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Abstract

Pig back fat (BF) thickness is a key indicator for evaluating lipid deposition in pigs. Consuming pork belly with
thick BF can increase cholesterol intake and negatively impact human health. Holocarboxylase synthetase (HLCS)
is a crucial ligase that binds biotin to carboxylases, affecting the function of biotin-dependent carboxylases. The
relationship between single-nucleotide polymorphisms (SNPs) in HLCS and BF in pigs, along with the direct
effects of HLCS on adipocyte development, remains unclear. While biotin is used to treat HLCS deficiency, its
role in adipocyte development is not well understood. This study identified two HLCS SNPs associated with 100-
kg BF in 592 Duroc pigs. In 3T3-L1 cells, HLCS interference reduced cell proliferation and decreased protein
levels of phosphorylated p38 (p-p38) and phosphorylated signal-regulated kinasel/2 (p-ERK1/2) in the MAPK
signaling pathway. Exogenous biotin promoted HLCS expression and alleviated the inhibitory effects of HLCS
interference on lipogenesis-related genes, lipolysis-related genes, glycolysis-related genes, and p-ERK1/2 and p-
p38 protein expression in adipocytes. In conclusion, HLCS is a significant candidate gene for pig BF development,
with its interference adversely affecting adipocyte growth. Exogenous biotin not only stimulated HLCS expression
but also influenced lipid metabolism by regulating carboxylase activity, glycolysis, and lipid synthesis/degradation
through the MAPK pathway. This study provides new insights into HLCS function and the therapeutic role of

biotin in HLCS deficiency, offering a theoretical foundation for molecular breeding of pigs with reduced BF.
Keywords

HLCS gene; biotin; single-nucleotide polymorphism; adipose development; MAPK signaling pathway
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Introduction

Pork is an important source of meat for humans [1]. Back fat (BF) is the fat that covers the back of domestic
animals. Compared with other domestic animals, BF in pigs is thicker [2]. Pig BF contains significant amounts of
lipids, mainly triglycerides and cholesterol, and is therefore considered a high-calorie food [3]. Consuming too
much cholesterol can adversely affect human health, leading to diseases such as obesity, atherosclerotic
cardiovascular disease, and myocardial infarction [4]. Therefore, breeding pigs with low BF has great significance
for improving meat quality and human health.

Holocarboxylase synthetase (HLCS) is an enzyme that catalyzes the covalent binding of biotin to carboxylase,
leading to carboxylase biotinylation [5, 6]. Biotin-dependent carboxylases mainly include pyruvate carboxylase
(PC), 3-methylcrotonyl-CoA carboxylase (MCC), propionyl-CoA carboxylase (PCC), and acetyl-CoA
carboxylase (ACC) [7]. These biotin-dependent carboxylases play a critical role in fatty acid synthesis, amino acid
metabolism, and degradation of odd-chain fatty acids, respectively [8-11]. It has been found that knockdown of
HLCS in the breast cancer cell line MCF-7 and the highly invasive cell line MDA-MB-231 results in decreased
biotinylation of ACC and PC [12]. Therefore, HLCS has the potential to regulate fatty acid metabolism. Genome-
wide association study data revealed that SNPs significantly associated with residual feed intake, defined as the
difference between observed and predicted feed intake based on average daily gain and BF, are located within the
HLCS gene [13]. However, the relationship between SNPs of the HLCS gene and BF in pigs has not been studied,
and the direct effects of HLCS on adipocyte development have not been reported in detail.

HLCS can catalyze the covalent binding of biotin to carboxylases [7]. Clinical studies have shown that
mutations in the HLCS gene can lead to HLCS deficiency, which is associated with various uncomfortable
symptoms. Studies have shown that symptoms of HSCS deficiency can improve with oral biotin supplementation
[14, 15]. Biotin is a water-soluble vitamin and an essential micronutrient for animal growth. In one study,
researchers found that the total fat content in the sole horn was significantly higher in biotin-supplemented cows
than in control cows [16]. When rats on a high-fat diet were supplemented with biotin, peroxisome proliferator-
activated receptor gamma (PPARY), a key regulator of adipogenesis, was promoted [17]. Thus, biotin is considered
an adipogenic agent with the ability to coordinate lipid and amino acid metabolism in adipocytes [18]. Biotin is
also used as a treatment for HLCS deficiency. However, the molecular mechanism by which biotin treats HLCS
deficiency remains unclear.

Therefore, the purpose of this study was to investigate the correlation between SNPs of HLCS and BF at 100
kg in pigs and to explore the direct effect of HLCS interference on adipocytes, as well as to study the molecular

mechanism of biotin compensation under HLCS deficiency.

Materials and methods

Animals and data collection

A total of 592 Duroc pigs were allowed to feed ad libitum using the Osborne automated feeding system
(OSBORN-FIRE, US), and prior to this, they underwent an adaptation period of approximately 7 days. The basal
diet was formulated to meet or exceed National Research Council standards. The specific feed formulation and
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nutritional composition can be found in Supplementary Table S1. Parity, batch, and paternity information of the
Duroc pigs were recorded. The experiment lasted from 90 days of age to 180 days of age. The initial weight of the
Duroc pigs at 90 days of age was recorded. When the pigs reached approximately 100 kg, BF thickness was
measured between the 10th and 11th ribs using an Aloca ultrasonic meter (Corometrics Medical Systems, Inc.,
Wallingford, CT, USA), and body weight was measured at the same time. BF measurements at 100 kg were
adjusted to the target body weight of 100 kg.

Collected pig ear samples. Genomic DNA for the genotypic was extracted from ear samples by the phenol-
chloroform procedure. DNA samples were stored at -20°C. The 592 Duroc pigs were genotyped using the lllumina
Porcine SNP60 Bead Chip (Illumina, San Diego, CA, USA). Infinium 1l multicopy technology was applied in this
experiment. SNP chips were scanned using iScan, and data were analyzed with Illumina Genome Studio (I1lumina).

The RNA-seq results of adipose tissue from 592 Duroc pigs with CC and TT genotypes of the HLCS
(ASGA0089950) gene were analyzed.

3T3-L1 cell culture and adipogenic differentiation

The 3T3-L1 cells (the Swine Genetics and Breeding Innovation Team at the Institute of Animal Science,
Chinese Academy of Agricultural Sciences, Beijing.) were removed from liquid nitrogen storage and immediately
transferred to a 38°C water bath for recovery. Dulbecco’s modified Eagle medium, supplemented with 10% fetal
bovine serum (Gibco, Grand Island, NY, USA) and 100 units/mL penicillin-streptomycin (Solarbio, Beijing,
China), was used for cell culture in an incubator with 5% CO; at 37°C. When the 3T3-L1 cells reached 80%
confluence, the medium was aspirated, and the cells were rinsed with phosphate-buffered saline (PBS) (Solarbio,
Beijing, China). For digestion, 2 mL of 0.25% trypsin (Solarbio, Beijing, China) was added and then incubated
for 3-5 min, and an equal amount of medium was added to stop the digestion. The cell suspension was then
transferred to a centrifuge tube, then centrifuged for 5 min. The supernatant was removed, and fresh medium was
added and mixed by pipetting. The cell culture medium was refreshed daily, and the cells were passaged at a 1:3
ratio. Adipogenic induction began the day after contact inhibition. For adipogenic differentiation, the medium
contained 0.5 mg/L dexamethasone (Sigma, Germany), 0.5 mmol/L IBMX (Sigma, Germany), and 10 pg/mL
insulin (Sigma, Germany) for the first 2 days, followed by culture in a medium supplemented with 10 pg/mL

insulin. The cells were cultured in this medium for 4 days, followed by subsequent treatment.

Transfection of cell with siRNA

HLCS small interfering RNA (siRNA) and negative control (NC) siRNA oligonucleotides are provided in
Supplementary Table S2. Cells were transfected using Lipofectamine 3000 transfection reagent according to the
manufacturer’s protocol. Two hours before transfection, the cell medium was replaced with Opti-MEM medium
(Gibco, Grand Island, NY, USA). The siRNA (20 uM) was incubated with 5 pL of Lipofectamine 3000 in Opti-
MEM medium for 20 min at room temperature prior to transfection. Six hours later, the medium was replaced with

complete medium.

EdU detection
After passaging, the cells were cultured for 24 h for EdU proliferation detection. For this assay, 10 uM EdU

was added to the growth medium and incubated for 2 h. Fixation, permeabilization, and EdU staining were
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performed according to the manufacturer’s protocol (Beyotime, Shanghai, China). Cell nuclei were counterstained
with Hoechst 33342 at a concentration of 5 pg/mL for 10 min. EQU-positive cells were then observed under a
fluorescence microscope (Motic, Xiamen, China) to estimate the ratio of EdU-positive cells (EdU-stained

cells/total cells).

Oil Red O staining

Cells were cultured to the terminal differentiation stage, and adipocytes were washed three times with PBS.
A 4% cell fixation solution (Sigma, Germany) was then added, and the cells were fixed in a 37°C incubator for 45
min. After washing three times with PBS, Oil Red O (Sigma, Germany) solution was added for 45 min. The
staining of lipid droplets was observed under a microscope, and after taking images, Oil Red O was washed out

with isopropanol. Absorbance was measured using a microplate reader at a wavelength of 510 nm.

Bodipy staining

Cells were cultured to the terminal differentiation stage, and adipocytes were washed three times with PBS.
A 4% cell fixation solution was added, and the cells were fixed in a 37°C incubator for 45 min. After washing
three times with PBS, Bodipy (Thermo, Shanghai, China) staining was performed for 45 min. The staining of lipid
droplets was recorded under a microscope, and the amount of Bodipy fluorescence was quantified using ImageJ

software.

RNA extraction and quantitative real-time polymerase chain reaction (QRT-PCR)

Total RNA was extracted using the RNA extraction kit (TRIzol reagent; TaKaRa Company), and the
extraction steps were performed according to the instructions of the kit. The resulting RNA solution was stored at
a temperature of —80°C. The RNA was then immediately reverse-transcribed into cDNA using a reverse
transcription kit (TaKaRa), following the kit instructions. The synthesized cDNA was stored at —20°C or directly
at —80°C for later use.

Primers were designed using primer software, and the primer sequences are shown in Supplementary Table
S3. gRT-PCR was performed to detect gene expression. In an eight-row gRT-PCR tube, the following components
were added in sequence: 2x All-in-One gPCR Mix 7.5 uL, cDNA 1 pL, upstream primer 0.75 pL, downstream
primer 0.75 pL, and ddH,O 5 pL. These components were used to prepare the gPCR reaction solution, which was
then centrifuged and mixed.

The PCR reaction was conducted as follows: pre-denaturation at 95°C for 10 min, denaturation at 95°C for
30 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s. This cycle was repeated 45 times, followed by

melting curve analysis (for melting curve analysis: 95°C for 2 min, 72°C for 1 min, and 95°C for 30 s).

Western blotting analysis

Cells were harvested and lysed in RIPA buffer supplemented with a protease inhibitor (Roche Complete Mini
tablet) and phosphatase inhibitor (Pierce Halt phosphatase inhibitor cocktail) to prepare whole-cell extracts. The
lysates were centrifuged at 12,000 rpm for 10 min, and the supernatant was boiled in sodium dodecyl sulfate
loading buffer (Beyotime, Shanghai, China). Proteins were separated using 12.5% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride transfer membrane (Solarbio,

Beijing, China). The membrane was blocked with 5% defatted milk and incubated overnight at 4°C with primary
6
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antibodies, followed by horseradish peroxidase-conjugated secondary antibody. Blots were visualized using a
commercial enhanced chemiluminescence detection kit (Solarbio, Beijing, China), with glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) as an internal control for normalization.

Data analysis

Allele and genotype frequencies were obtained for each polymorphism. Statistical analyses were performed
for genotypic frequencies, heterozygosity (He), effective allele numbers (Ne), polymorphism information content
(PIC), and Hardy—Weinberg equilibrium. The genetic haplotype definition was defined as a group of genes or
SNPs that are statistically associated with each other, forming a gene locus or common pattern of genetic variation.
Haploview 4.2 (http://www.broadinstitute.org/mpg/haploview) (accessed on 8 September 2021) was used to detect
haplotype blocks in all the SNPs of the HLCS gene [19].

The generalized linear model program in SAS 9.2 was used to conduct least squares variance analysis with
the following model to compare the significance of SNPs and growth performance:

Y=u+G+S+W+e,

where Y is the observation of the traits, u is the population mean, G is the genotype effect, S is the sex fixation
effect, W is the initial weight, and e is the random error.

The MTDFREML program was used to obtain the estimated breeding value of the 100-kg BF. Depending on
the trait, the mixed model for a single trait is:

Vig=pu + Si+ P+ b+ O+ S; + ey,

where y is the observation of the traits, u is the population mean, S; is the sex fixation effect, P; is the parity
fixation effect, b; is the batch fixation effect, O; is the individual animal random effect, S; is the second animal
effect (father number), and ey is the random error.

Three biological replicates were set up in each experiment. For cellular experiments, qRT-PCR and western

blotting results were analyzed using the 2-44¢

method. Data analysis was conducted with an independent-samples
t-test, one-way and two-way analysis of variance using SPSS 25 software. The results of the two-way analysis of
variance were presented in the Supplementary Table S4-S5. For significance testing, P < 0.01 indicates a highly
significant difference, P < 0.05 indicates a significant difference, and P> 0.05 indicates an insignificant difference.
The data in the tables are shown as mean + standard error, and the data in the figures are expressed as mean +

standard deviation. Proteins were analyzed in grayscale using ImagelJ software to obtain quantitative data.

Results

HLCS genotype frequencies and haplotype determination

In total, 592 Duroc pigs were randomly selected for descriptive statistics of 100-kg BF. The 100-kg BF value
was 7.89 mm. Analysis of the coefficient of variation provided insight into data dispersion, with a coefficient of
variation of 0.20 for 100-kg BF. The whole genome was categorized using the Illumina SNP60 chip, and SNP loci
within, before, and after the HLCS gene were identified and compared using Ensembl software. The genotype
frequencies and genetic diversity of five SNPs of the HLCS gene are shown in Table 1. All selected genetic variants

were in Hardy—Weinberg equilibrium.
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This study found linkage among five SNPs of HLCS. Based on these five SNPs, two haplotype blocks were
detected in Duroc pigs (Fig. 1). ASGA0089950 and ASGA0097399 showed high linkage, while ALGA0073814
was highly linked with ASGA0059961 and ALGA0073818.

Association of HLCS genotype with 100-kg BF traits and expression analysis of related genes in Duroc pigs

This experiment included a joint analysis of phenotype values and estimated breeding values to examine the
correlation between five SNPs of the HLCS gene and 100-kg BF in 592 Duroc pigs. The results of the correlation
analysis are shown in Table 2. For ASGA0089950, individuals with the CT genotype showed significantly thinner
100-kg BF than those with CC or TT genotypes. For ASGA0097399, individuals with the CG genotype had
significantly thinner 100-kg BF than those with CC or GG genotypes. For ALGA0073814, ALGA0073814, and
ALGA0073818, different genotypes did not have a significant effect on 100-kg BF.

The mRNA expression of HLCS and related carboxylases in the adipose tissue of Duroc pigs was measured
(Fig. 2). The results showed that the expression of HLCS, ACCI, PCC, and MCC in individuals with the CC
genotype was lower than in those with the TT genotype in ASGA0089950. Therefore, this study suggests that
mutation of the HLCS gene is closely associated with 100-kg BF in pigs:

Interference with HLCS inhibited 3T3-L1 cell proliferation

We investigated HLCS expression during 3T3-L1 cell proliferation. HLCS gene expression was measured at
0, 12, 24, 36, 48, and 60 h of 3T3-L1 cell proliferation. As the 3T3-L1 cells proliferated, HLCS expression
increased rapidly, peaking at 12 h and then beginning to decline, showing an initial increase followed by a decrease
(Fig. 3A). The 3T3-L1 cells were transfected with two different siRNAs targeting HLCS. Compared with the
control group, no significant change in HLCS mRNA expression was observed in the siRNA-1 group, while HLCS
mRNA expression was significantly reduced in the siRNA-2 group. Thus, siRNA-2 was selected for HLCS
interference (Fig. 3B).

After HLCS interference, the proliferation of 3T3-L1 cells was assessed by EdU staining. Interference with
HLCS significantly reduced the proliferation rate of 3T3-L1 cells (Fig. 3C). These results indicate that cell
proliferation was inhibited following HLCS interference. Additionally, after HLCS interference, mRNA expression
of cyclin-dependent kinase inhibitor 14 (P21) was upregulated, while cyclin-dependent kinase 2 (CDK2) and
cyclin-dependent kinases B (Cyclin B) were downregulated (Fig. 3D). The protein expression of CDK2 followed
a similar trend to its mRNA expression (Fig. 3E). In summary, these data suggest that 3T3-L1 cell proliferation
decreased upon HLCS interference.

To determine whether MAPK pathways were involved in 3T3-L1 cell proliferation after HLCS interference,
protein levels of phosphorylation c-Jun N-terminal kinase (p-JNK), JNK, p-p38, p38, p-ERK1/2, and ERK1/2
were examined by western blotting. The results showed that siHLCS transfection markedly decreased p-p38 and
p-ERK1/2 levels (Fig. 3F). However, JNK and p-JNK expression was notably low in proliferating 3T3-L1 cells
(Supplementary Fig. S1). These results suggest that the ERK1/2 and p38 signaling pathways are inhibited in 3T3-

L1 cell proliferation following HLCS interference.

siHLCS inhibited adipogenic differentiation of 3T3-L1 cells
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gRT-PCR was used to analyze the expression of the HLCS gene at different stages of adipogenic
differentiation on days 0, 2, 4, 6, and 8 in 3T3-L1 cells. The results showed that HLCS mRNA expression increased
rapidly in the early stages of adipogenic differentiation, peaking on day 2 and then gradually declining (Fig. 4A).
Compared with the NC group, Oil Red O absorbance showed a downward trend following siHLCS transfection
(Fig. 4B). Bodipy staining results indicated that compared with the NC group, the number of lipid droplets was
significantly reduced after siHLCS transfection, as evidenced by a quantitative decrease in Bodipy fluorescence
(Fig. 4C). After HLCS interference, cells were collected on day 6 following induction of adipogenic differentiation.
The results confirmed that HLCS mRNA expression was significantly downregulated after siHLCS transfection
compared with the NC group. mRNA expression of adipogenic-related genes, including peroxisome proliferator-
activated receptors y (PPARYy), fatty acid binding proteins (AP2), fatty acid synthase (FAS), and CCAAT/enhancer
binding protein o. (CEBPa), was also significantly downregulated following HLCS interference (Fig. 4D). Western
blotting analysis revealed that protein levels of FAS, PPARy, CEBPa, and AP2 were significantly lower in the
HLCS interference group than in the NC group (Fig. 4E). In summary, these data suggest that adipogenic

differentiation of 3T3-L1 cells was inhibited following HLCS interference:

Exogenous biotin promoted expression of HLCS and alleviated inhibition of adipogenic differentiation by
interfering with HLCS in 3T3-L1 cells

HLCS catalyzes the covalent attachment of biotin to carboxylases. It was observed that HLCS expression
significantly increased following the addition of 1 uM biotin (Fig. SA). Adipogenic differentiation of adipocytes
increased with different concentrations of exogenous biotin, with 1 pM biotin showing the most effective results
overall (Supplementary Fig. S2). Therefore, 1 M biotin was selected for subsequent experiments.

To investigate the effect of biotin on adipogenic differentiation in 3T3-L1 cells with HLCS interference, we
applied a combined treatment to establish four treatment groups: NC group, siHLCS group, Biotin group, and
siHLCS + Biotin group. 3T3-L1 cells were induced to undergo adipogenic differentiation for 6 days. Cells were
stained with Oil Red O, extracted with isopropanol, and quantified by absorbance measurement at 510 nm. Lipid
accumulation was significantly increased in the Biotin group compared with the NC group. In the siHLCS + Biotin
group, lipid accumulation showed an increasing trend compared with the siHLCS group, although the difference
was not significant (Fig. 5B, C).

Bodipy staining was also performed on 3T3-L1 cells (Fig. 5D). The fluorescence intensity of lipid droplets
was analyzed using ImageJ software (Fig. 5E). Compared with the NC group, fluorescence intensity was
significantly increased in the Biotin group and significantly decreased in the siHLCS group. The siHLCS + Biotin
group showed significantly higher fluorescence intensity compared with the siHLCS group.

On day 6 of adipogenic differentiation, mRNA was extracted from cells in each treatment group, and qRT-
PCR was used to measure HLCS, FAS, PPARy, CEBPa, and AP2 gene expression. Compared with the NC group,
mRNA expression of HLCS, PPARy, CEBPa, and AP2 was significantly upregulated in the Biotin group. In the
siHLCS + Biotin group, mRNA expression of HLCS, PPARy, and CEBPa was significantly upregulated compared
with the siHLCS group (Fig. 5F).

Protein expression levels of HLCS, FAS, PPARY, CEBPa, and AP2 were analyzed by western blotting (Fig.
5G). Compared with the NC group, AP2 protein levels were significantly upregulated in the Biotin group. In the
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siHLCS + Biotin group, protein expression of FAS and PPARy was upregulated compared with the siHLCS group,
while the levels of other proteins showed no significant differences.
In summary, these results indicate that exogenous biotin can promote adipogenic differentiation and mitigate

the inhibitory effect of HLCS interference on adipogenic differentiation in 3T3-L1 cells.

Effect of biotin combined with HLCS on carboxylase, lipolysis, glycolysis, and MAPK signaling pathway after
adipogenic differentiation of 3T3 cells

HLCS catalyzes the binding of biotin to carboxylases (Fig. 6A). To investigate the molecular mechanisms of

biotin and HLCS effects on adipogenic differentiation of 3T3-L1 cells, expression levels of several enzymes were
measured. The results showed that after biotin addition, ACC1 and ACC2 expression levels increased, while PC,
MCC, and PCC expression levels decreased. When HLCS was interfered with, the expression of ACC1, PC, MCC,
and PCC decreased. In HLCS-interfered 3T3-L1 cells, the addition of biotin increased the expression of ACC1,
PC, MCC, and PCC (Fig. 6B, C).

This study found that expression of perilipin 2 (PLIN2), lipoprotein lipase (LPL), adipose triglyceride lipase
(ATGL), and hormone-sensitive lipase (HSL) decreased after treatment with exogenous biotin or HLCS
interference compared with the NC group. In HLCS-interfered 3T3-L1 cells, adding biotin significantly increased
the expression of PLIN2, LPL, ATGL, and HSL compared with cells without biotin (Fig. 6D, E). Compared with
the NC group, expression levels of glycogen synthase kinase-3f8 (GSK3p), pyruvate kinase M (PKM), and protein
kinase, AMP-activated, y3 (PRKAG3) significantly increased after biotin treatment and significantly decreased
following HLCS interference. In the siHLCS + Biotin group, GSK3f, PKM, and PRKAG3 levels increased
compared with the siHLCS group in 3T3-L1 cells (Fig. 6F, G).

In addition, the protein expression of p-ERK1/2 and p-p38 significantly decreased after biotin treatment,

while ERK1/2 protein expression increased. The ratios of p-ERK1/2 to ERK1/2 and p-p38 to p38 also decreased
after biotin treatment and HLCS interference. However, in the siHLCS + Biotin group, the protein expression of

p-p38 and p-ERK /2 was significantly higher than in the siHLCS group (Fig. 6H).

Discussion

BF is an important economic trait in pigs and a key target for genetic breeding improvement [20-23]. The 100-
kg BF trait represents the fat thickness in pigs at a weight of 100 kg, indicating their fat deposition ability [24, 25].
In this study, five SNPs were identified within the HLCS gene, located on chromosome 13 in the intron region.
These five SNPs showed high linkage, and two of them were correlated with 100-kg BF in the Duroc pig
population. This finding supports the idea that the HLCS gene may play a key role in influencing fat deposition.

It is well known that the genome contains millions of SNPs, allowing for intraspecies genome variation [26,
27]. Many SNPs are distributed within intron regions, and some of these intronic SNP mutations lead to abnormal
splicing, which can result in lesions [27, 28]. Potentially affecting HLCS gene expression. This study also
confirmed that HLCS SNPs were related to changes in HLCS mRNA expression. Rather than focusing solely on
how SNPs affect HLCS gene expression, this study suggests that it is more meaningful to investigate how changes

in HLCS gene expression impact adipocyte development. Furthermore, understanding how SNPs affect gene
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expression is essential for determining practical applications once the function of the HLCS gene is established.
Therefore, the follow-up study in this experiment focused on the regulatory role of HLCS in adipocyte development.

Cellular-level experiments were conducted to further investigate the impact of the HLCS gene on adipocytes.
It was found that the proliferation abilities of 3T3-L1 cells decreased following HLCS interference, as indicated
by a decrease in CDK2 expression and an increase in P21 expression. CDK2 is crucial for cell cycle progression
from the G1 to the synthesis (S) phase, while P21 inhibits cell proliferation and division, mediates G1 phase arrest,
and acts as a negative regulator [29, 30]. This suggests that interference with HLCS may lead to proliferation arrest
in the G1 phase, resulting in reduced cell proliferation. These results indicate that HLCS is essential for the
proliferation of 3T3-L1 adipocytes.

The core of lipid droplets is primarily composed of a neutral lipid core, which is surrounded by a monolayer
of phospholipids embedded with specific proteins[31]. These proteins play crucial roles in the formation,
stabilization, and metabolic regulation of lipid droplets[32]. This study found that HLCS expression peaks on the
second day of adipogenic differentiation, a period that coincides with the early development of lipid droplets and
the formation of the neutral lipid core. Therefore, HLCS plays a significant role in lipid formation. This study also
showed that adipogenic differentiation abilities decreased following HLCS interference in 3T3-L1 cells, as
evidenced by reduced expression of FAS, PPARy, CEBPa, and AP2. FAS is responsible for de novo regulation of
fatty acid biosynthesis [33]. PPARy has been identified as a pivotal gene involved in the regulation of free fatty
acid uptake, trafficking, p-oxidation, and glycolysis in adipocytes [34]. CEBPa is essential for adipocyte expansion
and de novo fatty acid synthesis, coordinating with PPARy as a core regulator [35]. Therefore, these results suggest
that HLCS interference inhibits de novo fatty acid synthesis, leading to reduced adipogenic differentiation.

HLCS catalyzes the covalent binding of biotin to carboxylases, and biotin is involved in the metabolism of
major nutrients in the body [36]. Some clinical studies have found that HLCS deficiency is caused by mutations
in the HLCS gene, and biotin is-.commonly used to treat this deficiency [14, 15]. Biotin therapy can alleviate
symptoms such as metabolic acidosis, hyperammonemia, and developmental delay associated with HLCS
deficiency [37] However, the molecular mechanism of biotin treatment for HLCS deficiency, particularly in
adipocytes, has not been studied. Therefore, this study investigated the effect of exogenous biotin on adipogenic
differentiation of 3T3-L1 cells with HLCS interference. We found that exogenous biotin increased HLCS
expression and that biotin supplementation following HLCS interference could restore HLCS expression. Previous
studies in rats and human cell cultures suggest that HLCS expression depends on an adequate biotin supply [38].
HLCS can catalyze the covalent binding of ACC1 and PC to biotin; ACC1 and PC are downstream carboxylases
of HLCS. As a carboxylase synthetase, HLCS functions as a catalytic enzyme, and changes in its quantity could
affect the catalytic process. However, whether it influences mMRNA and protein expression of downstream enzymes
is rarely reported. Therefore, this study focused on the effects of HLCS on downstream enzyme mRNA and protein
levels. We found that HLCS regulates the expression of ACC1 and PC genes. In cells with HLCS interference,
ACC1 and PC expression levels were significantly reduced. The downregulation of ACC1 and PC indicates
impaired de novo fat synthesis [39]. ACC1 converts acetyl-CoA to malonyl-CoA, which then enters the fatty acid
synthesis pathway [40]. ACC1 is known to play a crucial role in intramuscular fat and triglyceride synthesis,

important for energy storage and transport [41]. PC, another critical enzyme, replenishes tricarboxylic acid (TCA)
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cycle intermediates, positioning the TCA cycle as a central hub in energy metabolism [39, 42]. Therefore,
interference with HLCS inhibits de novo fatty acid synthesis and energy metabolism in 3T3-L1 cells, reducing
adipogenic differentiation.

Research has found that biotin supplementation can enhance the reaction between HLCS and carboxylase,
but excessive biotin intake can be harmful to the body[43, 44]. In this experiment, after the addition of 1 pL of
biotin, the increase in HLCS expression may be attributed to the fact that the reaction between biotin and
carboxylase requires catalysis by HLCS and the rise in biotin levels could have induced a positive feedback
mechanism, leading to the upregulation of HLCS expression. Conversely, the reduction in HLCS expression under
high biotin concentrations may be attributed to the fact that excessively high biotin levels can interfere with the
endogenous production of the enzyme. In our study, we found that exogenous biotin promoted adipogenic
differentiation in 3T3-L1 cells and increased ACC1 expression. Previous studies support these findings, showing
that biotin enhances ACCL1 activity, supplying more carbon donors for fatty acid synthesis and promoting this
process [45]. Additionally, in HLCS-interfered cells, exogenous biotin mitigated the inhibition of adipogenic
differentiation, notably restoring ACCL1 and PC expression levels. Thus, it appears that biotin reduces the impact
of HLCS interference on adipocytes by participating in de novo fatty acid synthesis and energy metabolism.

The glycolysis pathway is another key process in energy metabolism [46]. PKM and GSK34 are critical
glycolytic genes, with GSK3p regulating glucose homeostasis and PKM serving as a major regulatory point in
glycolysis [47]. Reduced expression of GSK3p and PKM leads to glycolytic disruption and decreased energy
production [48]. This study showed that HLCS  interference lowered PKM and GSK3[B expression, while
exogenous biotin enhanced their expression and mitigated the effects of HLCS interference. These results suggest
that HLCS interference inhibits glycolysis, and that exogenous biotin alleviates this inhibition in adipocytes.

Additionally, we found that HLCS interference affects lipolysis in 3T3-L1 cells, which was alleviated by
exogenous biotin. The balance between lipogenesis and lipolysis regulates fat accumulation and is tied to lipid
metabolism dysfunction [49]. Biotin has been shown to alleviate lipid metabolism disorders [50]. Our study
concludes that HLCS interference disrupts the lipid balance in adipocytes, resulting in lipid metabolism disorders,
and that biotin supplementation helps restore this balance by accelerating lipolysis.

The MAPK pathway, which includes ERK1/2, INK, and p38, regulates numerous cellular activities such as
proliferation and adipogenic differentiation [51]. The JNK signaling pathway is associated with oxidative stress
[51]. In this study, JNK protein expression was found to be very low, so this pathway was not further examined.
Several studies have shown that inhibition of the p38 signaling pathway can prevent cell proliferation [52-54].
Consistent with our findings that HLCS interference reduced p-p38 protein expression during adipocyte
proliferation.

Various studies have also shown that the ERK1/2 signaling pathway is significantly associated with
adipogenic differentiation; decreased p-ERK levels downregulate the expression of adipogenesis-related genes,
thereby inhibiting the differentiation of adipocytes [55-57]. HLCS interference promoted the expression of ERK1/2
and inhibited the expression of p-ERK1/2 during adipogenic differentiation. The addition of biotin alleviated the
inhibitory effect of HLCS interference on p-ERK /2 in adipocytes.
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An interesting observation during this study was that in normal adipocytes, HLCS interference decreased p-
p38 and p-ERK1/2 protein expression and inhibited adipogenic differentiation. However, with exogenous biotin,
p-p38 and p-ERK1/2 expression decreased whereas adipogenic differentiation was promoted. Thus, while the
expression trends of p-p38 and p-ERK1/2 were similar with exogenous biotin or HLCS interference, the effects on
adipogenic differentiation were opposite. This phenomenon is not well-documented, and the specific regulatory
mechanism requires further study.

In summary, this study showed that HLCS is an important candidate gene for pig BF development, and HLCS
interference significantly affects adipocyte development. Exogenous biotin not only promotes HLCS gene
expression but also influences cellular fat deposition by regulating carboxylase activity, glycolysis, fat degradation,

and fat synthesis, potentially through the MAPK signaling pathway (Fig. 7).
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546  Table 1. Genetic diversity and genotype frequency of 5 SNPs of HLCS in 592 Duroc pigs

SNPs Numbers Genotype frequency 1 PIC He Ne

ASGA0089950 592 CcC CT TT 1.63 0.24 0.28 1.38
0.69 0.29 0.02

ASGA0097399 592 CcC GC GG 1.63 0.24 0.28 1.38
0.69 0.29 0.02

ALGA0073814 592 GG GT TT 6.16 0.32 0.39 1.65
0.51 0.44 0.05

ASGA0059961 591 AA AG GG 5.59 0.32 0.40 1.66
0.51 0.43 0.05

ALGA0073818 591 TT TG GG 5.59 0.32 0.40 1.66
0.51 0.43 0.05

547 %0052 =5.991, %0.01>=9.21. PIC: polymorphism information content, He: gene heterozygosity, Ne: effective number

548 of alleles.
549
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Table 2. Association of genotype of HLCS 5 SNPs with 100 kg BF in 592 Duroc pigs

SNPs Genotype Num. Phenotypic value ) Genotype Num. EBV D
ASGA0089950 CcC 384 7.86 +0.08° CC 384 -0.00 + 0.00°
CT 182 7.68 £0.10° CT 182 -0.01 + 0.00°
TT 26 8.60 +£0.38* TT 26 0.02£0.012
ASGA0097399 CC 384 7.86 = 0.08° CC 384 -0.00 = 0.00°
CG 182 7.68 +0.10° GC 182 -0.01 £ 0.00°
GG 26 8.60 £0.382 GG 26 0.02 +0.012
ALGA0073814 GG 346 7.74 £ 0.08 GG 346 -0.01 £0.00
GT 221 7.95+£0.11 GT 221 -0.00 £ 0.00
TT 25 8.29+0.27 TT 25 0.01 £0.01
ASGA0059961 AA 345 7.73 £0.08 AA 345 -0.01 £0.00
AG 221 7.95+0.11 AG 221 -0.00 = 0.00
GG 25 8.29 +0.27 GG 25 0.01 £0.01
ALGA0073818 TT 345 7.73 £0.08 TT 345 -0.01 £0.00
TG 221 7.95+£0.11 TG 221 -0.00 £ 0.00
GG 25 8.29+0.27 GG 25 0.01 £0.01

DThe value of each trait is expressed as mean + standard error. *°P < 0.05.

21



554

=
v

chr13_ASGAD089950

chr13_ASGAD097399 -
chr13_ALGADO73814
chr13_ASGAD059961
chr13_ALGADO73818

Block1 (3 kh)  |Block 2 (47 ki
2

555
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Fig. 3. HLCS interference inhibited the proliferation of 3T3-L1 cells. (A) The expression profile of HLCS during
the proliferation phase of 3T3-L1 cells. mRNA expression of HLCS was measured at 0, 12, 24, 36, 48, and 60 h
of proliferation in 3T3-L1 cells. (B) HLCS expression in 3T3-L1 cells at 24 h after siHLCS transfection. (C)
Representative immunostaining images comparing proliferating cells in the NC group and HLCS interference
group; nuclei were stained with Hoechst 33342. Green represents EdU staining, and blue represents nuclear
staining, with quantification of the percentage of EdU-positive cells. n = 10. Scale bar, 100 um. (D) The expression
levels of HLCS, CDK2, Cyclin B, and P21 were measured by qRT-PCR, with GAPDH as the normalization control.
(E) Western blot analysis showing protein expression of HLCS and CDK2, including protein grayscale analysis.
(F) Protein expression levels of p-ERK1/2, ERK1/2, the p-ERK1/2 to ERK1/2 ratio, p-p38, p38, and the p-p38 to
p38 ratio in proliferating 3T3-L1 cells. GAPDH served as an internal control. Data are expressed as mean + SD. n
=3,*P <0.05, **P < 0.01.
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siHLCS and induced to differentiate following cell contact inhibition. (A) Expression profile of HLCS during the
differentiation stages of 3T3-L1 cells. mRNA expression levels were measured at 0, 2, 4, 6, and 8 days of
differentiation. (B) After 6 days of adipogenic differentiation induction, Oil Red O staining was used to evaluate
lipid droplet production, with absorbance measured at 510 nm. (C) Representative image of Bodipy staining. Lipid
droplets are stained with Bodipy (green), and nuclei are stained with DAPI (blue), n = 10. Scale bar, 100 pm. (D)
qRT-PCR analysis of FAS, PPARy, CEBPa, and AP2 gene expression, with GAPDH as the normalization control.
(E) Western blot analysis of FAS, PPARy, CEBPa, and AP2 protein expression, with protein grayscale analysis.

GAPDH served as an internal control. Data are expressed as mean = SD. n= 3, *P <0.05, **P <0.01.
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Fig. 6. Effect of biotin combined with HLCS on carboxylase, lipolysis, glycolysis, and MAPK signaling pathways
after adipogenic differentiation of 3T3-L1 cells. (A) Schematic diagram of the biotin cycle, showing HLCS
catalyzing the covalent binding of biotin to carboxylases, leading to their biotinylation. (B) mRNA expression of
ACC1, ACC2, PC, PCC, and MCC as detected by gRT-PCR. (C) Protein expression of ACC1, ACC2, PC, PCC,
and MCC, with grayscale analysis of these proteins detected by western blotting. (D) mRNA expression of PLIN2,
LPL, ATGL, and HSL as detected by gRT-PCR. (E) Protein expression of HSL, including grayscale analysis, as
detected by western blotting. (F) mRNA expression of GSK34, PKM, and PRKAG3 genes detected by gRT-PCR.
(G) Protein expression of PKM and grayscale analysis of PKM detected by western blotting. (H) Protein
expression of p-ERK1/2, ERK1/2, p-p38, and p38, including grayscale analysis of p-ERK1/2, ERK1/2, and p-
p38/p38 ratios. Different letters indicate significant differences (P < 0.05). Data are presented as mean + SD (n =
3).
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616
617 Fig. 7. Hypothetical model illustrating the role of HLCS in regulating 100-kg BF in pigs through adipocyte

618 development. The left dotted box shows that five SNPs of HLCS are significantly associated with 100-kg BF in
619 Duroc pigs. Interfering with HLCS inhibits adipocyte proliferation and fat deposition. Exogenous biotin influences
620  cellular fat deposition by regulating carboxylase activity, glycolysis, fat degradation, and fat synthesis, potentially
621 via the MAPK signaling pathway (mechanism diagram on the right). 1 Indicates upregulated expression; |

622 Indicates downregulated expression.
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