Mammalian Genome (2019) 30:71-80
https://doi.org/10.1007/s00335-019-09795-3

=

Check for
updates

Analysis and preliminary validation of the molecular mechanism of fat
deposition in fatty and lean pigs by high-throughput sequencing

Jing Xiang Cui'? . Qi Fan Zeng? - Wei Chen' - Hong Zhang* - Yong Qing Zeng'

Received: 25 December 2018 / Accepted: 25 February 2019 / Published online: 6 March 2019
© The Author(s) 2019

Abstract

Fat deposition in muscle includes intramuscular fat (IMF) and intermuscular fat. IMF content is an index of pork quality;
however, because IMF content is difficult to measure in vivo in young animals, conventional breeding for IMF content is
difficult to carry out. The mechanism and progression of animal fat deposition is not well understood, and there are currently
no effective control methods. In this study, using Laiwu and large white pigs as the research subjects and RNA sequencing
technology, we analyzed the genetic mechanism of animal fat deposition in pigs. Specifically, we analyzed the features of
IncRNAs and their potential target genes. We obtained 464 million clean reads, from which 907 IncRNAs were identified.
The cis and trans analysis identified target genes, including genes that were upregulated (286) and downregulated (621) in the
fatty and lean pigs. ENSSSCGO00000008692_ADD1, ENSSSCG00000023124_ADD1 and ENSSSCG00000005918_DGAT1
were validated as target genes of the IncRNAs and were shown to be closely related to fat deposition. These results provide
a basis for studying the different metabolic IncRNA expression of IMF deposition. In addition, as the valuable model animal

to study the mechanisms of obesity, pigs may represent a new avenue for studying human obesity.

Introduction

Animal fat deposition is a complex biological process. If
fat accumulation is abnormal or excessive, it will lead to
obesity, which is harmful for animal and human health
(Wei et al. 2016a, b). Fat deposition in muscle includes
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intramuscular fat (IMF) and intermuscular fat. IMF refers
to muscle connective tissue membranes (epimysium) con-
tained within the muscle and is considered an important
meat quality trait.

The IMF content is an index of the pork quality and has
a significant positive effect on meat tenderness and flavor
(Hausman et al. 2009). Because the IMF content is difficult
to measure in vivo in young animals, conventional breeding
to increase IMF content is difficult to carry out. Improv-
ing the IMF content while ensuring the lean meat rate has
become a new target for breeders. However, the mechanism
and progression of animal fat deposition are not well under-
stood, and there are currently no effective control methods.

Recent investigations of adipose development suggest
that a significant number of long noncoding RNAs (IncR-
NAs) participate in the regulatory networks of adipogen-
esis and play a key role in regulating adipogenic commit-
ment and differentiation (Xu et al. 2010; Sun et al. 2013).
LncRNAs are an emerging class of regulators involved in a
myriad of biological processes. Obesity is a significant risk
factor for several serious human diseases, such as type 2
diabetes, cardiovascular disease and certain types of cancers
(Després and Lemieux 2006; Dodson et al. 2013). Therefore,
fully revealing the molecular regulation mechanisms of fat
deposition involves determining both the genes related to
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fat deposition and the genes that are differentially expressed
between animals with high and low fat deposition.

Laiwu pigs (here after LW) are known for their high fat
deposition and thus represent the good animal model for
studying the mechanisms of high intramuscular fat depo-
sition (Spurlock and Gabler 2008; Chen et al. 2013). In
contrast, Large White pigs (hereafter DB) are a lean-type
pig breed characterized by a high growth rate and body
weight (Grzes et al. 2016). Therefore, in this study, we used
both fatty- and lean-type pigs to perform high-throughput
sequencing to determine the differential expression of IncR-
NAs and mRNAs between the two breeds. The aim of this
study was to elucidate the IncRNA differentiate expression
in these two kinds of pigs for a better understanding of its
molecular genetic controls. Determining the genes related to
fat deposition and validating their functions is a top priority
for the treatment of human obesity and related diseases. Fur-
ther understanding the molecular mechanisms that control
adipogenesis is critical for improving pork meat quality and
identifying new targets for combating obesity.

Results
The characteristics of pigs

The IMF content and backfat thickness (BFT) were
determined in 60 pigs. The average IMF content of LW
(12.78 +1.02%) was significantly higher than that of DB
(1.15+£0.07%). The results indicated that the IMF content
was significantly different between the fatty- and lean-type
breeds (P <0.01). With regard to the BFT, LW was signifi-
cantly thicker than DB (P <0.01) (Cui et al. 2015). Three
LW and three DB pigs were used for the deep sequencing

Fig.1 Reads and mapping A
characteristics of the IncRNAs.
a The LN_M_LW1 pig clean
reads. The number of reads

was counted from single-end
sequencing. b Reads and map-
ping results for the RNA deep
sequencing. The percentage of
mRNA reads was approximately
60%, followed by tRNAs,
miscRNAs and others for the
LN_M_LW1 pig

Classification of Raw Reads (LN_M_LW1)

analysis to determine how IncRNAs and mRNAs affect
IMF development. Several important IncRNAs and mRNAs
previously shown to regulate target genes that are closely
related pig fat deposition were analyzed in this study.

Reads and mapping results of the RNA deep
sequencing

The two libraries (LW and DB) were collected from the
longissimus muscle tissue and contained totals of 302 and
307 million raw reads (obtained from paired-end sequenc-
ing) in the range of 16-32 nt, with error rates of less than
0.01% and 0.02%, respectively. After filtering the raw reads
and removing the low-quality reads, there were approxi-
mately 295 and 300 million clean reads (LW and DB,
respectively). As an example, the Pig LN_M_LW!1 library
had 97.80% clean reads (Fig. la, obtained from single-
end sequencing). The clean reads were mapped to the pig
genome, and the total mapped reads constituted more than
70% of the clean reads. Uniquely mapped reads constituted
greater than 60% of the total, while the nonspliced reads
were more than 43%, and the spliced reads were approxi-
mately 19.55%. The majority of the reads corresponded
to protein-coding RNAs (59%), followed by microRNAs,
tRNAs and others (Fig. 1b). The sequencing analyses were
performed for the fatty and lean groups by the Novogene
Bioinformatics Technology Company.

The RNA-seq data assessment

Cuffdiff (v2.1.1) was used to calculate the fragments per kilo
base of exon per million fragments mapped (FPKM:s) of both
the IncRNAs and coding genes in each sample (Trapnell
et al. 2010). The FPKM is a parameter calculated based on
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the length of the fragments and read counts mapped to each
fragment. The expected FPKM values were used to calculate
the gene expression levels of the fatty and lean groups. The
RNA-seq Pearson correlation coefficients of the gene expres-
sion levels were greater than 0.85 in the fatty group and
greater than 0.84 in the lean group. The results are shown
in the figures.

Filtering statistics and classification

In this study, Cufflinks was used to splice the IncRNAs. A
total of 14,158 IncRNAs were selected after the five-step
filtering process (Fig. 2a), including 12,427 lincRNAs, 785
intronic IncRNAs and 946 anti-sense IncRNAs (Fig. 2b).
The key criterion for whether a transcript was deemed a
IncRNA was whether it had coding potential. To reduce the
false positive rate, the final set of IncRNAs represented the
intersection of the IncRNA sets from three commonly used
analysis methods: CPC, CNCI and Pfam-protein domain
analysis. Figure 2c shows the number of noncoding tran-
scripts for each method and the number (9107) of common
and unique transcripts among the three methods.

Genomic features of the IncRNAs

All of the IncRNA sequences in LW and DB pigs were
assembled, and they are reported for the first time in this

study. The lengths of the IncRNAs were between 200 nt and
800 nt; in contrast, the lengths of the mRNAs were more than
3000nt (Fig. 3a). Most of the IncRNAs contained 2 exons,
and most of the mRNAs had approximately 3—4 exons, with
fewer transcripts being observed with more exons (Fig. 3b).
The ORFs of the mRNAs were acquired using structural
annotation based on known genes, and the sequences were
predicted using ESTScan. The ORF sequences were trans-
lated to protein sequences. The length of the predicted ORFs
in the IncRNAs was centered at approximately 80nt, and this
number decreased with increasing ORF length. In contrast,
the lengths of most of the mRNA ORFs were longer than
600nt (Fig. 3c). The difference in the expression levels of the
IncRNAs and mRNAs is expressed as the log 10 (FPKM + 1)
value of the average of the two groups, and Fig. 3d shows
the average expression levels for the IncRNAs and mRNAs.

Characteristics of the expression levels
of the IncRNAs and mRNAs

The selected IncRNAs were quantified using Cuffdiff soft-
ware for the read count and FPKM analyses. The graphs in
Fig. 4a, b show the IncRNA and mRNA expression levels.
There were 907 differentially expressed IncRNAs (P <0.05),
286 of which were upregulated and 621 were downregulated
(Fig. 4c). 286 IncRNAs were expressed higher in lean pigs
than fatty pigs, and 621 were expressed lower in lean pigs

Fig. 2 Filtering statistics, clas- o A
sification and coding potential
screening of the IncRNAs. a Fil-
tering process. b The classifica-
tions are shown as seven types
for a complete match of the
intron chain; ¢ for contained; i
for a trans frag falling entirely
within a reference intron; j for

a potentially novel isoform; o
for generic exonic overlap with
a reference transcript; u for 0
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Fig.3 Structural comparison between IncRNAs and mRNAs. The IncRNA and mRNA transcripts were compared by exon number (a), length

(b), ORF length (¢) and FPKM value (d)

than fatty pigs. The heat map (Fig. 4d) shows the differen-
tially expressed IncRNAs and mRNAs (P <0.05) between
the LW and DB groups. The expression patterns were clearly
different between the two groups (Fig. 5).

GO and pathway analyses for the intersection genes

The criterion for identifying cis target genes was that the
IncRNAs should be in relatively close proximity to the
protein-coding genes (@rom et al. 2010). Therefore, all
genes in the proximity of the IncRNA loci (10 kb or 100 kb
upstream or downstream) were selected as target genes, and
the enrichment of specific molecular functions among the
target genes was analyzed to predict the functions of the
IncRNASs. In GO classification, LN_M_LW and LN_M_DB
pigs were mainly enriched for the GO classifications biologi-
cal process and molecular function. In contrast, the KEGG
pathway analysis revealed that the main downregulated
pathways included metabolic pathways, the AMPK signal-
ing pathway, fatty acid biosynthesis, fatty acid metabolism
and the insulin signaling pathway (Fig. 6a). One target gene
was upregulated in fat digestion and absorption (Fig. 6b).
This provides further evidence that many IncRNAs may be
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involved in fat deposition in LN_M_LW and LN_M_DB
pigs. Therefore, future studies are needed to validate these
predictions and determine the role of these IncRNAs in fat
deposition.

The trans target gene predictions were based on corre-
lations between the IncRNA and mRNA expression levels
(Richards et al. 2015). The main biochemical metabolic
pathways and signal transduction pathways of the differ-
entially expressed IncRNA-regulated target genes were
determined by pathway enrichment (Xia et al. 2016). A GO
enrichment histogram intuitively shows the number of genes
(downregulated) for a term distributed across the GO classi-
fications biological process, cellular component and molecu-
lar function. The results showed enrichment for several GO
terms, including extracellular region, extracellular region
part, membrane-bounded vesicle and vesicle (Fig. 7a). These
enriched pathways were primarily related to retinol metabo-
lism, complement and coagulation cascades, bile secretion,
steroid hormone biosynthesis and chemical carcinogenesis.

The upregulated GO terms for the trans target genes
are shown in Fig. 7b. The results showed that the GO
terms were also distributed across biological process
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of these pathways were related to fat deposition such as
nonalcoholic fatty liver disease (NAFLD), the adipocy-
tokine signaling pathway and fatty acid metabolism. Some
disease-associated pathways were enriched, including Alz-
heimer’s disease, oxidative phosphorylation, Parkinson’s
disease and Huntington’s disease. Thus, these results open
up new ideas for studying human obesity and disease.
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Validation of the IncRNAs

This study identified many IncRNAs that may be involved
in fat deposition in LN_M_LW and LN_M_DB pigs. Sev-
eral IncRNAs haven been validated (partially listing in
Fig. 8). However, future studies will be needed to validate
these predictions and determine the role of these IncRNAs
in fat deposition. Interestingly, based on our previous stud-
ies, the IncRNAs ADD1 (geneid: ENSSSCGO00000008692,
geneid: ENSSSCG00000023124) and DGAT1 (geneid:
ENSSSCG00000005918) have been confirmed to play
important roles in the process of fat deposition. In LW
pigs, ADD1 mRNA was expressed at the highest level
in adipose tissue, and its expression was significantly
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Fig.6 Cis IncRNA GO terms and KEGG pathways. a GO classifica-
tion (downregulated) analysis showed enrichment mainly for AMPK
signaling pathway, fatty acid biosynthesis, fatty acid metabolism and

different between fat and muscle tissues (P <0.05). ADD1
mRNA expression in muscle was positively correlated
with the IMF content (P <0.05) (Cui et al. 2015). The
expression of the DGAT1 gene was positively correlated
with BFT, suggesting that the mechanism of IMF and BFT
is different (Cui et al. 2011).

@ Springer

detection of stimulus involved. .. sensory perception (66 )

defection of chemical stimulus.. perception of smell (52 )

detection of chemical stimulus... sensory perception (58 )

Gene_number

Ofactory mnsduction (53 )

Viamin digestion and absomtion (12 )
Refinol metabolism (31 )

Drug metabolism - cylochrome P450 (25 )
Amchidonic ackl metabolism (33 )
Linokeic ackd metabolism (19 )

Sterid hormone biosynthesis (33 )

Chemical carcinogenesis (31 )

——————

Metabolism of xenobiotics by cylochmme P450 (24 )

Bile secretion (42 )

Complement and coaguhfion cascades (47 )

———T

Glycine. serine and thionine metabolism (21 )

Oxidative phosphoryltion (88 )
Cardiac muscle contraction (34 )

Fat digestion and absomption (19 )

Metabolk pathways (421 )

Proteasoms (22 )

MW
8a W

Statistics of Pathway Enrichment

Vitamin digestion and absorption 4 ®
Ribosome ®
Retrograde endocannabinoid signaling - [ ]
PPAR signaling pathway - ®
Phagosome ®
qvalue
1.00
Ovarian sleroidogenesis - L] =
0.75
Nicotine addiction [ ] 0.50
0.25
ligand: tor i 1@
o " ' 0.00
Morphine addiction L] Gene_number
e 1
Hepatitis C - ®
GABAergic synapse - ®
Fat digestion and absorption - ®
Butanoate metabolism - [ ]
Bile secretion - ®
T T T T
0.01 0.02 0.03 0.04
Rich factor

insulin signaling pathway. b KEGG pathway analysis for the down-
regulated and upregulated pathways, which were mainly enriched for
fat digestion and absorption and the PPAR signaling pathway

Discussion

Recent studies have revealed that many IncRNAs play
pivotal roles in regulating adipocyte development, gene
expression and biological processes (Wei et al. 2016a, b;
Sun et al. 2015). Thus, IncRNAs could represent a new
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the differences between different time points in the same

tissues (Ran et al. 2016) or different developmental phases

particularly for treatment strategies and the development
of novel drugs, due to their similarities with humans

(Zhao et al. 2015; Xia et al. 2016), whereas the differences
in IncRNAs in the longissimusdorsi muscle of different
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(Ulitsky and Bartel 2013). Therefore, in this study, we
identified for the first time 907 IncRNA transcripts from
the longissimusdorsi muscles of LN_M_LW(fatty) and
LN_M_DB(lean) pigs.

In this study, various differentially expressed IncRNAs
were identified that appear to regulate target protein-coding
genes that are closely associated with fat deposition. The
IncRNAs identified from LN_M_LW(fatty) and LN_M_
DB(lean)pig muscles share some specific characteristics
with those of mice, rats, humans and other mammals, such
as fewer exons, shorter exon lengths and lower expression
levels than protein-coding genes (Derrien et al. 2012; AOAC
2000; Ravasi et al. 2006; Cabili et al. 2013; Billerey et al.
2014). These clues further indicated that mammals have
many similar characteristics and provide a reference for
studying IncRNAs in other species.

LncRNAs regulate target genes

LncRNAs can regulate target genes in cis or trans, both of
which could be important for the regulation of gene expres-
sion, transcription and posttranscriptional modification. A
functional enrichment analysis of differentially expressed
IncRNA target genes was carried out to search for relevant
GO terms and pathways associated with cis and trans regula-
tion in LW and DB pigs.

Bioinformatic analysis suggested that some IncRNAs are
involved in important biological processes associated with
fat deposition, such as the adipocytokine signaling pathway,
fatty acid metabolism, the AMPK signaling pathway and
fat digestion and absorption. Importantly, we found many
pathways involved in obesity-related diseases, such as Alz-
heimer’s disease, Parkinson’s disease and NAFLD, and in
fat deposition in muscle, such as the insulin signaling path-
way. Here, we validated an important pathway gene (PPARY)
related to fat deposition. PPARY has important roles in con-
trolling the IMF content and adipocyte differentiation in pigs
(Cui et al. 2016). PPARY also regulates adipogenesis, whole-
body insulin sensitivity and lipogenesis (Marion-Letellier
et al. 2016). Therefore, further studies of the molecular
mechanisms associated with intramuscular fat deposition in
the PPAR signaling pathway could provide new informa-
tion for the treatment of obesity and obesity-related diseases
in humans. Although the role of IncRNAs in pigs has not
yet been fully elucidated, this study serves as a resource on
IncRNAs to further understand their roles in the regulation
of fat deposition and obesity in humans.

In conclusion, this is the first report on the IncRNAs in
the longissimusdorsi muscle of fatty- and lean-type pigs
based on a RNA-seq approach. We identified two IncR-
NAs that are closely related to fat deposition according
to their target genes. Finally, we identified the function of
these IncRNAs to clarify the molecular mechanisms of fat
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deposition in pigs, which may serve as a reference for studies
of human obesity.

Materials and methods
Ethics statement

This experiment was performed in accordance with the Insti-
tutional Animal Care and Use Ethics Committee of Shan-
dong Agricultural University (No. SDAUA-2011-013) and
the “Guidelines for Experimental Animals” of the Ministry
of Science and Technology (Beijing, PR China).

Collection and detection of the samples

The experimental cohort consisted of 3 LW and 3 DB pigs.
This sample size is acceptable in pig physiology research
(Yang et al. 2017). All pigs were housed at the Laiwu
Breeder Pig Farm Co., Ltd. (Laiwu city, Shandong Province,
China) and fed a diet formulated to meet current nutritional
requirements. On the day of slaughter, the mean weight of
the pigs was 114 +2 kg. Samples were collected from the
longissimusdorsi muscle at the last rib and a portion of the
muscle tissue. IMF was chemically quantified following ISO
1443:1973. The method used was direct Soxhlet extraction
of fat by a solvent (Langmead et al. 2009). To measure the
BFT, the thickness of the subcutaneous fat between the sixth
and seventh thoracic vertebrae was measured with Vernier-
calipers. Afterward, the remaining samples were stored at
— 80 °C for further analysis.

The fatty and lean library preparation
and sequencing

The fatty and lean library preparation and sequencing were
performed by Novogene Bioinformatics Technology Cor-
poration. For the specific experimental steps, see the Sup-
plementary documentation. Briefly, total RNA was isolated
from 3 LW pigs (fatty) (numbered LN_M_LW1, LN_M_
LW2, and LN_M_LWS3) and 3 DB pigs (lean) (numbered
LN_M_DBI1, LN_M_DB2, and LN_M_DB3). The riboso-
mal RNA (rRNA) was removed using an rRNA removal kit
(Epicentre, WI, USA), and then, the sequencing libraries
were generated. cDNA fragments between 150 and 200 bp
were selected and purified with an appropriate system
(Beckman Coulter, Beverly, USA).

Subsequently, the libraries were sequenced on an Illu-
mina HiSeq4000 platform, and 500-bp paired-end reads
were generated according to the manufacturer’s instructions.
The sequencing read type was PE150 for the HiSeq4000
platform. This strategy allows paired-end 150-bp standard
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reads. The fragment insert size for the library construction
was 250-300 bp.

Transcriptome assembly

Clean data were obtained from the raw data after 5 steps to
filter out reads with adaptors and poly-N values > 10% and
low-quality reads through the use of in-house Perl scripts
developed by the Novogene Bioinformatics Institute (Bei-
jing, China). The 5' adapter used in this study for sequenc-
ing is 5'-AATGATACGGCGACCACCGAGATCTAC
ACTCTTTCCCTACACGACGCTCTTCCGATCT-3' (part
#15013205). The index of the pig reference genome was
constructed using Bowtie (Guttman et al. 2010), and the
paired-end clean reads were aligned using TopHat (Trapnell
et al. 2009). The mapped reads of each sample were assem-
bled by Cufflinks.

Validation of differentially expressed IncRNAs

SYBR green real-time PCR amplification was conducted.
The 2-AACt(AACt=ACt of the target gene-ACt of the
housekeeping gene) method was used to analyze the rela-
tive quantitative data (Livak and Schmittgen 2001; Yuan
et al. 2008).

Statistical analysis

The data were analyzed on the SAS software platform (The
SAS Institute, Cary, N.C., USA). The results in this arti-
cle are presented as the means =+ standard error of the mean
(s.e.m.) (Erkens et al. 2006). Statistically significant and
extremely significant differences were set at P <0.05 and
P <0.01, respectively.
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