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Abstract  8 

Pig back fat (BF) thickness is a key indicator for evaluating lipid deposition in pigs. Consuming pork belly with 9 

thick BF can increase cholesterol intake and negatively impact human health. Holocarboxylase synthetase (HLCS) 10 

is a crucial ligase that binds biotin to carboxylases, affecting the function of biotin-dependent carboxylases. The 11 

relationship between single-nucleotide polymorphisms (SNPs) in HLCS and BF in pigs, along with the direct 12 

effects of HLCS on adipocyte development, remains unclear. While biotin is used to treat HLCS deficiency, its 13 

role in adipocyte development is not well understood. This study identified two HLCS SNPs associated with 100-14 

kg BF in 592 Duroc pigs. In 3T3-L1 cells, HLCS interference reduced cell proliferation and decreased protein 15 

levels of phosphorylated p38 (p-p38) and phosphorylated signal-regulated kinase1/2 (p-ERK1/2) in the MAPK 16 

signaling pathway. Exogenous biotin promoted HLCS expression and alleviated the inhibitory effects of HLCS 17 

interference on lipogenesis-related genes, lipolysis-related genes, glycolysis-related genes, and p-ERK1/2 and p-18 

p38 protein expression in adipocytes. In conclusion, HLCS is a significant candidate gene for pig BF development, 19 

with its interference adversely affecting adipocyte growth. Exogenous biotin not only stimulated HLCS expression 20 

but also influenced lipid metabolism by regulating carboxylase activity, glycolysis, and lipid synthesis/degradation 21 

through the MAPK pathway. This study provides new insights into HLCS function and the therapeutic role of 22 

biotin in HLCS deficiency, offering a theoretical foundation for molecular breeding of pigs with reduced BF. 23 

Keywords  24 

HLCS gene; biotin; single-nucleotide polymorphism; adipose development; MAPK signaling pathway 25 
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Introduction 27 

Pork is an important source of meat for humans [1]. Back fat (BF) is the fat that covers the back of domestic 28 

animals. Compared with other domestic animals, BF in pigs is thicker [2]. Pig BF contains significant amounts of 29 

lipids, mainly triglycerides and cholesterol, and is therefore considered a high-calorie food [3]. Consuming too 30 

much cholesterol can adversely affect human health, leading to diseases such as obesity, atherosclerotic 31 

cardiovascular disease, and myocardial infarction [4]. Therefore, breeding pigs with low BF has great significance 32 

for improving meat quality and human health. 33 

Holocarboxylase synthetase (HLCS) is an enzyme that catalyzes the covalent binding of biotin to carboxylase, 34 

leading to carboxylase biotinylation [5, 6]. Biotin-dependent carboxylases mainly include pyruvate carboxylase 35 

(PC), 3-methylcrotonyl-CoA carboxylase (MCC), propionyl-CoA carboxylase (PCC), and acetyl-CoA 36 

carboxylase (ACC) [7]. These biotin-dependent carboxylases play a critical role in fatty acid synthesis, amino acid 37 

metabolism, and degradation of odd-chain fatty acids, respectively [8-11]. It has been found that knockdown of 38 

HLCS in the breast cancer cell line MCF-7 and the highly invasive cell line MDA-MB-231 results in decreased 39 

biotinylation of ACC and PC [12]. Therefore, HLCS has the potential to regulate fatty acid metabolism. Genome-40 

wide association study data revealed that SNPs significantly associated with residual feed intake, defined as the 41 

difference between observed and predicted feed intake based on average daily gain and BF, are located within the 42 

HLCS gene [13]. However, the relationship between SNPs of the HLCS gene and BF in pigs has not been studied, 43 

and the direct effects of HLCS on adipocyte development have not been reported in detail. 44 

HLCS can catalyze the covalent binding of biotin to carboxylases [7]. Clinical studies have shown that 45 

mutations in the HLCS gene can lead to HLCS deficiency, which is associated with various uncomfortable 46 

symptoms. Studies have shown that symptoms of HSCS deficiency can improve with oral biotin supplementation 47 

[14, 15]. Biotin is a water-soluble vitamin and an essential micronutrient for animal growth. In one study, 48 

researchers found that the total fat content in the sole horn was significantly higher in biotin-supplemented cows 49 

than in control cows [16]. When rats on a high-fat diet were supplemented with biotin, peroxisome proliferator-50 

activated receptor gamma (PPARγ), a key regulator of adipogenesis, was promoted [17]. Thus, biotin is considered 51 

an adipogenic agent with the ability to coordinate lipid and amino acid metabolism in adipocytes [18]. Biotin is 52 

also used as a treatment for HLCS deficiency. However, the molecular mechanism by which biotin treats HLCS 53 

deficiency remains unclear. 54 

Therefore, the purpose of this study was to investigate the correlation between SNPs of HLCS and BF at 100 55 

kg in pigs and to explore the direct effect of HLCS interference on adipocytes, as well as to study the molecular 56 

mechanism of biotin compensation under HLCS deficiency.  57 

Materials and methods 58 

Animals and data collection 59 

A total of 592 Duroc pigs were allowed to feed ad libitum using the Osborne automated feeding system 60 

(OSBORN-FIRE, US), and prior to this, they underwent an adaptation period of approximately 7 days. The basal 61 

diet was formulated to meet or exceed National Research Council standards. The specific feed formulation and 62 
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nutritional composition can be found in Supplementary Table S1. Parity, batch, and paternity information of the 63 

Duroc pigs were recorded. The experiment lasted from 90 days of age to 180 days of age. The initial weight of the 64 

Duroc pigs at 90 days of age was recorded. When the pigs reached approximately 100 kg, BF thickness was 65 

measured between the 10th and 11th ribs using an Aloca ultrasonic meter (Corometrics Medical Systems, Inc., 66 

Wallingford, CT, USA), and body weight was measured at the same time. BF measurements at 100 kg were 67 

adjusted to the target body weight of 100 kg. 68 

Collected pig ear samples. Genomic DNA for the genotypic was extracted from ear samples by the phenol-69 

chloroform procedure. DNA samples were stored at -20℃. The 592 Duroc pigs were genotyped using the Illumina 70 

Porcine SNP60 Bead Chip (Illumina, San Diego, CA, USA). Infinium II multicopy technology was applied in this 71 

experiment. SNP chips were scanned using iScan, and data were analyzed with Illumina Genome Studio (Illumina). 72 

The RNA-seq results of adipose tissue from 592 Duroc pigs with CC and TT genotypes of the HLCS 73 

(ASGA0089950) gene were analyzed. 74 

3T3-L1 cell culture and adipogenic differentiation 75 

The 3T3-L1 cells (the Swine Genetics and Breeding Innovation Team at the Institute of Animal Science, 76 

Chinese Academy of Agricultural Sciences, Beijing.) were removed from liquid nitrogen storage and immediately 77 

transferred to a 38°C water bath for recovery. Dulbecco’s modified Eagle medium, supplemented with 10% fetal 78 

bovine serum (Gibco, Grand Island, NY, USA) and 100 units/mL penicillin-streptomycin (Solarbio, Beijing, 79 

China), was used for cell culture in an incubator with 5% CO2 at 37°C. When the 3T3-L1 cells reached 80% 80 

confluence, the medium was aspirated, and the cells were rinsed with phosphate-buffered saline (PBS) (Solarbio, 81 

Beijing, China). For digestion, 2 mL of 0.25% trypsin (Solarbio, Beijing, China) was added and then incubated 82 

for 3–5 min, and an equal amount of medium was added to stop the digestion. The cell suspension was then 83 

transferred to a centrifuge tube, then centrifuged for 5 min. The supernatant was removed, and fresh medium was 84 

added and mixed by pipetting. The cell culture medium was refreshed daily, and the cells were passaged at a 1:3 85 

ratio. Adipogenic induction began the day after contact inhibition. For adipogenic differentiation, the medium 86 

contained 0.5 mg/L dexamethasone (Sigma, Germany), 0.5 mmol/L IBMX (Sigma, Germany), and 10 µg/mL 87 

insulin (Sigma, Germany) for the first 2 days, followed by culture in a medium supplemented with 10 µg/mL 88 

insulin. The cells were cultured in this medium for 4 days, followed by subsequent treatment. 89 

Transfection of cell with siRNA 90 

HLCS small interfering RNA (siRNA) and negative control (NC) siRNA oligonucleotides are provided in 91 

Supplementary Table S2. Cells were transfected using Lipofectamine 3000 transfection reagent according to the 92 

manufacturer’s protocol. Two hours before transfection, the cell medium was replaced with Opti-MEM medium 93 

(Gibco, Grand Island, NY, USA). The siRNA (20 μM) was incubated with 5 μL of Lipofectamine 3000 in Opti-94 

MEM medium for 20 min at room temperature prior to transfection. Six hours later, the medium was replaced with 95 

complete medium.  96 

EdU detection 97 

After passaging, the cells were cultured for 24 h for EdU proliferation detection. For this assay, 10 μM EdU 98 

was added to the growth medium and incubated for 2 h. Fixation, permeabilization, and EdU staining were 99 
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performed according to the manufacturer’s protocol (Beyotime, Shanghai, China). Cell nuclei were counterstained 100 

with Hoechst 33342 at a concentration of 5 μg/mL for 10 min. EdU-positive cells were then observed under a 101 

fluorescence microscope (Motic, Xiamen, China) to estimate the ratio of EdU-positive cells (EdU-stained 102 

cells/total cells).  103 

Oil Red O staining 104 

Cells were cultured to the terminal differentiation stage, and adipocytes were washed three times with PBS. 105 

A 4% cell fixation solution (Sigma, Germany) was then added, and the cells were fixed in a 37°C incubator for 45 106 

min. After washing three times with PBS, Oil Red O (Sigma, Germany) solution was added for 45 min. The 107 

staining of lipid droplets was observed under a microscope, and after taking images, Oil Red O was washed out 108 

with isopropanol. Absorbance was measured using a microplate reader at a wavelength of 510 nm.  109 

Bodipy staining 110 

Cells were cultured to the terminal differentiation stage, and adipocytes were washed three times with PBS. 111 

A 4% cell fixation solution was added, and the cells were fixed in a 37°C incubator for 45 min. After washing 112 

three times with PBS, Bodipy (Thermo, Shanghai, China) staining was performed for 45 min. The staining of lipid 113 

droplets was recorded under a microscope, and the amount of Bodipy fluorescence was quantified using ImageJ 114 

software. 115 

RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) 116 

Total RNA was extracted using the RNA extraction kit (TRIzol reagent; TaKaRa Company), and the 117 

extraction steps were performed according to the instructions of the kit. The resulting RNA solution was stored at 118 

a temperature of −80°C. The RNA was then immediately reverse-transcribed into cDNA using a reverse 119 

transcription kit (TaKaRa), following the kit instructions. The synthesized cDNA was stored at −20°C or directly 120 

at −80°C for later use. 121 

Primers were designed using primer software, and the primer sequences are shown in Supplementary Table 122 

S3. qRT-PCR was performed to detect gene expression. In an eight-row qRT-PCR tube, the following components 123 

were added in sequence: 2× All-in-One qPCR Mix 7.5 µL, cDNA 1 µL, upstream primer 0.75 µL, downstream 124 

primer 0.75 µL, and ddH2O 5 µL. These components were used to prepare the qPCR reaction solution, which was 125 

then centrifuged and mixed. 126 

The PCR reaction was conducted as follows: pre-denaturation at 95°C for 10 min, denaturation at 95°C for 127 

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 128 

melting curve analysis (for melting curve analysis: 95°C for 2 min, 72°C for 1 min, and 95°C for 30 s). 129 

Western blotting analysis 130 

Cells were harvested and lysed in RIPA buffer supplemented with a protease inhibitor (Roche Complete Mini 131 

tablet) and phosphatase inhibitor (Pierce Halt phosphatase inhibitor cocktail) to prepare whole-cell extracts. The 132 

lysates were centrifuged at 12,000 rpm for 10 min, and the supernatant was boiled in sodium dodecyl sulfate 133 

loading buffer (Beyotime, Shanghai, China). Proteins were separated using 12.5% sodium dodecyl sulfate–134 

polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride transfer membrane (Solarbio, 135 

Beijing, China). The membrane was blocked with 5% defatted milk and incubated overnight at 4°C with primary 136 
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antibodies, followed by horseradish peroxidase-conjugated secondary antibody. Blots were visualized using a 137 

commercial enhanced chemiluminescence detection kit (Solarbio, Beijing, China), with glyceraldehyde-3-138 

phosphate dehydrogenase (GAPDH) as an internal control for normalization.  139 

Data analysis  140 

Allele and genotype frequencies were obtained for each polymorphism. Statistical analyses were performed 141 

for genotypic frequencies, heterozygosity (He), effective allele numbers (Ne), polymorphism information content 142 

(PIC), and Hardy–Weinberg equilibrium. The genetic haplotype definition was defined as a group of genes or 143 

SNPs that are statistically associated with each other, forming a gene locus or common pattern of genetic variation. 144 

Haploview 4.2 (http://www.broadinstitute.org/mpg/haploview) (accessed on 8 September 2021) was used to detect 145 

haplotype blocks in all the SNPs of the HLCS gene [19]. 146 

The generalized linear model program in SAS 9.2 was used to conduct least squares variance analysis with 147 

the following model to compare the significance of SNPs and growth performance: 148 

Y = μ + G + S + W + e, 149 

where Y is the observation of the traits, μ is the population mean, G is the genotype effect, S is the sex fixation 150 

effect, W is the initial weight, and e is the random error. 151 

The MTDFREML program was used to obtain the estimated breeding value of the 100-kg BF. Depending on 152 

the trait, the mixed model for a single trait is: 153 

yijk = μ + Si + Pi + bi + Oj + Sj + eijk, 154 

where y is the observation of the traits, μ is the population mean, Si is the sex fixation effect, Pi is the parity 155 

fixation effect, bi is the batch fixation effect, Oj is the individual animal random effect, Sj is the second animal 156 

effect (father number), and eijk is the random error. 157 

Three biological replicates were set up in each experiment. For cellular experiments, qRT-PCR and western 158 

blotting results were analyzed using the 2-ΔΔCt method. Data analysis was conducted with an independent-samples 159 

t-test, one-way and two-way analysis of variance using SPSS 25 software. The results of the two-way analysis of 160 

variance were presented in the Supplementary Table S4-S5. For significance testing, P < 0.01 indicates a highly 161 

significant difference, P < 0.05 indicates a significant difference, and P > 0.05 indicates an insignificant difference. 162 

The data in the tables are shown as mean ± standard error, and the data in the figures are expressed as mean ± 163 

standard deviation. Proteins were analyzed in grayscale using ImageJ software to obtain quantitative data. 164 

Results 165 

HLCS genotype frequencies and haplotype determination 166 

In total, 592 Duroc pigs were randomly selected for descriptive statistics of 100-kg BF. The 100-kg BF value 167 

was 7.89 mm. Analysis of the coefficient of variation provided insight into data dispersion, with a coefficient of 168 

variation of 0.20 for 100-kg BF. The whole genome was categorized using the Illumina SNP60 chip, and SNP loci 169 

within, before, and after the HLCS gene were identified and compared using Ensembl software. The genotype 170 

frequencies and genetic diversity of five SNPs of the HLCS gene are shown in Table 1. All selected genetic variants 171 

were in Hardy–Weinberg equilibrium. 172 
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This study found linkage among five SNPs of HLCS. Based on these five SNPs, two haplotype blocks were 173 

detected in Duroc pigs (Fig. 1). ASGA0089950 and ASGA0097399 showed high linkage, while ALGA0073814 174 

was highly linked with ASGA0059961 and ALGA0073818. 175 

Association of HLCS genotype with 100-kg BF traits and expression analysis of related genes in Duroc pigs 176 

This experiment included a joint analysis of phenotype values and estimated breeding values to examine the 177 

correlation between five SNPs of the HLCS gene and 100-kg BF in 592 Duroc pigs. The results of the correlation 178 

analysis are shown in Table 2. For ASGA0089950, individuals with the CT genotype showed significantly thinner 179 

100-kg BF than those with CC or TT genotypes. For ASGA0097399, individuals with the CG genotype had 180 

significantly thinner 100-kg BF than those with CC or GG genotypes. For ALGA0073814, ALGA0073814, and 181 

ALGA0073818, different genotypes did not have a significant effect on 100-kg BF. 182 

The mRNA expression of HLCS and related carboxylases in the adipose tissue of Duroc pigs was measured 183 

(Fig. 2). The results showed that the expression of HLCS, ACC1, PCC, and MCC in individuals with the CC 184 

genotype was lower than in those with the TT genotype in ASGA0089950. Therefore, this study suggests that 185 

mutation of the HLCS gene is closely associated with 100-kg BF in pigs. 186 

Interference with HLCS inhibited 3T3-L1 cell proliferation 187 

We investigated HLCS expression during 3T3-L1 cell proliferation. HLCS gene expression was measured at 188 

0, 12, 24, 36, 48, and 60 h of 3T3-L1 cell proliferation. As the 3T3-L1 cells proliferated, HLCS expression 189 

increased rapidly, peaking at 12 h and then beginning to decline, showing an initial increase followed by a decrease 190 

(Fig. 3A). The 3T3-L1 cells were transfected with two different siRNAs targeting HLCS. Compared with the 191 

control group, no significant change in HLCS mRNA expression was observed in the siRNA-1 group, while HLCS 192 

mRNA expression was significantly reduced in the siRNA-2 group. Thus, siRNA-2 was selected for HLCS 193 

interference (Fig. 3B). 194 

After HLCS interference, the proliferation of 3T3-L1 cells was assessed by EdU staining. Interference with 195 

HLCS significantly reduced the proliferation rate of 3T3-L1 cells (Fig. 3C). These results indicate that cell 196 

proliferation was inhibited following HLCS interference. Additionally, after HLCS interference, mRNA expression 197 

of cyclin-dependent kinase inhibitor 1A (P21) was upregulated, while cyclin-dependent kinase 2 (CDK2) and 198 

cyclin-dependent kinases B (Cyclin B) were downregulated (Fig. 3D). The protein expression of CDK2 followed 199 

a similar trend to its mRNA expression (Fig. 3E). In summary, these data suggest that 3T3-L1 cell proliferation 200 

decreased upon HLCS interference. 201 

To determine whether MAPK pathways were involved in 3T3-L1 cell proliferation after HLCS interference, 202 

protein levels of phosphorylation c-Jun N-terminal kinase (p-JNK), JNK, p-p38, p38, p-ERK1/2, and ERK1/2 203 

were examined by western blotting. The results showed that siHLCS transfection markedly decreased p-p38 and 204 

p-ERK1/2 levels (Fig. 3F). However, JNK and p-JNK expression was notably low in proliferating 3T3-L1 cells 205 

(Supplementary Fig. S1). These results suggest that the ERK1/2 and p38 signaling pathways are inhibited in 3T3-206 

L1 cell proliferation following HLCS interference. 207 

siHLCS inhibited adipogenic differentiation of 3T3-L1 cells 208 
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qRT-PCR was used to analyze the expression of the HLCS gene at different stages of adipogenic 209 

differentiation on days 0, 2, 4, 6, and 8 in 3T3-L1 cells. The results showed that HLCS mRNA expression increased 210 

rapidly in the early stages of adipogenic differentiation, peaking on day 2 and then gradually declining (Fig. 4A). 211 

Compared with the NC group, Oil Red O absorbance showed a downward trend following siHLCS transfection 212 

(Fig. 4B). Bodipy staining results indicated that compared with the NC group, the number of lipid droplets was 213 

significantly reduced after siHLCS transfection, as evidenced by a quantitative decrease in Bodipy fluorescence 214 

(Fig. 4C). After HLCS interference, cells were collected on day 6 following induction of adipogenic differentiation. 215 

The results confirmed that HLCS mRNA expression was significantly downregulated after siHLCS transfection 216 

compared with the NC group. mRNA expression of adipogenic-related genes, including peroxisome proliferator-217 

activated receptors γ (PPARγ), fatty acid binding proteins (AP2), fatty acid synthase (FAS), and CCAAT/enhancer 218 

binding protein α (CEBPα), was also significantly downregulated following HLCS interference (Fig. 4D). Western 219 

blotting analysis revealed that protein levels of FAS, PPARγ, CEBPα, and AP2 were significantly lower in the 220 

HLCS interference group than in the NC group (Fig. 4E). In summary, these data suggest that adipogenic 221 

differentiation of 3T3-L1 cells was inhibited following HLCS interference. 222 

Exogenous biotin promoted expression of HLCS and alleviated inhibition of adipogenic differentiation by 223 

interfering with HLCS in 3T3-L1 cells 224 

HLCS catalyzes the covalent attachment of biotin to carboxylases. It was observed that HLCS expression 225 

significantly increased following the addition of 1 µM biotin (Fig. 5A). Adipogenic differentiation of adipocytes 226 

increased with different concentrations of exogenous biotin, with 1 µM biotin showing the most effective results 227 

overall (Supplementary Fig. S2). Therefore, 1 µM biotin was selected for subsequent experiments. 228 

To investigate the effect of biotin on adipogenic differentiation in 3T3-L1 cells with HLCS interference, we 229 

applied a combined treatment to establish four treatment groups: NC group, siHLCS group, Biotin group, and 230 

siHLCS + Biotin group. 3T3-L1 cells were induced to undergo adipogenic differentiation for 6 days. Cells were 231 

stained with Oil Red O, extracted with isopropanol, and quantified by absorbance measurement at 510 nm. Lipid 232 

accumulation was significantly increased in the Biotin group compared with the NC group. In the siHLCS + Biotin 233 

group, lipid accumulation showed an increasing trend compared with the siHLCS group, although the difference 234 

was not significant (Fig. 5B, C). 235 

Bodipy staining was also performed on 3T3-L1 cells (Fig. 5D). The fluorescence intensity of lipid droplets 236 

was analyzed using ImageJ software (Fig. 5E). Compared with the NC group, fluorescence intensity was 237 

significantly increased in the Biotin group and significantly decreased in the siHLCS group. The siHLCS + Biotin 238 

group showed significantly higher fluorescence intensity compared with the siHLCS group. 239 

On day 6 of adipogenic differentiation, mRNA was extracted from cells in each treatment group, and qRT-240 

PCR was used to measure HLCS, FAS, PPARγ, CEBPα, and AP2 gene expression. Compared with the NC group, 241 

mRNA expression of HLCS, PPARγ, CEBPα, and AP2 was significantly upregulated in the Biotin group. In the 242 

siHLCS + Biotin group, mRNA expression of HLCS, PPARγ, and CEBPα was significantly upregulated compared 243 

with the siHLCS group (Fig. 5F). 244 

Protein expression levels of HLCS, FAS, PPARγ, CEBPα, and AP2 were analyzed by western blotting (Fig. 245 

5G). Compared with the NC group, AP2 protein levels were significantly upregulated in the Biotin group. In the 246 
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siHLCS + Biotin group, protein expression of FAS and PPARγ was upregulated compared with the siHLCS group, 247 

while the levels of other proteins showed no significant differences. 248 

In summary, these results indicate that exogenous biotin can promote adipogenic differentiation and mitigate 249 

the inhibitory effect of HLCS interference on adipogenic differentiation in 3T3-L1 cells. 250 

Effect of biotin combined with HLCS on carboxylase, lipolysis, glycolysis, and MAPK signaling pathway after 251 

adipogenic differentiation of 3T3 cells 252 

HLCS catalyzes the binding of biotin to carboxylases (Fig. 6A). To investigate the molecular mechanisms of 253 

biotin and HLCS effects on adipogenic differentiation of 3T3-L1 cells, expression levels of several enzymes were 254 

measured. The results showed that after biotin addition, ACC1 and ACC2 expression levels increased, while PC, 255 

MCC, and PCC expression levels decreased. When HLCS was interfered with, the expression of ACC1, PC, MCC, 256 

and PCC decreased. In HLCS-interfered 3T3-L1 cells, the addition of biotin increased the expression of ACC1, 257 

PC, MCC, and PCC (Fig. 6B, C). 258 

This study found that expression of perilipin 2 (PLIN2), lipoprotein lipase (LPL), adipose triglyceride lipase 259 

(ATGL), and hormone-sensitive lipase (HSL) decreased after treatment with exogenous biotin or HLCS 260 

interference compared with the NC group. In HLCS-interfered 3T3-L1 cells, adding biotin significantly increased 261 

the expression of PLIN2, LPL, ATGL, and HSL compared with cells without biotin (Fig. 6D, E). Compared with 262 

the NC group, expression levels of glycogen synthase kinase-3β (GSK3β), pyruvate kinase M (PKM), and protein 263 

kinase, AMP-activated, γ3 (PRKAG3) significantly increased after biotin treatment and significantly decreased 264 

following HLCS interference. In the siHLCS + Biotin group, GSK3β, PKM, and PRKAG3 levels increased 265 

compared with the siHLCS group in 3T3-L1 cells (Fig. 6F, G). 266 

In addition, the protein expression of p-ERK1/2 and p-p38 significantly decreased after biotin treatment, 267 

while ERK1/2 protein expression increased. The ratios of p-ERK1/2 to ERK1/2 and p-p38 to p38 also decreased 268 

after biotin treatment and HLCS interference. However, in the siHLCS + Biotin group, the protein expression of 269 

p-p38 and p-ERK1/2 was significantly higher than in the siHLCS group (Fig. 6H). 270 

Discussion 271 

BF is an important economic trait in pigs and a key target for genetic breeding improvement [20-23]. The 100-272 

kg BF trait represents the fat thickness in pigs at a weight of 100 kg, indicating their fat deposition ability [24, 25]. 273 

In this study, five SNPs were identified within the HLCS gene, located on chromosome 13 in the intron region. 274 

These five SNPs showed high linkage, and two of them were correlated with 100-kg BF in the Duroc pig 275 

population. This finding supports the idea that the HLCS gene may play a key role in influencing fat deposition. 276 

It is well known that the genome contains millions of SNPs, allowing for intraspecies genome variation [26, 277 

27]. Many SNPs are distributed within intron regions, and some of these intronic SNP mutations lead to abnormal 278 

splicing, which can result in lesions [27, 28]. Potentially affecting HLCS gene expression. This study also 279 

confirmed that HLCS SNPs were related to changes in HLCS mRNA expression. Rather than focusing solely on 280 

how SNPs affect HLCS gene expression, this study suggests that it is more meaningful to investigate how changes 281 

in HLCS gene expression impact adipocyte development. Furthermore, understanding how SNPs affect gene 282 
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expression is essential for determining practical applications once the function of the HLCS gene is established. 283 

Therefore, the follow-up study in this experiment focused on the regulatory role of HLCS in adipocyte development. 284 

Cellular-level experiments were conducted to further investigate the impact of the HLCS gene on adipocytes. 285 

It was found that the proliferation abilities of 3T3-L1 cells decreased following HLCS interference, as indicated 286 

by a decrease in CDK2 expression and an increase in P21 expression. CDK2 is crucial for cell cycle progression 287 

from the G1 to the synthesis (S) phase, while P21 inhibits cell proliferation and division, mediates G1 phase arrest, 288 

and acts as a negative regulator [29, 30]. This suggests that interference with HLCS may lead to proliferation arrest 289 

in the G1 phase, resulting in reduced cell proliferation. These results indicate that HLCS is essential for the 290 

proliferation of 3T3-L1 adipocytes. 291 

The core of lipid droplets is primarily composed of a neutral lipid core, which is surrounded by a monolayer 292 

of phospholipids embedded with specific proteins[31]. These proteins play crucial roles in the formation, 293 

stabilization, and metabolic regulation of lipid droplets[32]. This study found that HLCS expression peaks on the 294 

second day of adipogenic differentiation, a period that coincides with the early development of lipid droplets and 295 

the formation of the neutral lipid core. Therefore, HLCS plays a significant role in lipid formation. This study also 296 

showed that adipogenic differentiation abilities decreased following HLCS interference in 3T3-L1 cells, as 297 

evidenced by reduced expression of FAS, PPARγ, CEBPα, and AP2. FAS is responsible for de novo regulation of 298 

fatty acid biosynthesis [33]. PPARγ has been identified as a pivotal gene involved in the regulation of free fatty 299 

acid uptake, trafficking, β-oxidation, and glycolysis in adipocytes [34]. CEBPα is essential for adipocyte expansion 300 

and de novo fatty acid synthesis, coordinating with PPARγ as a core regulator [35]. Therefore, these results suggest 301 

that HLCS interference inhibits de novo fatty acid synthesis, leading to reduced adipogenic differentiation. 302 

HLCS catalyzes the covalent binding of biotin to carboxylases, and biotin is involved in the metabolism of 303 

major nutrients in the body [36]. Some clinical studies have found that HLCS deficiency is caused by mutations 304 

in the HLCS gene, and biotin is commonly used to treat this deficiency [14, 15]. Biotin therapy can alleviate 305 

symptoms such as metabolic acidosis, hyperammonemia, and developmental delay associated with HLCS 306 

deficiency [37] However, the molecular mechanism of biotin treatment for HLCS deficiency, particularly in 307 

adipocytes, has not been studied. Therefore, this study investigated the effect of exogenous biotin on adipogenic 308 

differentiation of 3T3-L1 cells with HLCS interference. We found that exogenous biotin increased HLCS 309 

expression and that biotin supplementation following HLCS interference could restore HLCS expression. Previous 310 

studies in rats and human cell cultures suggest that HLCS expression depends on an adequate biotin supply [38]. 311 

HLCS can catalyze the covalent binding of ACC1 and PC to biotin; ACC1 and PC are downstream carboxylases 312 

of HLCS. As a carboxylase synthetase, HLCS functions as a catalytic enzyme, and changes in its quantity could 313 

affect the catalytic process. However, whether it influences mRNA and protein expression of downstream enzymes 314 

is rarely reported. Therefore, this study focused on the effects of HLCS on downstream enzyme mRNA and protein 315 

levels. We found that HLCS regulates the expression of ACC1 and PC genes. In cells with HLCS interference, 316 

ACC1 and PC expression levels were significantly reduced. The downregulation of ACC1 and PC indicates 317 

impaired de novo fat synthesis [39]. ACC1 converts acetyl-CoA to malonyl-CoA, which then enters the fatty acid 318 

synthesis pathway [40]. ACC1 is known to play a crucial role in intramuscular fat and triglyceride synthesis, 319 

important for energy storage and transport [41]. PC, another critical enzyme, replenishes tricarboxylic acid (TCA) 320 
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cycle intermediates, positioning the TCA cycle as a central hub in energy metabolism [39, 42]. Therefore, 321 

interference with HLCS inhibits de novo fatty acid synthesis and energy metabolism in 3T3-L1 cells, reducing 322 

adipogenic differentiation. 323 

Research has found that biotin supplementation can enhance the reaction between HLCS and carboxylase, 324 

but excessive biotin intake can be harmful to the body[43, 44]. In this experiment, after the addition of 1 μL of 325 

biotin, the increase in HLCS expression may be attributed to the fact that the reaction between biotin and 326 

carboxylase requires catalysis by HLCS and the rise in biotin levels could have induced a positive feedback 327 

mechanism, leading to the upregulation of HLCS expression. Conversely, the reduction in HLCS expression under 328 

high biotin concentrations may be attributed to the fact that excessively high biotin levels can interfere with the 329 

endogenous production of the enzyme. In our study, we found that exogenous biotin promoted adipogenic 330 

differentiation in 3T3-L1 cells and increased ACC1 expression. Previous studies support these findings, showing 331 

that biotin enhances ACC1 activity, supplying more carbon donors for fatty acid synthesis and promoting this 332 

process [45]. Additionally, in HLCS-interfered cells, exogenous biotin mitigated the inhibition of adipogenic 333 

differentiation, notably restoring ACC1 and PC expression levels. Thus, it appears that biotin reduces the impact 334 

of HLCS interference on adipocytes by participating in de novo fatty acid synthesis and energy metabolism. 335 

The glycolysis pathway is another key process in energy metabolism [46]. PKM and GSK3β are critical 336 

glycolytic genes, with GSK3β regulating glucose homeostasis and PKM serving as a major regulatory point in 337 

glycolysis [47]. Reduced expression of GSK3β and PKM leads to glycolytic disruption and decreased energy 338 

production [48]. This study showed that HLCS interference lowered PKM and GSK3β expression, while 339 

exogenous biotin enhanced their expression and mitigated the effects of HLCS interference. These results suggest 340 

that HLCS interference inhibits glycolysis, and that exogenous biotin alleviates this inhibition in adipocytes. 341 

Additionally, we found that HLCS interference affects lipolysis in 3T3-L1 cells, which was alleviated by 342 

exogenous biotin. The balance between lipogenesis and lipolysis regulates fat accumulation and is tied to lipid 343 

metabolism dysfunction [49]. Biotin has been shown to alleviate lipid metabolism disorders [50]. Our study 344 

concludes that HLCS interference disrupts the lipid balance in adipocytes, resulting in lipid metabolism disorders, 345 

and that biotin supplementation helps restore this balance by accelerating lipolysis.  346 

The MAPK pathway, which includes ERK1/2, JNK, and p38, regulates numerous cellular activities such as 347 

proliferation and adipogenic differentiation [51]. The JNK signaling pathway is associated with oxidative stress 348 

[51]. In this study, JNK protein expression was found to be very low, so this pathway was not further examined. 349 

Several studies have shown that inhibition of the p38 signaling pathway can prevent cell proliferation [52-54]. 350 

Consistent with our findings that HLCS interference reduced p-p38 protein expression during adipocyte 351 

proliferation. 352 

Various studies have also shown that the ERK1/2 signaling pathway is significantly associated with 353 

adipogenic differentiation; decreased p-ERK levels downregulate the expression of adipogenesis-related genes, 354 

thereby inhibiting the differentiation of adipocytes [55-57]. HLCS interference promoted the expression of ERK1/2 355 

and inhibited the expression of p-ERK1/2 during adipogenic differentiation. The addition of biotin alleviated the 356 

inhibitory effect of HLCS interference on p-ERK1/2 in adipocytes. 357 
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An interesting observation during this study was that in normal adipocytes, HLCS interference decreased p-358 

p38 and p-ERK1/2 protein expression and inhibited adipogenic differentiation. However, with exogenous biotin, 359 

p-p38 and p-ERK1/2 expression decreased whereas adipogenic differentiation was promoted. Thus, while the 360 

expression trends of p-p38 and p-ERK1/2 were similar with exogenous biotin or HLCS interference, the effects on 361 

adipogenic differentiation were opposite. This phenomenon is not well-documented, and the specific regulatory 362 

mechanism requires further study. 363 

In summary, this study showed that HLCS is an important candidate gene for pig BF development, and HLCS 364 

interference significantly affects adipocyte development. Exogenous biotin not only promotes HLCS gene 365 

expression but also influences cellular fat deposition by regulating carboxylase activity, glycolysis, fat degradation, 366 

and fat synthesis, potentially through the MAPK signaling pathway (Fig. 7). 367 
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Table 1. Genetic diversity and genotype frequency of 5 SNPs of HLCS in 592 Duroc pigs 546 

SNPs Numbers Genotype frequency ꭓ2 PIC He Ne 

ASGA0089950 592 CC 

0.69 

CT 

0.29 

TT 

0.02 

1.63 0.24 0.28 1.38 

ASGA0097399 592 CC 

0.69 

GC 

0.29 

GG 

0.02 

1.63 0.24 0.28 1.38 

ALGA0073814 592 GG 

0.51 

GT 

0.44 

TT 

0.05 

6.16 0.32 0.39 1.65 

ASGA0059961 591 AA 

0.51 

AG 

0.43 

GG 

0.05 

5.59 0.32 0.40 1.66 

ALGA0073818 591 TT 

0.51 

TG 

0.43 

GG 

0.05 

5.59 0.32 0.40 1.66 

χ0.05
2 = 5.991, χ0.01

2 = 9.21. PIC: polymorphism information content, He: gene heterozygosity, Ne: effective number 547 

of alleles. 548 
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 550 

Table 2. Association of genotype of HLCS 5 SNPs with 100 kg BF in 592 Duroc pigs 551 

SNPs Genotype Num.  Phenotypic value 1) Genotype Num. EBV 1) 

ASGA0089950 CC 384 7.86 ± 0.08b CC 384 -0.00 ± 0.00b 

CT 182 7.68 ± 0.10b CT 182 -0.01 ± 0.00b 

TT 26 8.60 ± 0.38a TT 26 0.02 ± 0.01a 

ASGA0097399 CC 384 7.86 ± 0.08b CC 384 -0.00 ± 0.00b 

CG 182 7.68 ± 0.10b GC 182 -0.01 ± 0.00b 

GG 26 8.60 ± 0.38a  GG 26 0.02 ± 0.01a  

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 

1)The value of each trait is expressed as mean ± standard error. a,bP < 0.05. 552 
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 554 

 555 

Fig. 1. Linkage disequilibrium and haplotype block analysis using the 5 SNPs for HLCS in 592 Duroc pigs. Solid 556 

lines indicate the block identified. The diamonds represent linkage disequilibrium between each SNP. 557 

 558 
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 560 

 561 

Fig. 2. mRNA expression of HLCS (ASGA0089950) in adipose tissue for genotypes CC and TT in Duroc pigs. *P 562 

< 0.05, **P < 0.01. 563 
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 565 

Fig. 3. HLCS interference inhibited the proliferation of 3T3-L1 cells. (A) The expression profile of HLCS during 566 

the proliferation phase of 3T3-L1 cells. mRNA expression of HLCS was measured at 0, 12, 24, 36, 48, and 60 h 567 

of proliferation in 3T3-L1 cells. (B) HLCS expression in 3T3-L1 cells at 24 h after siHLCS transfection. (C) 568 

Representative immunostaining images comparing proliferating cells in the NC group and HLCS interference 569 

group; nuclei were stained with Hoechst 33342. Green represents EdU staining, and blue represents nuclear 570 

staining, with quantification of the percentage of EdU-positive cells. n = 10. Scale bar, 100 μm. (D) The expression 571 

levels of HLCS, CDK2, Cyclin B, and P21 were measured by qRT-PCR, with GAPDH as the normalization control. 572 

(E) Western blot analysis showing protein expression of HLCS and CDK2, including protein grayscale analysis. 573 

(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 574 

p38 ratio in proliferating 3T3-L1 cells. GAPDH served as an internal control. Data are expressed as mean ± SD. n 575 

= 3, *P < 0.05, **P < 0.01. 576 
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 578 

 579 

Fig. 4. HLCS interference inhibited adipogenic differentiation of 3T3-L1 cells. 3T3-L1 cells were transfected with 580 

siHLCS and induced to differentiate following cell contact inhibition. (A) Expression profile of HLCS during the 581 

differentiation stages of 3T3-L1 cells. mRNA expression levels were measured at 0, 2, 4, 6, and 8 days of 582 

differentiation. (B) After 6 days of adipogenic differentiation induction, Oil Red O staining was used to evaluate 583 

lipid droplet production, with absorbance measured at 510 nm. (C) Representative image of Bodipy staining. Lipid 584 

droplets are stained with Bodipy (green), and nuclei are stained with DAPI (blue), n = 10. Scale bar, 100 μm. (D) 585 

qRT-PCR analysis of FAS, PPARγ, CEBPα, and AP2 gene expression, with GAPDH as the normalization control. 586 

(E) Western blot analysis of FAS, PPARγ, CEBPα, and AP2 protein expression, with protein grayscale analysis. 587 

GAPDH served as an internal control. Data are expressed as mean ± SD. n = 3, *P < 0.05, **P < 0.01. 588 
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 590 

 591 

Fig. 5. Exogenous biotin promoted HLCS expression and alleviated the inhibition of adipogenic differentiation 592 

caused by HLCS interference in 3T3-L1 cells. (A) Western blot analysis of HLCS protein expression after the 593 

addition of different biotin concentrations. (B) After 6 days of adipogenic differentiation induction, Oil Red O 594 

staining was used to evaluate lipid droplet production. (C) Oil Red O absorbance at 510 nm. (D) Representative 595 

Bodipy-stained image showing lipid droplets stained with Bodipy (green) and nuclei stained with DAPI (blue), n 596 

= 10. Scale bar, 100 μm. (E) Quantification of Bodipy fluorescence intensity. (F) qRT-PCR analysis of FAS, 597 

PPARγ, CEBPα, and AP2 gene expression. (G) Western blot analysis of FAS, PPARγ, CEBPα, and AP2 protein 598 

expression, with grayscale analysis of HLCS, FAS, PPARγ, CEBPα, and AP2 proteins. Different letters indicate 599 

significant differences (P < 0.05). Data are presented as mean ± SD (n = 3). 600 
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 602 

Fig. 6. Effect of biotin combined with HLCS on carboxylase, lipolysis, glycolysis, and MAPK signaling pathways 603 

after adipogenic differentiation of 3T3-L1 cells. (A) Schematic diagram of the biotin cycle, showing HLCS 604 

catalyzing the covalent binding of biotin to carboxylases, leading to their biotinylation. (B) mRNA expression of 605 

ACC1, ACC2, PC, PCC, and MCC as detected by qRT-PCR. (C) Protein expression of ACC1, ACC2, PC, PCC, 606 

and MCC, with grayscale analysis of these proteins detected by western blotting. (D) mRNA expression of PLIN2, 607 

LPL, ATGL, and HSL as detected by qRT-PCR. (E) Protein expression of HSL, including grayscale analysis, as 608 

detected by western blotting. (F) mRNA expression of GSK3β, PKM, and PRKAG3 genes detected by qRT-PCR. 609 

(G) Protein expression of PKM and grayscale analysis of PKM detected by western blotting. (H) Protein 610 

expression of p-ERK1/2, ERK1/2, p-p38, and p38, including grayscale analysis of p-ERK1/2, ERK1/2, and p-611 

p38/p38 ratios. Different letters indicate significant differences (P < 0.05). Data are presented as mean ± SD (n = 612 

3). 613 
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 615 

 616 

Fig. 7. Hypothetical model illustrating the role of HLCS in regulating 100-kg BF in pigs through adipocyte 617 

development. The left dotted box shows that five SNPs of HLCS are significantly associated with 100-kg BF in 618 

Duroc pigs. Interfering with HLCS inhibits adipocyte proliferation and fat deposition. Exogenous biotin influences 619 

cellular fat deposition by regulating carboxylase activity, glycolysis, fat degradation, and fat synthesis, potentially 620 

via the MAPK signaling pathway (mechanism diagram on the right). ↑ Indicates upregulated expression; ↓ 621 

Indicates downregulated expression. 622 
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