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Mutton has recently been identified to be a consumer favorite, and
intermuscular fat is the key factor in determining meat tenderness. Long-
chain acyl-CoA synthetase 1 (ACSL1) is a vital subtype of the ACSL family
that is involved in the synthesis of lipids from acyl-CoA and the oxidation of
fatty acids. The amplification of the ACSL1 gene using rapid amplification of
cDNA ends revealed that the alternative polyadenylation (APA) results in two
transcripts of the ACSL1 gene. Exon 18 had premature termination, resultingina
shorter CDS region. In this study, the existence of two transcripts of varying
lengths translated normally and designated ACSL1-a and ACSL1-b was
confirmed. Overexpression of ACSL1-a can promote the synthesis of an
intracellular diglyceride, while ACSL1-b can promote triglyceride synthesis.
The transfection of ACSL1 shRNA knocks down both the transcripts, the
triglyceride content was significantly reduced after differentiation and
induction; and lipidome sequencing results exhibited a significant decrease
in 14-22 carbon triglyceride metabolites. The results of the present study
indicated that the ACSL1 gene played a crucial role in the synthesis of
triglycerides.  Furthermore, the two transcripts involved in various
interactions in the triglyceride synthesis process may be the topic of interest
for future research and provide a more theoretical basis for sheep breeding.
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1 Introduction

Sheep are widely reared as herbivorous livestock all over the world. Mutton is a high
protein and low cholesterol meat, which contains more Q-3 polyunsaturated fatty acids,
monounsaturated fatty acids, single-chain fatty acids, and conjugated linoleic acid
(Chikwanha et al., 2017). These fatty acids are associated with human health and can
provide essential fatty acids in a healthy human diet, which has been welcomed by
consumers in recent years. Intermuscular fat is the key factor in determining meat
tenderness and is the primary component of marbling in meat products that consumers

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2022.1021103/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.1021103/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.1021103/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2022.1021103&domain=pdf&date_stamp=2022-11-22
mailto:caoyang003@163.com
https://doi.org/10.3389/fgene.2022.1021103
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2022.1021103

Cao et al.

1984). fat
accumulation will result in feed waste and animal burden.

appreciate (Crouse et al, However, excess
Therefore, a better understanding of adipose tissue metabolic
rules can improve production efficiency.

Long-chain acyl-CoA synthetases (ACSLs) are crucial for the
synthesis of acyl-CoA while ACSLs can activate fatty acids
guiding them into specific metabolic pathways (Ellis et al,
2010). The catalyzed acyl-CoA was involved in different
pathways; however, there is no evidence to prove that acyl-
CoA is linked to a specific pathway. ACSL1 and ACSL5 both
are involved in the production of acyl-CoA, which is primarily
used in triglyceride synthesis and mitochondrial oxidation. The
ACSLs are saturated and unsaturated fatty acids with
8-22 carbon triglycerides, in addition; each subtype has a
different substrate preference. The first one, ACSL1, prefers
saturated and monounsaturated fatty acids with 16-18 carbon
triglycerides (Suzuki et al., 1990). The subtypes of ACSLs exist
with specific abundances in different tissues. ACSLI is more
abundant in the liver and adipose tissues (Paul et al., 2014), and
the ester acyl-CoA is essential for triglyceride synthesis (Pan
et al,, 2010). ACSL1 overexpression was found to promote oleic
acid infiltration into triglycerides in NTH-3T3 fibroblasts and
PC12 neurons (Souza et al., 2002; Marszalek et al., 2004). Post-
overexpression of ACSL1 in mice hearts resulted in a 12-fold
increase in triglyceride content and a 1.5-fold increase in choline
glycerin phospholipid content (Chiu et al., 2001). During 3T3-L1
adipocyte differentiation, a four-fold increase was observed in the
ACSLI expression, in addition to this, no change was found in
the expression levels of other subtypes indicating ACSL1 as the
major player in promoting 3T3-L1 adipocytes’ triglyceride
synthesis (Yue, 2013). Previous studies mentioned that the
increase in the activity of acyl-CoA can be achieved by
overexpressing ACSL1 of rats.
ACSL1
phospholipids and diglycerides, but did not promote oleic acid
(Gluchowski et 2017).
ACSLI contains multiple promoters, consequently resulting in

in primary hepatocytes

However, increased oleic acid infiltration into

infiltration into triglycerides al.,
multiple transcripts with distinct functions in different tissues
(Suzuki et al., 1995). The different transcripts of the ACSL1 gene
may be responsible for the various roles of the ACSLI gene in
triglyceride synthesis.

Alternative polyadenylation (APA) is important in regulating
gene stability, translation, and transport (Sandberg et al., 2008;
Mayr and Bartel, 2009). In addition to playing a regulatory role in
the gene expression process, APA can result in transcripts with
varying lengths of 3'UTR. APA is a ubiquitous phenomenon in
transcription that has been discovered in more than 50% of
human and 30% of mice genes (Tian et al., 2005). APA regulates
gene expression, thereby regulating specific biological functions.
APA is classified into two types among which the first one
the of
Polyadenylation occurs at the 3’end. Multiple polyA sites are

includes normal  termination transcription.

located downstream of the stop codon, resulting in the formation
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of transcripts with different lengths encoding the same protein,
this type of 3'UTR is considered a tandem 3'UTR. The second
one occurs at different poly-A sites located in different exons or
introns, resulting in coding regions of varying lengths that
encode different proteins (Sun et al., 2012).

Previous experiments compared the production performance
of Duhan hybrid sheep (Dorper sheep x Small-tailed Han sheep
F1) and Small-tailed Han sheep and observed the significantly
higher average daily gain of hybrid sheep than that of Small-
tailed Han sheep, whereas the comparatively increased
intramuscular fat and oleic acid were also reported for hybrid
MeDIP-Seq (methylated DNA
immunoprecipitation sequencing), two populations of Duhan

sheep. Using
sheep and Small-tailed Han sheep were sequenced for whole-
genome methylation. The results demonstrated a significant
difference between expression levels of ACSL1 when two
different analyzed (p < 0.05), the
ACSLI gene is regulated by methylation, which affects lipid
metabolism and meat quality (Cao et al,, 2017). Although the
sheep ACSLI gene sequence is unclear, the existence of multiple

groups were and

transcript variants within this gene is an intriguing area to

investigate further.

2 Materials and methods

2.1 Materials

The tissues used for the experiment were isolated from 40-
day-old Small-tailed Han sheep raised by the Jilin Academy of
Agricultural Sciences. Also, the cells were stored in the Jilin
Academy of Agricultural Sciences.

2.2 Rapid amplification of cDNA ends

Primers were designed according to the principles of rapid
amplification of cDNA ends (RACE) primer design using
ACSL1 gene sequences from GenBank. Primer Premier
6.0 software was used to design 3'UTR primers and labeled as
SP1, SP2, SP3, and SP4 (Table 1).

Reverse transcription, 5'-end phosphorylation of primers,
and ligation assays were performed according to modified
protocols of the manufacturers of SMARTer RACE Kit
(Clontech). Tissue RNA was extracted and reverse transcribed
with specific primers followed by nested PCR with the primers
listed in Table 1.

The target fragment was amplified according to the RACE
system. PCR reaction cycles are as follows: 94°C for 30 s, 72°C for
3 min, five cycles; 94°C for 30 s, 70°C for 30 s, 72°C for 3 min, five
cycles; 94°C for 30 s, 68°C for 30 s, 72°C for 3 min, 25 cycles. After
ligating with pmd18-t vector, the fragment was sequenced by a
biological company.
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TABLE 1 Sequence of primers.

Primer name Sequence/(5'-3")

10.3389/fgene.2022.1021103

Product size/bp

SP1 CCTTGGCAGCCAGATAATTCA 450 bp
SP2 GGACAAGCAAACACCACGCTGA

SP3 CTGGCACAAGGGGAGTACATAGCTCC 750 bp
SP4 TTCGGAATTATTTCAGGTCACAGATCGATG 1,570 bp
ACSL1-a-F ATGATGCAAGCCCACGAGCTGT 2,100 bp
ACSL1-a-R TTAGACTTTGATGGTGGAGTAA

ACSL1-b-F ATGATGCAAGCCCACGAG 1,836 bp
ACSL1-b-R TCAGGCACCTAGTGTCT

NB-F CCCTTGTTTAGGCTCTCGG 471 bp
NB-R TTGGGCTTCTGTCTGTTGG

ACSLI-YF1 GCCATCACCTACATCATCAACAA 151 bp
ACSL1-YR1 ACACTTCTTGCCTCGTTCCA

ACSL1-YF2 CAGAAACAAGGATGTCAAAAAA 120 bp
ACSL1-YR2 GAGTTCAGGGTGGAGATAGATG

B-actin-F GTCCACCTTCCAGCAGAT 96 bp
B-actin-R GCTAACAGTCCGCCTAGAA

PPARy-F GAGCTGACCCGATGGTT 150 bp
PPARy-R TGAGGGAGTTGGAAGGC

CEBPa-F CGTGGAGACGCAACAGAAG 105 bp
CEBPa-R AAGATGCCCCGCAGTGT

LPL-F GCCAAAAGAAGCAGCAGCAAG 178 bp
LPL-R GCAGGGTAAAAGGGATGTT

Based on the RACE result, primers FI, R1, F2, and R2
(Table 1) were used to clone the CDS regions of two different
transcripts of the sheep ACSL1 gene. ACSLI1-a was amplified
with primers F1 and R1, while amplification of ACSL1-b was
carried out with F2 and R2. A biological company sequenced
the target fragment that had been ligated with the pmd18-t
vector.

2.3 Northern blotting

Comparing the sequences of the two transcripts led to the
selection of the common sequence as the target. Probe primers
(NB-F and NB-R in Table 1) were designed using the software
Primer Premier 6.0.

The probes were prepared using PCR with a DIG marker.
Isolation of total RNA from the heart, liver muscle, and
adipocytes was carried out via TRIzol. After 1% formaldehyde
denaturing gel electrophoresis, the membrane was transferred
using the upward capillary method for 20 h and then fixed at
80°C for 2h. The denatured probe was used for overnight
hybridization at 50°C after a 2h prehybridization. The
membrane was rinsed at room temperature after
hybridization, and the machine was exposed for 3 h to detect

the signal.
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2.4 Western blotting

The cells were digested with trypsin and then collected after a
short centrifugation. Lysis buffer (RIPA, Thermo Scientific) was
added to the lysate cells and protein concentration was determined
using an Enhanced BCA Protein Assay Kit (Beyotime). In a
proportionally diluted sample, 5 x loading buffer was added.
Denaturation was carried out at 98°C for 10 min using 10% SDS-
PAGE gel electrophoresis, and then 80 V electrophoresis for 30 min
was performed which was switched to 120 V electrophoresis for 2 h.
In an ice box, the film was transferred for 90 min at 200 mA. The
polyvinylidene difluoride (PVDF) membranes were washed thrice
with TBST (Tris-buffered saline with 0.1% Tween 20 detergent) and
then blocked with 5% skimmed milk at room temperature for 2 h.
The membranes were then incubated with a primary antibody. The
corresponding species were incubated with the secondary antibody
solution at room temperature for 2 h. The film was then rinsed with
TBST thrice and the strip was detected using an ECL-PLUS kit
(Beyotime).

2.5 Real-time PCR

Primers were designed to detect transcript expression in
two sheep tissue samples based on the CDS region derived

frontiersin.org
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FIGURE 1

(A) 3'RACE PCR result of the sheep ACSL1 gene of SP1 and SP2. (B) 3'RACE PCR result of the sheep ACSL1 gene of SP3 and SP4 (lane M:
DL2000 marker; lane 1: 3'RACE by SP1; lane 2: 3'RACE by SP2; lane 3: 3'RACE by SP3 and SP4). (C) Northern blotting results of sheep tissues and
adipocytes of different differentiation stages (lane M: RNA molecular weight marker; lane C: positive control; lane 1: heart; lane 2: liver; lane 3:
muscle; lane 5: sheep preadipocytes on the day 1 of differentiation; lane 6: sheep preadipocytes on the day 4 of differentiation; lane 7: the
induced differentiation of sheep preadipocytes on day 8). (D) Western blotting results of sheep tissues and adipocytes of different differentiation
stages (when cells were added to the induction medium, it was taken as day 0). (E) Schematic diagram of different transcripts of the ACSL1 gene. (F)
RACE sequencing results of G-A mutation.

from a cloned ACSLI gene. The other primers were designed 2.6 Immunofluorescence
based on sequences on the NCBI (PPARy ID:
XM_012099243.2, C/EBPa ID:NM_001308574.1, LPL ID:

NM_001009394.1).

Preadipocytes were sown in a 24-well plate (10* cells per
well) for cell culturing and counting. The next day, a 10-fold

Total RNA from the heart, liver, spleen, lung, kidney,
intestine, adipose, and muscle was extracted using the TRIzol
method and into cDNA (Takara).
Quantitative real-time PCR (qRT-PCR) amplification was
performed with SYBR Premix Ex Taq using Roche

reverse transcribed

480 LightCycler. The target gene expression was analyzed

using the 27**“* method and normalized to B-actin.
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increase in mitochondrial dye was applied to preadipocytes.
Fluorescence was detected using a fluorescence microscope
after 16 h. After fixing the cells at room temperature for
20 min, the fixative solution was rinsed and sealed with the
blocking solution for 15 min. The primary antibody (ACSLI,
Bioss) was diluted in the proportion of 1:500 and further
incubated at 4°C overnight. The cells were kept at room
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FIGURE 2

(A) Secondary structures of ACSL1-a and ACSL1-b proteins. (B) Tertiary structures of ACSL1-a and ACSL1-b proteins. (C) Phylogenetic tree
depicting different ACSL1 transcripts. (D) Expression result of ACSL1 gene expression in various tissues.

Frontiers in Genetics 05 frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1021103

Cao et al.

TABLE 2 Prediction of sheep ACSL1 subcellular localization.

Location ACSL1-a (%) ACSL1-b
Mitochondrial 522 69.6%
Nuclear 435 30.4%
Cytoplasmic 43 —

temperature for 1 h the next day before being rinsed three
times with phosphate-buffered saline (PBS). The secondary
(anti-rabbit, CST) was diluted in 1:
1,000 proportions and further incubated at room

antibody

temperature for 2h. The cells were then washed thrice
with PBS. DAPI
diluted in proportion and stained at room temperature for

(4,6-diamidino-2-phenylindole) was

15 min. Superfluous dye was rinsed away before examining
the fluorescence under the microscope.

2.7 Bioinformatics analysis

OREF finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi) was
used to determine the coding region of the gene, UCSC (http://
genome.ucsc.edu/) was utilized to analyze the exon, prediction of
the subcellular location of the protein was conducted using
PSORT 1II (https://www.genscript.com/tools/psort). Protean
(DNASTAR) was used to predict the secondary structure of
the ACSL1 protein, while the tertiary structure of the
ACSL1 protein was predicted via SWISS-MODEL (http://
swissmodel.expasy.org/).

2.8 Cell transfection and sample
collection

The shACSL1-297 (GGGCATACAGGTGTCCAATAA)
was synthesized and ligated to the pGPU6 vector for
sequencing. The recombinant shRNA vector (1pug) of
ACSL1 was transfected into 1 x 10° preadipocytes using
FuGENE (omega). On day 8, fully differentiated cells that
had matured into adipocytes were collected. In the lipid
metabolome analysis, at least 107 cells were used. The
trypsinized cells were then transferred into an EP tube. The
supernatant was removed, and the cells were rinsed with pre-
cooled PBS and stored at —80°C.

2.8.1 Oil Red O staining

The mature adipocytes were washed three times with PBS
and subjected to fixation in 4% paraformaldehyde followed by
staining with 60% Oil Red O solution (Sigma).
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2.9 Sequencing and data analysis

All data analysis processes were based on the self-built
database MWDB (Metware Biotechnology Co., Ltd. Wuhan,
China).

The intracellular lipids were extracted and analyzed by the
liquid chromatography-mass spectrometry (LC-MS) system
(Chen, 2009).

Consideration was given to metabolites with a variable
important in projection (VIP) values of >1 and having fold
changes >2 or fold changes <0.5. Using the R package
MetaboAnalystR, VIP values were extracted from the OPLS-
DA (orthogonal projections to latent structures discriminant
analysis) data, which also included score plots and
permutation plots.

Identified metabolites were annotated using the KEGG
Compound database (http://www.kegg.jp/kegg/compound/),
and annotated metabolites were then mapped to the KEGG
Pathway database (http://www.kegg jp/kegg/pathway.html).
Pathways with significantly regulated metabolites were then
fed into MSEA (Metabolite Set Enrichment Analysis), and
their significance was determined by hypergeometric test’s
p-values.

2.10 Statistical analyses

Three independent biological experiments were conducted
and the corresponding mean values were calculated. All data are
reported as the mean + SEM, and all statistical analyses were
carried out using the t-test. Differences with a value of p <
0.05 were considered statistically significant.

3 Results

3.1 Cloning and validation of the
ACSL1 gene

The primers were designed using the RACE primer design
principle for 3'RACE PCR, and fragments with the 450 bp length
were obtained using primers SP1 and SP2 (Figure 1A). The
sequencing results revealed a G-A mutation site in the cloned
sequence. The G-A mutation led to premature termination of the
ACSL1I mRNA translation pathway. This would result in the
formation of a short ACSL1 protein.

Amplification of the CDS region downstream with primers
SP3 and SP4 produced distinct lengths of 3'UTR (748 bp and
1,579 bp) (Figure 1B), resulting in the CDS region having two
different lengths (2,100 bp and 1,836 bp). Therefore, there are two
different length CDS regions (2,100 bp and 1,836 bp) for ACSLI.
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Mitochondria-GFP

ACSL1-Cy3

FIGURE 3
Subcellular localization of ACSL1 in sheep preadipocytes

The results were further verified using Northern blotting
which was used to detect the mRNA expression of ACSL1 gene
transcripts in different tissues and stages of sheep
1C). The

sequence was used for the designing of primers. The 471 bp

preadipocyte differentiation (Figure known
long probe was located at 320 bp in the CDS region. The
results demonstrated that there are at least two different
the

differentiation in

transcripts in heart, liver, and muscle tissues.

Preadipocyte sheep involves two
transcripts at different stages, and the expression of
ACSL1 gene mRNA was found to be increasing during
adipocyte differentiation.

The expression of two transcripts of the ACSL1 gene in
sheep preadipocytes at different stages of differentiation
stages was detected using Western blotting (Figure 1D).
The proteins of ACSL1 of
78.16 and 68.06 kDa.

Northern and Western blotting results revealed the

have molecular weights

presence of at least two transcripts of the ACSLI gene.
Therefore, the transcript with a 2,100 bp long CDS region
is defined as ACSL1-a, along with the other transcript ACSL1-
b of 1,836 bp length. ACSL1-a has two distinct 3'UTRs.
Genome sequence alignment revealed the presence of
21 exons in ACSL1-a, while ACSL1-b terminated early at
exon 18 also these two transcripts share the same region
before exon 18 (Figures 1E,F).

ACSLI-a
preadipocyte differentiation, reaching their peak on the day 6.

protein levels gradually increased during
ACSL1-b protein also increased in the preadipocytes and reached

the highest levels on the day 2.
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Merge

3.2 Bioinformatics analysis and expression
of the ACSL1 gene in sheep

Sheep ACSLI-a encodes 699 amino acids with a protein of
molecular weight of 78.16 kDa; however, ACSLI-b encodes
611 amino acids with a protein having a molecular weight of
68.06 kDa. A comparison of the amino acid sequences of the
transcripts revealed the absence of 88 amino acids in ACSL1-b
with 86.98% similarity among amino acid sequences. ACSLI-a
and ACSL1-b have protein instability coefficients of 34.25 and
34.17, respectively, and are both stable proteins. Protean was used
for the prediction of secondary structures of two transcripts of
the sheep ACSL1 gene. There are 32 a-helices, 47 -corners,
35 t-corners, and 29 irregular curls in the ACSL1-b protein
whereas ACSL1-b protein includes 27 a-helices, 41 f-corners,
32 t-corners, and 27 irregular curls (Figure 2A). The secondary
structure folds into the tertiary structure, along with the
prediction of ACSL1 protein by SWISS-MODEL is depicted in
the figure (Figure 2B).

The sheep ACSLI transcript was compared to human,
mouse, pig, and cattle transcripts available on NCBI. The
sheep ACSLI gene transcript demonstrated higher homology
with the cattle ACSLI gene transcript which was consistent with
the law of evolution (Figure 2C). The expression levels of
different ACSL1 transcripts in 40 day-old sheep were analyzed
and the results demonstrated a similarity between the expression
of ACSL1-a and ACSL1-b in different tissues. The expression
level of ACSL1 was the highest in adipose tissue, followed by the
liver, muscle, heart, kidney, duodenum, spleen, lung, and the
lowest expression level was found in the stomach (Figure 2D).
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FIGURE 4

Overexpression of the ACSL1-b in sheep preadipocytes: (A) mRNA expression of the ACSL1-b on day 8 of differentiation (*p < 0.05, **p < 0.01).

(B) Protein expression of the ACSL1-b on day 8 of differentiation. (C) Detection of intracellular triglyceride content. (D) Oil Red staining of adipocytes
after induced differentiation on day 8 (left: control; right: overexpression ACSL1-b). (E) Absorbance value of Oil Red O after extraction. (F) mRNA
expression of PPARy, CEBPa, and LPL in sheep adipocytes. NC: adipocytes transfected with the pBI-CMV3 vector for control. Over-ACSL1:
adipocytes transfected with the pBI-CMV3 vector with ACSL1-b CDS.

PSORT was used to predict the subcellular localization of Laser confocal imaging revealed that the ACSL1 gene
the ACSL1 gene in cells, and ACSL1-a was found to be located expression was observed in both mitochondria and
in mitochondria, nucleus, and cytoplasm; however, ACSL1-b nucleus, which was consistent with the online prediction
protein was identified in mitochondria and nucleus (Table 2). (Figure 3).
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FIGURE 5

Knocked down of the ACSL1 gene in sheep preadipocytes: (A) mRNA expression of the ACSL1 gene on day 8 of differentiation (*p < 0.05, **p <
0.01). (B) Protein expression of the ACSL1 gene on day 8 of differentiation. (C) Detection of intracellular triglyceride content. (D) Oil Red staining of
adipocytes after induced differentiation on day 8 (left: control; right: knocked down ACSL1). (E) Absorbance value of Oil Red O after extraction. (F)
mMRNA expression of PPARy, CEBPa, and LPL in sheep adipocytes. NC: adipocytes transfected with shNC for control. ShACSL1: adipocytes

transfected shRNA-297 of ACSL1 gene.

3.3 Overexpression of ACSL1-b in sheep
adipocytes increased the triglyceride
content

Previously, researchers from our laboratories reported that
there was no substantial increase in the total triglyceride content
in the cell after ACSL1-a overexpression. Lipidome sequencing,
verification, and overexpression of ACSL1-a can enhance the
synthesis of diglycerides as well as certain triglyceride
metabolites. These results suggested that the major function of
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ACSL1-a might be associated with the boosting of diglycerides
synthesis (Cao et al., 2020).

The CDS region of the ACSL1-b gene was cloned and ligated
into the pBI-CMV3 vector, and the vectors were further
transfected into sheep preadipocytes. ACSL1-b mRNA and
protein expression in sheep adipocytes increased significantly
on day 8 after of differentiation induction (Figures 4A,B). The
transfected cells further developed into mature adipocytes.

The total TGA content analysis of adipocytes from the
overexpression group was significantly higher than that of the

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1021103

Cao et al.

10.3389/fgene.2022.1021103

LIPID-P-0852
LIPID-P-0858
LIPID-P-0859
LIPID-P-0865
LIPID-P-0907
LIPID-P-0920
LIPID-P-0924
LIPID-P-0931
LIPID-P-0932
LIPID-P-0993
LIPID-P-1057

LIPIDP-1058
upinp.10gs Scale Group

FIGURE 6

transfected shRNA-293 of the ACSL1 gene.

control group (Figure 4C). Furthermore, the number of lipid
droplets generated in the ACSLI-b overexpression group was
significantly higher than that of the control group (Figure 4D).
The Oil Red O in the cells was extracted for absorbance detection.
The OD value of the ACSLI-b overexpression group was
significantly higher than that of the control (Figure 4E). The
mRNA expression of PPARy, CEBPa, and LPL in sheep
adipocytes also increased significantly (Figure 4F).
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3.4 Lipidome analysis of metabolites post
ACSL1 gene knockdown

To interfere with the expression of ACSL1, shRNA
targeting a sequence the
ACSLI1 transcripts was designed. The mRNA and protein

common using  both

levels of both transcripts were dramatically reduced after
the interference (Figures 5A,B), similarly, the triglycerides
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TABLE 3 Differential metabolites in adipocytes knocking down the
ACSL1 gene compared with the controls.

Compound Class Fold change Type
Lauroyl-carnitine CAR 0.381792978 Down
Myristoyl-carnitine CAR 0.400777014 Down
Tetradecenoyl-carnitine CAR 0.206371467 Down
Palmitoleoyl-carnitine CAR 0.314336933 Down
TG (16:0/16:1/20:1) TG 0.48022308 Down
TG (16:0/16:1/22:1) TG 0.498540902 Down
TG (14:0/20:1/20:1) TG 0.433355204 Down
TG (14:0/20:1/22:1) TG 0.481539957 Down
TG (16:0/16:1/18:2) TG 0.453217617 Down
TG (18:0/18:1/18:2) TG 0.448890681 Down
TG (14:0/20:1/20:2) TG 0.360978679 Down
TG (18:1/18:2/20:0) TG 0.401348747 Down
TG (14:0/20:1/22:2) TG 0.321364064 Down
TG (18:1/18:1/18:2) TG 0.458430749 Down
TG (16:0/16:1/22:4) TG 0.483735963 Down
TG (14:0/20:1/20:4) TG 0.357699625 Down
TG (14:0/20:4/22:1) TG 0.362040332 Down
TG (18:0/18:3/20:2) TG 0.397535756 Down
TG (16:0/16:0/22:6) TG 0.461920941 Down
TG (16:0/16:1/22:5) TG 0.38943777 Down
TG (18:1/18:3/20:2) TG 0.388550917 Down
TG (16:0/18:3/22:3) TG 0.393336742 Down
TG (14:0/20:1/22:5) TG 0.358915091 Down
TG (16:0/16:1/22:6) TG 0.389759949 Down
TG (18:1/18:3/22:3) TG 0.327154868 Down
TG (18:0/18:2/22:5) TG 0.299294195 Down
TG (14:0/22:2/22:6) TG 0.226285955 Down

and lipid droplets in the cells also reported a significant
reduction (Figures 5C-E). The mRNA expression of
PPARy, CEBPa, and LPL in sheep adipocytes reduced
significantly (Figure 5F). Lipidome sequencing was used in
this work to detect alterations in cells.

The metabolome contained 469 metabolites, 27 of which
differential
metabolites and 23 triglycerides metabolites shown to be

were metabolites, with four acylcarnitine
downregulated (Figure 6A; Table 3). The amount of
14-22 carbon triglyceride metabolites and acylcarnitine
metabolites, such as lauroyl-carnitine, myristoyl-carnitine,
tetradecenoyl-carnitine, and palmitoleoyl-carnitine
decreased significantly.

These metabolites are enriched in some metabolic
pathways including vitamin digestion and absorption,
thermogenesis, lipolysis regulation in adipocytes, metabolic
pathways, insulin resistance, glycerolipid metabolism, fat
cholesterol metabolism

digestion and adsorption, and

(Figure 6B).
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4 Discussion

The transcription of DNA into mRNA is a complex
process that is essential for the genetics. A gene can
of
expression. Various transcripts of the ACSLI gene in

produce various transcripts with varying levels
humans, pigs, mice, cattle, and other organisms have been
described in various investigations. To date, five transcripts of
the human ACSL1 gene, eight transcripts of the pig
ACSLI gene, six transcripts of the mouse ACSL1 gene, and
four transcripts of the bovine ACSL1 gene have been
published in GenBank. Two transcripts of the sheep
ACSL1 gene were found by RACE and verified by Northern
and Western blotting. The G-A mutation site in the cloned
sequence leads to the early termination of the ACSL1 mRNA
translation process. After the verification of this site on the
genome, it was found that there was no SNP at this site. No
SNP was found at the mutation site leading to the assumption
that this base substitution was caused by RNA-editing, which
is epigenetic.

Mitochondria and nuclear localization of the ACSL1 gene of
sheep preadipocytes were observed through confocal laser
microscopy; cytoplasmic localization was predicted as well.
Various reports are also available which reveal the presence of
the ACSL1 gene in the endoplasmic reticulum, nucleus, plasma
membrane, mitochondria, and lipid droplets in different cell lines
(Gargiulo et al., 1999; Brasaemle et al., 2004). Similarly, the
ACSL1 gene was found in rat adipocytes (Sleeman et al.,
1998). Furthermore, the ACSL1 gene was also found in
mitochondria of PtK2 epithelial cells (Milger et al., 2006), the
endoplasmic reticulum, and the cytoplasm of rat liver cells
2001). Therefore, the presence of the
differentially characterized ACSL1 cannot be attributed to the
specific organelle.

(Lewin et al,

Since its discovery, APA has been thought to be associated
with to biological functions since its discovery and may be
used as a molecular marker in a variety of fields in the future.
The APA phenomenon of ACSL1 has been confirmed to serve
a special function in the organism. Various studies have
shown that the ACSL1 gene may regulate colorectal cancer
through lipid metabolism. The 3’UTR diversity of the
ACSL1 gene may indicate the possibility of recurrence after
treatment. Patients with genotype TT are more likely to
relapse than those with genotype TC (Vargas et al., 2016).
Researchers have different perspectives on the ACSL1 gene
studies. Various studies believe that the ACSL1 gene can
promote triglyceride synthesis (Chiu et al., 2001; Pan et al,,
2010). Although some studies show that the ACSL1 gene can
the of
glycerophospholipids, but not the synthesis of triglycerides
(Mukherjee and Yun, 2012). The present study research
that of ACSLI-a
intracellular diglyceride synthesis (Cao et al., 2020) and

promote synthesis diglycerides and

reveals overexpression can boost
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that the ACSLI-b gene can also promote triglyceride
synthesis. The diglyceride pathway is primarily responsible
for triglyceride synthesis in adipose tissue; however, there may
be other interactions between the two transcripts that help to
regulate triglycerides synthesis (Cao et al., 2003). In both the
experiments of overexpression of ACSL1-a and knocking
down of ACSL1, differential metabolites enriched in the
the
observed, which is consistent with the main function of the
ACSL1 gene. that
ACSL1 primarily affects the synthesis of 16-18 carbon
triglycerides (Suzuki et al., 1990); however, the data show

lipolysis regulation in adipocyte pathway were

Previous research has indicated

that the ACSL1 expression also influences the synthesis of
14-22 carbon triglycerides. Acylcarnitine, a byproduct of acyl-
CoA oxidation, is also regulated by the ACSL1 gene.
Therefore, it is believed that different transcripts of the
ACSL1 gene might have different functions, but when the
common region of the two transcripts knocks down the
ACSL1
leading researchers to ignore the ACSL1 gene’s role in

gene, only triglyceride synthesis is impacted,
diglyceride synthesis. The particular reasons for these

phenomena require additional investigation.

5 Conclusion

Based on the length differences of the sheep ACSLI genes,
two transcripts encode separate stable proteins. ACSL1-a can
promote intracellular diglyceride synthesis; moreover, ACSL1-b
can promote triglyceride synthesis. Lipidome sequencing
revealed that when ACSL1 transcripts were knocked down,
intracellular 14-22 carbon triglycerides and acylcarnitine
levels were significantly reduced. Different ACSLI transcripts
perform distinct functions in sheep lipid metabolism and the
combination of ACSL1-a and ACSL1-b makes the ACSL1 gene
essential for triglyceride synthesis in sheep preadipocytes.

Data availability statement

The data presented in the study are deposited in the
Metabolights repository, accession number MTBLS5808.

References

Brasaemle, D. L., Dolios, G., Shapiro, L., and Wang, R. (2004). Proteomic analysis
of proteins associated with lipid droplets of basal and lipolytically stimulated 3T3-
L1 adipocytes. J. Biol. Chem. 279 (45), 46835-46842. doi:10.1074/jbc.M409340200

Cao, J., Lockwood, J., Burn, P., and Shi, Y. (2003). Cloning and functional
characterization of a mouse intestinal acyl-CoA:monoacylglycerol acyltransferase,
MGAT?2 J. Biol. Chem. 278 (16), 13860-13866. doi:10.1074/jbc.M300139200

Cao, Y., Jin, H. G., Ma, H. H,, and Zhao, Z. H. (2017). Comparative analysis on
genome-wide dna methylation in longissimus dorsi muscle between small tailed
han and dorper xsmall tailed han crossbred sheep. Asian-Australas. J. Anim. Sci. 30
(11), 1529-1539. doi:10.5713/ajas.17.0154

Frontiers in Genetics

12

10.3389/fgene.2022.1021103

Ethics statement

The animal study was reviewed and approved by the Animal
Welfare and Ethics Committee of Jilin Academy of Agricultural
Sciences. Written informed consent was obtained from the
owners for the participation of their animals in this study.

Author contributions

Data curation, YC (1st author) and YY; formal analysis,
LL; funding acquisition, HJ and YL; methodology, LZ and YC
(9th author); project administration, YC (1st author), YY, and
YC (9th author); resources, YC (1st author); writing-original
draft, YC (9th author); writing-review and editing, YY, SW,
and KZ.

Funding

This research was funded by Agricultural Science and
Technology  Innovation of
(CXGC2021ZY108), Changchun Science and Technology
Development Plan (21ZY14) and China Agriculture Research
System of MOF and MARA (CARS38).

Program Jilin  Province

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Cao, Y., Wang, S., Liu, S, Wang, Y., Lian, Z.,, Ma, H,, et al. (2020). Effects of long-
chain fatty acyl-coa synthetase 1 on diglyceride synthesis and arachidonic acid
metabolism in sheep adipocytes. Int. J. Mol. Sci. 21 (6), 2044. doi:10.3390/
ijms21062044

Chen, Y,, Zhang, R, Song, Y., He, J., Sun, J., Bai, J., et al. (2009). RRLC-MS/MS-
based metabonomics combined with in-depth analysis of metabolic correlation
network: Finding potential biomarkers for breast cancer Analyst. 134, 2003

Chikwanha, O. C., Vahmani, P., Muchenje, V., Dugan, M. E. R., and Mapiye, C.
(2017). Nutritional enhancement of sheep meat fatty acid profile for human health
and wellbeing. Food Res. Int. 104, 25-38. doi:10.1016/j.foodres.2017.05.005

frontiersin.org


https://doi.org/10.1074/jbc.M409340200
https://doi.org/10.1074/jbc.M300139200
https://doi.org/10.5713/ajas.17.0154
https://doi.org/10.3390/ijms21062044
https://doi.org/10.3390/ijms21062044
https://doi.org/10.1016/j.foodres.2017.05.005
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1021103

Cao et al.

Chiu, H. C., Kovacs, A., Ford, D. A,, Hsu, F. F,, Garcia, R., Herrero, P., et al.
(2001). A novel mouse model of lipotoxic cardiomyopathy. J. Clin. Invest. 107 (7),
813-822. doi:10.1172/JC110947

Crouse, J. D, Cross, H. R,, and Seideman, S. C. (1984). Effects of a grass or grain
diet on the quality of three beef muscles. J. Animal Sci. 58 (3), 619-625. doi:10.2527/
jas1984.583619x

Ellis, J. M, Li, L. O,, Wu, P. C, Koves, T. R, Ilkayeva, O., Stevens, R. D,, et al. (2010).
Adipose acyl-CoA synthetase-1 directs fatty acids toward beta-oxidation and is required
for cold thermogenesis. Cell Metab. 12 (1), 53-64. doi:10.1016/j.cmet.2010.05.012

Gargiulo, C. E,, Stuhlsatz-Krouper, S. M., and Schaffer, J. E. (1999). Localization
of adipocyte long-chain fatty acyl-CoA synthetase at the plasma membrane. J. Lipid
Res. 40 (5), 881-892. doi:10.1016/50022-2275(20)32123-4

Gluchowski, N. L., Becuwe, M., Walther, T. C., and Farese, R. V. (2017). Lipid
droplets and liver disease: From basic biology to clinical implications. Nat. Rev.
Gastroenterol. Hepatol. 14 (6), 343-355. doi:10.1038/nrgastro.2017.32

Lewin, T. M ., Kim, J. H., Granger, D. A, Vance, J. E., and Coleman, R. A. (2001).
Acyl-CoA synthetase isoforms 1, 4, and 5 are present in different subcellular
membranes in rat liver and can be inhibited independently. J. Biol. Chem. 276 (27),
24674-24679. doi:10.1074/jbc.M102036200

Marszalek, J. R., Kitidis, C., Dararutana, A., and Lodish, H. F. (2004). Acyl-CoA
synthetase 2 overexpression enhances fatty acid internalization and neurite
outgrowth. J. Biol. Chem. 279 (23), 23882-23891. doi:10.1074/jbc.M313460200

Mayr, C., and Bartel, D. P. (2009). Widespread shortening of 3’UTRs by
alternative cleavage and polyadenylation activates oncogenes in cancer cells. Cell
138 (4), 673-684. doi:10.1016/j.cell.2009.06.016

Milger, K., Herrmann, T, Becker, C., Gotthardt, D., Zickwolf, J., Ehehalt, R., et al.
(2006). Cellular uptake of fatty acids driven by the ER-localized acyl-CoA
synthetase FATP4. J. Cell Sci. 119, 4678-4688. doi:10.1242/jcs.03280

Mukherjee, R., and Yun, J. W. (2012). Long chain acyl CoA synthetase 1 and
gelsolin are oppositely regulated in adipogenesis and lipogenesis. Biochem. Biophys.
Res. Commun. 420 (3), 588-593. doi:10.1016/j.bbrc.2012.03.038

Pan, Z, Lu, ], Lu, L., and Wang, J. (2010). Cloning of goose ACSL1 gene and its
role in the formation of goose fatty liver. J. Animal Husb. Veterinary Med. 11,
1407-1413. doi:10.1097/MOP.0b013e3283423{35

Frontiers in Genetics

13

10.3389/fgene.2022.1021103

Paul, D. S., Grevengoed, T. J., Pascual, F., Ellis, ]. M., Willis, M. S., and Coleman,
R. A. (2014). Deficiency of cardiac Acyl-CoA synthetase-1 induces diastolic
dysfunction, but pathologic hypertrophy is reversed by rapamycin. Biochim.
Biophys. Acta 1841 (6), 880-887. doi:10.1016/}.bbalip.2014.03.001

Sandberg, R., Neilson, J. R., Sarma, A., Sharp, P. A, and Burge, C. B. (2008).
Proliferating cells express mRNAs with shortened 3’ untranslated regions and
fewer microRNA target sites. Science 320 (5883), 1643-1647. doi:10.1126/science.
1155390

Sleeman, M. W ., Donegan, N. P., HelleR-HaRRison, R., Lane, W. S., and Czech,
M. P. (1998). Association of acyl-CoA synthetase-1 with GLUT4-containing
vesicles. J. Biol. Chem. 273 (6), 3132-3135. d0i:10.1074/jbc.273.6.3132

Souza, S. C., Muliro, K. V., Liscum, L., Lien, P., Yamamoto, M. T., Schaffer, J. E.,
et al. (2002). Modulation of hormone-sensitive lipase and protein kinase
A-mediated lipolysis by perilipin A in an adenoviral reconstituted system.
J. Biol. Chem. 277 (10), 8267-8272. doi:10.1074/jbc.M108329200

Sun, Y., Fu, Y, Li, Y, and Xu, A. (2012). Genome-wide alternative
polyadenylation in animals: Insights from high-throughput technologies. J. Mol.
Cell Biol. 4 (6), 352-361. doi:10.1093/jmcb/mjs041

Suzuki, H., Kawarabayasi, Y., Kondo, J., Abe, T., NishiKawa, K., Kimura, S., et al.
(1990). Structure and regulation of rat long-chain acyl-CoA synthetase. J. Biol.
Chem. 265 (15), 8681-8685. d0i:10.1016/s0021-9258(19)38942-2

Suzuki, H., Watanabe, M., Fujino, T., and YamamoTo, T. (1995). Multiple
promoters in rat acyl-CoA synthetase gene mediate differential expression of
multiple transcripts with 5-end heterogeneity. J. Biol. Chem. 270 (16),
9676-9682. doi:10.1074/jbc.270.16.9676

Tian, B.,, Hu, J., Zhang, H., and Lutz, C. S. (2005). A large-scale analysis of mRNA
polyadenylation of human and mouse genes. Nucleic Acids Res. 33 (1), 201-212.
doi:10.1093/nar/gki158

Vargas, T., Moreno-Rubio, J., Herranz, J., Cejas, P., Molina, S., Mendiola, M., et al.
(2016). 3’'UTR polymorphism in ACSL1 gene correlates with expression levels and
poor clinical outcome in colon cancer patients. PLoS One 11 (12), €0168423. doi:10.
1371/journal.pone.0168423

Yue, B. (2013). Correlation analysis between ACSLI gene polymorphism and liver
performance in Landes goose. Shihezi: Shihezi University.

frontiersin.org


https://doi.org/10.1172/JCI10947
https://doi.org/10.2527/jas1984.583619x
https://doi.org/10.2527/jas1984.583619x
https://doi.org/10.1016/j.cmet.2010.05.012
https://doi.org/10.1016/s0022-2275(20)32123-4
https://doi.org/10.1038/nrgastro.2017.32
https://doi.org/10.1074/jbc.M102036200
https://doi.org/10.1074/jbc.M313460200
https://doi.org/10.1016/j.cell.2009.06.016
https://doi.org/10.1242/jcs.03280
https://doi.org/10.1016/j.bbrc.2012.03.038
https://doi.org/10.1097/MOP.0b013e3283423f35
https://doi.org/10.1016/j.bbalip.2014.03.001
https://doi.org/10.1126/science.1155390
https://doi.org/10.1126/science.1155390
https://doi.org/10.1074/jbc.273.6.3132
https://doi.org/10.1074/jbc.M108329200
https://doi.org/10.1093/jmcb/mjs041
https://doi.org/10.1016/s0021-9258(19)38942-2
https://doi.org/10.1074/jbc.270.16.9676
https://doi.org/10.1093/nar/gki158
https://doi.org/10.1371/journal.pone.0168423
https://doi.org/10.1371/journal.pone.0168423
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.1021103

	Transcript variants of long-chain acyl-CoA synthase 1 have distinct roles in sheep lipid metabolism
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Rapid amplification of cDNA ends
	2.3 Northern blotting
	2.4 Western blotting
	2.5 Real-time PCR
	2.6 Immunofluorescence
	2.7 Bioinformatics analysis
	2.8 Cell transfection and sample collection
	2.8.1 Oil Red O staining

	2.9 Sequencing and data analysis
	2.10 Statistical analyses

	3 Results
	3.1 Cloning and validation of the ACSL1 gene
	3.2 Bioinformatics analysis and expression of the ACSL1 gene in sheep
	3.3 Overexpression of ACSL1-b in sheep adipocytes increased the triglyceride content
	3.4 Lipidome analysis of metabolites post ACSL1 gene knockdown

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


