis of gastric
cancer and is associated with poor prognosis. Mol. Med. Rep. 2018, 18, 1465–1472. [CrossRef]

8. Hara, H.; Yoshimura, H.; Uchida, S.; Toyoda, Y.; Aoki, M.; Sakai, Y.; Morimoto, S.; Shiokawa, K. Molecular cloning and functional
expression analysis of a cDNA for human hepassocin, a liver-specific protein with hepatocyte mitogenic activity. Biochim. Biophys.
Acta-Gene Struct. Expr. 2001, 1520, 45–53. [CrossRef]

9. Demchev, V.; Malana, G.; Vangala, D.; Stoll, J.; Desai, A.; Kang, H.W.; Li, Y.; Nayeb-Hashemi, H.; Niepel, M.; Cohen, D.E.; et al.
Targeted Deletion of Fibrinogen Like Protein 1 Reveals a Novel Role in Energy Substrate Utilization. PLoS ONE 2013, 8, e58084.
[CrossRef]

10. Wang, J.; Sanmamed, M.F.; Datar, I.; Su, T.T.; Ji, L.; Sun, J.; Chen, L.; Chen, Y.; Zhu, G.; Yin, W.; et al. Fibrinogen-like Protein 1 Is a
Major Immune Inhibitory Ligand of LAG-3. Cell 2019, 176, 334–347.e12. [CrossRef]

11. Sykes, M.; Sachs, D.H. Transplanting organs from pigs to humans. Sci. Immunol. 2019, 4, 41. [CrossRef]
12. Houpt, K.A.; Houpt, T.R.; Pond, W.G. The pig as a model for the study of obesity and of control of food intake: A review. Yale J.

Biol. Med. 1979, 52, 307–329.
13. Grzeskowiak, E.; Borys, A.; Borzuta, K.; Buczynski, J.T.; Lisiak, D. Slaughter value, meat quality and backfat fatty acid profile in

Zlotnicka White and Zlotnicka Spotted fatteners. Anim. Sci. Pap. Rep. 2009, 27, 115–125.

128



Genes 2022, 13, 1419
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Abstract: The cAMP response element-binding protein (CREB), a basic leucine zipper transcription
factor, is involved in the activation of numerous genes in a variety of cell types. The CREB gene is
rich in alternative splicing (AS) events. However, studies on the AS of CREB genes in pigs are limited,
and few reports have compared the roles of isoforms in activating gene expression. Here, five AS
transcripts, V1–5, were characterized by RT-PCR and two, V3 and V5, were new identifications. Both
V1 and V2 have all the functional domains of the CREB protein, with similar tissue expression profiles
and mRNA stability, suggesting that they have similar roles. The transcriptional transactivation
activities of four isoforms encoding complete polypeptides were analyzed on the expression of the
B-cell CLL/lymphoma 2-like protein 2 and the poly (A)-binding protein, nuclear 1 genes with a
dual-luciferase reporter system, and differential activities were observed. Both V1 and V2 have
promoting effects, but their roles are gene-specific. V3 has no effect on the promoter of the two genes,
while V4 functions as a repressor. The mechanisms underlying the differential roles of V1 and V2
were analyzed with RNA-seq, and the genes specifically regulated by V1 and V2 were identified.
These results will contribute to further revealing the role of CREB and to analyzing the significance of
AS in genes.

Keywords: pig; CREB; alternative splicing variants; function; RNA-seq

1. Introduction

The cAMP response element (CRE)-binding protein (CREB), also known as CREB1,
is a 43-kDa basic leucine zipper (bZIP) transcription factor (TF). It is involved in the
activation of many cellular signals through the regulation of genes harboring the CRE
motif. Genome-wide screening for CRE motifs indicated that more than 4000 genes might
be activated by CREB. This suggests that CREB is a general TF and is important in many
cellular processes [1]. CREB gene knockout mice had embryonal neuronal deficits and
a reduced lifespan [2,3]. The dysregulation of the CREB gene results in aberrant signal
transduction affecting apoptosis, proliferation and differentiation, immune surveillance,
and metabolism [4–7].

The consensus sequence of the CRE motif is TGACGTCA, and it was first characterized
in the neuropeptide somatostatin gene [8]. The CREB gene also recognizes the conserved
half (TGACG or CGTCA) of the CRE sequence. The CGTCA sequence in the promoter
of TAT or Sox 3 has been identified as a prototypical binding site of CREB [9–11]. Many
genes containing TGACG are targets of CREB, including c-Fos [10], CYP11B [12], and Sox
9 [13]. A few nucleotide variations from the CRE consensus sequence in some genes have
little effect on the binding of CREB, except for affinity changes [14–16]. Some genes with a
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nonpalindromic CRE motif, such as the half CRE element, TGAGC, are more efficient in
the induction of CREB than the full ones [14]. This might be because the competitive TFs,
such as ATF2 or ATF3, for CRE cannot bind to the half CRE element [17], or because the
affinity is attenuated [18] and the binding of CREB is easier on the half sequences.

There are many alternative transcript variants encoding distinct polypeptides in the
CREB gene [19–21]. Some rare isoforms identified in the testis have been implicated in
spermatogenesis in rats [22] and humans [21]. This indicates that the alternative splicing
(AS) of the CREB gene has functional significance and physiological importance. Among
the CREB alternative protein isoforms, isoforms A (NM_004379) and B (NM_134442) are
major forms and are universally expressed in tissues. Both of these isoforms contain all
the functional domains of CREB, including the N-terminal glutamine-rich (Q) domains,
the kinase-induced domain (KID), and the C-terminal bZIP domain that have similar
expression profiles in mice [19]. It is unlikely that two isoforms with identical roles exist
simultaneously in tissues. However, it is not well established whether these isoforms are
different in their transcriptional transactivation potential and whether the specific signals
regulated by each isoform exist. In this study, we aimed to analyze the differential roles of
the CREB isoforms and characterize novel AS transcripts in pigs.

CREB plays important roles in many physiological and pathological processes in
humans [23,24]. Pigs have many histological and physiological similarities to humans, and
they have been used as an animal model for many human diseases. Our results will help
to reveal the detailed roles of CREB and contribute to the improvement of human health.
Additionally, pork accounts for more than 50% of the total meat consumption in China.
The clarification of the roles of CREB, a general TF that is important for cellular processes,
might help to improve the growth and productivity of pigs.

2. Results
2.1. Identification of Alternative Splicing Transcripts

A total of five AS variants (named V1–5) were obtained by RT-PCR from mixed RNAs
isolated from the spleen, kidneys, muscles, lungs, stomach, liver, heart, fat, large intestine,
and small intestine of pigs. V1, V2, and V4 have the same coding sequence (CDS) as those
deposited in GenBank (NM_001361427, NM_001099929, and XM_021075309) and encode
the polypeptides of 341, 327, and 278 aa, respectively. V1 and V2 correspond to isoforms B
(NM_134442) and A (NM_004379) in humans [21,25], respectively. Both V1 and V2 show a
similarity of 100% with the homologs from humans. Transcripts V3 and V5, encoding the
polypeptides of 299 and 104 aa, respectively, were identified for the first time.

The porcine CREB gene is composed of 10 exons, and the CDS starts from the ninth
base pair of exon 3 (Figure 1A). All the splice sites in transcript V1 follow the GT-AG
rule. In contrast with V1, V2–4 are formed by in-frame deletions. Both V2 and V4 are
formed by exon skipping. V2 is absent from exon 5, and V4 lacks exons 4 and 5. V3 is
formed by an internal deletion of 84 bp in exon 4, spanning the sequence from 27 bp to
110 bp, indicating the presence of a cryptic intron. The splice sites of this cryptic intron
are AT-CC. V5 contains a premature termination codon (PTC) owing to the retention of a
partial sequence of intron 5 and encodes a truncated polypeptide (Figure 1B). Q1, KID, Q2,
and bZIP domains exist in sequence in the polypeptide of variant V1. In contrast with V1,
V2 lacks an α-helix between the Q1 and KID domains. Both V3 and V4 have lost domain
Q1 (Figure 1C). V3 and V5 have been submitted to GenBank under the accession Nos.
OL439245 and OL439247, respectively.
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all the tissues studied. V4 was not detected in the heart, liver, stomach, and fat tissues. V5 
was not found in the heart and fat tissues (Figure 2). 

Figure 1. Schematic structure of the identified transcript variants of the porcine CREB gene.
(A) Schematic diagram of the CREB gene (NM_001361427) structure. (B) Schematic structure of
the alternative splicing transcripts. (C) Domain composition of the alternative splicing isoforms.
Exons and introns are indicated with a box and a straight line, respectively. Oblique lines indicate that
the sequences are spliced out. A blank box indicates a coding sequence, while a closed box indicates
an untranslated region.

2.2. Tissue Expression Profile

Real-time PCR analysis showed that isoforms V1–3 were ubiquitously expressed in all
the tissues studied. V4 was not detected in the heart, liver, stomach, and fat tissues. V5 was
not found in the heart and fat tissues (Figure 2).
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2.3. Transcriptional Regulatory Effects of the CREB Variants

To analyze the transcriptional transactivation activity of the in-frame variants, V1–4,
dual-luciferase reporter analysis was performed on the basis of bioinformatic analysis. The
results demonstrated that there were potential CREB-binding sites in the promoters of the
porcine B-cell CLL/lymphoma 2-like protein 2 (BCL2L2) and the poly (A)-binding protein,
nuclear 1 (PABPN1) genes.

The reporter gene of PABPN1 has strong promoter activity, as revealed by the lu-
ciferase activity analysis. The deletion of the putative cis-element resulted in a significant
decrease in the promoter activity (p < 0.01) (Figure 3A). The overexpression of CREB V1
or V2 promoted the activity significantly, while no promotive effects of exogenous V1
or V2 were found on the plasmids lacking the binding site of CREB (Figure 3B,C). The
overexpression of CREB V3 had no significant effect on the promoter activity of the PABPN1
gene (p > 0.05) (Figure 3D). The ectopic expression of V4 decreased the promoter activity
significantly (p < 0.05) (Figure 3E).
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putative binding site inhibits the promoter activity significantly (p < 0.01) (Figure 4A). The 
overexpression of CREB V1 had no effect on the luciferase activity, while exogenous V2 
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Figure 3. Effects of the transcript variants of CREB on the porcine PABPN1 promoter. (A) Effects of
CREB motif deletion on promoter activity. The putative binding site is shown above, and the sequence
deleted in the mutant-type reporter gene is indicated in italics. (B) Effects of V1 overexpression
on promoter activity. (C) Effects of V2 overexpression on promoter activity. (D) Effects of V3
overexpression on promoter activity. (E) Effects of V4 overexpression on promoter activity. A
Student’s t-test was used to compare the differences between the two groups. * and ** indicate that
the differences were significant, at p < 0.05 and p < 0.01 levels, respectively, while ns, not significant,
indicates that the differences were not significant (p > 0.05).
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The reporter gene of BCL2L2 has strong promoter activity, and the deletion of the
putative binding site inhibits the promoter activity significantly (p < 0.01) (Figure 4A). The
overexpression of CREB V1 had no effect on the luciferase activity, while exogenous V2
increased the promoter activity significantly (p < 0.01) (Figure 4B). The deletion of the CREB
motif in the reporter gene abolished the effects of exogenous V2 on the promoter activity
(Figure 4C). The effects of V3 and V4 on the porcine BCL2L2 promoter were similar to that
on the PABPN1 promoter. V3 did not significantly affect the promoter activity (Figure 4D),
while V4 decreased the activity (Figure 4E).
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2.4. Effects of the CREB Variants on the Endogenous Expression of PABPN1 and BCL2L2 
We measured the effects of the CREB transcript variants on the expression of endog-

enous PABPN1 and BCL2L2. Real-time PCR analysis showed that the overexpression of 
V1 significantly increased the mRNA level of PABPN1 in PK-15 cells (p < 0.01), while no 
change was observed in the expression of BCL2L2 (p > 0.05) (Figure 5A). Exogenous V2 
increased the expression of both PABPN1 and BCL2L2 significantly (p < 0.01) (Figure 5B). 
The overexpression of V4 inhibited the expression of PABPN1, but the change was not 

Figure 4. Effects of the transcript variants of CREB on the porcine BCL2L2 promoter. (A) Effects of
CREB motif deletion on promoter activity. The putative binding site is shown above, and the sequence
deleted in the mutant-type reporter gene is indicated in italics. (B) Effects of V1 overexpression
on promoter activity. (C) Effects of V2 overexpression on promoter activity. (D) Effects of V3
overexpression on promoter activity. (E) Effects of V4 overexpression on promoter activity. A
Student’s t-test was used to compare the differences between the two groups. * and ** indicate that
the differences were significant, at p < 0.05 and p < 0.01 levels, respectively, while ns, not significant,
indicates that the differences were not significant (p > 0.05).
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2.4. Effects of the CREB Variants on the Endogenous Expression of PABPN1 and BCL2L2

We measured the effects of the CREB transcript variants on the expression of endoge-
nous PABPN1 and BCL2L2. Real-time PCR analysis showed that the overexpression of
V1 significantly increased the mRNA level of PABPN1 in PK-15 cells (p < 0.01), while no
change was observed in the expression of BCL2L2 (p > 0.05) (Figure 5A). Exogenous V2
increased the expression of both PABPN1 and BCL2L2 significantly (p < 0.01) (Figure 5B).
The overexpression of V4 inhibited the expression of PABPN1, but the change was not
significant (p > 0.05), while it decreased the mRNA level of BCL2L2 significantly (p < 0.05)
(Figure 5C).
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roles of variants V1 and V2 in regulating gene expression. A total of 179.43 million clean 
read pairs were obtained in nine cDNA libraries, with 19.24, 19.09, and 21.48 million on 
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Figure 5. Effects of variants V1 (A), V2 (B), and V3 (C) of CREB on the expression of endogenous
PABPN1 and BCL2L2 genes. A Student’s t-test was used to compare the differences between the
two groups. * and ** indicate that the differences were significant, at p < 0.05 and p < 0.01 levels,
respectively, while ns, not significant, indicates that the differences were not significant (p > 0.05).

2.5. Comparison of Variants V1 and V2

The above analysis showed that there are differences between the transcriptional
regulatory activities in variants V1 and V2, although both increased the transcription of
target genes. We studied the mechanisms underlying these differences. Transcripts V1
and V2 are similar in stability, as revealed by half-time analysis (Figure 6A). Competitive
RT-PCR was used to compare the expression levels of the two variants in the same tissues,
and it revealed that V2 was expressed more abundantly than V1 in all the tissues examined
(Figure 6B).
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Figure 6. Comparison of isoforms V1 and V2. (A) mRNA stability analysis. The mRNA level is
shown as the ratio of mRNA remaining to that at time zero. (B) Comparison of the mRNA levels in
the same tissues. * indicates that the tissues were from 7-month-old pigs, while the other tissues were
from 1-month-old pigs.
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2.6. Overview of the RNA-Seq Data

RNA-seq analysis was used to reveal the mechanisms underlying the differential
roles of variants V1 and V2 in regulating gene expression. A total of 179.43 million clean
read pairs were obtained in nine cDNA libraries, with 19.24, 19.09, and 21.48 million on
average for cells transfected with V1, V2, and an empty vector (negative control, NC),
respectively, comprising at least 94.3% of Quality 20 (Q20) reads and 86.6% of Q30 reads.
More than 93.12% of the clean reads in each sample were mapped to the reference genome
(Sus scrofa 11.1).

When compared to the NC group, there were 1996 differentially expressed genes
(DEGs), with 1046 upregulated genes and 950 downregulated genes in cells overexpressing
V1. There were 165 DEGs, with 95 upregulated genes and 70 downregulated genes in
cells overexpressing V2 (Figure 7A; Table S1A,B). Among the DEGs regulated by V1 and
V2, 57 were common (Figure 7B). DEGs specifically regulated by V1 or V2 are shown in
Table S1C. A total of 392 and 28 DEGs were identified as TFs in the V1- and V2-treated
groups, respectively, of which 10 were common to the two groups (Figure 7C; Table S2).
Nine DEGs, six from the NC-vs.-V1 group and three from the NC-vs.-V2 group, were
selected to validate the RNA-seq data with real-time PCR analysis, and consistent results
were obtained (Figure 7D).
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quantitative PCR.
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2.7. Functional Characterization of the Differentially Expressed Genes

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
were performed on the NC-vs.-V1 and NC-vs.-V2 groups, and the results were compared
to reveal the reason for their differential roles in the regulation of gene expression. Two
GO terms were enriched in the cellular component category in each group, and there was
no difference between the two groups (Figure 8A). Among the top 10 GO terms enriched
in the biological pathway category, nine were common to the two groups. The terms
developmental process and biological process involved in the interspecies interaction be-
tween organisms were specific to NC-vs.-V1 and NC-vs.-V2, respectively. In the molecular
function category, a greater number of items differed between the two groups (Figure 8B). A
total of six GO terms were differentially enriched in the two groups, of which the molecular
transducer activity, structural molecule activity, antioxidant activity, and cargo receptor
activity were specific to NC-vs.-V1, while the molecular function regulator and translation
regulator activity were specific to NC-vs.-V2 (Figure 8C).
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Figure 8. Top GO terms involved in the cellular component (A), biological process (B), and molecular
function (C). * Biological process involved in the interspecies interaction between organisms.

DEGs were involved in various pathways in both the NC-vs.-V1 and NC-vs.-V2 groups.
Pathways enriched in NC-vs.-V1 were very different from those enriched in the NC-vs.-V2
group. The most significantly enriched pathways were arachidonic acid metabolism and
ferroptosis in the NC-vs.-V1 group, and the cytosolic DNA-sensing pathway and basal TFs
in the NC-vs.-V2 group. Among all the significantly enriched pathways (p < 0.05), only
three were common to both groups (Figure 9A,B). Both groups contained pathways related
to adipogenesis, such as arachidonic acid metabolism and the PPAR signaling pathway in
NC-vs.-V1, and the PI3K-Akt signaling pathway and focal adhesion in NC-vs.-V2. This
suggests that the two variants regulate fat deposition via different mechanisms.
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shared by the two groups are indicated in red. 1. Parathyroid hormone synthesis, secretion, and action.
2. Growth hormone synthesis, secretion, and action. 3. Vasopressin-regulated water reabsorption.

3. Discussion

CREB is a critical TF involved in various physiological processes. It is rich in AS
transcripts, some of which play distinctive roles in cell growth and development, while
some isoforms, such as α and β in humans and mice, have similar tissue expression profiles
and identical domains [21], suggesting that they play the same roles. However, these
isoforms may not be redundant in the transcriptome and the proteome, and little effort has
been made to analyze the functional differences between them. In this study, AS transcript
variants of CREB were characterized in pigs using molecular biology techniques. Through
dual-luciferase reporter analysis, four of the isoforms containing in-frame variations were
analyzed to compare their transcriptional transactivation activities in PK-15 cells. The
mechanisms underlying the differential activities of two canonical isoforms, corresponding
to α and β in humans and mice, were analyzed at the genome level. The results help to
reveal the role of CREB and to analyze the significance of AS in genes.

Five transcripts of CREB, V1–5, were characterized in pigs, and two, V3 and V5, were
identified for the first time. In contrast to V1, isoforms V2–4 are in-frame variations. V2
contains all the same functional domains of CREB as V1, while isoforms V3 and V4 have
lost the Q1 domain because AS now occurs in that region. The CREB protein is composed
of distinct domains with different functions. N-terminal domains, including Q1, Q2, and
KID, function synergistically to induce the transcriptional transactivation of CREB. Q1
functions to induce transcriptional enhancement, and Q2 is essential for inducing CREB-
mediated transcription. The C-terminal portion harbors the bZIP domain responsible for
the DNA binding and dimerization of CREB. The KID domain, intermediated between
Q1 and Q2, can be activated by a series of kinases, such as protein kinase A, which
affects the dimerization and DNA binding of CREB [26]. Thus, V3 and V4 have domains
that are essential for transcriptional regulation, suggesting that they have transcriptional
transactivation activity.

The expression profiles of transcripts V3 and V4 in tissues indicate that they have
distinctive roles. V1 and V2, composed of identical domains, are ubiquitously expressed
with similar profiles, indicating their identical roles. However, it is impossible to express
two isoforms with identical roles simultaneously. To reveal the differences between isoforms
V1 and V2 and to verify the potential of V3 and V4 as TFs, dual-luciferase reporter analysis
was performed using PABPN1 and BCL2L2 as representatives of the target genes. We
found that both V1 and V2 can promote the transcription of PABPN1, while only V2 has
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transcriptional regulation activity in the promoter of BCL2L2. This indicates that there is a
division of labor between V1 and V2 in activating gene expression. V3 has no effect on the
promoter activity of the two genes, while V4 inhibits the expression of both PABPN1 and
BCL2L2, in contrast to the promoter-activating ability of V1 and V2. Conflicting roles in the
regulation of gene expression have been observed in the AS isoforms of the CREB gene.
It is predominantly a positive regulator of the cAMP-responsive genes, but in the human
testis, repressor CREB isoforms have been characterized [27,28], indicating the multiple
roles played by the AS of CREB.

CREB is a bifunctional transcription activator, mediating both the constitutive and
kinase-induced transcription activations of numerous genes in a variety of cell
types [24,29,30]. It exerts its effects through Q2, a constitutive activation domain, for
activating constitutive transcription, and KID for kinase-inducible activities. Although the
Q2 domain is crucial for constitutive activation, both Q1 and Q2 are important for basal
activation [30]. In contrast to V2, a positive regulator of gene expression, V4 is formed
by exon-skipping of exon 4, coding for the Q1 domain in CDS. Therefore, V2 and V4 are
produced by exon 4 splicing in and out, respectively, and they are differentiated from one
another by Q1 inclusion or deletion. A similar phenomenon was also observed in the cAMP-
responsive element modulator (CREM), another member of the CREB family that functions
as a transcriptional activator. CREM can produce an isoform that explicitly antagonizes
the transcriptional activation. Exon 9 of CREM coding for the Q domain is alternatively
spliced. Its inclusion or deletion in the CREM mRNA results in a switch of the protein from
functioning as an activator to acting as a repressor during spermatogenesis [31].

Q1 is responsible for transcriptional enhancement. It is unclear why its deletion in
V4 results in antagonistic activity. Possibly, the deletion causes conformational alteration
of the polypeptide, which renders it unable to form productive interactions with the
proteins involved in the basal transcription complex. Additionally, V4 has a bZIP domain
responsible for the DNA binding at the C-terminal, and, thus, it might compete with the
activator CREB isoforms to bind to the CRE motif and inhibit the cAMP-stimulated gene
expression. Nevertheless, V4 can function as a TF, and may account for the tissue-specific
repression of cAMP-regulated genes because it is not expressed in all tissues, as revealed
by real-time PCR.

Isoforms V1 and V2 have identical domains, similar stability, and tissue expression
profiles, except for a higher mRNA level in V2 than in V1 in the same tissues. However,
V1 and V2 showed differences in their transcriptional transactivation of genes. To reveal
the underlying mechanisms, RNA-seq analysis was performed and the DEGs regulated
by V1 and V2 were identified. There are only a few common genes significantly regulated
by both V1 and V2 (absolute log2-foldchange > 1 and p < 0.05), and ectopic V1 altered the
expression of many more genes than V2. These data indicate that there is a great difference
between their regulations of gene expression. Specific GO terms and KEGG pathways
enriched by DEGs were also identified in each group. There was a small difference between
the GO terms enriched by both groups, especially in the CC and BP categories, while in the
KEGG pathways, a greater difference was observed. Among the top 10 pathways enriched,
only three were common to both groups, which indicates that different pathways might be
the main reason for the differential roles of V1 and V2.

4. Materials and Methods
4.1. Animals, Tissues, and cDNA Synthesis

One-month-old and seven-month-old Min pigs were sampled from the Institute of
Animal Husbandry, Heilongjiang Academy of Agricultural Sciences, Harbin, China, each
with three replicates. Animal handling was carried out in accordance with the protocols
approved by the Animal Care and Use Committee at Northeast Agricultural University
(Harbin, China). Tissues, including those from the heart, liver, lungs, spleen, kidneys,
stomach, large intestine, small intestine, fat, and muscles were collected immediately after
the pigs were slaughtered, and these tissues were snap-frozen in liquid nitrogen. RNA was
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isolated with TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and reverse transcription
(RT) was performed, as previously described, to synthesize cDNA [32].

4.2. cDNA Amplification and Sequence Analysis

To characterize the AS events in CDS, a pair of primers were designed according to the
porcine CREB (pCREB) mRNA deposited in GenBank (NM_001361427). PCR was carried
out in a final volume of 25 µL containing 1 U exTaq DNA polymerase (Takara, Dalian,
China), 1× PCR buffer, 0.2 µM of each primer, 200 µM of each dNTP (Takara, Dalian,
China), and 1 µL of cDNA obtained from muscle tissues. The thermal cycling parameters
were as follows: 94 ◦C for 5 min, followed by 30 cycles at 94 ◦C for 30 s, 59 ◦C for 30 s,
72 ◦C for 1 min, and a final extension at 72 ◦C for 7 min. All primers used in this study are
listed in Table S3.

PCR products were inserted into the pMD18-T vector (Takara) for sequencing by
Beijing Genomic Institute (BGI, Beijing, China). The resultant sequences were aligned
using SnapGene (v5.2.4). The genomic structure was characterized using the Blat program
(http://genome.ucsc.edu/cgi-bin/hgBlat, accessed on 3 March 2022).

4.3. Plasmids

To analyze the transcriptional transactivation potential of the AS variants of pCREB,
the CDSs of isoforms encoding polypeptides with functional domains were amplified
with primer pair A, containing EcoRI and XhoI sites in the 5′ end, and subcloned into a
pCMV-HA vector to construct eukaryotic expression plasmids. Luciferase reporter genes
of porcine BCL2L2 and PABPN1 were constructed with pGL3-basic as the backbone at
the KpnI and HindIII sites. The potential of the upstream sequences of the BCL2L2 or
PABPN1 genes as promoters and the putative binding sites of CREB were first analyzed
with Promoter 2.0, Alibaba 2.1, and Jaspar programs. Then, sequences spanning from
−1102 to +54 nucleotides (nt) of BCL2L2 and −791 to −190 nt of PABPN1 were amplified
from genomic DNA and then inserted into the pGL3-basic. The first nucleotide of the start
codon was assigned as +1. Additionally, the predicted CRE elements were deleted from
the BCL2L2 and PABPN1 reporter genes using an overlapped extension PCR method, as
described previously [32].

4.4. Dual-Luciferase Reporter Assay

A dual-luciferase reporter assay was performed, as described previously [32]. Briefly,
each reporter gene constructed was transfected alone or together with plasmids over-
expressing pCREB into PK-15 cells using Lipofectamine 2000 (Invitrogen). The Renilla
luciferase reporter gene was used as the reference to avoid differences in transfection
efficiency among the groups. At 48 h after transfection, the cells were collected and the
luciferase activity was measured with the Dual-Glo Luciferase Assay System (Promega,
Madison, WI, USA). The relative luciferase activity was calculated as the ratio of firefly
activity to that of Renilla. A Student’s t-test was used to compare the differences between
the experiment and control groups. Each experiment was independently repeated three
times, each with triplicates. Data are presented as mean ± standard deviation.

4.5. Competitive RT-PCR

Isoforms V1 and V2 were amplified simultaneously using the competitive RT-PCR
method to compare the expression levels in the same tissue. A pair of primers, complemen-
tary to the common sequences of both variants, was used. The PCR volume and reaction
protocols were the same as those described above. The products were visualized using 12%
polyacrylamide gel electrophoresis.

4.6. Library Preparation and Sequencing

Plasmids overexpressing pCREB were transiently transfected into PK-15 cells with
Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s protocol. Cells
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transfected with an empty vector were used as the control. At 48 h after transfection,
cells were collected, and RNA was isolated with TRIzol reagent (Invitrogen) to construct
paired-end RNA-seq libraries. Three independent experiments were performed. A total
of six libraries were prepared from the experimental and control groups, each with three
replicates. The libraries were prepared and sequenced on a NovaSeq 6000 sequence analyzer
(Illumina, San Diego, CA, USA) by the Frasergen company (Wuhan, China), as described
previously [33].

4.7. RNA-Seq Data Analysis

The raw reads were filtered with SOAPnuke (v2.1.0) to obtain clean reads. The
clean reads were aligned to the pig reference genome (Sscrofa 11.1) with the HISAT2
(v2.1.0) program [34]. Bowtie 2 (V2.3.5) [35] was used to map the reads to the ENSEMBLE
transcriptome (Sscrofa 11.1). The transcript assembly and quantification in fragments per
kilobase million (FPKM) were performed with Cufflinks (v2.2.1) [36]. The threshold for
expression was set at FPKM > 0.1 in at least one sample, as used previously [33]. The
gene expression levels were compared between groups with DESeq2 (v1.22.2) [37], and
DEGs were identified according to the criteria of absolute Log2-foldchange > 1 and p < 0.05.
GO and KEGG enrichment analyses of DEGs were carried out with the hypergeometric
distribution method and KOBAS tool (v3.0) [38], respectively. KEGG pathways with a
p-value < 0.05 were considered as significantly enriched. Hmmscan (v3.0) [39] was used to
predict the TFs.

4.8. Real-Time Quantitative PCR

Real-time quantitative (q) PCR was performed as described previously with β-actin as
the reference [32]. Each of the AS transcripts of the pCREB gene were amplified specifically
to measure the mRNA levels in the tissues and cells. The cells overexpressing pCREB
were collected at 48 h after transfection for RNA isolation. To measure the mRNA stability
of isoforms V1 and V2, PK-15 cells were treated with 5 µg/mL actinomycin D (ActD,
Biotopped, Beijing, China) and collected for RNA isolation at each time point described
in the Results section. The relative mRNA levels were determined as the ratio of mRNA
remaining to that at time zero. For the validation of the RNA-seq data, nine DGEs were
selected, and qPCR was performed with cDNA obtained from cells treated identically to
those used for RNA-seq analysis. Data are shown as mean ± standard deviation.

5. Conclusions

A total of five AS isoforms of porcine CREB, named V1–5, were cloned. Two of these
isoforms, V3 and V5, were identified for the first time. These data indicate that the CREB
gene is rich in AS. Isoforms V1–3 were ubiquitously expressed in all the tissues sampled,
while V4 and V5 were not. V1 and V2 contain all the functional domains of CREB and
have similar stability and tissue expression profiles, suggesting that they have the same
functional roles. Through dual-luciferase reporter analysis on the promoters of PABNP1 and
BCL2L2 genes containing the putative CRE motif, we found that V1 and V2 both function
as activators, but their roles are gene-specific. To analyze the mechanisms underlying
these differences, genes, GO terms, and KEGG pathways specifically regulated by V1 or
V2 were identified by RNA-seq combined with bioinformatic methods. We found that
V3 had no effect on the promoter activities of PABNP1 and BCL2L2, while V4 acted as a
repressor in regulating gene expression. These results demonstrate that CREB isoforms
play multiple roles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13081304/s1, Table S1: Differentially expressed genes
identified, Table S2: Differentially expressed transcription factors identified, Table S3: Primers used
in this study.
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Abstract: Numerous cardiovascular diseases (CVD) eventually lead to severe myocardial dysfunc-
tion, which is the most common cause of death worldwide. A better understanding of underlying
molecular mechanisms of cardiovascular pathologies seems to be crucial to develop effective thera-
peutic options. Therefore, a worthwhile endeavor is a detailed molecular characterization of cells
extracted from the myocardium. A transcriptomic profile of atrial cardiomyocytes during long-term
primary cell culture revealed the expression patterns depending on the duration of the culture and
the heart segment of origin (right atrial appendage and right atrium). Differentially expressed genes
(DEGs) were classified as involved in ontological groups such as: “cellular component assembly”,
“cellular component organization”, “cellular component biogenesis”, and “cytoskeleton organiza-
tion”. Transcriptomic profiling allowed us to indicate the increased expression of COL5A2, COL8A1,
and COL12A1, encoding different collagen subunits, pivotal in cardiac extracellular matrix (ECM)
structure. Conversely, genes important for cellular architecture, such as ABLIM1, TMOD1, XIRP1,
and PHACTR1, were downregulated during in vitro culture. The culture conditions may create a
favorable environment for reconstruction of the ECM structures, whereas they may be suboptimal for
expression of some pivotal transcripts responsible for the formation of intracellular structures.

Keywords: cardiomyocyte structure; cytoskeleton organization; extracellular matrix; cell culture;
transcriptomic analysis
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1. Introduction

Many cardiovascular diseases (CVD) are associated with myocardial damage, and
when untreated they eventually lead to severe myocardial dysfunction within a relatively
short time. Clinically evident impairment of systolic myocardial performance predomi-
nantly results from the insufficient regeneration of cardiomyocytes (CMs) [1]. Currently
available therapies are unable to replace lost CMs and largely irreversible cardiac dys-
function ensues. Therapeutic strategies aimed at stimulating the regenerative potential of
myocardium may improve patient outcomes [2].

Strategies involving the transplantation of multipotent cardiac progenitor cells (CPCs)
into the area of the injured myocardium, to promote regeneration of new functioning
myocytes, are promising treatments. However, the effectiveness of the implantation strategy
remains to be fully elucidated. Recent studies suggest that the adult heart is capable of
limited cardiomyocyte turnover via the CPCs population [3–6]. Nevertheless, culture
conditions and propagation of candidate cells need to be refined and standardized. A key
developmental step will be to ensure in vitro culture conditions that allow cells extracted
from the myocardium to expand. The description of the structure of the cultured cells
will undoubtedly be an important element enabling the assessment of the condition of the
cultured cardiomyocytes.

Understanding the structural property changes during myocardial damage may lead
to the development of novel prevention therapies. Moreover, knowledge at the molecular
level about the changes occurring in the participation of individual protein isoforms during
either pathological processes or during in vitro culture will be crucial for determining the
properties and usefulness of myocardial cells [7]. Therefore, novel measurement systems
may lead to greater insight into cardiac tissue structure, properties, and performance [8].
Organization of the intracellular network cytoskeleton, or composition of the extracellular
matrix (ECM), require deepening the knowledge at the molecular level to better understand
the molecular changes in cells. The cytoskeleton tightly regulates myofibrillar activity
and maintains muscle contraction/relaxation [9], while the ECM plays essential struc-
tural and regulatory roles in establishing and maintaining tissue architecture and cellular
function [10].

The aim of the present study was to analyze the transcriptomic profile of genes in-
volved in organization of the cardiomyocyte structure. Moreover, structural changes of
cardiomyocytes isolated form the porcine right atrial appendage (RAA) and right atrium
(RA) during long-term primary cell culture were evaluated to understand the CMs tran-
script expression patterns over the duration of the culture.

2. Materials and Methods
2.1. Animal Tissues

Pubertal crossbred Polish Landrace (PBZ ×WBP) gilts (Sus scrofa f. domestica), bred
with a mean age of 155 days (range 140–170 days) and a mean weight of 100 kg (95–120 kg),
were used as a source of tissue. All animals were housed under identical conditions and
fed the same forage. Porcine hearts were excised within 25 min of slaughter. After cutting
the sternum and the diaphragm, the heart was removed. The hearts in intact pericardium
were then preserved and transported to the laboratory on ice as soon as possible from
a local slaughterhouse. After removing hearts from the pericardial sacs, the right atrial
appendage and right atrial free wall were dissected and manually prepared with sterile
surgical instruments to remove the visceral layer of the serous pericardium. Fat was also
removed, and the tissue was the source of cells for in vitro culture. Each time, the delivered
hearts were assessed for their suitability for downstream analyses. The following hearts
were disqualified from further study: those with macroscopic injury after slaughter, those
contaminated during transport or preliminary preparation, and those with connective
tissue adhesions (signs of inflammation) or ischemia. As the research material is usually
disposed of after slaughter, being a remnant by-product, no ethical committee approval
was needed for the project.
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2.2. Enzymatic Dissociation and Primary Cell Culture

The right atrial appendage (right auricle) and right atrium were extracted from
the delivered hearts and washed in ice-cold PBS solution to remove the blood. After
the two-step mincing by sterilized tools, the tissue underwent enzymatic digestion in
DMEM + collagenase type II (2 mg/mL) solution at 37 ◦C for 40 min with gentle mixing.
After the end of digestion, using nylon strainers of 70 µm pore size, the remaining tissue
was separated from cell debris. The filtrate containing cells of interest was subject to
centrifugation (5 min, 200× g, RT) to pellet the cells. The cells were washed with the PBS
solution and then pre-plated on 25 mL culture bottles with culture medium (DMEM/F12,
Sigma-Aldrich, Saint Louis, MO, USA), 20% FBS (Fetal Bovine Serum, Gibco, Thermo-
Fischer Scientific, Waltham, MA, USA), 10% HS (Horse Serum, Gibco, Thermo-Fischer
Scientific, Waltham, MA, USA), EGF (20 ng/mL; Sigma-Aldrich, Saint Louis, MO, USA),
bFGF (10 ng/mL; Sigma-Aldrich, Saint Louis, MO, USA), and 1% P/S, and initially incu-
bated for 4 h at 37 ◦C, 5% CO2. This stage aims to deplete the fibroblasts, which show much
higher adhesion affinity [11,12]. After this stage, the supernatant (including nonadherent
cardiomyocytes) was pelleted by centrifugation (5 min, 200× g, RT) and placed into the new
25 mL culture bottle, previously coated with 0.1% gelatin solution. The cells were cultured
in DMEM/F12 medium complemented with 20% FBS, 10% HS, EGF (20 ng/mL), LIF
(10 ng/mL), and 1% P/S. The procedure of cell isolation and culture is based on the current
literature sources [11,12] modified to fit the aims of the experiments. The culture medium
was changed every three days. Cultures selected for downstream analysis exhibited a cell
viability of 90% and more, measured by the ADAM-MC Automated Cell Counter (Bulldog
Bio Inc., Rochester, NY, USA) at all time intervals (7D, 15D, and 30D of culture).

2.3. Morphological Observation of Cells during Long-Term Primary In Vitro Culture

Using an inverted light microscope with relief contrast (IX73, Olympus, Tokyo, Japan),
daily observation of cultured cells was performed. Images obtained during the culture
period correspond to the time intervals used in the molecular analysis (7 days (D), 15D,
and 30D).

2.4. Flow Cytometry Analysis

The cardiomyocytes levels were measured by flow cytometry. Cells were stained
with combinations of the following antibodies: anti-α-Actinin (Sarcomeric)-FITC (cat.:
130-106-997), anti-Myosin Heavy Chain-APC (cat.: 130-106-253, Miltenyi Biotec, San Diego,
CA, USA), and anti-GATA4 Alexa Fluor 488 (cat.: 560330, BD Biosciences, San Jose, CA,
USA). Samples were fixed and permeabilized with ice-cold BD Perm/Wash™ buffer. For
intracellular staining, to 100 µL of cell sediments, 300 µL of BD Perm/Wash™ buffer
was added to each tube, mixed, and incubated on ice for 10 min. Following incubation,
cells were centrifuged (1500 rpm, 5 min), supernatant was removed, and cell sediments
were incubated on ice for 30 min with antibodies. Finally, cells were washed with BD
Perm/Wash™ buffer. Stained samples were evaluated by flow cytometry using the BD
FACSAria™ equipment (Becton Dickinson, Franklin Lakes, NJ, USA).

2.5. RNA Extraction and Reverse Transcription

RNA samples (both before and after in vitro culture) were isolated according to the
Chomczyński and Sacchi [13] method, employing TRI reagent (Sigma-Aldrich; Merck
KGaA, Saint Louis, MO, USA). Total RNA isolation was conducted using, successively,
chloroform, 2-propanol, and 75% ethanol solution during the procedure. Next, the ob-
tained RNA samples were re-suspended in 20–40 µL of RNase-free water and frozen at
−80 ◦C. RNA integrity was determined by denaturing agarose gel (2%) electrophoresis.
Subsequently, the total amount of the collected RNA was evaluated by measuring the
optical density (OD) at 260 nm (NanoDrop spectrophotometer; Thermo Scientific, Inc.,
Waltham, MA, USA). RNA samples were subjected to reverse transcription using the RT2
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First Strand kit (Qiagen, Hilden, Germany), according to the manufacturer’s protocol. To
reverse-transcribe RNA into cDNA, 500 ng of an RNA sample was used [14].

2.6. Microarray Expression Study and Data Analysis

The microarray study was carried out as previously described [15]. Previously isolated
total RNA (50 ng) from each pooled sample (during analyses, for each time interval we
pooled RNA from 4 different cultures obtained from other hearts) was used in two rounds
of sense cDNA amplification (Ambion® WT Expression Kit). In the first step, synthesis of
cRNA was performed by in vitro transcription (16 h, 40 ◦C). Subsequently, cRNA after pu-
rification was re-transcribed into cDNA. Then, cDNA samples obtained via the Affymetrix
GeneChip® WT Terminal Labeling and Hybridization kit (Affymetrix, Santa Clara, CA,
USA) have been subjected to biotin labeling and fragmentation processes. Hybridization to
the Affymetrix® Porcine Gene 1.1 ST Array Strip was conducted at 48 ◦C for 20 h, in an
AccuBlock™ Digital Dry Bath (Labnet International, Inc., NY, USA) hybridization oven.
Our experiment employed 4 array strips. Two biological samples (each obtained by pool-
ing RNA from four different animals to mitigate the effect of interindividual variation)
were used for the analysis of each individual time interval. After hybridization, using
an Affymetrix GeneAtlas™ Fluidics Station (Affymetrix, Santa Clara, CA, USA), all array
strips were washed and stained, according to the technical protocol. The array strips were
scanned using an Affymetrix GeneAtlas™ Imaging Station (Affymetrix, Santa Clara, CA,
USA). The preliminary analysis of the scanned chips was performed using Affymetrix
GeneAtlas TM Operating Software (Affymetrix, Santa Clara, CA, USA). The quality of
gene expression data was checked according to quality control (QC) criteria following
the manufacturer’s standards. The scans of the microarrays were saved as *.CEL files for
downstream data analysis.

The created *.CEL files were subjected to further analysis performed using Bioconduc-
tor software, based on the R statistical language with the relevant Bioconductor libraries,
as described previously [16,17]. To conduct background correction, normalization, and
summarization of the results, we used the Robust Multiarray Averaging (RMA) algorithm.
Assigned biological annotations were obtained from the “pd.porgene.1.1.st” library, em-
ployed for the mapping of normalized gene expression values with their symbols, gene
names, and Entrez IDs, allowing us to generate a complex gene data table. To determine
the statistical significance of the analyzed genes, moderated t-statistics from the empirical
Bayes method were performed. The obtained p-values were corrected for multiple com-
parisons using Benjamini and Hochberg’s false discovery rate and described as adjusted
p-values. The selection criteria of a significantly changed gene expression were based on
an expression fold difference higher than abs. 2 and an adjusted p-value < 0.05. The list of
differentially expressed genes (DEGs) was uploaded to the DAVID software (Database for
Annotation, Visualization, and Integrated Discovery). Ontology groups that contained at
least 5 genes and expressed a p-value (Benajamini) < 0.05 were selected for further analysis.
Particularly, the “cellular component assembly”, “cellular component organization”, “cel-
lular component biogenesis”, and “cytoskeleton organization” were selected as GO BPs
of interest.

It is important to compare the expression profile in RA and RAA because the objective
of the research was to characterize the molecular basis for structural changes. A Venn dia-
gram was employed to detect relations between lists of DEGs in used hearts’ compartments
and to explore the intersection of genes of analyzed terms from the functional analysis.
Fifty of the most altered genes for both heart compartments were analyzed.

2.7. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

The RT-qPCR validation was performed using a Light Cycler® 96 Real-Time PCR
System, Roche Diagnostics GmbH (Mannheim, Germany), with SYBR Green as a detection
dye. To the RNA material remaining after pooling of samples used in the microarray
analysis (from 8 animals), 4 new biological replicates were added; as a result, the quanti-
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tative validation was performed for 12 samples for each time interval of culture. Levels
of analyzed transcripts were standardized in each sample, in reference to hypoxanthine
1 phosphoribosyltransferase (HPRT1) and β-actin (ACTB) as an internal control. The final
reaction mix consisted of 1 µL of cDNA, 5 µL of mastermix (RT2 SYBR Green FAST Master-
mix, Qiagen), 1 µL of forward + reverse primer mix (10 µM), and finally, 3 µL of PCR-grade
water. We have used the Primer3 software for primer design (Table 1), based on Ensembl
database transcript sequences. The exon–exon design method was used as an additional
method to avoid potential remnant genomic DNA fragments’ amplification. For target
cDNA quantification, we have performed relative quantification with the 2−∆∆Cq method.

Table 1. Primers. Oligonucleotide sequences of primers used for RT-qPCR analysis.

Gene Primer Sequence (5′-3′) Product Size (bp)

ITGA8
F CCAGCAGACCAAAACCCTTC

164
R AAGAAGTTGTGCAGCTGTGG

TNC
F TTTCAGATGCCACCCCAGAT

169
R GTGGCTTCTCTGAGACCTGT

FGF7
F TGGAAATCAGGACAGTGGCT

192
R CTCCTCCACTGTGTGTCCAT

COL12A1
F TCCACAGGTTCAAGAGGTCC

150
R TTGTTAGCCGGAACCTGGAT

KIF23
F TGCAACAGGAGCTTGAAACC

243
R AGGGTCTCTCTGGCTTTTCA

FLNB
F AACATCCCGAACAGCCCTTA

159
R ACTGACATCACCTTCCCCAG

COL5A2
F TGGTGAAAATGGCCCAACTG

193
R TCCTCGACCACCTTTCAGTC

COL8A1
F GGAGAGAAGGGCTTTGGGAT

249
R GATCCCATCCTGACCTGGTT

MYO5A
F TGAGAAGAAGGTGCCTCTGG

199
R TTCCTGACGCTTGAGTGACT

TRAM1
F CCTCGTCAGCTCGTCTACAT

241
R AGCCAACAGTGAGTACCGAA

TRAM2
F ACATCTGCCTGTACCTGGTC

209
R GGCGAGAGTGAGGATGAAGA

DMD
F TCCACTTCTGTCCAAGGTCC

187
R GCAGTCTTCGGAGCTTCATG

ABLIM1
F ATGAAGCTCAACTCAGGCCT

161
R TAGCCTGGGAGAGATGAGGT

CASQ2
F TCCTTGTCTATGCAACGGGT

187
R GCTTTTCCCAGGTGTTGAGG

TMOD1
F ACAGCCGGGTCATAGATCAG

159
R GTCAGGGTCCAACTCATCCA

XIRP1
F AGAGCAATGCAGTGAGGACT

201
R AGTCCTTCTCGTCCACCAAG
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Table 1. Cont.

Gene Primer Sequence (5′-3′) Product Size (bp)

PHACTR1
F TTAACTCGGAAGCTCAGCCA

174
R GAGCTCCTTTCGAATGGCAG

MATN2
F ACGACTTGCAGAATCCAGGA

156
R TGAGGCACAGTAGTCCACAG

VWF
F TGCAACACTTGTGTCTGTCG

229
R TGCATTTCAGGGAGGGGTAG

ITGB6
F TGACGACCTCAACACGATCA

190
R TCCAAAGGTAGGCAAGCAGA

ACTB
F CCCTGGAGAAGAGCTACGAG

156
R CGTCGCACTTCATGATGGAG

HPRT1
F CCATCACATCGTAGCCCTCT

166
R TATATCGCCCGTTGACTGGT

3. Results

Daily observation of cell morphology using an inverted microscope employing relief
contrast (IX73, Olympus, Tokyo, Japan) was performed and documented (Figures 1 and 2).
Importantly, the morphology of cells obtained from different segments of the heart was sim-
ilar. However, to obtain a complete view of the morphology of RAA and RA cells cultured
in vitro, the information from the micrographs presented in two figures (Figures 1 and 2)
should be supplemented with previously published data [15]. The initially seeded cells
exhibited an irregular, slightly elongated shape. After several days in culture (15D), the
cells presented a clearly elongated, spindle-like morphology (Figure 2), resulting from the
increase in confluency, until almost the entire available surface of the bottom of the culture
bottle was covered at the end of the culture period (30D). Characteristically, cultured cells
often tended to overlap and form three-dimensional structures, even in incomplete conflu-
ence (Figure 1, at 15D and 30D of culture). A similar observation was made regardless of
the source of the cells (both RA and RAA cells showed a similar trend).

Flow cytometric analysis (Figure 3) revealed that both cells isolated from RAA and
RA expressed cytoplasmic markers specific for CMs at all analyzed culture periods (at 7D,
15D, and 30D of culture). The expression of α-Actinin (Sarcomeric), Myosin Heavy Chain,
and GATA4 was observed, and thus the obtained results confirm the effectiveness of a
pre-plating step to select the CMs population [18–20]. The flow cytometry gating strategy
is presented in Supplementary Figure S1.

The dynamic changes in the transcriptome profile of cultured cardiomyocytes were
observed at individual time intervals. Whole transcriptome profiling by Affymetrix mi-
croarray revealed gene expression after enzymatic dissociation and 7D, 15D, and 30D of
cardiomyocytes long-term in vitro primary culture. Employing the Porcine Gene 1.1 ST
Array Strip, microarray transcriptome screening was performed. The cells obtained from
both RAA and RA at individual time intervals resulted in changes in gene expression
levels. Genes with fold change >|2| and an adjusted p-value of <0.05 were considered as
differentially expressed. Global expression analysis yielded 4239 DEGs for RA and 4662
DEGs for RAA. Principal component analysis (PCA) of overall DEGs allowed to examine
the variance between the analyzed sample groups [15].
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Figure 3. The results of flow cytometry analysis of selected cardiomyocytes markers (α-Actinin
(Sarcomeric), Myosin Heavy Chainm and GATA4) in the cell samples at different time intervals
subjected to in vitro culture. D: day of culture; MFI: mean fluorescent intensity; MHC: Myosin
Heavy Chain.

Genes related to the cellular structure organization during development and matu-
ration were analyzed, revealing 237 different transcripts for RA and 276 for RAA. In the
next step, using DAVID software, selected DEGs were classify as involved in ontological
groups, such as: “cellular component assembly”, “cellular component organization”, “cel-
lular component biogenesis”, and “cytoskeleton organization”. Genes selected by DAVID
software analysis were subjected to hierarchical clustering and are presented as heatmaps
(Figure 4). Additionally, comprehensive DEGs enrichment analysis was performed, and
obtained results are presented in the form of a clustergram (Supplementary Figure S2). We
used the Enrichr database [21–23] for the determination of ontological groups. Selected
DEGs were used as input genes for the analysis. The obtained enriched processes belonging
to the GO Biological Process 2021 group were ranked according to p-value. The names
and GO signatures of the ten most enriched processes are listed in a bar graph. The same
ten processes were used to prepare the clustergram. The most enriched processes are
related to the ECM (extracellular matrix organization GO:0030198, extracellular structure
organization GO:0043062, external encapsulating structure organization GO:0045229, and
supramolecular fiber organization GO:0097435).
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Figure 4. Heatmaps with hierarchical clustering of the differentially expressed genes, both in the right
atrial appendage (RAA) and right atrium (RA), involved in “cellular component assembly”, “cellular
component organization”, “cellular component biogenesis”, and “cytoskeleton organization”, based
on GO BP terms. Each separate row on the y-axis represents a single transcript. The red color
indicates downregulated, and the green indicates upregulated genes at subsequent time intervals of
the analysis.

Due to the structure of the GO database and since any given gene can belong to
multiple GO groups, gene intersections between selected ontological terms were examined.
The relationships between genes and GO terms were mapped with circle plots, with
visualization of logFC values and gene symbols (Figure 5). All the genes were either
upregulated or downregulated in the cell culture intervals compared to the inoculation.
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Figure 5. Analysis of enriched Gene Ontology groups involved in general cellular structure organi-
zation in cultured porcine cardiac muscle cells. The ribbons show the genes belonging to the given
categories. The color bars near each gene correspond to logFC between culture intervals.

The multitude of results obtained for cells from two separate cardiac segments con-
tributed to the creation of a Venn diagram visualizing the gene expression patterns’ com-
parison (Figure 6). Out of differentially expressed genes (DEGs) sets for RA and RAA
containing genes belonging to the GO BP terms of interest, the 50 most altered genes for
both segments were selected and presented on the diagram. Commonly upregulated and
commonly downregulated genes in RA and RAA are visible in the middle part of the
diagram (Figure 6). Moreover, the same direction of changes in the transcript levels can be
observed for RA and RAA. In the lateral parts of the Venn diagram, the gene names listed
indicate the DEGs specific only to RAA (right side) and RA (left side of the diagram).

High-throughput global transcript analysis employing the microarray approach is
largely qualitative. Therefore, the RT-qPCR method was applied. RT-qPCR analysis
together with microarray results are illustrated as a heatmap (Figure 7). As can be seen,
the RT-qPCR analysis confirmed the direction of expression change for all the selected
DEGs. Importantly, none of the analyzed genes showed any other direction of expression
changes than those indicated by the results of the expression microarrays. However, the
scale of differences in transcript levels differed between both methods analyzed. The most
upregulated genes, in RT-qPCR, from the examined DEGs included, among others, TNC
(tenascin-C), ITGA8 (integrin, α 8), and COL12A1 (collagen type XIIα 1 chain). The strongest
downregulated genes were ABLIM1 (actin-binding LIM protein 1), DMD (dystrophin), and
MATN2 (matrilin 2).
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Figure 7. Heatmap representation of selected differentially expressed genes. Microarray results
are presented together with RT-qPCR quantitative validation to indicate common patterns of
transcript expression. Quantitative data (LogFC), used to compile the figure, are available in
Supplementary Table S1. All the presented sample means were deemed to be statistically signif-
icant (p < 0.05). A scale indicating the color and its intensity depending on the direction and size of
the changes has been integrated into the figure.

4. Discussion

It is necessary to understand the mechanisms regulating cardiac muscle cells that
may enable application in cell-based therapy. The myocardium could serve as a source
of cells that could be expanded as a treatment platform [5,24]. Therefore, the detailed
characterization of cells obtained from the myocardium is important. Cardiomyocytes
have been demonstrated to exhibit the ability to develop new vessels [15]. Furthermore,
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epigenetic alterations by measurement of mRNA expression levels of the DNA methyltrans-
ferases during CMs in vitro culture were evaluated in the current study [25]. The reported
culture conditions may create a favorable environment for neovascularization; nevertheless,
expression levels of genes encoding structural proteins, such as myosin (MYH7, MYL3) or
actin (ACTC1), were significantly lower during culture. The previous results and the fact
that the correct structure and properties of cardiomyocytes are necessary for the overall
systolic/diastolic activity of this essential organ directed us to focus on issues related to the
analysis of the molecular background of key factors for the correct structure of the growing
cultured cells. Porcine hearts were chosen for this study because they are important due to
their many similarities to human beings. Moreover, large animal models are essential to
develop the discoveries from murine models into clinical therapies and interventions.

The extracellular matrix (ECM) is the non-cellular, highly dynamic structural net-
work composed of numerous glycoproteins, such as collagens, elastin, fibronectin, and
laminins [26]. ECM remodeling is crucial for regulating the cellular behavior, develop-
ment, and maturation [27]. The ECM provides structural support for the developing
myocardium and plays a crucial role in cardiac homeostasis by transducing key signals to
cardiomyocytes or vascular cells [28]. Various natural components (such as collagen [29] or
Matrigel [30]) and synthetic [31] biomaterials have been used to increase the efficiency of
cardiomyocyte culture and influence the degree of maturation obtained. However, none
of these biomaterials can fully recapitulate the architecture and functional composition
of the cardiac ECM. It has been reported that human pluripotent stem cell-derived car-
diomyocytes (hPSC-CMs) obtain the most favorable conditions for growth and maturation
when used in artificial ECM [32] or decellularized myocardial ECM [33–35]. Therefore, any
changes in the structure and composition of the ECM require analysis as it is crucial for the
proper functioning and maturation of cultured cells.

The cardiac ECM is primarily composed of fibrillar collagen type I, which is commonly
found in tissues’ ECM together with type V collagen, which helps to organize type I
collagen and makes contact with basement membranes [36], and the less abundant collagen
type XII [37]. During long-term in vitro culture, cells isolated from both the right atrial
appendage (RAA) and right atrial (RA) wall exhibited increased expression of three genes,
COL5A2, COL8A1, and COL12A1, encoding different collagen subunits. Interestingly,
increased transcript levels of these genes were observed as the culture continued in RAA
cells. The obtained results on the mRNA level may suggest the readiness of cells maintained
in the conditions of long-term in vitro culture to reconstruct the ECM structures precisely by
the increased production of the analyzed transcripts. The transcript level that is translated
into protein under 2D culture conditions would indicate the extent that this structure can
be reconstructed by collagen overproduction. Azuaje et al. showed that Col5a2 transcript
is highly expressed in the left ventricle after myocardial infarction (MI), suggesting a role
of collagen V α 2 chain in the post-MI response via ventricular remodeling by recruiting
and deposition of sufficient amounts of collagen type I, thereby increasing myocardium
healing [38]. In contrast, transgenic mice expressing a non-functional form of Col5a2 do not
present ventricular defects [39]. Moreover, patients suffering from classic Ehlers–Danlos
syndrome, a rare connective tissue disorder mainly caused by mutations in COL5A1 or
COL5A2, do not appear to show ventricular malformations [40]. During transcriptomic
analyses on a mouse model of cardiac remodeling, Wang et al. reported upregulation of
transcript levels of the gene encoding collagen type VIII α 1 chain [41]. The authors suggest
that the Col8a1 gene may be a candidate for one of the biomarkers for cardiac remodeling.
Interesting results presented in studies comparing mRNA expression levels of extracellular
matrix protein genes with functional changes in the heart that occur with reproductive
status indicated that Col8a1 mRNA levels increased in the early postpartum period [42].
Other investigators showed the effect of deletion of the Col8a1/2 genes in mice on induced
pressure overload of the heart and reduced fibrosis, but increased dilatation and mortality
compared to wildtype controls [43]. Therefore, different collagens show a significant role
in the process of restoring matrix structures.
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Among the differentially expressed genes identified in the present study, two genes
encoding integrins (ITGA8 and ITGB6) indicated significant changes in the mRNA levels
during culture in relation to the starting point of in vitro culture. Integrins are heterodimeric,
transmembrane glycoprotein receptors important for the ECM, and thus the cells, structure,
and signaling. Members of this family are capable of bidirectionally transmitting signals
between the ECM and the intracellular environment [44]. The obtained results are not as
unequivocal as in the case of collagen-encoding genes, because ITGA8 showed increased
mRNA expression levels, while ITGB6 showed downregulation. Liu et al. suggested
an important role of Itga8 expression in the molecular mechanism of hypoplastic left
heart syndrome (HLHS), based on the results of a mouse model [45]. Employing the
next-generation high-throughput RNA sequencing, Chen et al. showed, in the neonatal
mouse heart, that Itgb6 belongs to targets of highly dysregulated lncRNAs during the
first seven days of cardiac development [46]. In cells isolated from both the right atrial
appendage (RAA) and the right atrial (RA) wall during long-term culture, the highest level
of increased transcript expression was observed for genes encoding another extracellular
matrix protein: tenascin-C (TNC). It is important to note that tenascin-C is abundantly
expressed in the heart during embryonic development but is rarely detected in healthy
subjects [47]. Nevertheless, TNC is a very important biomarker for many pathological
conditions associated with inflammation, such as myocardial infarction, hypertensive
cardiac fibrosis, or heart failure with preserved ejection fraction [47–49]. These observations
suggest that tenascin-C is re-expressed in the affected heart. The in vitro culture conditions
shock the cultured heart muscle cells by radically changing the environment in which they
must exist. Therefore, another of the mechanisms of cell adaptation, aimed at restoring
optimal conditions for development, is a significant overproduction of the TNC transcript.

The pivotal role for ECM homeostasis and its composition dynamic remodeling has
been confirmed for matrix metalloproteinases (MMPs), which are an important environ-
mental mediator of cardiac diastolic or systolic dysfunction [50]. Members of the matrix
metalloproteinase (MMP) gene family, and encoded by these genes’ proteins, that are
zinc-dependent proteases, are involved in the breakdown of ECM [51]. MMP2 and MMP9
belong to the most frequently analyzed MMPs in relation to HF syndrome and other car-
diovascular diseases [52,53]. Interestingly, the screening analyses of the transcriptome
showed overexpression for both MMP2 and MMP9 at all time intervals of the culture. It
should be emphasized that the increased levels of MMP2 mRNA were only observed in
RA, while the overexpression of the MMP9 gene was demonstrated in cells obtained from
RAA. Hayashidani et al. reported the response of MMP2 KO mice to in vivo myocardial
infraction (MI) and described decreased mortality rates in the week following MI [54].
Moreover, the authors found protective effects in terms of hemodynamic performance or
remodeling [54]. Other studies [55] employing a swine model, which as a large animal
model may be more clinically representative than the most commonly used small rodent
models, also confirmed the role of MMP in heart disease progression. Apple et al., using
the MMP inhibitor (1 mg/kg PGE-530742) and starting animal treatment 3 days prior to MI,
showed decreased left ventricular (LV) dilation post-myocardial infarction and improved
LV contractile performance [55]. Numerous scientific reports confirm that MMP2 and
MMP9 have been recognized to play an important role in matrix remodeling in these car-
diac disease states [52]. However, results presented by Kiczak et al. indicated no differences
in the expression of transcripts and proteins of MMP9 and MMP2 in either LV myocardium
or skeletal muscles between diseased and healthy animals. These data may suggest that the
activity of these enzymes may be altered post-translationally in HF and is not dependent
on the expression of the mRNA or protein [53]. It should be emphasized that the MMPs
are associated with the state of active myocardial remodeling and could be a potentially
useful marker for the identification of patients at risk for heart failure development and
poor outcome.

Variable expression levels of transcripts for genes encoding key structural proteins
were also observed. Myosin, the major component of the thick filaments, is an essential
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motor protein of the myocardium. Lower mRNA levels of MYH7 and MYL3, genes en-
coding two isoforms of myosin heavy and light chains, were previously observed [15]. In
all culture intervals, both in RA and RAA cells, upregulation of MYO5A transcript levels
was observed. The myosin Va class is involved in the cytoplasmic transport of vesicles
along actin filaments to membrane docking sites [56]. MYO5A is a member of the myosin
V heavy-chain class of actin-based motor proteins and may play an important role in
potassium channel functioning via modulation of trafficking pathways and cell surface
density of Kv1.5 in the myocardium [57]. A change in the expression levels of several genes
encoding proteins closely related to the actin structure was observed. In contrast to an
upregulation of MYO5A mRNA levels, ABLIM1, TMOD1, XIRP1, and PHACTR1 were
downregulated during in vitro culture. Regulation of actin filament organization and dy-
namics is important for cellular architecture and numerous biological functions, including
muscle contraction. Actin-binding LIM 1 (abLIM1, gene: ABLIM1) is a cytoskeletal protein
that has been implicated in interactions between actin filaments and cytoplasmic targets [58].
Additionally, this actin-binding intracellular protein is localized to the sarcomeric Z-disk of
the myocardium, playing a role in force transmission and muscle integrity [59]. Tropomod-
ulin1 (Tmod1, gene: TMOD1) is an actin-capping protein necessary in actin thin-filament
pointed-end dynamics and length in striated muscle, including cardiac muscle [60]. Bliss
et al. demonstrated that in cardiac myocytes, the length regulatory function is modulated
by the Tmod1 phosphorylation state [61]. Filamins (FLNs) are large dimeric actin-binding
proteins, and as scaffolding proteins, FLNs regulate actin cytoskeleton remodeling [62].
Employing transcriptomic analyses, we indicated increasing levels of FLNB, encoding
filamin B isoform. Interestingly, Xin actin-binding repeat-containing protein (gene: XIRP1),
an important filamins ligand affecting the behavior of FLNs family members in Z-discs and
myotendinous junctions of striated muscle cells [63], showed significantly decreased ex-
pression of the transcripts under the provided culture conditions. Leber et al. emphasized
the role and correlation between Xin actin-binding repeat-containing protein and filamin
family members in myofibrillar myopathy and skeletal and cardiac diseases [64]. Finally, it
was demonstrated that lower mRNA levels of the phosphatase and actin regulating protein
1 were encoded by the PHACTR1 gene during cell culture. PHACTR1 transcript expression
was originally observed in brain tissue [65], whereas subsequent studies indicated the
presence of different variants of transcripts also in other types of tissues, including heart
and coronary vessels [66]. The PHACTR protein family interacts directly with actin and
protein phosphatase 1 (PP1) [65]. By binding to PP1, PHACTR1 acts as an inhibitor of
its activity. Other results indicated a role of PHACTR1 in altering the structure of actin
in HUVECs cell lines, where a reduction of F-actin filament numbers and repartitioning
as well as increasing cell protrusion dynamics were observed [67]. The authors suggest
that through its correlation with VEGF, PHACTR1 is a key component in the angiogenic
process [67]. PHACTR1 function is linked with atherosclerosis-relevant phenotypes, such
as angiogenesis [68], extracellular matrix protein production [69], and inflammation [70]
in vitro. Numerous scientific reports emphasize the connection of PHACTR1 transcript
expression with coronary artery disease (CAD) initiation and progression [66,71–73].

Other proteins crucial for the structure of the heart tissue, whose transcript levels
decreased significantly under in vitro culture conditions, are dystrophin (gene: DMD)
and calsequestrin 2 (gene: CASQ2). The protein encoded by the DMD gene forms a
component of the dystrophin-associated glycoprotein complex (DGC), which bridges the
inner cytoskeleton and the ECM [74]. Heart muscles lacking functional dystrophin are
mechanically weak, and contraction of cardiac myocytes leads to membrane damage,
which affects the calcium channels, resulting in increased levels of intracellular calcium
and activating proteases that consequently degrade contractile proteins, promoting cellular
death and fibrosis [75]. Calcium handling in heart tissue belongs to the roles of calsequestrin
family members. CASQ2 is localized to the sarcoplasmic reticulum (SR) in myocardium
and functions as a calcium storage protein [76]. Refaat et al. showed a correlation between
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CASQ2 gene polymorphism and sudden cardiac arrest (SCA) due to ventricular arrhythmias
(VA) in patients with CAD [77].

The final aim of our project was to develop a strong background to understand the
in vitro situation of porcine cardiomyocytes as a mode that will eventually be applicable in
clinical practice. Atrial appendices, either left or right, may be harvested during minimally
invasive procedures without any consequences. Moreover, during routine cardiac proce-
dures employed in cardio-pulmonary bypass (all standard cardiac surgical procedures on
the cardiac valves, aorta, heart transplantations, and many congenital malformations), the
right atrial appendage is usually removed (the site of choice to introduce venous canula).
The volume of the removed atrium can reach even a few square centimeters. Contrary
to the atrium, in daily cardiac surgical practice, it is not possible to harvest such an enor-
mously large volume from the left or right ventricular myocardium. The biggest biopsies
are taken routinely from the right aspect of the ventricular septum in patients after heart
transplantation to check for rejection (endomyocardial biopsies). However, the volume of
the largest of them is approximately 1 mm3. Therefore, the best candidate source of cells is
the atrial myocardium.

The transcriptomic profile of genes encoding important structural proteins clearly
demonstrates that long-term 2D culture conditions do not sufficiently allow for the re-
construction of important elements of the cytoskeleton. Moreover, further analysis of
the observed changes at the protein level will provide more complete information about
changes occurring during the conducted long-term primary cell culture. The present report
is an initial step in developing a novel strategy to understand the in vitro situation of
porcine cardiomyocytes. Our goal was to better understand the molecular background of
the physiological potential of myocardial regeneration in an animal model of healthy hearts.
The initiated research is required to be continued through, among others, determination
of proteins for which changes at the transcript level have been considered essential for
structural changes in cells. Similarly, the implementation of analyses using 3D cultures as
well as functional analyses should be the next step to characterize CMs under long-term
in vitro culture conditions. Significantly decreased mRNA expression levels indicate a
potential problem with the lack of specific “building blocks” for intracellular structures,
and thus cardiomyocytes’ development and final maturation may be limited.

5. Conclusions

The effect of long-term primary cell culture conditions on the expression levels of
gene transcripts encoding important structural proteins demonstrates increasing mRNA
expression levels of genes encoding collagen subunits (COL5A2, COL8A1, and COL12A1)
or tenascin-C (TNC), which may create a favorable environment for reconstruction of the
ECM structures. A significant limit of the applied 2D in vitro culture conditions is the
significantly lower expression of some pivotal transcripts responsible for the formation of
intracellular structures. Decreased levels of genes such as DMD, CASQ2, ABLIM1, TMOD1,
XIRP1, and PHACTR1 confirm the necessity for further development and optimization of
cardiomyocyte culture conditions. The conclusions drawn from the results are an important
cognitive step in revealing the therapeutic potential of the cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13071205/s1, Table S1: The list of differentially expressed
genes of interest analyzed in this study. Quantitative data are presented as LogFC. All the presented
sample means were deemed to be statistically significant (p < 0.05). Figure S1: The flow cytometry
gating strategy. Figure S2: Enrichment analysis. In the clustergram, enriched GO terms are the
columns, input genes are the rows, and cells in the matrix indicate if a gene is associated with a term.
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25. Nawrocki, M.J.; Bryl, R.; Kałużna, S.; Stefańska, K.; Stelmach, B.; Jemielity, M.; Perek, B.; Bukowska, D.; Mozdziak, P.;
Petitte, J.N.; et al. Increased transcript expression levels of DNA methyltransferases type 1 and 3A during cardiac muscle
long-term cell culture. Med. J. Cell Biol. 2021, 9, 27–32. [CrossRef]

26. Bonnans, C.; Chou, J.; Werb, Z. Remodelling the extracellular matrix in development and disease. Nat. Rev. Mol. Cell Biol. 2014,
15, 786–801. [CrossRef]

27. Li, L.; Zhao, Q.; Kong, W. Extracellular matrix remodeling and cardiac fibrosis. Matrix Biol. 2018, 68, 490–506. [CrossRef]
28. Frangogiannis, N.G. The extracellular matrix in ischemic and nonischemic heart failure. Circ. Res. 2019, 125, 117–146. [CrossRef]
29. Nunes, S.S.; Miklas, J.W.; Liu, J.; Aschar-Sobbi, R.; Xiao, Y.; Zhang, B.; Jiang, J.; Massé, S.; Gagliardi, M.; Hsieh, A.; et al. Biowire:

A platform for maturation of human pluripotent stem cell-derived cardiomyocytes. Nat. Methods 2013, 10, 781–787. [CrossRef]
30. Feaster, T.K.; Cadar, A.G.; Wang, L.; Williams, C.H.; Chun, Y.W.; Hempel, J.E.; Bloodworth, N.; Merryman, W.D.; Lim, C.C.;

Wu, J.C.; et al. A method for the generation of single contracting human-induced pluripotent stem cell-derived cardiomyocytes.
Circ. Res. 2015, 117, 995–1000. [CrossRef]

31. Chen, Y.; Wang, J.; Shen, B.; Chan, C.W.Y.; Wang, C.; Zhao, Y.; Chan, H.N.; Tian, Q.; Chen, Y.; Yao, C.; et al. Engineering a
freestanding biomimetic cardiac patch using biodegradable poly(lactic-co-glycolic acid) (PLGA) and human embryonic stem
cell-derived ventricular cardiomyocytes (hESC-VCMs). Macromol. Biosci. 2015, 15, 426–436. [CrossRef] [PubMed]

32. Herron, T.J.; Da Rocha, A.M.; Campbell, K.F.; Ponce-Balbuena, D.; Willis, B.C.; Guerrero-Serna, G.; Liu, Q.; Klos, M.; Musa, H.;
Zarzoso, M.; et al. Extracellular matrix-mediated maturation of human pluripotent stem cell-derived cardiac monolayer structure
and electrophysiological function. Circ. Arrhythmia Electrophysiol. 2016, 9, e003638. [CrossRef] [PubMed]

33. Fong, A.H.; Romero-López, M.; Heylman, C.M.; Keating, M.; Tran, D.; Sobrino, A.; Tran, A.Q.; Pham, H.H.; Fimbres, C.;
Gershon, P.D.; et al. Three-Dimensional Adult Cardiac Extracellular Matrix Promotes Maturation of Human Induced Pluripotent
Stem Cell-Derived Cardiomyocytes. Tissue Eng. 2016, 22, 1016–1025. [CrossRef] [PubMed]

34. Garreta, E.; de Oñate, L.; Fernández-Santos, M.E.; Oria, R.; Tarantino, C.; Climent, A.M.; Marco, A.; Samitier, M.; Martínez, E.;
Valls-Margarit, M.; et al. Myocardial commitment from human pluripotent stem cells: Rapid production of human heart grafts.
Biomaterials 2016, 98, 64–78. [CrossRef]

35. Guyette, J.P.; Charest, J.M.; Mills, R.W.; Jank, B.J.; Moser, P.T.; Gilpin, S.E.; Gershlak, J.R.; Okamoto, T.; Gonzalez, G.;
Milan, D.J.; et al. Bioengineering Human Myocardium on Native Extracellular Matrix. Circ. Res. 2016, 118, 56–72. [CrossRef]
[PubMed]

36. Mak, K.M.; Png, C.Y.M.; Lee, D.J. Type V Collagen in Health, Disease, and Fibrosis. Anat. Rec. 2016, 299, 613–629. [CrossRef]
37. Fan, D.; Takawale, A.; Lee, J.; Kassiri, Z. Cardiac fibroblasts, fibrosis and extracellular matrix remodeling in heart disease.

Fibrogenes. Tissue Repair 2012, 5, 1–13. [CrossRef]
38. Azuaje, F.; Zhang, L.; Jeanty, C.; Puhl, S.L.; Rodius, S.; Wagner, D.R. Analysis of a gene co-expression network establishes robust

association between Col5a2 and ischemic heart disease. BMC Med. Genom. 2013, 6, 13. [CrossRef]
39. Liu, X.; Keene, D.R.; Jaenisch, R.; Ramirez, F. Targeted mutation in the col5a2 gene reveals a regulatory role for type V collagen

during matrix assembly. Nat. Genet. 1995, 9, 31–36. [CrossRef]
40. Malfait, F.; Wenstrup, R.J.; De Paepe, A. Clinical and genetic aspects of Ehlers-Danlos syndrome, classic type. Genet. Med. 2010,

12, 597–605. [CrossRef]
41. Wang, H.B.; Huang, R.; Yang, K.; Xu, M.; Fan, D.; Liu, M.X.; Huang, S.H.; Liu, L.B.; Wu, H.M.; Tang, Q.Z. Identification of

differentially expressed genes and preliminary validations in cardiac pathological remodeling induced by transverse aortic
constriction. Int. J. Mol. Med. 2019, 44, 1447–1461. [CrossRef] [PubMed]

42. Parrott, M.E.; Aljrbi, E.; Biederman, D.L.; Montalvo, R.N.; Barth, J.L.; LaVoie, H.A. Feature Article: Maternal cardiac messenger
RNA expression of extracellular matrix proteins in mice during pregnancy and the postpartum period. Exp. Biol. Med. 2018,
243, 1220–1232. [CrossRef] [PubMed]

161



Genes 2022, 13, 1205

43. Skrbic, B.; Engebretsen, K.V.T.; Strand, M.E.; Lunde, I.G.; Herum, K.M.; Marstein, H.S.; Sjaastad, I.; Lunde, P.K.; Carlson, C.R.;
Christensen, G.; et al. Lack of collagen VIII reduces fibrosis and promotes early mortality and cardiac dilatation in pressure
overload in mice. Cardiovasc. Res. 2015, 106, 32–42. [CrossRef] [PubMed]

44. Chen, C.; Manso, A.M.; Ross, R.S. Talin and Kindlin as Integrin-Activating Proteins: Focus on the Heart. Pediatr. Cardiol. 2019,
40, 1401–1409. [CrossRef] [PubMed]

45. Liu, X.; Shang, H.; Li, B.; Zhao, L.; Hua, Y.; Wu, K.; Hu, M.; Fan, T. Exploration and validation of hub genes and pathways in the
progression of hypoplastic left heart syndrome via weighted gene co-expression network analysis. BMC Cardiovasc. Disord. 2021,
21, 300. [CrossRef]

46. Chen, Y.M.; Li, H.; Fan, Y.; Zhang, Q.J.; Li, X.; Wu, L.J.; Chen, Z.J.; Zhu, C.; Qian, L.M. Identification of differentially expressed
lncRNAs involved in transient regeneration of the neonatal C57BL/6J mouse heart by next-generation high-throughput RNA
sequencing. Oncotarget 2017, 8, 28052–28062. [CrossRef]

47. Imanaka-Yoshida, K. Tenascin-c in heart diseases—The role of inflammation. Int. J. Mol. Sci. 2021, 22, 5828. [CrossRef]
48. Kanagala, P.; Arnold, J.R.; Khan, J.N.; Singh, A.; Gulsin, G.S.; Chan, D.C.S.; Cheng, A.S.H.; Yang, J.; Li, Z.; Gupta, P.; et al. Plasma

Tenascin-C: A prognostic biomarker in heart failure with preserved ejection fraction. Biomarkers 2020, 25, 556–565. [CrossRef]
49. Imanaka-Yoshida, K.; Tawara, I.; Yoshida, T. Tenascin-C in cardiac disease: A sophisticated controller of inflammation, repair, and

fibrosis. Am. J. Physiol.—Cell Physiol. 2020, 319, C781–C796. [CrossRef]
50. Radosinska, J.; Barancik, M.; Vrbjar, N. Heart failure and role of circulating MMP-2 and MMP-9. Panminerva Med. 2017, 59, 241–253.

[CrossRef]
51. Hughes, B.G.; Schulz, R. Targeting MMP-2 to treat ischemic heart injury. Basic Res. Cardiol. 2014, 109, 1–19. [CrossRef] [PubMed]
52. Spinale, F.G. Myocardial matrix remodeling and the matrix metalloproteinases: Influence on cardiac form and function. Physiol.

Rev. 2007, 87, 1285–1342. [CrossRef] [PubMed]
53. Kiczak, L.; Tomaszek, A.; Bania, J.; Paslawska, U.; Zacharski, M.; Noszczyk-Nowak, A.; Janiszewski, A.; Skrzypczak, P.;

Ardehali, H.; Jankowska, E.A.; et al. Expression and complex formation of MMP9, MMP2, NGAL, and TIMP1 in porcine
myocardium but not in skeletal muscles in male pigs with tachycardia-induced systolic heart failure. Biomed. Res. Int. 2013,
2013, 283856. [CrossRef] [PubMed]

54. Hayashidani, S.; Tsutsui, H.; Ikeuchi, M.; Shiomi, T.; Matsusaka, H.; Kubota, T.; Imanaka-Yoshida, K.; Itoh, T.; Takeshita, A.
Targeted deletion of MMP-2 attenuates early LV rupture and late remodeling after experimental myocardial infarction. Am. J.
Physiol. Heart Circ. Physiol. 2003, 285, H1229–H1235. [CrossRef]

55. Apple, K.A.; Yarbrough, W.M.; Mukherjee, R.; Deschamps, A.M.; Escobar, P.G.; Mingoia, J.T.; Sample, J.A.; Hendrick, J.W.;
Dowdy, K.B.; McLean, J.E.; et al. Selective targeting of matrix metalloproteinase inhibition in post-infarction myocardial
remodeling. J. Cardiovasc. Pharmacol. 2006, 47, 228–235. [CrossRef]

56. Langford, G.M. Myosin-V, a versatile motor for short-range vesicle transport. Traffic 2002, 3, 859–865. [CrossRef]
57. Schumacher-Bass, S.M.; Vesely, E.D.; Zhang, L.; Ryland, K.E.; McEwen, D.P.; Chan, P.J.; Frasier, C.R.; McIntyre, J.C.; Shaw, R.M.;

Martens, J.R. Role for myosin-V motor proteins in the selective delivery of Kv channel isoforms to the membrane surface of
cardiac myocytes. Circ. Res. 2014, 114, 982–992. [CrossRef]

58. Krupp, M.; Weinmann, A.; Galle, P.R.; Teufel, A. Actin binding LIM protein 3 (abLIM3). Int. J. Mol. Med. 2006, 17, 129–133.
[CrossRef]

59. Roof, D.J.; Hayes, A.; Adamian, M.; Chishti, A.H.; Li, T. Molecular characterization of abLIM, a novel actin-binding and double
zinc finger protein. J. Cell Biol. 1997, 138, 575–588. [CrossRef]

60. Kostyukova, A.S.; Rapp, B.A.; Choy, A.; Greenfield, N.J.; Hitchcock-DeGregori, S.E. Structural requirements of tropomodulin for
tropomyosin binding and actin filament capping. Biochemistry 2005, 44, 4905–4910. [CrossRef]

61. Bliss, K.T.; Tsukada, T.; Novak, S.M.; Dorovkov, M.V.; Shah, S.P.; Nworu, C.; Kostyukova, A.S.; Gregorio, C.C. Phosphorylation
of tropomodulin1 contributes to the regulation of actin filament architecture in cardiac muscle. FASEB J. 2014, 28, 3987–3995.
[CrossRef] [PubMed]

62. Rosa, J.P.; Raslova, H.; Bryckaert, M. Filamin A: Key actor in platelet biology. Blood 2019, 134, 1279–1288. [CrossRef] [PubMed]
63. Kley, R.A.; Maerkens, A.; Leber, Y.; Theis, V.; Schreiner, A.; Van Der Ven, P.F.M.; Uszkoreit, J.; Stephan, C.; Eulitz, S.; Euler, N.; et al.

A combined laser microdissection and mass spectrometry approach reveals new disease relevant proteins accumulating in
aggregates of filaminopathy patients. Mol. Cell. Proteom. 2013, 12, 215–227. [CrossRef]

64. Leber, Y.; Ruparelia, A.A.; Kirfel, G.; van der Ven, P.F.M.; Hoffmann, B.; Merkel, R.; Bryson-Richardson, R.J.; Fürst, D.O. Filamin
C is a highly dynamic protein associated with fast repair of myofibrillar microdamage. Hum. Mol. Genet. 2016, 25, 2776–2788.
[CrossRef]

65. Allen, P.B.; Greenfield, A.T.; Svenningsson, P.; Haspeslagh, D.C.; Greengard, P. Phactrs 1–4: A family of protein phosphatase 1
and actin regulatory proteins. Proc. Natl. Acad. Sci. USA 2004, 101, 7187–7192. [CrossRef] [PubMed]

66. Codina-Fauteux, V.A.; Beaudoin, M.; Lalonde, S.; Lo, K.S.; Lettre, G. PHACTR1 splicing isoforms and eQTLs in atherosclerosis-
relevant human cells. BMC Med. Genet. 2018, 19, 97. [CrossRef]

67. Allain, B.; Jarray, R.; Borriello, L.; Leforban, B.; Dufour, S.; Liu, W.Q.; Pamonsinlapatham, P.; Bianco, S.; Larghero, J.Ô.; Hadj-
Slimane, R.; et al. Neuropilin-1 regulates a new VEGF-induced gene, Phactr-1, which controls tubulogenesis and modulates
lamellipodial dynamics in human endothelial cells. Cell. Signal. 2012, 24, 214–223. [CrossRef]

162



Genes 2022, 13, 1205

68. Jarray, R.; Allain, B.; Borriello, L.; Biard, D.; Loukaci, A.; Larghero, J.; Hadj-Slimane, R.; Garbay, C.; Lepelletier, Y.; Raynaud, F.
Depletion of the novel protein PHACTR-1 from human endothelial cells abolishes tube formation and induces cell death receptor
apoptosis. Biochimie 2011, 93, 1668–1675. [CrossRef]

69. Jarray, R.; Pavoni, S.; Borriello, L.; Allain, B.; Lopez, N.; Bianco, S.; Liu, W.Q.; Biard, D.; Demange, L.; Hermine, O.; et al. Disruption
of phactr-1 pathway triggers pro-inflammatory and pro-atherogenic factors: New insights in atherosclerosis development.
Biochimie 2015, 118, 151–161. [CrossRef]

70. Reschen, M.E.; Lin, D.; Chalisey, A.; Soilleux, E.J.; O’Callaghan, C.A. Genetic and environmental risk factors for atherosclerosis
regulate transcription of phosphatase and actin regulating gene PHACTR1. Atherosclerosis 2016, 250, 95–105. [CrossRef]

71. Hao, K.; Ermel, R.; Li, L.; Amadori, L.; Koplev, S.; Franzén, O.; D’Escamard, V.; Chandel, N.; Wolhuter, K.; Bryce, N.S.; et al.
Integrative Prioritization of Causal Genes for Coronary Artery Disease. Circ. Genom. Precis. Med. 2022, 15, E003365. [CrossRef]
[PubMed]

72. Georges, A.; Yang, M.L.; Berrandou, T.E.; Bakker, M.K.; Dikilitas, O.; Kiando, S.R.; Ma, L.; Satterfield, B.A.; Sengupta, S.;
Yu, M.; et al. Genetic investigation of fibromuscular dysplasia identifies risk loci and shared genetics with common cardiovascular
diseases. Nat. Commun. 2021, 12, 1–46. [CrossRef] [PubMed]

73. Saw, J.; Yang, M.L.; Trinder, M.; Tcheandjieu, C.; Xu, C.; Starovoytov, A.; Birt, I.; Mathis, M.R.; Hunker, K.L.; Schmidt, E.M.; et al.
Chromosome 1q21.2 and additional loci influence risk of spontaneous coronary artery dissection and myocardial infarction. Nat.
Commun. 2020, 11, 1–14. [CrossRef] [PubMed]

74. D’Amario, D.; Amodeo, A.; Adorisio, R.; Tiziano, F.D.; Leone, A.M.; Perri, G.; Bruno, P.; Massetti, M.; Ferlini, A.; Pane, M.; et al. A
current approach to heart failure in Duchenne muscular dystrophy. Heart 2017, 103, 1770–1779. [CrossRef]

75. Kamdar, F.; Garry, D.J. Dystrophin-Deficient Cardiomyopathy. J. Am. Coll. Cardiol. 2016, 67, 2533–2546. [CrossRef]
76. Faggioni, M.; Knollmann, B.C. Calsequestrin 2 and arrhythmias. Am. J. Physiol.—Heart Circ. Physiol. 2012, 302, H1250–H1260.

[CrossRef]
77. Refaat, M.M.; Aouizerat, B.E.; Pullinger, C.R.; Malloy, M.; Kane, J.; Tseng, Z.H. Association of CASQ2 polymorphisms with

sudden cardiac arrest and heart failure in patients with coronary artery disease. Heart Rhythm. 2014, 11, 646–652. [CrossRef]

163



����������
�������

Citation: Zhu, J.; Yang, Z.; Hao, W.;

Li, J.; Wang, L.; Xia, J.; Zhang, D.;

Liu, D.; Yang, X. Characterization of a

Read-through Fusion Transcript,

BCL2L2-PABPN1, Involved in

Porcine Adipogenesis. Genes 2022, 13,

445. https://doi.org/10.3390/

genes13030445

Academic Editors:

Katarzyna Piórkowska and

Katarzyna Ropka-Molik

Received: 4 February 2022

Accepted: 26 February 2022

Published: 28 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

genes
G C A T

T A C G

G C A T

Article

Characterization of a Read-through Fusion Transcript,
BCL2L2-PABPN1, Involved in Porcine Adipogenesis
Jiyuan Zhu 1, Zewei Yang 1, Wanjun Hao 1, Jiaxin Li 1, Liang Wang 2, Jiqiao Xia 1, Dongjie Zhang 2 , Di Liu 2,* and
Xiuqin Yang 1,*

1 College of Animal Science and Technology, Northeast Agricultural University, Harbin 150030, China;
zhujiyuan2008@163.com (J.Z.); yangzewei1997@163.com (Z.Y.); haowanjun1109@163.com (W.H.);
ljxneau@163.com (J.L.); xiajiqiao365@163.com (J.X.)

2 Institute of Animal Husbandry, Heilongjiang Academy of Agricultural Sciences, Harbin 150086, China;
wlwl448@163.com (L.W.); djzhang8109@163.com (D.Z.)

* Correspondence: liudi1963@163.com (D.L.); xiuqinyang@neau.edu.cn (X.Y.);
Tel.: +86-451-86677458 (D.L.); +86-451-55191738 (X.Y.)

Abstract: cis-Splicing of adjacent genes (cis-SAGe) has been involved in multiple physiological
and pathological processes in humans. However, to the best of our knowledge, there is no report
of cis-SAGe in adipogenic regulation. In this study, a cis-SAGe product, BCL2L2–PABPN1 (BP),
was characterized in fat tissue of pigs with RT-PCR and RACE method. BP is an in-frame fusion
product composed of 333 aa and all the functional domains of both parents. BP is highly conserved
among species and rich in splicing variants. BP was found to promote proliferation and inhibit
differentiation of primary porcine preadipocytes. A total of 3074/44 differentially expressed mRNAs
(DEmRs)/known miRNAs (DEmiRs) were identified in porcine preadipocytes overexpressing BP
through RNA-Seq analysis. Both DEmRs and target genes of DEmiRs were involved in various
fat-related pathways with MAPK and PI3K-Akt being the top enriched. PPP2CB, EGFR, Wnt5A and
EHHADH were hub genes among the fat-related pathways identified. Moreover, ssc-miR-339-3p was
found to be critical for BP regulating adipogenesis through integrated analysis of mRNA and miRNA
data. The results highlight the role of cis-SAGe in adipogenesis and contribute to further revealing
the mechanisms underlying fat deposition, which will be conductive to human obesity control.

Keywords: adipogenesis; BCL2L2-PABPN1; chimeric RNA; cis-SAGe; genome-wide analysis; RNA-Seq

1. Introduction

Fat is a major factor affecting pig growth, development, and meat quality. Intramuscu-
lar fat (IMF) content is determinant of pork marbling and closely related to the juiciness,
flavor and tenderness of pork. A suitable IMF content can bring a better taste and is impor-
tant in improving pork quality [1]. However, back-fat thickness is negative related to lean
meat yield [2]. The regulation of fat content and distribution in the body will bring major
economic benefits to pig producers, which need to understand the mechanisms underlying
fat deposition. Additionally, as an important endocrine organ, fat tissue plays key roles in
maintaining body energy balance and glucose homeostasis [3], and is directly associated
with some metabolic diseases, including diabetes and obesity. Pigs are similar to human
beings in anatomy and physiology and have long been used as models in biomedical
research [4–6]. Studies on adipogenesis in pigs will contribute to controlling metabolic
diseases associated with fat.

It has been made clear that various transcription factors [7–9], signal transduction
pathways [10–12], epigenetic factors [13,14], and functional RNAs [15,16] are involved
in adipogenesis. However, adipogenesis is a complicated and precisely orchestrated
process, and there are still many factors remaining to be identified before fully revealing the
molecular mechanisms underlying adipogenesis. Chimeric RNA molecules are composed
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of exons from two independent genes. They can be produced by several mechanisms,
including chromosome rearrangement, cis-splicing of adjacent genes (cis-SAGe), and trans-
splicing [17]. cis-SAGe is cotranscription of adjacent genes coupled with intergenic splicing
and forms read-through fusion transcripts [18,19]. Chimeric RNAs were first identified
in tumor cells and once considered unique to tumors, which has focused researchers on
their roles in carcinogenesis. They are involved in various tumors, and in some cases, can
be used as diagnosis markers [20–22]. As research has progressed, chimeric RNAs have
been found in normal tissues and can produce many fusion proteins, increasing greatly the
complexity and diversity of the proteome. They can regulate gene expression, cell growth,
vitality, and motility in normal physiological processes [23,24]. For example, PAX3–FOXO1
is needed for muscle lineage commitment [25,26], and DUS4L–BCAP29 is involved in
neuronal differentiation [27].

The existing findings highlight the vital importance of chimeric RNAs and more
researchers are paying attention to them. However, there are no studies on chimeric RNAs
in adipogenesis in mammals. Here, we first identified a chimeric RNA produced by cis-
SAGe, BCL2L2–PABPN1 (BP), in pigs and elucidated that it inhibited adipogenesis through
MAPK and PI3K-Akt signaling pathways. The results highlight the role of read-through
fusion transcripts in adipogenesis and contribute to further revealing the mechanisms
underlying fat formation.

2. Materials and Methods
2.1. Animals, Nucleic Acid Isolation and cDNA Synthesis

All pigs were from the Institute of Animal Husbandry, Heilongjiang Academy of
Agricultural Sciences (Harbin, China). The animal study was reviewed and approved
by the Animal Care Committee of Northeast Agricultural University (Harbin, China).
Fat tissues were obtained from 6-month-old Min and Yorkshire pigs raised in the same
condition or from newborn Min pigs. RNA was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and reverse transcribed into cDNA with PrimeScriptTM 1st Strand
cDNA Synthesis Kit (Takara, Dalian, China). In analysis of chimera formation, the reverse
transcription (RT) primer was random 6 mers provided by the kit.

2.2. Hematoxylin and Eosin Staining and Triglyceride Assay

Adipose tissues were fixed in 4% paraformaldehyde solution, dehydrated in ethanol,
and embedded in paraffin. 4 µm thickness section was sliced with HistoCore BIOCUT (Le-
ica, Nussloch, Germany) and stained with hematoxylin and eosin (HE) for morphological
analysis. Tissues from three pigs in each breed were used and more than five fields were
chosen for morphological analysis. Adipocyte size was determined with Leica Application
Suite V4 (Leica). Triglyceride (TG) contents were measured with an enzymatic TG assay kit
(GPO-POD; Applygen, Beijing, China) according to the manufacturer’s protocol.

2.3. Chimeric RNA Identification and cDNA Cloning

We previously obtained high-throughput paired-end RNA-seq data of fat tissues from
Min and Yorkshire pigs [28], from which chimeric RNA was identified using ChimeraScan
program [29] with the reference genome (S. scrofa 10.2) [30] using default parameters.
Only read-through fusion candidates covering neighboring genes on the same strand of
DNA were considered in this study. Other chimera candidates including inter-, intra-
chromosomal, and adjacent ones were discarded.

Reverse transcription-polymerase chain reaction (RT-PCR) was used for validation of
candidate BCL2L2-PABPN1 (BP), produced by B-cell lymphoma 2-like 2 protein (BCL2L2)
and poly(A) binding protein nuclear 1 (PABPN1) genes, with specific primer pair, B1F/P1R,
designed according to result of bioinformatic analysis and cDNA template from fat tis-
sues. Another primer P2R designed according to porcine PABPN1 mRNA (GenBank No.
NM_001243548) was used to extend the chimera with B1F. The 5′ rapid amplification of
cDNA ends (RACE) was used to clone the 5′ sequence using specific primers P1R and BPR,
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which is complementary to the junction of chimera with SMARTer RACE 5′/3′ kit (Takara).
Primer P3F was used in the 3′ RACE reaction together with B1F.

Additionally, the 5′ RACE method was used to replenish the sequence of porcine
PABPN1 mRNA in which the outer and inner primers were P1R and P3R, respectively. P3R
was complementary to exon 1 of porcine PABPN1. RT-PCR was performed with forward
primer, P4F, complementary to the 5′ untranslated region (UTR) obtained and reverse
primer, P4R, complementary to 3′ end of the chimera to verify the cDNA sequence of
porcine PABPN1. Genomic structure was analyzed with BLAT program in UCSC genome
(http://genome.ucsc.edu/, accessed on 9 March 2021). All primer sequences used in this
study are listed in Table S1-1.

2.4. Primary Preadipocyte Isolation and Culture

Subcutaneous fat tissues were obtained after the newborn Min pigs were slaughtered,
washed with sterile phosphate-buffered saline (PBS), and potentially contaminated muscle
and connective tissue was carefully removed. After washing three times in PBS containing
1% penicillin–streptomycin (Invitrogen), fat tissues were cut into small pieces and digested
with 0.1% type I collagenase (Invitrogen) for 40–50 min at 37 ◦C, then mixed with equal
volumes of culture medium supplemented with penicillin–streptomycin and 10% fetal
bovine serum (FBS) (Sigma, St. Louis, MO, USA), and filtered through 400-mesh filters. The
filtrates were centrifuged at 1000 rpm for 5 min. The cell precipitation was resuspended
with Dulbecco’s modified Eagle’s medium/Nutrient Mixture F-12 (DMEM/F12) containing
10% FBS and 1% penicillin–streptomycin. The medium was changed every 2 days until
cells were grown to a desired density.

2.5. Preadipocyte Differentiation and Oil Red O Staining

To induce differentiation, DMEM/F12 was supplemented with 10% FBS, 0.5 mmol/L
3-isobytyl-1-methylxanthine, 1 µmol/L dexamethasone and 5 µg/mL insulin in which cells
were incubated for 2 days. The cells were cultured with DMEM/F12 containing 10% FBS
and 5 µg/mL insulin to maintain their differentiation until further analysis. The medium
was changed every 2 days.

The differentiated adipocytes were stained with Oil Red O kit (Leagene, Beijing, China).
The stained lipid droplets were viewed under a light microscope and photographed (Carl
Zeiss AG, Jena, Germany). For quantification analysis, cellular Oil Red O was extracted
with isopropanol and measured with optical absorbance at 510 nm.

To evaluate effects of BP on preadipocyte differentiation, overexpression vector of BP
(pCMV-HA-BP) was constructed with pCMV-HA backbone at sites of EcoR I and Kpn I and
transiently transfected with Lipofectamine 2000 (Invitrogen) according to manufacturer’s
protocol. At 24 h after transfection, cells were subjected to differentiation inducement.

2.6. Real-time Quantitative PCR

Real-time quantitative PCR (qPCR) was performed with TB Green® Premix Ex TaqTM

reagent kit (Takara). The PCR volume and reaction program were set strictly according to
the manufacturer’s instructions. β-Actin was used as a reference and the relative expression
level was analyzed with the 2−∆∆Ct method [31].

2.7. Cell Counting Kit-8 Assay

Porcine preadipocytes were transiently transfected with pCMV-HA-BP or empty
vector pCMV-HA for 24 h and further cultured until the CCK-8 assay was performed.
In CCK-8 assays, cells were incubated with 10% CCK-8 (Beyotime, Shanghai, China) in
complete medium for 2 h at 37 ◦C. The absorbance of cells was measured at 450 nm using a
Tecan Microplate Reader Infinite F50 (Tecan GENios, Mannendorf, Switzerland).
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2.8. Flow Cytometry

Porcine preadipocytes were inoculated in six-well plates at a density of 1 × 106 cells
per well and cultured for 24 h. Cells were transfected with pCMV-HA-BP or empty vector
and cultured for another 24 h. After digested with trypsin, cells were washed with PBS,
and stained with cell cycle staining Kit (MultiSciences, Hangzhou, China). Then the cell
cycle was analyzed with FACSCalibur Flow Cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA).

2.9. Illumina-Seq Library Construction and Sequencing

The recombinant adenoviruses were constructed using the AdEasy system (Han-
bio, Shanghai, China) as described by He and colleagues (1998). BP CDS were inserted
into the shuttle plasmid containing an enhanced green fluorescent protein (EGFP) and
cytomegalovirus promoters using Kpn I and Xho I sites, and homologous recombination
was performed in Escherichia coli BJ5183 with adenoviral backbone pAdEasy 1. The recom-
binant adenovirus plasmid was packaged in HEK-293A cells after linearized with Pac I.
Preadipocytes were infected with adenovirus virions at multiplicity of infection (MOI) of
300. At 48 h post-infection, cells were collected for RNA-Seq with Illumina NovoSeq 6000
platform (Illumina, San Diego, CA, USA) by Geneseeq Technology (Nanjing, China) using
pair-end sequencing strategy according to the manufacturer’s protocols. Cells treated with
empty adenovirus were used as a control. A total of six Ribo-Zero RNA-sequencing libraries
including overexpressing and control groups were constructed, each with three replicates.

2.10. Genome-Wide mRNA Analysis

The raw reads were processed as described elsewhere [32]. High quality reads were
mapped to reference genome of S. scrofa (11.1) using HISAT2 program [33]. Transcript
abundances were quantified with StringTie software [34], and normalized with FPKM
(Fragments per kilobase of transcript per million mapped reads) method across libraries.
DESeq2 [35] was used to identify differentially expressed mRNAs (DEmRs) with an absolute
log2-fold change ≥ 1 and p < 0.05. To functionally annotate DEmRs, Gene Ontology (GO)
analysis was performed with Blast2GO with a cutoff E-value of 10−5; Kyoto Encyclopedia
of Genes and Genomes (KEGG) [36] pathway analysis was done using KEGG Orthology
Based Annotation System (KOBAS 3.0) [37] with default parameters. Protein-protein
interaction (PPI) network was constructed with STRING database (https://string-db.org,
accessed on 3 August 2021) and visualized with Cytoscape software (version 3.8.2).

2.11. Genome-Wide miRNA Analysis

The raw reads were filtered as described elsewhere [32]. Briefly, clean reads were first
obtained, and then non-coding RNA (rRNA, tRNA, scRNA, snRNA, snoRNA, etc.) and
those reads aligned to exon, intron, and repeat sequences were removed. The remained
clean reads were searched against miRbase database (Release 22.1) to characterize known
miRNAs in S. scrofa. Furthermore, novel miRNAs were predicted with MiRDeep2 [38]. The
miRNA expression level was normalized to transcripts per million (TPM), and the DESeq2
software [35] were used to characterize differentially expressed miRNA (DEmiRs) with
absolute log2-fold change ≥ 1 and p < 0.05. Target genes were predicted with miRanda
program [39,40].

2.12. Statistical Analysis

All experiments were performed at least three independent times, each with three
repeats. Representative data of one experiment were given as mean ± standard error
(SE). Data were analyzed with SPSS19.0 software (SPSS; Chicago, IL, USA) and Student’s
t-test was used to analyze differences between two groups. p < 0.05 (indicated with *) was
considered statistically significant, and p < 0.01 (**) was considered very significant.
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3. Results
3.1. Identification of Read-through Chimeric RNA Associated with Fat Content

Three subcutaneous fat tissues from neck, back, and hip were analyzed. Morphological
analysis showed no difference between these tissues of Min and Yorkshire pigs (Figure 1A).
There is significant difference in the average adipocyte area (p < 0.05) and TG content (p <
0.05) in subcutaneous tissues between Yorkshire and Min pigs except for TG content in hip
fat, indicating that the subcutaneous fat deposition is different between Min and Yorkshire
pigs (Figure 1B,C). Thus, backfat tissues from Min and Yorkshire pigs were used to screen
chimeric RNAs related to fat deposition.
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Figure 1. Comparison of subcutaneous adipose tissues between Yorkshire and Min pigs. (A) Mor-
phological analysis with HE staining. (B) Adipocyte area of subcutaneous adipose tissues. The bar is
200 µm. (C) Triglyceride contents in subcutaneous adipose tissues. The data are shown as mean ±
standard error. * and ** indicate p < 0.05, and p < 0.01, respectively.

The bioinformatic analysis of data obtained previously [28] called 77 read-throughs
that presented in all of the four samples by ChimeraScan (Table S2). Most of them had
low score values which mean total fragments supporting chimera, indicating humble
expression levels of read-throughs (Figure 2A). Among the read-throughs identified, one
tag named BP presented with differential score between fat tissues of Min and Yorkshire
pigs. Furthermore, fragments spanning breakpoint junction accounted for a very large
proportion in the total fragments of BP (Figure 2B). Through RT-PCR and sequencing
analysis, the existence of BP was confirmed (Figure 2C).
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3.2. cDNA Cloning of BCL2L2–PABPN1

RACE analysis showed that porcine BP cDNA (V1) was 2097 bp in length and con-
tained a complete CDS of 1002 bp, a 5′ UTR of 205 bp and a 3′ UTR of 890 bp. There was
a typical poly(A) signal, AATAAA, at the 3′ end. It was located on chromosome 7 and
composed of nine exons as revealed by BLAT program. The CDS spanned exons 3–9 with
the first two exons and 8 bp of exon 3 comprising the 5′ UTR.

Seven alternative splicing (AS) variants of BP, named V2–V8, were obtained using
5′ RACE methods. V2 and V3 were formed by alternative 5′ splice sites (SSs) of exon
1, resulting in partial sequences of intron 1 being retained and having the same CDS as
isoform V1. V4–V8 were absent of the start codon owing to the use of alternative 3′ SSs
of exon 3 and thus could not be translated into a polypeptide. There were abundant
alternative SSs in the first three exons of BP (Figure 3A). The sequences were deposited in
GenBank under accession Nos. MH795109 for V1, and MW654158-64 for V2–V8.

Additionally, there was only an CDS sequence of porcine PABPN1 deposited in Gen-
Bank (No. NM_001243548) with a small 3′ UTR of 63 bp, 5′ UTR of 8 bp, and absence of
poly(A) signal (Figure 3A). Through cloning the cDNA of BP, a fusion product of BCL2L2
and PABPN1 genes, we have obtained the complete 3′ sequence of porcine PABPN1 mRNA.
Using 5′ RACE, the 5′ UTR of PABPN1 was obtained and subsequent RT-PCR with primers
complementary to 5′ UTR of PABPN1 and the end of the last exon of BP, respectively,
confirmed the sequence of PABPN1.

The PABPN1 cDNA was 1997 bp in length with 186 bp of 5′ UTR, 921 bp of CDS
encoding a polypeptide of 306 aa, and 890 bp of 3′ UTR (GenBank accession No. MH795126).
The porcine PABPN1 protein was completely identical to that in humans (NM004643), and
thus contained three major domains as its counterpart in humans [41]: an acidic N-terminal
domain containing a stretch of 10 alanines and a coiled-coiled domain (CCD, spanning
119–146 aa), a single ribonucleoprotein-type RNA recognition motif (RRM, 161–257 aa),
and a basic arginine-rich C-terminal region (258–306 aa).
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Figure 3. Characterization of porcine BCL2L2-PABPN1 (BP). (A) Genomic and mRNA structure
of porcine BP. Boxes and lines indicate exons and introns, respectively. Dotted boxes in PABPN1
indicate that the sequences are first obtained here. Figures over the boxes indicate the length of the
corresponding exons, while those in the boxes indicate exon No. Primer locations are shown with
arrows. E, exon. I, intron. # indicates the position of poly(A) signal. Start and stop codons are shown
under the boxes. (B) Motifs in the polypeptide of BP. (C) Identification of mechanisms underlying BP
formation with RT-PCR. Templates were showed below. No RT, no reverse transcriptase control.

Porcine BP is an in-frame fusion product with a molecular weight of 37.2 kDa and a
pI of 8.58. The predicted polypeptide was composed of 333 aa with the first 144 aa from
BCL2L2 (1–144 aa of BCL2L2) and the last 189 aa from PABPN1 (118–306 aa of PABPN1).
Porcine BCL2L2 was composed of 193 aa and contained a functional BCL2 domain in the
46–144 aa as revealed by Blastn program. Thus, BP has all functional domains of both
parents except for a stretch of 10 alanines in the N-terminal region of PABPN1 (Figure 3B).

3.3. Mechanisms Underlying BCL2L2–PABPN1 Formation

BP comprised nine exons with exons 1–3 from the first three exons of BCL2L2 and 4–9
from the last six exons of PABPN1. BLAT analysis showed that BCL2L2 and PABPN1 were
composed of four and seven exons, respectively. The configuration of BP, involving the
second-to-last exon in the former gene joining to the second exon in the latter gene, was
the most common type of cis-SAGe [42–44]. Additionally, BCL2L2 was adjacent to PABPN1
on porcine chromosome 7 with a distance smaller than 10 kb (~9 kb) and had the same
transcription direction, which is another characteristic of the formation of cis-SAGe [45].
These make BP a candidate for cis-SAGe.

To confirm its transcriptional read-through nature, RT-PCR was used to detect primary
mRNA as described by Qin and coworkers [43] in which RT primer (P1R) was annealed
to the second exon of PABPN1, and PCR primers (B3F/R) were complementary to the last
intron and the last exon of BCL2L2, respectively (Figure 3A). To avoid DNA contamination,
total RNA was digested with DNase I and no reverse transcriptase control was used. The
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fragment was successfully amplified (Figure 3C), indicating that the transcript ran from
BCL2L2 to PABPN1 and BP was a product of cis-SAGe.

There is a read-through product (NM_001199864) of BCL2L2 and PABPN1 in humans.
Both the human and pig sequences had very high identities in aa, CDS, even in the complete
cDNA. Additionally, there were also homologs in various orders of Mammalia including
Primates, Cetacea, Even-toed ungulates, Chiropter, Carnivora, and even in Ornithorhynchus
anatinus, one of the oldest mammals. Except for in humans, no sequences were described
as read-through origin, but the identities were more than 95% between the polypeptide
of porcine BP and any of the homologs (Table S1-2). These indicated that BP was highly
conserved in evolution and might have critical roles in life.

3.4. Effects of BCL2L2–PABPN1 on Preadipocyte Proliferation and Differentiation

BP mRNA level had a tendency to increase during preadipocyte proliferation but the
changes were not significant (p > 0.05) (Figure 4A). During preadipocyte differentiation, the
expression of BP was increased significantly (p < 0.05) since 4 days after induction compared
with non-induced cells (Figure 4B). Real-time PCR and Western blot analysis showed that BP
expression was increased effectively in preadipocytes transfected with the plasmids pCMV-
HA-BP. CCK-8 assay showed that BP overexpression increased cell number compared to
the cells transfected with empty vector, with the highest level (p < 0.01) at 4 days post-
transfection (Figure 4C). Flow cytometry analysis showed that the number of G2-phase
preadipocytes was increased significantly (p < 0.01) in groups overexpressing BP (Figure 4D).
Overexpression of BP resulted in a decrease of lipid droplets compared to the control cells at
6-, 8- and 10-days post-induction as revealed with Oil Red O staining (Figure 4E). The results
indicated that BP promoted proliferation and inhibited differentiation of preadipocytes.

3.5. Genome-Wide Identification of mRNAs Involved in BCL2L2-PABNP1 Regulation

RNA-Seq technology was used to explore mechanisms of BP on adipogenesis in
cells transfected with adenoviruses expressing BP at a condition of MOI 300 and 48 h
which was predetermined with fluorescence microscope and qPCR analysis (Figure S1).
An average number of 104,791,770 and 128,873,418 raw reads were obtained in control
and treatment groups, respectively. After removal of low-quality and adaptor containing
reads, 103,766,967 and 127,695,699 clean reads were obtained. In these clean data, the Q30
content was more than 92.67%. A total of 3074 DEmRs were obtained by RNA-Seq analysis,
among which 1476 were upregulated and 1598 were downregulated in cells overexpressing
BP compared with control groups (Figure 5A, Table S3-1). Eleven DEmRs were selected
randomly to validate RNA-Seq data with qPCR, and consistent results were obtained
(Figure 5B).

To highlight the function of DEmRs, GO and KEGG analysis were performed. GO
analysis revealed that the DEmRs were involved in multiple categories in molecular func-
tions, cellular component, and biological processes (Figure 5C). The major biological pro-
cesses enriched included fatty acid beta-oxidation, 2-oxoglutarate metabolic process, and
2-oxoglutarate metabolic process, etc. KEGG analysis performed on all DEmRs revealed
that various fat-related pathways, such as MAPK, TGF-β, Wnt, PI3K-Akt, and Fatty acid
metabolism, etc. were significantly enriched. When the up- and downregulated DEmRs
were subjected to KEGG analysis separately, the pathways enriched suggested different
roles between them. The upregulated DEmRs were mainly involved in fat metabolism-
related pathways including fatty acid metabolism, fat digestion and absorption, arachidonic
acid metabolism, butanoate metabolism, propanoate metabolism, and steroid biosynthe-
sis; additionally, two signaling pathways associated with adipogenesis, PPAR and FoxO,
were enriched by upregulated DEmRs. Downregulated DEmRs were enriched in some
adipogenesis-related signaling pathways including MAPK, PI3K-Akt, Wnt, TGF-beta, in-
sulin, Hippo, and cAMP signaling pathways, with MAPK and PI3K-Akt being the top two
enriched pathways except for human papillomavirus infection whose enrichment might be
associated with adenovirus infection (Figure 5D,E). These results indicated that DEmRs
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induced by BP overexpression were involved in fat deposition, which confirmed the role of
BP in adipogenesis and highlighted the underlying mechanisms.
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Figure 5. Characterization of differentially expressed mRNAs (DEmRs) induced by BCL2L2-PABPN1.
(A) Volcano plot of DEmRs. (B) Validation of RNA-Seq data with real-time PCR method. (C) GO
enrichment analysis of DEmRs. (D) KEGG pathway analysis of upregulated DEmRs. (E) KEGG
pathway analysis of downregulated DEmRs.
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The above 15 fat-related pathways involved 212 DEmRs of which 73 were upregulated
and 139 were downregulated in response to BP treatment (Figure 6A, Table S3-2). PPI
network analysis showed that these DEmRs were grouped into two separate modules. In
module 1 the top three key nodes were PPP2CB, EGFR, and Wnt5A with a degree of 11, 9,
and 9, respectively. Both PPP2CB and EGFR are involved in MAPK and PI3K-Akt signaling
pathways. In module 2, EHHADH, ACAA 2, and ALDH6A1 were the top three key nodes
with a degree of 10, 6, and 5, respectively (Figure 6B).
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the degree of interaction between the genes. The network was constructed with score > 0.9, FDR
stringency = 1 percent, and disconnected nodes were hide.

3.6. Genome-Wide Identification of miRNAs Involved in BCL2L2-PABNP1 Regulation

To further characterize the mechanisms underlying the regulation of BP on adipo-
genesis, transcriptomic miRNA alteration induced by BP was analyzed using Illumina
RNA sequencing. An average number of 25,583,601 and 18,115,912 clean reads (96.01%
and 95.51% of raw reads) of which the average percentage of miRNAs was 63.72 and 65.80
were obtained from control and BP-treated groups, respectively. On the basis of S. scrofa
genome (11.1), a total of 1987 unique miRNAs were identified (Table S4-1). The lengths
of the miRNAs were mainly distributed in 19–24 nt in all six groups, with a maximum of
22 nt (Figure 7A). The expression level and count distribution of the total miRNAs in each
sample was shown in Figure 7B. Compared with control groups, 44 known miRNAs were
identified as differentially expressed miRNAs (DEmiRs) including 35 upregulated and nine
downregulated during BP treatment (Figure 7C, Table S4-2). The expression of six DEmiRs
were validated by real-time PCR, and consistent results were obtained between qPCR and
RNA-Seq (Figure 7D).
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Figure 7. Characterization of differentially expressed miRNAs (DEmiRs) induced by BCL2L2-
PABPN1. (A) Length distribution of miRNAs among six samples. (B) Barplot profiling the expression
levels of the miRNAs in each sample. (C) Heatmap cluster of known DemiRs. (D) Validation of
Illumina data with real-time PCR. (E) GO enrichment of target genes of DEmiRs. 1, detection of
chemical stimulus involved in sensory perception of smell; 2, G-protein coupled receptor signaling
pathway; 3, homophilic cell adhesion via plasma membrane adhesion molecules; 4, small GTPase
mediated signal transduction; 5, integral component of plasma membrane; 6, RNA polymerase II
core promoter proximal region sequence-specific DNA binding. (F) KEGG enrichment of target genes
of DEmiRs. (G) Fat-related miRNA-mRNA interaction network.
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A total of 4064 putative target mRNAs were predicted for these DEmiRs (Table S4-3),
and top 10 target mRNAs of each DEmiRs were selected according to total score for GO and
KEGG analysis. GO enrichment analysis showed that target genes were enriched in some
categories of biological process such as positive regulation of GTPase activity, regulation
of gluconeogenesis, and positive regulation of JNK cascade (Figure 7E). Two of the top
three KEGG pathways enriched by target genes of DEmiRs were PI3K-Akt and MAPK
signaling pathways both of which are important regulators of adipogenesis. Additionally,
phospholipase D, Rap 1, and regulation of actin cytoskeleton signaling pathways were also
significantly enriched (Figure 7F).

3.7. Integrated Analysis of mRNA and miRNA Data

To highlight DEmiRs involved in the regulation of BP on adipogenesis, integrated
analysis was performed between known DEmiRs and 212 DEmRs involved in 15 fat-related
pathways, in which those DEmRs identified as target genes of known DEmiRs and had a
negatively correlated expression levels with the paired DEmiRs were selected for further
analysis. A total of 11 differentially expressed target mRNAs (DETmRs) and four paired
DEmiRs were obtained (Table S4-4). These fat-related DETmRs and the paired DEmiRs
constituted a network in which ssc-miR-339-3p was critical (Figure 7G). Five of the 10 genes
regulated by ssc-miR-339-3p, MYC, VEGFA, MAP3K11, HSPB1 and ECSIT, are involved in
MAPK signaling pathway.

4. Discussion

Chimeric RNAs were traditionally believed to be produced by chromosome rear-
rangement and unique to carcinogenesis until recent discoveries of RNA trans-splicing
and cis-SAGe. It has been found that chimeric RNAs are expressed in noncancerous cells
and tissues and involved in normal physiological process such as muscle lineage commit-
ment [25,26] and neuronal differentiation [27]. However, there is no report on chimeric
RNAs in fat formation in mammals.

Here, through analyzing our previous paired-end high-throughput sequencing data
from backfat tissues of Min and Yorkshire pigs [28], chimeric RNA BP was characterized
and the full-length cDNA was cloned in pigs using RT-PCR and RACE. Additionally, BP
formation was identified as cis-SAGe. To the best of our knowledge, this is the first report
on cis-SAGe in pigs. Min pig is a local breed in Northeast China with abundant fat content,
while Yorkshire pigs have high lean meat percentage owing to long extensive breeding. BP
was differentially characterized between fats from the two breeds. The role of BP in fat
formation was thus expected and confirmed. The results extend the function of chimeric
RNAs to adipogenesis, a normal physiological process that chimeric RNAs have not been
involved in.

During cloning, we obtained seven AS variants of BP; some of which occurred in the
5′ UTR. The AS patterns identified here include exon skipping, alternative 5′ and 3′ SSs.
It has been shown that exons closer to the intergenic region of two parental genes have
lower conservation than those farther from the region and tend to be alternatively spliced
in the formation of read-through chimeric RNA [44,46]. In the present study, AS variants
were by-products in 5′ RACE cloning of BP and we did not focus on AS characterization.
Additionally, the reverse primer of 5′ RACE was complementary to the junction of the
two parents, resulting in inability to identify variants alternatively spliced in this region.
Thereafter, there should be more AS variants remaining to be identified and more AS
patterns might be present in BP. In a previous report analyzing formation and structures of
cis-SAGe chimeric RNA [46], 20 and 23 transcript variants were obtained from ZNF343–
SNPRB and COX17–POPDC2, respectively. These indicate that cis-SAGe is also rich in AS
like regular pre-mRNAs.

As a nuclear poly(A) RNA binding protein, PABPN1 plays a key role in polyadeny-
lation. It can directly interact with poly(A) polymerase (PAP) through the CCD domain
leading to stimulation of the processivity of PAP [47], while binding to poly(A) RNA via the
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single RRM domain with a contribution from the C-terminal region [48]. BP contained all
the functional domains of PABPN1 including CCD, RRM and C-terminal region implicated
in polyadenylation, which provides a structural basis for polyadenylation. This suggests a
role of BP in post-transcriptional regulation through mediating poly(A) tailing.

Because BP was identified in fat tissues, we focused on its role in adipogenesis and
found that it can promote preadipocyte proliferation and inhibit differentiation. Mecha-
nisms underlying the regulation of BP on adipogenesis were then analyzed with RNA-Seq,
and genome-wide DEmRs and DEmiRs were characterized in preadipocytes overexpress-
ing BP. Both DEmRs and target genes of DEmiRs were significantly involved in MAPK and
PI3K-Akt, two of the important signaling pathways regulating adipogenesis. Various re-
cent studies showed that PI3K-Akt pathway positively regulated the adipogenesis [49–51].
However, the role of MAPK signaling pathway in adipogenesis was bi-directional. Some
reports demonstrated that activation of the MAPK pathway phosphorylates PPARγ, an
adipogenic marker, and thus opposed adipogenesis [52–54]. While studies on effects of
genes such as pigment epithelium-derived factor, a newly identified adipokine, miR-145
and lncRNA 332443 on adipogenesis revealed a positive role of MAPK signaling pathway
during differentiation process [55,56]. These indicates that the role of MAPK in adipogene-
sis is complicated and versatile. Nevertheless, we showed that MAPK and PI3K-Akt were
important for the regulation of BP on adipogenesis.

5. Conclusions

In this study, a read-through fusion transcript BP was first characterized in pigs. The
deduced polypeptide contains the main functional domains of both parents, BCL2L2 and
PABPN1, and highly conserved among species including Ornithorhynchus anatinus. BP
was found to inhibit differentiation of primary porcine preadipocytes, and MAPK and
PI3K-Akt were identified as the key signaling pathways affected by BP in which PPP2CB
and EGFR were the hub genes. Additionally, ssc-miR-339-3p was critical for BP regulating
adipogenesis. The results highlight the role of chimeric RNA in adipogenesis in mammals.
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Abstract: INGA FOOD S. A., as a Spanish company that produces and commercializes fattened pigs,
has produced a hybrid Iberian sow called CASTÚA by crossing the Retinto and Entrepelado varieties.
The selection of the parental populations is based on selection criteria calculated from purebred
information, under the assumption that the genetic correlation between purebred and crossbred
performance is high; however, these correlations can be less than one because of a GxE interaction
or the presence of non-additive genetic effects. This study estimated the additive and dominance
variances of the purebred and crossbred populations for litter size, and calculated the additive genetic
correlations between the purebred and crossbred performances. The dataset consisted of 2030 litters
from the Entrepelado population, 1977 litters from the Retinto population, and 1958 litters from
the crossbred population. The individuals were genotyped with a GeneSeek® GGP Porcine70K
HDchip. The model of analysis was a ‘biological’ multivariate mixed model that included additive
and dominance SNP effects. The estimates of the additive genotypic variance for the total number
born (TNB) were 0.248, 0.282 and 0.546 for the Entrepelado, Retinto and Crossbred populations,
respectively. The estimates of the dominance genotypic variances were 0.177, 0.172 and 0.262 for
the Entrepelado, Retinto and Crossbred populations. The results for the number born alive (NBA)
were similar. The genetic correlations between the purebred and crossbred performance for TNB
and NBA—between the brackets—were 0.663 in the Entrepelado and 0.881 in Retinto poplulations.
After backsolving to obtain estimates of the SNP effects, the additive genetic variance associated with
genomic regions containing 30 SNPs was estimated, and we identified four genomic regions that
each explained >2% of the additive genetic variance in chromosomes (SSC) 6, 8 and 12: one region in
SSC6, two regions in SSC8, and one region in SSC12.

Keywords: pig; Iberian; additive; dominance; genetic correlation; crossbreeding; genomic selection

1. Introduction

The Iberian pig breed is one of the porcine populations that has the highest meat
quality [1]. Historically, Iberian pig production was developed extensively with purebred
varieties, which took advantage of the Dehesa environment in southwestern Spain. In
recent decades, however, many traditional production systems have been substituted with
intensive production systems that use crossbreeding with Duroc populations to improve
growth and efficiency [2]. The norms that regulate Iberian pig production [3] obligate
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farmers crossing Iberian and Duroc varieties to cross boars from the Duroc variety and
sows from the Iberian variety. Prolificacy, which is lower than that of white pig populations,
is the major limitation in the intensive production of crossbred pigs from Iberian dams [4].
The INGA FOOD, S.A. company has developed a crossbreeding scheme between two
Iberian varieties (Retinto–R- and Entrepelado–E-) that has created a hybrid sow called
CASTUA–ER, which has an important heterosis effect in prolificacy [5]. In addition, the
company has been developing a breeding scheme for increasing litter size through selection
in the parental Retinto and Entrepelado populations.

Theoretically, the optimal strategy for the selection of purebreds for crossbred perfor-
mance is Recurrent Reciprocal Selection [6]; however, it has not been routinely used in pig
breeding because it involves a delay in the generation interval. In fact, purebred parental
populations are selected based on selection criteria calculated from purebred phenotypic
information, and under the assumption that the genetic correlation between purebred and
crossbred performance is high [7]. Those genetic correlations can be imperfect (<1) because
of genotype-by-environment (GxE) interactions and the presence of non-additive genetic
effects [7].

Genomic information facilitates the analysis of crossbreeding data, even if geno-
typed and phenotyped individuals are not directly related [8], by the definition of an
additive-dominance genotypic model that provides estimates of genotype x environmental
interactions through genotypic correlations. In addition, the estimates of genotypic and
dominance variances can be used to estimate the additive genetic correlation between pure-
bred and crossbred performances. Backsolving, as proposed by Wang et al. [9], provides
an estimate of the SNP effects and allows us to calculate the amount of additive genetic
variance associated with each genomic region in purebred and crossbred performances.

This study estimated the additive and dominance genotypic variances and covariances,
which were used to calculate the additive and dominance genetic variances and the genetic
correlations between purebred and crossbred performances in the Retinto and Entrepelado
populations. In addition, the distribution of the additive genetic variance within the
autosomal genome for purebred and crossbred performance was quantified.

2. Materials and Methods

The phenotypic data included the number of piglets born alive (NBA) and the total
number born (TNB) for 306 Entrepelado and 313 Retinto purebred sows, and for 333
crossbred (Entrepelado x Retinto) sows when crossed with Entrepelado, Retinto or Duroc
boars (Table 1).

Table 1. Number of records (and number of sows between brackets) and the mean ± standard
deviation of the number born alive and the total number born in Entrepelado, Crossbred and
Retinto populations.

Entrepelado Crossbred Retinto

N 1 (NS) 2 2030 (306) 1958 (333) 1977 (313)
NBA 3 7.75 ± 1.85 8.57 ± 2.27 8.07 ± 2.07
TNB 4 8.02 ± 1.89 8.80 ± 2.29 8.33 ± 2.11

1 N: number of records. 2 NS: number of sows. 3 NBA: number born alive. 4 TNB: total number born.

All of the sows were genotyped with the GeneSeek® GPP Porcine 70K HDchip (Il-
lumina Inc., San Diego, CA, USA). Filtering excluded genotypes that had a minor al-
lele frequency < 0.05 and an SNP call rate < 0.90 in the overall population. From that,
34,316 SNP markers were used to build the genomic relationship matrices with our own
developed software in the R environment [10]. The missing genotypes were replaced with
their expectation.

The model of analysis assumed that the phenotypic values of individuals (y) (TNB
and NBA) are explained by the (biological) additive (u) and dominance (v) effects of the
SNPs, and a covariate (c) with the average homozygosity (f ), the systematic effects (b)
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order of parity (1, 2, 3, and >3), the sire of service breed (Entreplado, Retinto, or Duroc)
and herd-year-season (122 levels). Phenotypic data were generated in three herds, and
herd-year-season effects were defined every 3 months. The sow permanent environmental
effects (s) with 2030, 1958 and 1977 levels for the Entrepelado, Retinto and Crossbred
populations, and the residuals (e), were as follows:
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where X and T are the corresponding incidence matrices. Following Vitezica et al. [8], u and
v can be described in terms of the vectors of additive (a) and dominance (d) SNP genotypic
effects as follows: 
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The variance components were estimated by REML [11] through the EM-REML algo-

rithm using remlf90 software [12] and, in order to obtain the average information matrix,
we used one extra iteration with airemlf90. Additive and dominance variance components
were calculated in each of the populations (E, R, and ER) as follows:
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The additive (σ2
A) and dominance (σ2

D) genetic variances of the purebred populations
were calculated as follows:
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where p̂Xi and q̂Xi are the raw estimates of the allelic frequencies for A1 and A2 at the
ith SNP marker and the X = {E,R or ER} population, respectively. The estimates of the
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contributions to the additive variance in the crossbred population from the Entrepelado
(σ2

AER(E)
) and Retinto (σ2

AER(R)
) were obtained by [8] as follows:
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=
n

∑
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2
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(6)
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2
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(7)

Following Vitezica et al. [8], the additive variance in the crossbred population was the
average of the two values resulting from Equations (6) and (7), as follows:
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AER

=
1
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(8)

The estimate of the dominance variance of the crossbred population [8] was calculated
as follows:
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With these estimates, the heritabilities (h2
X) and dominance ratios (d2

X) in the purebred
(X = E,R) and crossbred (X = ER) populations were obtained by:

ĥ2
X = σ̂2

AX
/
(

σ̂2
AX

+ σ̂2
DX

+ σ̂2
SX

+ σ̂2
EX

)
(10)

d̂2
X = σ̂2

DX
/
(

σ̂2
AX

+ σ̂2
DX

+ σ̂2
SX

+ σ̂2
EX

)
(11)

where σ̂2
SX

and σ̂2
EX

are the estimates of the sow permanent environmental and residual
variance in the X = {E,R,ER} population.

The covariance between purebred and crossbred additive genetic effects in the Entre-
pelado (σAE AER(E)

) and Retinto (σAR AER(R)
) populations were as follows:
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Therefore, the genetic correlations between the purebred and crossbreed breeding
values in the Entrepelado and Retinto populations were computed as follows:
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The vector of the SNP additive effects (âE, âR and âER) was obtained by backsolving [9],
as
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and the vector of the SNP dominance effects (d̂E, d̂R and d̂ER) was as follows:
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With those, the genetic additive variances (σ2
AE(k)

, σ2
AR(k)

, σ2
AER(E)(k)

and σ2
AER(R)(k)

) ex-

plained by the kth segment of the genome were calculated as follows:
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where n(k) is the number of SNP markers within the kth segment, which was set to 30 after
testing several number of the SNP markers (20, 30 and 40). In order to identify the genes
within the genomic regions that explained >2.0% of the total genetic variance, we used the
biomart tool (www.ensembl.org (accessed on 10 October 2021)).

3. Results and Discussion

The results based on TNB and NBA were similar, which was expected because these
two traits have a high genetic correlation [13], and the raw correlation between them in
the analyzed dataset was 0.94; therefore, we focused on the results with the TNB, and the
results for NBA are presented as Supplementary Information (Tables S1–S3 and Figure S1).
The REML estimates of the additive genotypic (co) variances are shown in Tables 2 and 3 in
TNB and NBA.

Table 2. REML estimates ± standard error (SE) of the additive genotypic (co)variances for the total
number born (TNB).

Entrepelado Crossbred Retinto

Entrepelado 0.248 ± 0.161 0.259 ± 0.178 0.200 ± 0.135
Crossbred - 0.546 ± 0.268 0.388 ± 0.170

Retinto - - 0.282 ± 0.146

Table 3. REML estimates ± standard error (SE) of the dominance genotypic (co)variances for the
total number born (TNB).

Entrepelado Crossbred Retinto

Entrepelado 0.177 ± 0.165 0.212 ± 0.171 0.166 ± 0.152
Crossbred - 0.262 ± 0.210 0.202 ± 0.179

Retinto - - 0.172 ± 0.199

The additive genotypic variance was higher in the crossbred populations than it was
in the purebred populations. This may be due to scale effects, as the phenotypic variation
in also greater. In addition, the estimates of the genotypic covariances between pure-
breds (Entrepelado and Retinto) and the crossbred population were all high and positive,
and they corresponded to additive genotypic correlations of 0.704 (0.259/

√
0.248× 0.546)

between Entrepelado and Crossbred pigs, 0.988 (0.388/
√

0.546× 0.282) between Retinto
and Crossbred pigs, and 0.756 (0.200/

√
0.248× 0.282) between the two purebreds. These

results indicated that the genotype x environmental interaction was small, and the additive
genotypic correlations were similar to those obtained by Vitezica et al. [8] in white pig
populations. The REML estimates of the dominance genotypic (co)variances ranged from
0.170 (Retinto) to 0.265 (Crossbred) (Table 3).

The estimates of the dominance genotypic covariances were all positive, and reflected
genotypic dominance correlations >0.95. The analysis provided the REML estimates of
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the sow permanent and residual effects (Table 4). The residual variance (σ2
E) is greater

in the crossbred population than in purebreds, consistently with the greater phenotypic
variation. In contrast, the estimate of the sow environmental variance (σ2

R) was very low
in the crossbred population.

Table 4. REML estimates ± standard error (SE) of the permanent environmental and residual
variances for the total number born (TNB) in the Entrepelado, Crossbred and Retinto populations.

Variances 1 Entrepelado Crossbred Retinto

σ2
S 0.191 ± 0.105 0.009 ± 0.029 0.268 ± 0.120

σ2
E 2.810 ± 0.099 4.467 ± 0.155 3.534 ± 0.128

1 σ2
S : Sow permanent environmental variance; σ2

E: residual variance.

The additive and dominance genotypic (co) variances were used to calculate the addi-
tive and dominance genetic variances in the purebred populations based on expressions (1)
to (5) (Table 3). The estimates of the additive genetic variances were 0.170 (Entrepelado)
and 0.150 (Retinto), and the estimates of the dominance genetic variances were 0.074 (En-
trepelado) and 0.056 (Retinto). The heritability estimates were calculated using Equation
(10); they were 0.052 (Entrepelado) and 0.037 (Retinto), which were within the range or
slightly lower than those of white pigs [13–15] and in the same [5] or other Iberian [16,17]
populations. The dominance ratios were obtained from Equation (11), and were 0.023
for Entrepelado and 0.014 for Retinto. They were smaller than the heritabilities, but their
ratios with them were approximately 40%, which was higher than those reported for white
pig populations [8,18] for litter size and similar to the results of Tusell et al. [19] in other
swine traits.

We used Equations (6) and (7) to calculate the additive variances for crossbred perfor-
mance in the purebred populations, which were 0.413 (Entrepelado) and 0.293 (Retinto).
Therefore, the additive genetic variance in the crossbred population was the average of
the two (0.353), which was higher than the additive genetic variances in the purebred
populations, which were similar to the results of Vitezica et al. [8] with regard to litter size,
and to the results of Tusell et al. [19] for other pig traits. Nevertheless, Xiang et al. [20]
found the opposite in a cross between Landrace and Yorkshire breeds (0.86 and 0.54 in
purebreds and 0.28 in crossbreds). In the present study, the dominance genetic variance in
the crossbred population (0.079) was calculated based on the Equation (8), which was simi-
lar to the dominance genetic variance in the purebreds; however, its ratio with the additive
genetic variances was lower (22%). Given those variance components, the heritability and
dominance ratio estimates in the crossbred population were 0.072 and 0.016, respectively.

In addition, the additive genetic correlations between purebred and crossbred perfor-
mances in the Entrepelado and Retinto populations were calculated based on expressions
(12) to (15), which were 0.663 in Entrepelado and 0.881 in Retinto populations. Those corre-
lations were within the range of the estimates summarized by Wientjes and Calus [7], and
suggest that the efficiency of the selection for increased crossbred performance by selecting
for purebred performance will be more effective in Retinto than in Entrepelado pigs.

We used Equations (16) and (17) to calculate the additive and dominance genotypic ef-
fects associated with each of the 34,316 SNP markers, which were used in Equations (18)–(21)
to calculate the proportion of the additive genetic variance that was explained by segments
of 30 consecutive SNPs (Figure 1). The distribution of the additive variance explained by
segments of 20 and 40 SNP markers were similar, and are presented as supplementary
information (Figures S2 and S3).
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Figure 1. Distribution of the percentage of the additive genetic variance explained by genomic segments of 30 SNPs within 
the autosomal genome of purebred and crossbred performance for the total number born (TNB) in the Entrepelado and 
Retinto varieties. Black: chromosomes 1, 9 and 17; red: chromosomes 2, 10 and 18; green: chromosomes 3 and 11; deep 
blue: chromosomes 4 and 12; blue: chromosomes 5 and 13; purple: chromosomes 6 and 14; yellow: chromosomes 7 and 15 
; grey: chromosomes 8 and 16. 

Figure 1. Distribution of the percentage of the additive genetic variance explained by genomic
segments of 30 SNPs within the autosomal genome of purebred and crossbred performance for the
total number born (TNB) in the Entrepelado and Retinto varieties. Black: chromosomes 1, 9 and 17;
red: chromosomes 2, 10 and 18; green: chromosomes 3 and 11; deep blue: chromosomes 4 and 12;
blue: chromosomes 5 and 13; purple: chromosomes 6 and 14; yellow: chromosomes 7 and 15; grey:
chromosomes 8 and 16.

The figure presents the distribution of the additive variance along the autosomal
chromosomes in the Entrepelado and Retinto populations, and for the purebred and
crossbred performance. Four genomic regions can be highlighted; each explained >2% of
the additive genetic variance in at least one of the populations. The SNPs at the center of
each of the genomic regions that explained the highest amount of additive genetic variance,
and the genes in the Sus_Scrofa 11.1. genomic map that were within 1 Mb downstream or
upstream, are presented in Table 5.
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Table 5. SNPs at the center of each of the four genomic regions that explained > 2% of the additive genetic
variance in at least one of the populations, and the genes located within 1 Mb downstream or upstream.

SNP 1 SSC 2 bp 3 Genes

rs326244568 6 7,597,405 BCO1, PKD1L2, GCSH, ATMIN, CENPN, CDYL2, DYNLRB2
rs81401202 8 11,585,865 CD38, FGFBP1, PROM1, TAPT1, LDB2
rs81406142 8 137,540,516 CFAP299, FGF5, PRDM8, ANTXR2

rs345468811 12 46,079,417 TAOK1, ABHD15, TP53I13, GIT1, ANKRD1, CORO6, EFCAB5,
NSRP1, SLC6A4, BLMH, TMIGD1, CPD, GOSR1

1 SNP: single nucleotide polymorphism, 2 SSC: Sus Scrofa chromosome, 3 bp: base pair.

Among those genes, several can be proposed as candidate genes to explain the ad-
ditive genetic variation. The genomic region surrounding bp 7,597,405 in SSC6 included
BCO1 (β-Carotene Oxygenase 1), which encodes an enzyme that catalyzes the breakdown of
provitamin A and provides retinoids for embryogenesis [21,22]. Furthermore, the GCSH
(Glycine Cleavage System H) protein plays an important role in embryonic viability [23].

Two genomic regions were identified in SSC8 around bp 11,585,865 and bp 137,540,516.
Among the genes within those regions, PRDM8 (PR/SET Domain 8) is involved in the
neurogenesis [24] of the FGF5 (Fibroblast Growth Factor 5), a member of the fibroblast
growth factor family that is involved in several biological processes, including embryonic
development, cell growth, and morphogenesis [25,26].

The genomic region around bp 46,079,417 in SSC12 contains, among others, the GIT1
(G protein-coupled receptor kinase interactor 1) gene, which plays a role in spine morphogene-
sis [27], the NSRP1 (Nuclear Speckle Splicing Regulatory Protein 1) development process, and
in utero embryonic development [28], and ANKRD1 (Ankyrin Repeat Domain 1), which is
involved in neuron projection development [29].

The Gene Ontology (GO) terms for the biological processes for the proposed candidate
genes are presented as Supplementary Table S4.

4. Conclusions

(1) The additive genetic variance and the heritabilities were higher in the crossbred
than those in the purebred populations, (2) the genetic correlation between purebred and
crossbred performances were higher in Retinto than they were in Entrepelado pigs, and (3)
the additive genetic variances were heterogeneously distributed throughout the autosomal
genome, and four genomic regions in SSC6, SSC8, and SSC12 with several candidate genes
were identified.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13010012/s1. Table S1: REML estimates ± the standard
error (SE) of the additive genotypic (co)variances for the number born alive (NBA). Table S2: REML
estimates ± the standard error (SE) of the dominance genotypic (co)variances for the number born
alive (NBA). Table S3: REML estimates ± the standard error (SE) of the permanent environmental
and residual variances for the number born alive (NBA). Table S4: GO (Gene Ontology) terms for the
biological process of the proposed candidate genes. Figure S1: Distribution of the percentage of the
additive genetic variance explained by genomic segments of 30 SNPs within the autosomal genome
of the purebred and crossbred performance for the number born alive (NBA) in the Entrepelado
and Retinto varieties. Figure S2: Distribution of the percentage of the additive genetic variance
explained by genomic segments of 20 SNPs within the autosomal genome of purebred and crossbred
performance for the total number born (TNB) in the Entrepelado and Retinto varieties. Figure S3:
Distribution of the percentage of the additive genetic variance explained by genomic segments of
40 SNPs within the autosomal genome of the purebred and crossbred performance for the total
number born (TNB) in the Entrepelado and Retinto varieties.
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Abstract: Sestrin-3, together with the other two members Sestrin-1 and Sestrin-2, belongs to the
Sestrin family. The Sestrin protein family has been demonstrated to be involved in antioxidative,
metabolic homeostasis, and even the development of nonalcoholic steatohepatitis (NASH). However,
the adipogenic regulatory role of SESN3 in adipogenesis still needs to be further explored. In this
study, we demonstrated SESN3 inhibited porcine pre-adipocyte proliferation, thus suppressing
its adipogenesis. Meanwhile, SESN3 has been demonstrated to inhibit Smad3 thus protecting
against NASH. Further, for our previous study, we found mmu-miR-124 involved in 3T3-L1 cell
adipogenesis regulation. In this study, we also identified that ssc-miR-124 inhibited porcine pre-
adipocyte proliferation, thus suppressing its adipogenesis, and the SMAD3 was an inhibitor of
ssc-miR-124 by binding to its promoter. Furthermore, the ssc-miR-124 targeted porcine C/EBPα and
GR and thus inhibited pre-adipocyte adipogenesis. In conclusion, SESN3 inhibited SMAD3, thus
improving ssc-miR124, and then suppressed C/EBPα and GR to regulate pre-adipocytes adipogenesis.

Keywords: SESN3; SMAD3; ssc-miR-124-3p; pig; adipogenesis

1. Introduction

Overweight and obesity lead to a batch of diseases including but not limited to
metabolic disease, hypertension, cardiovascular disease, and type II diabetes (T2D), which
becomes one of the major threats to human health [1,2]. As a basic unit of adipose tissue,
adipocyte differentiation and proliferation lead to adipose tissue expansion, and excessive
adipose tissue cause obesity-related metabolic syndromes. Hence, adipocytes are emerging
as a significant target in the treatment of obesity-related metabolic syndromes in the
clinical setting [3]. Meanwhile, the molecular mechanisms of adipocyte differentiation and
proliferation are of significant and escalating biomedical interest.

According to the classical extensive consensus on adipogenesis, hundreds of factors
and genes involve enormous and complicated interaction networks to control this progress.
Among them is the peroxisome proliferator activated receptor (PPAR) family, containing
PPARα and PPARβ/δ, which are numbers of the nuclear receptor superfamily of ligand-
activated transcription factors, and important adipogenic regulators [4]. In particular,
PPARγ has been widely confirmed to play a critical role in adipocyte development, such as
insulin signaling pathway, which is involved in regulating insulin sensitivity [5–7]. Apart
from that, the CCAAT/enhancer binding protein (C/EBP) family is another key adipogenic
regulator, including C/EBPα/β/γ/δ/ε and ζ, which can bind to the promoter of target
genes through the CCAAT element, and form both homodimers and heterodimers to regu-
late their targets’ expression level [8,9]. Moreover, C/EBPα and PPARγ activate with each
other in mammalian cells to co-regulate adipogenesis. Meanwhile, it has been proven that
there is a broad overlap in both of their transcriptional target genes [10]. The C/EBPα and
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PPARγmainly played regulatory role within the early and middle stage of adipogenesis.
However, for the middle to late stage of adipogenesis, the fusing of small lipid droplets
to mature lipid droplets causes the expansion of adipocytes. Numerous regulators are
involved in this progress, including glucose transporter 4 (GLUT4), lipoprotein lipase
(LPL), stearyl-CoA-desaturase (SCD) and fatty acid synthase (FAS), and so on [11,12].

MicroRNA (miRNA) is an important part of ncRNAs that has been demonstrated
involving a series of biological progress, including adipogenesis. Generally, miRNAs are a
kind of small molecular with ~21 nucleotides ncRNA, by targeting in either 3′untranslated
region (3′UTR) of coding genes, or ncRNA, for instance, long non-coding RNAs (lncR-
NAs), circleRNAs (circRNA) and pseudogenes, to play the post-transcriptional role [13–15].
A series of miRNAs have been proven involving adipogenesis regulation. For instance,
miR-27 inhibited lipoprotein lipase (LPL) [16], and miR-130 suppressed adipocytes adipo-
genesis by targeting PPARγ [17]. MiR-103 was one of miRNAs that improved 3T3-L cell
differentiation by targeting MEF2D and activating the Akt/mTOR signal pathway [18].
The other adipogenic miRNAs contained but was not limited to miR-34 [19], miR-17 [20],
miR-124 [21], miR-144 [22], and so on.

Sestrin (SESN) proteins have been demonstrated as multifunctional ones by their
biochemical characterization. Among them, Sestrin 1 and 2 share the conserved domain
structure, whereas the structure of Sestrin 3 differs from other eukaryotic proteins, including
Sestrin 1 and 2 [23]. Sestrin is able to activate adenosine monophosphate-activated protein
kinase (AMPK) and the mammalian target of rapamycin kinase complex 2 (mTORC2,)
but inhibits mammalian target of rapamycin kinase complex 1 (mTORC1) [24]. SESN1
and SESN2 are regarded as the sensor to leucine for the mTORC1 regulation [25,26].
Though SESN1/2/3 shared part common functions in AMPK and mTOR regulation,
whereas there is a hierarchy of their leucine binding ability: Generally, SESN1 is the
highest, while SESN3 is the lowest [24]. Moreover, SESN3 has been demonstrated to
protect against diet-induced non-alcoholic steatohepatitis (NASH) in mice by directly in-
hibiting SMAD3 through protein–protein interaction, thus suppressing the TGFβ-SMAD3
signal pathway [24]. However, the role of SESN3 in adipogenesis still needs to be fur-
ther explored. Hence, in this paper, we tried to study the adipogenic role of SESN3 in
pre-adipocytes adipogenesis.

2. Materials and Methods
2.1. Experiment Animals

The animals in this study were 7-days-old Erhualian piglets, and they all came from
the Changzhou Erhualian Pig Production Cooperation (Changzhou, Jiangsu, China).

All animal experiments including the pre-adipocyte collection were approved and reviewed
by the Animal Ethics Committee of Nanjing Agricultural University (STYK (Su) 2011-0036).

2.2. Cell Culture, Transfection and Differentiation

Adipose tissue, isolated from the porcine back subcutaneous, was cut with scissors
into 1-mm3 pieces, and we used 1 mg/mL of collagenase type I (Invitrogen, Carlsbad, CA,
United States). The sample was kept in a 37 ◦C, 50 rpm/min shaking bath for over 2 h
to digest. We added growth medium (89% Dulbecco’s modified Eagle’s medium/Ham’s
F-12 (DMEM-F12), 10% fetal bovine serum and 1% penicillin-streptomycin) 1.5 times the
volume of the total digestion product to stop the digestion progress. The pre-adipocytes
were collected with a 200-mm nylon mesh, filtrated, and were obtained via differential
centrifugation. The pre-adipocytes were cultured in the growth medium at 37 ◦C with
5% CO2. The medium was replaced with a fresh one every 2 days.

When a density of 85% confluence, the cell was cultured in 6- or 12-well plates,
following the protocol transfection purpose plasmids or oligonucleotides into the cell using
Lipofectamine 3000 (Invitrogen, Shanghai, China). The plasmids and oligonucleotides are
shown in Supplementary Table S1.
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The DIM inducer comprised of 2.5 mM of dexamethasone, 8.6 mM of insulin, 0.1 mM
of 3-isobutyl-1 methylxanthine (IBMX), 1% penicillin-streptomycin, and 10% FBS in Dul-
becco’s modified Eagle’s medium/Ham’s-high glucose (DMEM-HG) (Sigma–Aldrich,
Shanghai, China) and was used to induce for adipogenic differentiation. After 4 days’ in-
duction of adipogenic differentiation, the medium was replaced with maintenance medium
comprised of 8.9 mM of insulin and 10% FBS-DMEM-HG until day 8. Every 2 days, we
replaced it with a fresh medium.

2.3. RNA Isolation, Library Preparation, and RT-PCR

We used the Trizol reagent (TaKaRa, Dalian, China) to isolate the total RNA of the cell
or tissue. The cDNA libraries of mRNA and miRNA were either reverse-transcribed by
the PrimeScriptTM RT Master Mix (TaKaRa, Dalian, China), or miRNA 1st Strand cDNA
Synthesis Kit (by stem-loop) (Vazyme, Nanjing, China), respectively. The AceQ Universal
SYBR qPCR Master Mix (Vazyme, Nanjing, China) and the miRNA Universal SYBR qPCR
Master Mix (Vazyme, Nanjing, China) were used to detect Quantitative real-time PCR
(q-PCR) of mRNA and miRNA, respectively. The relative level of RNA expression was
normalized to GAPDH and miR-17 [27–29] expression levels using the 2−∆∆Ct method.
Every sample was detected in triplicate. Primers were shown in Supplementary Table S1.

2.4. Oil Red O Staining and Triglyceride Assay

We used 4% paraformaldehyde (Biosharp, Hefei, China) to fix differentiated porcine
pre-adipocytes for 30 min after gently washing three times with fresh 1× PBS. We washed
the fixed cells three times with 1× PBS, using the 60% saturated oil red O to stain for 30 min
(Sigma–Aldrich, Shanghai, China).

Subsequently, we captured images of the cells using a Zeiss Axiovert 40 CFL inverted
microscope (Thornwood, NY, United States).

Quantitation of total triglyceride was carried out via eluting oil red O in pure iso-
propanol and absorbance was measured at the 510-nm wavelength.

2.5. Cell Counting Kit-8 (CCK-8) Assay

Pre-adipocytes were seeded in a 96-well plate for 24 h, adding 10 µL of CCK-8 reagent
(UE, Shanghai, China) to each well and incubating the for 4 h in the cell culture incubator.
The absorbance was measured at 450 nm with a microplate reader. The cell viability was
calculated with the following equation: (OD treatment—OD blank). Each group had nine
independent replicates (n = 9).

2.6. Cell Division Assay by EdU Incubation

The pre-adipocytes were incubated for 2 h with YF® 488 Click-iT EdU (50 µM) (UE,
Shanghai, China). Then, we washed the pre-adipocytes with 1× PBS, fixed them in 4%
paraformaldehyde for 30 min, incubated them with 2 mg/mL glycine solution to neutral-
ize the residual paraformaldehyde for 5 min, washed them with 3% BSA (configurating
with 1× PBS) thrice, and then incubated them with 0.5% Triton X-100 for 20 min. Fi-
nally, we washed them with 3% BSA (configurating with 1× PBS) thrice and incubated
them with Click-iT EdU work solution following protocol for 30 min. Subsequently, we
washed them with 1× PBS thrice, finally incubating with 1× Hoechst33342 for 30 min.
The representative images were captured via confocal microscopy (LSM700META, Zeiss,
Oberkochen, Germany).

2.7. Luciferase Reporter Assay

The porcine pre-adipocytes were cultured in 12- or 24-well plates until the density was
of 85% confluence. The pGL3 basic vector either contained the promoter of Sesn3 or ssc-miR-
124 transfected into pre-adipocytes, by using Lipofectamine 3000 (Invitrogen Shanghai,
China). Furthermore, the pmirGLO vector contained the 3′UTR of GR gene, which co-
transfected with ssc-miR-124 mimics/NC or ssc-miR-124 inhibitors/NC, respectively.
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The Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States)
was used to quantify Firefly and Renilla luciferase activity.

2.8. Chromatin Immunoprecipitation Assay PCR (ChIP-PCR)

We used the ChIP Assay Kit (Boytime, Nanjing, China) following the manufacturer’s
instruction to detect FoxO1 protein binding with the promoter of Sesn and SMAD3 binding
to the promoter of ssc-miR-124, respectively. Briefly, 1% formaldehyde was used to cross-
link pre-adipocytes at 37 ◦C for 10 min, quenching the cross-linking by 1× glycine for
5 min at room temperature. We used the ultrasonic cell smash machine VCX750 (Sonics,
United States) to smash the pre-adipocytes and to obtain DNA fragments between 200 and
1000 bp as verified by ethidium bromide electrophoresis. For immunoprecipitation, 5 µg of
antibody against FoxO1 (cat 383312 ZEN BIO) and SMAD3 (bs-3484R, Bioss) was incubated
with 100 mL of cellular lysis at 4 ◦C overnight. Protein A Agarose/SalmonSperm DNA
at was incubated at 4 ◦C for 2 h to isolate the immunoprecipitated complexes, and then
washed as following: low salt wash buffer, high salt wash buffer, LiCl wash buffer once,
and TE buffer twice. The final PCR analysis subjected to ChIP DNA and specific primers
are shown in Supplementary Table S1.

2.9. Western Blotting

Briefly, total protein was extracted from porcine pre-adipocytes by using radioim-
munoprecipitation assay (RIPA) lysis buffer (Beyotime, Jiangsu, China), following the
protocol, and then quantified the protein by BCA Protein Assay kit (Beyotime, Jiangsu,
China). We loaded the protein sample (1.5 µg/well) into a 12% SDS-PAGE gel (Zoman,
Beijing, China). After its electrophoresis, SDS-PAGE was transferred to a PVDF membrane
(Millipore, Billerica, MA, United States). Subsequently, we used the 1× TBST containing
5% bovine serum albumin (BSA) to block the transferred membranes for 2 h at room tem-
perature, followed by overnight primary antibody incubation (ZenBioScience, Chengdu,
China) at 4 ◦C. On the second day, the immunoblot membranes were washed thrice with
1× TBST for 30 min, and horseradish peroxidase conjugated secondary antibody was used
to incubate for 2 h at room temperature. Using the ECL Chemiluminescence Detection Kit
(Vazyme, Nanjing, China) to develop the blots, and using the VersaDoc 4000 MP system
(Bio-Rad) to photograph.

2.10. Bioinformatics Analysis

Four kinds of online software were used to predict the ssc-miR-124 targets, respectively,
including miRanda (http://cbio.mskcc.org/microrna_data/miRanda-aug2010.tar.gz, ac-
cessed on 27 March 2010), miRmap (https://mirmap.ezlab.org/, accessed on 9 January 2013),
TargetScan (http://www.targetscan.org/, accessed on 15 March 2018), and PITA (http:
//genie.weizmann.ac.il/pubs/mir07/mir07_data.html, accessed on 23 September 2007).
RNAhybird (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/submission.html, accessed
on 18 September 2017) was used to predict the binding site and affinity between C/EBPα,
GR, and ssc-miR-124. The precursor and mature sequences of ssc-miR-124 were obtained
from miRBase (http://www.mirbase.org/, accessed on 7 June 2018).

PromoterScan 2 (http://bimas.dcrt.nih.gov:80/molbio/proscan, accessed on 4 Febru-
ary 1999) and JASPAR (http://jaspar.genereg.net/, accessed on 1 January 2013) were used
for promoter and transcription factor prediction. Image J was used to quantify the results
of C/EBPα and GR Western blotting, and the relative fluorescence intensity (EdU/DAPI).

2.11. Statistical Analysis

SPSS software (21.0 version, IBM, United States) was used to carry out the statistical
analysis. All data were presented as means ± standard error of mean (s.e.m). To compare
the average difference between the groups, a two-tailed Student’s t-test was used. P < 0.05
was regarded as a statistically significant difference.
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3. Results
3.1. Identification of the SESN3 Proliferative Role in the Pre-Adipocyte

We constructed the pcDNA3.1-Sesn3-CDS vector to explore its proliferative role in
pre-adipocytes, then transfected them into pre-adipocytes for 48 h and detected their
proliferative efficiency by EdU incubation and CCK-8 detection. The confocal fluorescence
detection result showed the positive EdU level of SESN3 transfection groups was down-
regulated compared with control group (Figure 1A,B). Moreover, CCK-8 detection resulted
in further identified SESN3-inhibited pre-adipocyte proliferation (Figure 1C).

Figure 1. SESN3 inhibited pre-adipocyte proliferation. (A,D) Detection of pre-adipocyte positive EdU
level after transfecting pcDNA3.1-Sesn3-CDS vector (A) or si-Sesn3 (D) for 48 h. The proliferating
nuclei were stained green with EdU (50 µM) for 4 h, while the nuclei of all cells were stained blue with
Hoechst33342 for 30 min. The scale bar was 100 µm. (B,E) Quantification of the relative fluorescence
intensity of EdU-positive cells (EdU/DAPI) using ImageJ software. (C,F) The Cell Counting Kit-
8 assay (CCK-8) detection after transfecting pcDNA3.1-Sesn3-CDS vector (A) or si-Sesn3 (D) for
48 h (n = 9 per group). The wavelength of CCK-8 detection was 450 nm. Data are presented as
mean ± s.e.m. * means P < 0.05, ** means P < 0.01.

Besides, we designed the specific small interference RNA of Sesn3 (si-Sesn3), then
transfected them into pre-adipocyte for 48 h. After EdU incubation, the confocal fluo-
rescence detection result showed the positive EdU level of si-Sesn3 transfection group
was upregulated compared with NC group (Figure 1D,E). The CCK-8 result showed that
si-Sesn3 increased pre-adipocyte proliferation (Figure 1F).

Above results demonstrated that SESN3 inhibited pre-adipocyte proliferation.
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3.2. Sesn3 Inhibits Pre-Adipocyte Adipogenesis

Due to its suppression proliferative role in pre-adipocytes, we transfected the pcDNA3.1-
Sesn3-CDS into pre-adipocytes to confirm its adipogenic role (Figure 2A). We found that
except for the PPARγ, other adipogenic marker genes including C/EBPα, C/EBPβ, and
Fabp4 in Sesn3-overexpressed group were downregulated compared with the control group
(Figure 2B). Pre-adipocytes were stimulated with DIM for 8 days after transfection, and
we found that pre-adipocyte differentiation was suppressed in the pcDNA3.1-Sesn3-CDS-
transfected group (Figure 2C,D). Moreover, si-Sesn3 was further transfected into the pre-
adipocyte (Figure 2E), we found that C/EBPα, C/EBPβ, and PPARγ expression were upreg-
ulated in the si-Sesn3-transfected group (Figure 2F). After stimulating with DIM for 8 days,
pre-adipocyte differentiation was improved in the si-Sesn3 transfection group (Figure 2G,H).
Hence, these results identified that SESN3 inhibited pre-adipocyte adipogenesis.

3.3. SESN3 Inhibits SMAD3 to Reduce Its Suppressing Effect on ssc-miR-124 Transcription

According to the report, SESN3 has been demonstrated to inhibit SMAD3, thus
suppressing the TGFβ-SMAD3 signal pathway [24]. Thus, we respectively transfected
pcDNA3.1-Sesn3-CDS and si-Sesn3 into pre-adipocyte for 48 h, then detected the expression
patterns of Smad3. We found that Sens3 inhibited Smad3 expression, which was consistent
with the report (Figure 3A–D). Our previous study identified that mmu-miR-124 played an
important role in 3T3-L1 adipogenesis [21]; hence, we predicted the ssc-miR-124 promoter
and further explored whether the SMAD3 regulated ssc-miR-124 transcription by binding
to promoter. We predicted 4 binding sites, and the dual-luciferase reporter assay system
result showed that the predicted binding site 3 was the most suppressive efficiency one
(Figure 3E,F). We further confirmed this result via the ChIP-PCR (Figure 3G). Besides, the
pcDNA3.1-Smad3-CDS vector was transfected to pre-adipocyte, and the result showed
that Smad3 suppressed the ssc-miR-124 expression level (Figure 3H).

3.4. Identification of ssc-miR-124 Proliferative Role in the Pre-Adipocyte

To identify the role of ssc-miR-124 in pre-adipocytes proliferation, we transfected
them into pre-adipocytes for 48 h. The confocal fluorescence detection result showed that
compared with NC group, the positive EdU level of ssc-miR-124 mimicking the transfection
group was downregulated (Figure 4A,B), and the CCK-8 detection result further proved
that ssc-miR-124 mimics inhibited pre-adipocyte proliferation (Figure 4C).

Besides, we also transfected the ssc-miR-124 inhibitors into pre-adipocyte for 48 h.
The confocal fluorescence detection result identified that the positive EdU level of ssc-
miR-124 inhibitors was upregulated compared with NC groups (Figure 4D,E). Moreover,
the CCK-8 result further confirmed that ssc-miR-124 inhibitors improved pre-adipocyte
proliferation (Figure 4F).

The above results further demonstrated that ssc-miR-124 impaired pre-adipocytes
proliferation.

3.5. Ssc-miR-124 Inhibits Pre-Adipocyte Adipogenesis

To identify the adipogenic role of ssc-miR-124 in porcine pre-adipocytes, we transfected
ssc-miR-124 mimics and ssc-miR-124 inhibitors into porcine pre-adipocyte, respectively
(Figure 5A,E), and detected the expression level of adipogenic marker genes, including
C/EBPα/β, PPARγ, and Fabp4. The result showed that ssc-miR-124 inhibited these genes’
expression (Figure 5B,F). To confirm the inhibitory role of ssc-miR-124 in pre-adipocyte
adipogenesis, we further stimulated pre-adipocyte with DIM for 8 days after transfecting
ssc-miR-124 mimics or inhibitors into pre-adipocyte for 48 h. The results identified that
ssc-miR-124 mimics inhibited pre-adipocyte differentiation (Figure 5C,D), and ssc-miR-124
inhibitors promoted pre-adipocytes differentiation (Figure 5G,H).

To sum up, we found ssc-miR-124 suppressed porcine pre-adipocytes adipogenesis.
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Figure 2. SESN3 inhibited pre-adipocyte adipogenesis. (A) Sesn3 was overexpressed in pre-
adipocytes after transfecting pcDNA3.1-Sesn3-CDS vector. (B) The expression of adipogenic marker
genes after transfecting pcDNA3.1-Sesn3-CDS vector into pre-adipocyte for 48 h. (C,D) The pre-
adipocyte oil red O staining (C) and quantitation of total triglyceride result (D) after transfecting
pcDNA3.1-Sesn3-CDS vector. (E) Sesn3 expression was inhibited after transfecting si-Sesn3. (F)
The expression of adipogenic marker genes after transfecting si-Sesn3 into pre-adipocyte for 48 h.
(G,H) The pre-adipocyte oil red O staining (G) and quantitation of total triglyceride result (H) after
transfecting si-Sesn3. Data are presented as mean ± s.e.m. * means P < 0.05, ** means P < 0.01, and
*** means P < 0.001.
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Figure 3. SMAD3 suppressed ssc-miR-124 transcription by binding to its promoter. (A,B) Rela-
tive expression of Sesn3 and Smad3 after transfecting pcDNA3.1-Sesn3-CDS into pre-adipocyte.
(C,D) Relative repression of Sesn3 and Smad3 after transfecting si-Sesn3 into pre-adipocyte. (E) The
schematic diagram of SMAD3 binding sites in ssc-miR-124 promoter. The red box meant wild binding
sites, and black boxes were mutated ones. (F) Relative luciferase activity analysis in pre-adipocytes af-
ter pGL3 basic vector that contained the sequence with wild binding site or mutated one transfection.
(G) ChIP-PCR detection of the binding of SMAD3 in ssc-miR-124 promoter region. (H) The miRNA
real-time PCR analysis of ssc-miR-124 expression level in pre-adipocyte after transfecting pcDNA3.1-
Smad3-CDS for 48 h. Data are presented as mean ± s.e.m. * means P < 0.05, ** means P < 0.01,
and *** means P < 0.001, which shows the data compared with the control group, ## represented
significant difference between promoter Mut3 and other five groups, and means P < 0.01

3.6. Ssc-miR-124 Inhibits C/EBPα and GR by Targeting Their 3′UTR

Ssc-miR-124 targets were predicted by 4 main target prediction tools. After the com-
prehensive analysis, we found 18 genes were shared among 4 prediction tools (Figure 6A),
among them C/EBPα and GR. Hence, we further analyzed the C/EBPα and GR and re-
spectively predicted 3 ssc-miR-124 binding sites in C/EBPα gene 3′UTR and 2 ssc-miR-124
binding sites in GR gene 3′UTR (Figure 6B). We constructed the pmirGLO vector with
C/EBPα and GR gene 3′UTR which contained the predicted ssc-miR-124 binding sites and
their mutated binding sites (Figure 6B). The dual-luciferase reporter assay results identi-
fied that ssc-miR-124 targeted C/EBPα and GR gene (Figure 6C,D). We further transfected
ssc-miR-124 mimics into pre-adipocyte for 48 h, and western bolting results showed that
ssc-miR-124 inhibited C/EBPα and the GR protein level (Figure 6E,F). Besides, we also trans-
fected ssc-miR-124 inhibitors into pre-adipocytes, and western bolting results identified
that ssc-miR-124 inhibitors increased C/EBPα and GR protein levels (Figure 6G,H).
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Figure 4. Ssc-miR-124 inhibited pre-adipocyte proliferation. (A,D) Detection of pre-adipocyte positive
EdU level after transfecting ssc-miR-124 mimics (A) or ssc-miR-124 inhibitors (D) for 48 h. The
proliferating nuclei were stained green with EdU (50 µM) for 4 h, while the nuclei of all cells were
stained blue with Hoechst33342 for 30 min. The scale bar was 100 µm. (B,E) Quantification of the
relative fluorescence intensity of EdU-positive cells (EdU/DAPI) by ImageJ software. (C,F) The Cell
Counting Kit-8 assay (CCK-8) detection after transfecting ssc-miR-124 mimics (A) or ssc-miR-124
inhibitors (D) for 48 h (n = 9 per group). The wavelength of CCK-8 detection was 450 nm. Data are
presented as mean ± s.e.m. * means P < 0.05, ** means P < 0.01.

The above results further proved that ssc-miR-124 suppressed porcine C/EBPα and GR
by targeting their 3′UTR, and thus inhibiting their protein expression.
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Figure 5. Ssc-miR-124 inhibited pre-adipocyte adipogenesis. (A) Ssc-miR-124 was overexpressed in
pre-adipocyte by transfecting ssc-miR-124 mimics. (B) The real-time analysis of adipogenic marker
genes in pre-adipocyte after transfecting ssc-miR-124 mimics for 48 h. (C,D) The pre-adipocytes
oil red O staining (C) and quantitation of total triglyceride result (D) after transfecting ssc-miR-124
mimics. (E) Ssc-miR-124 was inhibited in pre-adipocyte after transfecting ssc-miR-124 inhibitors.
(F) The real-time analysis of adipogenic marker genes after transfecting ssc-miR-124 inhibitors for
48 h. (G,H) The pre-adipocyte oil red O staining (G) and quantitation of total triglyceride result
(H) after transfecting ssc-miR-124 inhibitors. Data are presented as mean ± s.e.m. * means P < 0.05,
** means P < 0.01, and *** means P < 0.001.
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Figure 6. Ssc-miR-124 suppressed GR and C/EBPα by targeting their 3′UTR. (A) The Venn diagram
of ssc-miR-124 targets by 4 prediction software. (B) The schematic diagram of ssc-miR-124 miRNA
response elements (MREs) of C/EBPα and GR genes. (C,D) Relative luciferase activity of constructed
pmirGLO vector that contained the C/EBPα 3′UTR and GR 3′UTR, which respectively contained
ssc-miR-124 wild or mutated binding site sequences. (E,F) Western blotting result of C/EBPα and GR
in pre-adipocyte after transfecting ssc-miR-124 mimics for 48 h (E), and the relative quantification
of their WB results used ImageJ software (F). (G,H) Western blotting results of C/EBPα and GR in
pre-adipocyte after transfecting ssc-miR-124 inhibitors for 48 h (G), and the relative quantification of
their WB results using ImageJ software (H). Data are presented as mean ± s.e.m. * means P < 0.05,
** means P < 0.01.

4. Discussion

In general, Sestrin was regarded as a versatile anti-aging molecule, which was consid-
ered an important component of antioxidant defense, and was transcriptionally induced
upon oxidative damage through diverse transcription factors, for example p53, Nrf2, AP-1,
and FoxOs [23]. The excessive reactive oxygen species (ROS) was considered correlated
with the aging so far, although an appropriate level of ROS was necessary for physiological
homeostasis. Besides, other promoters of aging include nutritional overabundance and
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obesity. It is known that the mechanistic target of rapamycin complex 1 (mTORC1) is one
of major regulators that mediates the nutritional effect on aging; meanwhile, including
mammals, either genetic or pharmacological inhibition of mTORC1 extends longevity
and health span in most organisms [30,31]. The Sestrin family contains three paralogues
in vertebrates, they were Sestrin 1–3, respectively [32], specially, Sestrin 1 and Sestrin 2
have been demonstrated tp reduce ROS and suppress mTORC1 activity [33]. Therefore,
the suppression of ROS or mTORC1 was treated as a therapy among fat accumulation,
insulin resistance, muscle degeneration, cardiac dysfunction, mitochondrial pathologies
and tumorigenesis that was led by genetic depletion of Sestrin in many animal models,
for example, worms [34], flies [35], and mice [36]. However, Sestrin 1 and Sestrin 2 were
highly conserved between their protein structure, while the structure of Sestrin 3 differed
from other eukaryotic proteins, including Sestrin 1 and 2 [23]. By report, chronic activa-
tion of p70 S6 kinase (S6K) and mTORC1 in response to hypernutrition contributed to
obesity-associated metabolic pathologies including hepatosteatosis and insulin resistance.
Furthermore, the ablation of the Sestrin 2 and 3, especially Sestrin 2, provoked hepatic
mTORC1-S6K activation and insulin resistance [36]. On the other hands, some reports have
been identified that the Sesn2 induced by a high-fat diet in the liver and skeletal muscle of
mice, whereas Sesn1 was decreased in liver, and Sesn3 was decreased in liver and adipose
tissue. In the skeletal muscle of mice and the leg muscle biopsies of human diabetics, Sesn3
was increased [37,38], which would offer parts of explanation for the adipogenic phenotype
we observed. However, the adipogenic role of Sestrin 3 among porcine pre-adipocyte
differentiation and proliferation still needs to be further explored.

We first identified the macroscopically adipogenic role of SESN3, and we found SESN3
inhibited pre-adipocyte proliferation thus suppressed its adipogenesis (Figures 1 and 2).
Although cell proliferation and differentiation are usually incompatible within the same cell
cycle, generally, it is necessary to stop proliferation then initiate differentiation. However,
our results showed that Sesn3 inhibited pre-adipocyte proliferation and differentiation,
which seemingly was not consistent with that. However, as the basic unit of adipose tissue,
the lipid droplet enrichment of single adipocyte or increasing the number of adipocytes both
lead to adipogenesis development. Meanwhile, we detected pre-adipocyte differentiation
by transfecting vector or siRNA for 48 h, as well as after 8 days of induction, when we
detected their proliferative effect was at the end of transfection. Hence, we consider that
SESN3 regulated pre-adipocyte adipogenesis through inhibiting its proliferation effect, and
then further suppressing differentiation. There are some reports that also concur this idea:
For instance, the inhibition effect of HMGB2 and KDM5 for pre-adipocytes thus suppressed
adipogenesis [39–41].

Besides, SESN3 has been demonstrated to be in involved TGFβ-Smads signaling by
inhibiting the SMADs family at both protein and mRNA expression levels, thus protecting
against diet-induced non-alcoholic steatohepatitis (NASH) in mice [24]. Thus, we further
detected its inhibition for SMAD3 by respectively transfecting pcDNA3.1-Sesn3-CDS and
si-Sesn3. Our results further identified that Sesn3 inhibited Smad3 within the porcine
pre-adipocytes (Figure 3).

We demonstrated that mmu-miR-124 played an important role in 3T3-L cell adipogen-
esis; however, the adipogenic molecular mechanism of ssc-miR-124 for pigs still needs to
be further identify [21]. We found 4 predicted binding sites of SMAD3 in the ssc-miR-124
promoter region, and the results of the dual-luciferase reporter system and ChIP-PCR
further identified that the predicted binding site3 was a positive site (Figure 3C–E). To iden-
tify the regulatory role of SMAD3 for ssc-miR-124, results showed that SMAD3 inhibited
ssc-miR-124 expression (Figure 3F).

To understand the adipogenic role of ssc-miR-124 in pigs, we respectively detected
its proliferative and differentiated effect for porcine pre-adipocyte (Figures 4 and 5). As
was our prediction, ssc-miR-124 promoted pre-adipocyte proliferation, thus improving its
differentiation, which was consistent with the SESN3 adipogenic role (Figures 1 and 2), as

201



Genes 2021, 12, 1852

well as being consistent with our previous report of mmu-miR-124 regulation for 3T3-L1
cell [21].

Based on the post-transcriptional regulatory role of miRNA, we further explored
ssc-miR-124 underlying molecular mechanisms. We identified two key adipogenic factors,
GR and C/EBPα, which were targets of ssc-miR-124. As one of the most important adi-
pogenic regulators, C/EBPα has been demonstrated interacting with PPARγ to regulate
insulin signal pathway that playing the crucial role among adipogenesis [5,6,42,43]. For
GR, also known as the NR3C1 gene, it was a nuclear receptor that activated by ligand
binding. Glucocorticoid (GC) was one of the key signals that were capable of inducing
adipocyte differentiation, while glucocorticoid sensitivity of a cell largely depended on its
GR levels [21,44,45].

Our results demonstrated that ssc-miR-124 targeted GR 3′UTR and C/EBPα 3′UTR
and inhibited their mRNA and protein levels, thus suppressing those two regulators from
regulating adipogenesis among pre-adipocytes (Figure 6).

5. Conclusions

We identified that SESN3 inhibited SMAD3, thus improving ssc-miR-124 expression,
and finally suppressing two adipogenic vital factors, GR and C/EBPα, to regulate pre-
adipocyte adipogenesis.
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