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Abstract: SRY-box transcription factor 18 (SOX18) is known to play a crucial role in the growth and
development of hair follicles (HF) in both humans and mice. However, the specific effect of SOX18
on sheep hair follicles remains largely unknown. In our previous study, we observed that SOX18
was specifically expressed within dermal papilla cells (DPCs) in ovine hair follicles, leading us to
investigate its potential role in the growth of hair follicles in sheep. In the present study, we aimed
to examine the effect of SOX18 in DPCs and preliminarily study its regulatory mechanism through
RNA-seq. We initially found that the overexpression of SOX18 promoted the proliferation of DPCs
compared to the negative control group, while the interference of SOX18 had the opposite effect. To
gain further insight into the regulatory mechanism of SOX18, we conducted RNA-seq analysis after
knocking down SOX18 in Hu sheep DPCs. The result showed that the Wnt/β-Catenin signaling
pathway was involved in the growth process of DPC after SOX18 knockdown. Subsequently, we
investigated the effect of SOX18 on the Wnt/β-Catenin signaling pathway in DPCs using TOP/FOP-
flash, qRT-PCR, and Western blot (WB) analysis. Our data demonstrated that SOX18 could activate
the Wnt/β-Catenin signaling pathway in DPCs. Additionally, we observed that SOX18 could rescue
the proliferation of DPCs after inhibiting the Wnt/β-Catenin signaling pathway. These findings
underscore the essential role of SOX18 as a functional molecule governing the proliferation of DPCs.
Additionally, these findings also greatly enhance our understanding of the role of SOX18 in the
proliferation of DPCs and the growth of wool in Hu sheep.

Keywords: SOX18; DPCs; proliferation; Wnt/β-catenin

1. Introduction

Wool production is a crucial aspect of the sheep breeding industry, as wool serves as
an important fiber material in clothing manufacturing and an important economic source
in many countries [1]. Consequently, it is indispensable for the steady development of the
wool industry to pay attention to wool production. In China, the Hu sheep is esteemed
for its production of patterned wool, which is highly favored by consumers. Therefore,
enhancing the wool production of Hu sheep holds great significance. The growth of
wool emanates from the hair follicle, which serves as a signature of mammalian skin [2].
Hair follicles consist of various epidermal layers, including the hair stroma, medulla,
and inner root sheath stratum corneum, as well as two types of dermal tissue, dermal
papilla (DP) and connective tissue [3]. These epidermal layers and dermal tissues consist
of epithelial cells, HF stem cells and their progenitor cells, matrix cells, mesenchymal
cells (DP cells), and melanocytes. These cells cooperate in facilitating the proper growth
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and development of hair follicles [4–8]. DPCs are essential for guiding HF stem cell
progenitors’ proliferation, upward migration, differentiation, and the forming of other
types of HF cells [9,10]. Furthermore, studies have shown that DPCs can promote hair
follicle growth and affect the size and shape of hair when the number of DPCs reaches a
certain level [11–13]. Consequently, it is of great significance to investigate the proliferation
of DPCs and gain insight into the regulation mechanism that promotes their proliferation.

During the growth and development of hair follicles, multiple signaling pathways have
a significant effect. These pathways include the Wnt/β-Catenin, TGF-β/BMP, and FGF
signaling pathways, which work together to ensure the normal growth and development of
hair follicles [14–18]. Specifically, the Wnt/β-Catenin signaling pathway also plays a crucial
role in DPCs. Previous studies have shown that fish oil could enhance hair growth and DPC
proliferation by activating the Wnt/β-Catenin pathway [19]. Wnt10b, one of the Wnt family
members, could promote DPC proliferation via the Wnt/β-Catenin pathway [20]. These
findings highlight the importance of the Wnt/β-Catenin pathway in DPCs and emphasize
the need for understanding its role in Hu sheep DPCs.

SOX18 is a member of the SOX family, which is composed of a class of SRY- (sex
determination region of Y-chromosome) related genes with a highly conserved HMG-box
DNA-binding domain. These genes encode SOX (SRY-related HMG-box) transcription fac-
tors that play a role in regulating embryonic development and cell fate determination [21].
Studies have shown that mutations in SOX18 lead to the development of oligotrichosis-
lymphedema-telangiectasia (HLT) syndrome in humans, which is also responsible for
severe cardiovascular and hair follicle defects in ragged (RA) mice [22,23]. RA heterozy-
gotes display ragged hair in RA mice, whereas homozygotes are completely hairless and
have a lower survival rate [24]. Through gene targeting, DAVID et al., created SOX18-/-mice,
which displayed only a slight fur defect and a reduced proportion of serrated hair but did
not have significant cardiovascular defects [25]. In addition, it has been discovered that
hair defects in RA mice are caused by a decrease in the number of hair follicles [26]. In Hu
sheep, there are two wool phenotypes: curly and straight, but the cause of the phenotypic
difference is still unknown. In previous research, we identified that SOX18 expression was
specific in DPCs using 10× genomics single-cell sequencing on the hair follicles of Hu sheep
with curly and straight wool phenotypes [27]. Based on this finding, we hypothesized that
SOX18 plays a crucial role in DPCs. There are limited reports on SOX18 in sheep DPCs, and
the effect of SOX18 remains unknown. In addition, it is also still unclear whether SOX18
can affect the DPCs of Hu sheep by regulating the Wnt/β-catenin pathway.

In this study, we aim to investigate the effect of SOX18 on DPCs. Our findings
demonstrate that SOX18 has a positive effect on the proliferation of DPCs by activating
the Wnt/β-catenin pathway. These results will contribute to a better understanding of the
mechanisms underlying DPC proliferation and wool growth in Hu sheep.

2. Results
2.1. SOX18 Is Differentially Expressed in Hu Sheep Skin and DPCs between Different
Wool Phenotypes

In our previous study, we discovered that SOX18 is specifically expressed in the der-
mal papilla cells of hair follicles [27]. Additionally, it has also been reported to play an
essential role in the hair formation of humans and mice [22–25]. These findings suggest
that SOX18 may be crucial in the formation of Hu sheep wool. Initially, we screened
two specific expression genes of DPCs, PDGFRA, and VCAN from single-cell RNA-seq
results for the identification of DPCs [27]. Additionally, we selected two known dermal cell
genes, α-SMA (ACTA1) [28] and Vimentin [29], as positive controls. Immunofluorescence
staining demonstrated the high purity of the extracted DPCs (Figure 1a). Subsequently, im-
munofluorescence staining results showed that SOX18 was expressed in DPCs (Figure 1b).
Furthermore, we also observed that SOX18 was expressed in hair follicle tissue [30]. Next,
we assessed the expression of SOX18 in the skin of Hu sheep with varying wool pheno-
types. The results indicated that SOX18 was highly expressed in the skin of Hu sheep
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with curly wool phenotypes compared to those with straight wool phenotypes (Figure 1c).
Additionally, we found that SOX18 was highly expressed in the DPCs isolated from the
skin of Hu sheep with curly wool phenotypes (Figure 1c). These findings suggest that the
gene SOX18 is likely a crucial gene in the formation of wool in Hu sheep.
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Figure 1. Differential expression of SOX18 in different wool phenotypes. (a) The expression of marker
genes in Hu sheep DPCs, the scale is 100 µm. (b) The expression of SOX18 in Hu sheep DPCs, the
scale is 100 µm. (c) Differential expression of SOX18 in Hu sheep skin and DPCs. The data are
presented as means ± SEM (standard error of the mean) (n = 3). The statistical significance was
assessed using the unpaired Student’s t-test. (* p < 0.05).

2.2. SOX18 Promotes DPC Proliferation

To investigate the effect of SOX18, we constructed an overexpression vector and
transfected it into DPCs. As a result, we observed a significant increase in the mRNA
expression of SOX18 in DPCs (Figure 2a). In addition, we designed and synthesized three
small interfering RNA sequences and evaluated their effects on SOX18 expression in DPCs.
Our qRT-PCR analysis indicated that the siR-2537 sequence at a concentration of 30 nM
was the most effective at reducing SOX18 expression (Figure 2b,c). Then we detected the
effect of SOX18 on DPCs using qRT-PCR, WB, Cell Counting Kit-8 (CCK-8), 5-ethynyl-2’-
deoxyuridine (EdU), and Flow Cytometry. The result of qRT-PCR and WB demonstrated
that the overexpression of SOX18 significantly increases the mRNA level of PCNA, CDK2,
as well as the protein level of PCNA. Conversely, the knockdown of SOX18 resulted in
the opposite effects (Figure 2d,e). Furthermore, the CCK-8 assay and EdU assay revealed
that overexpression of SOX18 facilitated cell vitality and proliferation, while knockdown
of SOX18 suppressed these processes, respectively (Figure 2f,j,g,k). Additionally, our cell
cycle assay demonstrated that SOX18 influenced the proliferation of DPCs by modulating
the progression of the G0/G1 phase and S phase in the cell cycle (Figure 2h,i). Overall,
these findings indicate that SOX18 plays a positive role in regulating the proliferation of
DPCs in vitro.



Int. J. Mol. Sci. 2023, 24, 16672 4 of 17

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 18 
 

 

2h,i). Overall, these findings indicate that SOX18 plays a positive role in regulating the 
proliferation of DPCs in vitro. 

 
Figure 2. SOX18 promotes DPC proliferation. (a) Detection of mRNA level of SOX18 following over-
expression of SOX18 in DPCs. (b,c) Detection of mRNA level of SOX18 following knockdown of 
SOX18 in DPCs. (d,e) Detection of mRNA level of PCNA, CDK2, and protein level of PCNA follow-
ing overexpression or knockdown of SOX18 in DPCs. (f,g) CCK-8 assay following overexpression 
or knockdown of SOX18 in DPCs, respectively. (h,i) Cell cycle assay following overexpression or 
knockdown of SOX18 in DPCs, respectively. (j,k) EdU assay following overexpression or knock-
down of SOX18 in DPCs, respectively. The scale is 100 µm. The data are presented as means ± SEM 
(standard error of the mean) (n = 3). The statistical significance was assessed using the unpaired 
Student’s t-test. (ns: p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001). 

2.3. SOX18 Regulates the Expression of Downstream Genes 
To further investigate the molecular mechanisms of SOX18 in regulating DPC prolif-

eration, we performed RNA-seq after the knockdown of SOX18 in DPCs. After completing 
the quality control for sequencing, Q20, Q30, GC content, and the ratio of clean reads were 
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total reads from the six samples to the reference genome exceeded 97%. Over 93% of the 
reads were aligned to the unique location of the reference genome (Table S1). These results 

Figure 2. SOX18 promotes DPC proliferation. (a) Detection of mRNA level of SOX18 following
overexpression of SOX18 in DPCs. (b,c) Detection of mRNA level of SOX18 following knockdown of
SOX18 in DPCs. (d,e) Detection of mRNA level of PCNA, CDK2, and protein level of PCNA following
overexpression or knockdown of SOX18 in DPCs. (f,g) CCK-8 assay following overexpression or
knockdown of SOX18 in DPCs, respectively. (h,i) Cell cycle assay following overexpression or
knockdown of SOX18 in DPCs, respectively. (j,k) EdU assay following overexpression or knockdown
of SOX18 in DPCs, respectively. The scale is 100 µm. The data are presented as means ± SEM
(standard error of the mean) (n = 3). The statistical significance was assessed using the unpaired
Student’s t-test. (ns: p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001).

2.3. SOX18 Regulates the Expression of Downstream Genes

To further investigate the molecular mechanisms of SOX18 in regulating DPC prolifer-
ation, we performed RNA-seq after the knockdown of SOX18 in DPCs. After completing
the quality control for sequencing, Q20, Q30, GC content, and the ratio of clean reads
were evaluated for each sample. The RNA sequencing data are shown in Table S1. The
sequencing reads were aligned to the sheep reference genome, and the efficiency of aligning
the total reads from the six samples to the reference genome exceeded 97%. Over 93% of
the reads were aligned to the unique location of the reference genome (Table S1). These
results indicated that the data was of high quality and could be used for further analysis.
Furthermore, correlation analysis revealed a high degree of similarity among replicate
samples within the same group and the RNA-seq data was of a high quality for further
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analysis (Figure 3a). To identify DEGs in the two groups (siR-SOX18 vs. siR-NC), all the
genes sequenced were screened for their difference. The screening process employed the
following criteria: a Fold Change ≥ 2 and a False Discovery Rate (FDR) < 0.05. A total of
246 differentially expressed genes (DEGs) were identified, of which 120 were upregulated
and 126 were downregulated (Table S2). To directly observe the difference in expression
levels of genes and the statistical significance of the differences, a volcano plot was used
(Figure 3b). We conducted hierarchical clustering on 120 upregulated genes and 126 down-
regulated genes. The analysis revealed that samples from the same group exhibited close
clustering, further indicating that the sequencing data is accurate and reliable (Figure 3c,d).
In addition, we randomly selected four upregulated genes and four downregulated genes
for differential expression validation, and the result of qRT-PCR showed the expression
trend of eight genes was consistent with the sequencing results (Figure 3e). All of these
results indicated that the RNA seq data could be used for the next step of the analysis.
Then, we performed a GO analysis, and the results indicated that these DEGs were associ-
ated with multicellular organismal processes, regulation of biological processes, nucleic
acid binding transcription factor activity, transcription factor activity, and protein binding
(Figure 3f; Table S3).

2.4. SOX18 Enhances the Wnt/β-Catenin Pathway in DPCs

Based on the result of the KEGG enrichment analysis of the DEGs obtained from RNA-
seq, we identified seven differentially expressed genes (DEGs) that were enriched in the
Wnt/β-Catenin pathway (Figure 4a,b; Table S3). This finding prompted us to explore the
effect of SOX18 on the Wnt/β-Catenin signaling pathway. To explore the effect of SOX18
on the Wnt/β-Catenin pathway, we estimated the transcription activity of β-catenin/TCF
in DPCs after overexpression or knockdown of SOX18 in sheep DPCs, respectively. The
results of the dual-luciferase detection indicated that SOX18 could increase the activity
of the Wnt/β-Catenin signaling pathway in DPCs (Figure 4c,d). We also analyzed the
mRNA expression level of Wnt/β-catenin pathway-related genes (CTNNB1, TCF4, LEF1,
c-MYC, and cyclinD1) in DPCs. The qRT-PCR assay revealed that SOX18 could enhance the
expression of these genes (Figure 4e,f). Furthermore, we analyzed the protein expression
of β-Catenin following the overexpression or knockdown of SOX18 in DPCs, respectively.
The Western blot assay indicated SOX18 could enhance the protein expression of β-Catenin
in DPCs (Figure 4g,h). All of these results suggested that SOX18 could activate the Wnt/β-
catenin pathway in the DPCs of Hu sheep.

2.5. SOX18 Regulates DPC Proliferation via the Wnt/β-Catenin Pathway

Due to the involvement of SOX18 in the Wnt/β-catenin pathway in DPCs, we aimed to
investigate whether SOX18 promotes the proliferation of DPCs by upregulating the Wnt/β-
catenin pathway. First, we detected the mRNA expression of CTNNB1 after the DPCs were
treated with 30 µM ICG001 (Beyotime, Shanghai, China) and found that the expression of
CTNNB1 was significantly reduced compared to the control group (Figure 5a). Next, we
estimated the β-catenin/TCF transcription activity in DPCs treated with/without 30 µM
ICG001. The results of a dual-luciferase detection indicated that 30 µM ICG001 significantly
reduced the activity of the Wnt/β-Catenin signaling pathway in DPCs (Figure 5b). These
results indicate that 30 µM ICG001 could inhibit the activity of the Wnt/β-catenin pathway
in DPCs. Furthermore, we found that 30 µM ICG001 could reduce the proliferation of
DPCs, which reveals the positive effect of the Wnt/β-catenin pathway on the proliferation
of DPCs (Figure 5c,d). Then, we investigated whether overexpressing SOX18 could rescue
the proliferation of DPCs after DPCs were treated with 30 µM ICG001. EdU assay indicated
that overexpression of SOX18 could significantly rescue the proliferation of DPCs treated
with 30µM ICG001 (Figure 5e,f). All of these results prompt us to suggest that SOX18
regulates DPC proliferation through the Wnt/β-catenin pathway.
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Figure 3. SOX18 regulates the expression of downstream genes. (a) Correlation analysis of samples.
(b) A volcano plot was used to show the DEGs. (c,d) Heat map showing expression patterns of
significant expression genes. (e) Verification of DEGs by QRT-PCR. (f) GO enrichment analysis of
DEGs. The data are presented as means ± SEM (standard error of the mean) (n = 3). The statistical
significance was assessed using the unpaired Student’s t-test. (** p < 0.01; *** p < 0.001).
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Figure 4. SOX18 enhances the Wnt/β-Catenin pathway in DPCs. (a) KEGG enrichment analysis
of DEGs obtained after SOX18 knockdown. (b) DEGs in the siR-SOX18 and siR-NC related to the
Wnt/β-Catenin pathway are depicted as a heatmap. The red box indicates upregulation, and the blue
box indicates downregulation. (c,d) TOP/FOP-flash assays following overexpression or knockdown
of SOX18 in DPCs, respectively. (e,f) Detection of mRNA level of Wnt/β-catenin pathway-related
genes following overexpression or knockdown of SOX18 in DPCs, respectively. (g,h) Detection of
the protein expression of β-Catenin following overexpression or knockdown of SOX18 in DPCs,
respectively. The data are presented as means ± SEM (standard error of the mean) (n = 3). The
statistical significance was assessed using the unpaired Student’s t-test. (* p < 0.05; ** p < 0.01;
*** p < 0.001).
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Figure 5. SOX18 regulates DPC proliferation via the Wnt/β-Catenin pathway. (a) Detection of mRNA
level of CTNNB1 following the inhibiting of the Wnt/β-Catenin pathway in DPCs. (b) TOP/FOP-
flash assays of the Wnt/β-Catenin signaling pathway activity in DPCs treated with/without 30 µM
ICG001. (c,d) EdU assay of DPCs treated with/without 30 µM ICG001. The scale is 100 µm. (e,f) EdU
assay after DPCs were treated with pcDNA 3.1-SOX18 + 30 µM ICG001, 30 µM ICG001, and pcDNA
3.1. The scale is 100 µm. The data are presented as means ± SEM (standard error of the mean) (n = 3).
The statistical significance was assessed using the unpaired Student’s t-test. (* p < 0.05; ** p < 0.01;
*** p < 0.001).

3. Discussion

As an important cell type in hair follicles, DPCs have been reported to play an im-
portant role in regulating hair follicle morphogenesis [31]. In addition, DPCs have been
found could provide signal transduction and nutrient supply for hair follicle growth and
differentiation processes [32]. Therefore, analyzing the growth regulation of DPCs helps
us to understand the growth and development of hair follicles. In a previous study, we
discovered that the expression of SOX18 was restricted to DPCs, as opposed to other cell
types within the hair follicles [27]. This result makes us question whether SOX18 plays a
role in DPCs growth. It was reported that the dominant-negative mutation of SOX18 could
inhibit the formation and differentiation of DP; this result suggests that SOX18 plays a role
in the dermal papilla and further promotes our research on the proliferation of dermal
papilla cells regulated by SOX18 [33]. Furthermore, SOX18 has also been found to influence
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hair growth in humans and mice [22,23]. Therefore, we speculated that SOX18 might
affect the growth of Hu sheep wool by regulating the proliferation of DPCs. In the present
study, we detected the effect of SOX18 on the proliferation of DPCs, and we found that
overexpression of SOX18 could enhance the proliferation of DPCs, while the interference
of SOX18 had the opposite effect. These findings indicate a positive role of SOX18 in the
in vitro proliferation of DPCs.

In a previous study of the cashmere fineness of Jiangnan cashmere goats by RNA-
seq, SOX18 was found to be related to hair follicle development [34]. Thus, in this study,
we further understood the function of SOX18 in DPCs and hair follicles by RNA-seq.
Based on the analysis of these differential genes from RNA-seq, we have a preliminary
understanding of the potential function of SOX18 in DPC proliferation and hair follicle
development. Based on GO enrichment analysis, we found that some DEGs are related to
the cell proliferation process, such as PMP22 [35], CCN2 [36], TCF7 [37], and FOXF1 [38],
and these genes were reported to regulate the proliferation of different cells. Therefore,
we speculated that SOX18 affects the proliferation of DPCs by affecting the expression of
these genes. Moreover, the result of the KEGG enrichment analysis indicated that DEGs
clustered on the TNF signaling pathway [39], MAPK signaling pathway [40], and Wnt
signaling pathway [41], and that these signaling pathways also play an essential role in the
process of cell proliferation. This result also prompts us to suggest that SOX18 may affect
cell proliferation through these signaling pathways.

According to the result of the pathway enrichment analysis, we found that some genes
were related to the Wnt pathway. This discovery drew our attention to the relationship
between SOX18 and the Wnt pathway in DPC. In hair growth, many signal pathways have
been discovered to play a crucial role, and the Wnt signaling pathway is of great importance.
The Wnt/β-Catenin signaling pathway has been reported to participate broadly in the
morphogenesis and periodic growth of hair follicles [42]. In the initiation and regeneration
of mice hair follicles, Wnt/β-Catenin signaling has also been proven necessary [43]. In
addition, the role of some WNT proteins in hair growth has also been investigated and
reported on. Wnt10b, a member of the Wnt family of proteins, could promote dermal
papilla cell proliferation and hair follicle growth through the Wnt/β-Catenin pathway [20].
Based on these results, we speculated that SOX18 may affect the proliferation of DPCs and
hair follicle growth through the Wnt/β-Catenin pathway. Thus, we detected the effect of
SOX18 on the Wnt/β-Catenin pathway. We found that several components of the Wnt
signaling pathway, including β-Catenin, TCF/LEF, and downstream targets such as c-Myc
and cyclinD1, are regulated by SOX18. Thereby, we also demonstrated that SOX18 may
regulate the proliferation of DPCs through the activation of the Wnt/β-Catenin pathway.

The Wnt/β-catenin signaling pathway is highly conserved and has been found to
participate in the regulation of cell proliferation, differentiation, apoptosis, and many
other life activities [44]. The Wnt/β-Catenin signaling pathway plays a critical role in the
proliferation of goat DPCs, and similar effects have also been found in sheep DPCs [45,46].
Our study revealed that the promotional effect of SOX18 on the Wnt/β-Catenin pathway
was diminished upon the inhibition of the Wnt/β-catenin pathway in DPCs. Furthermore,
the overexpression of SOX18 could rescue cell proliferation after inhibiting the Wnt/β-
Catenin pathway in DPCs. These findings prompt us to suggest that the promoting effect
of SOX18 on DPC proliferation is achieved by regulating the Wnt/β-Catenin pathway.

4. Conclusions

In this study, we initially examined the effect of SOX18 on dermal papilla cells and
revealed that SOX18 positively influences the proliferation of DPCs. Combining RNA-seq
and experimental verification, we further revealed that SOX18 could affect the proliferation
of DPCs by influencing the Wnt/β-Catenin pathway. Our study identified the effect of
SOX18 on the proliferation of DPCs in Hu sheep, providing a deeper understanding of the
involvement of SOX18 in the growth of wool in Hu sheep.
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5. Materials and Methods
5.1. Animals and Ethics Statement

The skin tissue used for cell isolation was obtained from a healthy 3-day-old lamb
of Hu sheep and was provided by Suzhou Sheep Farm (Suzhou, China). The animal
experimental protocols were designed in strict accordance with the “Jiangsu Province
laboratory animal management measures”, and received approval from the Animal Ethics
Committee of Yangzhou University (Approval number: No. 202103279).

5.2. Cell Isolation, Culture, and Transfection

Isolation of DPCs: The skin tissue used for dermal papilla cell isolation was collected
from a healthy 3-day-old lamb of a Hu sheep, and the development of hair follicles was
in the growth stage. Every effort was made to minimize the pain of the lamb during the
collection process and the wound was disinfected until full recovery. We first excised the
skin tissue and isolated individual hair follicles after obtaining the skin tissue. Then we
obtained the bulged ends of the hair follicles and utilized a tweezer to disrupt the bulged
ends, promoting the migration of internal cells. Subsequently, we implanted 2–3 bulged
ends of the hair follicles into a 12-well cell culture dish for about a week to obtain DPCs.

Culture of DPCs: the medium consisted of DMEM-F12 (Sigma-Aldrich, St. Louis, MO,
USA) with added 10% fetal bovine serum (Gibco, Grand Island, NY, USA), and 1% penicillin-
streptomycin-amphotericin (Solarbio, Beijing, China). All the cells utilized in this study were
cultured within a cell incubator (Thermo, Waltham, MA, USA) with 5% CO2 at 37 ◦C.

Transfection of DPCs: We transfected cells utilizing the jetPRIME Transfection Reagent
(Polyplus, Illkirch, France) and followed the manufacturer’s protocol for cell transfection
procedures.

5.3. Total RNA Extraction, cDNA Synthesis, Primer Design, and qRT-PCR

We cultured DPCs using a 12-well cell culture dish for the RNA extraction and the
density of cell transfection was about 50%. Trizol (Takara, Dalian, China) was used for
the total RNA extraction of DPCs. A one-step reverse transcription Kit (Tiagen, Beijing,
China) was used to synthesize cDNA. For gene expression level detection, 2 × TSINGKE®

Master qPCR mix (Tsingke, Nanjing, China) was employed. The GAPDH gene of sheep was
employed as a reference gene. Three repeated tests were conducted for each sample. The
relative expression of genes was calculated using the 2−∆∆CT method [47]. Gene primers
were designed using Premier Primer 5.0 software (Premier Biosoft International, Palo Alto,
CA, USA). All of these primers were synthesized by Tsingke (Nanjing, China), and their
details are provided in Table 1.

Table 1. Primers used for qRT-PCR.

Gene Primer Sequence (5′–3′) Product Size (bp) Annealing
Temperature (◦C) Accession Number

SOX18 F: TGTGGGCGAAGGACGAGC
R: GCCAAGCCTGGGAGGAGGAG 253 60 XM_027976914.2

PCNA F: CGAGGGCTTCGACACTTAC
97 60 XM_004014340.5R: GTCTTCATTGCCAGCACATT

CDK2 F: AGAAGTGGCTGCATCACAAG
R: TCTCAGAATCTCCAGGGAATAG 92 60 NM_001142509.1

CTNNB1 F: GAGGACAAGCCACAGGATTAT 101 60 NM_001308590.1
R: CCAAGATCAGCGGTCTCATT

TCF4 F: AACCCTTTCGCCCACCAA 299 60 XM_012103768.4
R: CAGGCTGATTCATCCCAC

LEF1 F: CAGGTGGTGTTGGACAGATAA 179 60 XM_042251146.1
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Table 1. Cont.

Gene Primer Sequence (5′–3′) Product Size (bp) Annealing
Temperature (◦C) Accession Number

R: ATGAGGGATGCCAGTTGTG
c-MYC F: CCCTACCCGCTCAACGACA 295 60 NM_001009426.1

R: GGCTGTGAGGAGGTTTGC
cyclinD1 F: CCGAGGAGAACAAGCAGATC 91 60 XM_027959928.2

R: GAGGGTGGGTTGGAAATG
IGF1 F: TGTGCTTGCTCGCCTTCA 216 60 XM_027965760.2

R: AGTACATCTCCAGCCTCCTCA
IL6 F: CCTGGTGATGACTTCTGC 361 60 NM_001009392.1

R: AGTTTCCTGATTTCCCTC
LIF F: AGTGCCAACAGCCTCTTTATC 337 60 XM_004017472.5

R: GGCCGTAGGTCACATCCA
TGFA F: CAGCTTCCCACAGTCAGTTC 318 60 XM_027966972.2

R: AGCAAGCAGTCCTTCCCT
CRABP1 F: TCGGAGAAGGCTTTGAGG 160 60 XM_027966972.2

R: AGGATGAGTTCGTCGTTGG
IGF2BP2 F: TGTTGGTGCCATCATCGG 314 60 XM_042233496.1

R: TTATCTTGGTCCCTGTCTCA
PLAT F: GGGGACTGCTACACTGGAAA 322 60 XM_012106011.3

R: TGATGTCGGCGAAGAGGC
SCN1B F: AGAAGGGCACAGAGGAGTTT 207 60 XM_004015635.5

R: CGAAGAAGAGCAGGCGGTA
GAPDH F: TCTCAAGGGCATTCTAGGCTAC

151 60 NM_001190390.1R: GCCGAATTCATTGTCGTACCAG

5.4. RNA Oligonucleotides and Plasmid Construction

To construct the overexpression vector of SOX18, we used PrimeSTAR® Max DNA
Polymerase (Takara, Dalian, China) to amplify the complete coding domain sequence (CDS)
of the SOX18 gene. Then, the CDS fragment was cloned into the pcDNA 3.1+ reporter vector
and HindIII and BamHI were the restriction sites. Moreover, we performed sequencing of
the recombinant plasmid to confirm the successful insertion of the fragment. The primer is
provided in Table 2.

Table 2. Primers used for vector construction.

Primer
Name Primer Sequence (5′–3′) Product Size

(bp)
Annealing

Temperature (◦C)

OE-SOX18 F: CTAGCGTTTAAACTTAAGCTT ATGCAGAGATCGCCGCTCG 1176 62
R: CCACACTGGACTAGTGGATCCCTATCCAGAGATGCAGGCGCTG

In this study, we utilized small interfering RNAs (siRNAs) to silence the expression of
SOX18. Both the siRNAs for knocking down SOX18 and the siRNA negative control
(NC) were designed and synthesized by GenePharma (Suzhou, China). The specific
oligonucleotide sequences are provided in Table 3.

5.5. Immunofluorescence

DPCs were cultured in a 24-well cell culture dish for immunofluorescence. The density
of cell transfection was about 30%. First, we performed a washing process on DPCs using
1X PBS (Solarbio, Beijing, China) after the cells reached an appropriate density. The cells
were fixed by a 4% paraformaldehyde solution (Solarbio, Beijing, China) and permeated
by 0.5% Triton X-100 (Solarbio, Beijing, China). Next, the cells were incubated with 5%
BSA (Solarbio, Beijing, China). Finally, the primary antibody was used for incubating the
cells in darkness at 4 ◦C. The following day, 1X PBST (Solarbio, Beijing, China) was used
to rinse cells which were subsequently incubated at 37 ◦C with the secondary antibody.
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The nuclei of the cells were stained by DAPI (Beyotime, Shanghai, China). We utilized an
inverted fluorescence microscope (Nikon, Tokyo, Japan) to observe and capture images of
the stained cells. The primary antibodies and their respective dilution ratios are presented
in the following: ACTA1 rabbit polyclonal antibody (Sangon Biotech, Shanghai, China,
1:400, D121592), PDGFRA rabbit monoclonal antibody (Abcam, Cambridge, UK, 1:400,
ab203491), VCAN rabbit polyclonal antibody (Santa Cruz Biotech, Santa Cruz, The Republic
Bolivia, 1:400, D223532), Vimentin mouse monoclonal antibody (Santa Cruz Biotech, Santa
Cruz, The Republic Bolivia, 1:400, sc-6260), SOX18 antibody (Bioss, Beijing, China, 1:400,
bs-17135R). The secondary antibodies and their respective dilution ratios are presented in
the following: Goat Anti-Rabbit IgG H&L (Alexa Fluor® 555) (Abcam, Cambridge, UK,
1:400, Ab150078), Goat Anti-Mouse IgG H&L (Alexa Fluor®555) (Abcam, Cambridge, UK,
1:400, Ab150114).

Table 3. Oligonucleotide sequences for siRNA.

Fragment Name Sequence (5′–3′)

siRNA-1892 GCAAGGCAUGGAAGGAGCUTT
AGCUCCUUCCAUGCCUUGCTT

siRNA-2537 ACCAGUACCUCAACUGCAGTT
CUGCAGUUGAGGUACUGGUTT

siRNA-2672 GCUCUGCUGUCUACUACAGTT
CUGUAGUAGACAGCAGAGCTT

siRNA-NC UUCUCCGAACGUGUCACGUTT
ACGUGACACGUUCGGAGAATT

5.6. CCK-8 Assay

DPCs were cultured in a 96-well cell culture dish for the CCK-8 assay. The density
of cell transfection was about 30%. We detected the cell viability at 0 h (12 h after DPCs
transfected), 24 h, 48 h, and 72 h using a CCK-8 Kit (Vazyme, Nanjing, China). The
absorbance at 450 nm was detected using a microplate reader (EnSpire, Perkin Elmer,
Waltham, MA, USA).

5.7. EdU Assay

DPCs were cultured in a 24-well cell culture dish for the EdU assay. The density of
cell transfection was about 50%. After 48 h of transfection, we fixed cells for 30 min using
4% paraformaldehyde (Solarbio, Beijing, China). Then Triton X-100 was used to make cell
permeabilization. Finally, according to the instruction manual, an EdU Apollo In Vitro
Imaging Kit (RiboBio, Guangzhou, China) was used to conduct cell treatment. We utilized
an inverted fluorescence microscope (Nikon, Tokyo, Japan) to observe and capture images
of the stained cells and Image Pro Plus 6.0 software (Media Cybernetics, Rockville, MD,
USA) to analyze images.

5.8. Cell Cycle Assay

DPCs were cultured in a 6-well cell culture dish for the cell cycle assay. The density
of cell transfection was about 50%. After 48 h of transfection, we collected DPCs using
trypsin (Solarbio, Beijing, China). Then, we used 70% ethanol to fix cells overnight at 4 ◦C.
Finally, we used propidium iodide (50 ug/mL, Solarbio, Beijing, China) containing RNaseA
(50 ug/mL, TianGen, Beijing, China) to stain cells and incubate them in a dark environment
at a temperature of 37 ◦C for 30 min. After DPCs were processed, we used a FACSAria
SORP flow cytometer (BD company, Franklin, NJ, USA) to analyze the number of cells
at different stages. Data analysis was performed using ModFit LT 5.0 software (Verity
Software House, Bedford, MA, USA).
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5.9. TOP/FOP-Flash Wnt Report Assays

DPCs were cultured in a 12-well cell culture dish for the TOP/FOP-flash Wnt report
assays. The density of cell transfection was about 50%. We utilized the TOP/FOP-flash
plasmid (Beyotime, Shanghai, China) to estimate the transcription activity of β-catenin/TCF
in DPCs. First, we co-transfected pcDNA 3.1-SOX18/pcDNA 3.1, TOP/FOP-flash plasmid,
and the Renilla luciferase reporter plasmid (pRL-TK) into DPCs, respectively. After 48 h of
transfection, we utilized a dual-luciferase detection kit (Vazyme, Nanjing, China) to process
the cells. Next, we employed a microplate reader (EnSpire, Perkin Elmer, Waltham, MA,
USA) to estimate the Luciferase activity.

5.10. Total Protein Extraction and Western Blot Assay

DPCs were cultured in a 12-well cell culture dish for the collection of protein sam-
ples. The density of cell transfection was about 50%. After 48 h of transfection, cells were
collected from each well of the 6-well cell culture dish and treated as one sample, respec-
tively. Then, 150 µL RIPA cell lysates (Beyotime, Shanghai, China) and 1.5 µL protease
inhibitors (Beyotime, Shanghai, China) were added to each cell lysate to collect proteins.
We employed the BCA Protein Quantification Kit (Vazyme, Nanjing, China) to determine
protein concentration. For each protein sample, we added 15 µg for the corresponding
protein detection. After the protein sample was denatured, we used 10% polyacrylamide
gel electrophoresis to obtain the target protein. The voltage was 80 v when the sample
underwent electrophoresis in concentrated gel. After the sample entered the separation gel,
the electrophoresis voltage was 120 v. Then, we transferred the target protein to the PVDF
membrane (Solarbio, Beijing, China) using the Western blot transfer instrument (BIO-RAD,
Hercules, CA, USA). The conditions of protein transfer were 25 v voltage, 1A current,
and 15 min. Next, the PVDF membrane was incubated with 5% skimmed milk powder
and the primary antibody overnight at 4 ◦C, respectively. The following day, 1X TBST
(Solarbio, Beijing, China) was used to rinse the PVDF membrane and was subsequently
incubated with the secondary antibody. After detecting PCNA protein expression, we used
a stripping buffer (Beyotime Biotechnology, China) to remove the primary and secondary
antibodies. Then, 1X TBST (Solarbio, Beijing, China) was used to rinse the PVDF membrane.
Subsequently, we blocked and incubated the PVDF membrane with the antibodies for
subsequent experiments. Electrochemiluminescence (ECL) (Beyotime, Shanghai, China)
was used for the imprinting display of the PVDF membrane. The ChemDocTMTouch
Imaging System (Bio-Rad, Hercules, CA, USA) was used to measure protein expression
level. The primary antibodies and their respective dilution ratios are presented in the
following: PCNA rabbit polyclonal antibody (Affinity Biosciences, Cincinnati, OH, USA,
1:1000, AF0239), β-catenin mouse monoclonal antibody (Beyotime, Shanghai, China, 1:1000,
AF0069), and GAPDH mouse monoclonal antibody (proteintech, Wuhan, China, 1:5000,
60004-1-Ig). The secondary antibodies and their respective dilution ratios are presented in
the following: Goat Anti-Rabbit IgG H&L(HRP) (Abcam, Cambridge, UK, 1:5000, ab6721),
Goat Anti-Mouse IgG H&L(HRP) (Abcam, Cambridge, UK, 1:5000, ab205719).

5.11. RNA-Seq Analysis

DPCs used for RNA-seq were previously isolated and preserved by our research
group. We cultured DPCs using six 10 cm cell culture dishes for the collection of RNA-seq
samples. Each treatment group cultured DPCs in three 10 cm cell culture dishes, resulting
in three RNA-seq samples. After 48 h of transfection, cells were collected as six RNA-seq
samples for total RNA extraction, respectively. The total RNA was extracted using the
Trizol reagent kit (Invitrogen, Carlsbad, CA, USA). The quality of RNA was assessed using
the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), and confirmed
through RNase-free agarose gel electrophoresis. Then, Oligo(dT) beads were utilized for
eukaryotic mRNA enrichment. The enriched mRNA was fragmented into short fragments
using a fragmentation buffer and then reversely transcribed into cDNA using the NEB
Next Ultra RNA Library Prep Kit for Illumina (NEB #7530, New England Biolabs, Ipswich,
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MA, USA). The purified double-stranded cDNA fragments were end-repaired, and an A
base was added and ligated to Illumina sequencing adapters. The ligation reaction was
purified using the AMPure XP Beads (1.0X). Ligated fragments were subjected to size
selection by agarose gel electrophoresis and polymerase chain reaction (PCR) amplification.
The resulting cDNA library was sequenced using Illumina Novaseq6000 by Gene Denovo
Biotechnology Co. (Guangzhou, China). After acquiring the raw reads from the sequencing
machines, fastp [48] (version 0.18.0) was used to filter out low-quality reads and obtain
high-quality clean reads. Additionally, the short-read alignment tool Bowtie2 [49] (version
2.2.8) was used to map reads against the ribosome RNA (rRNA) database and subsequently
eliminate rRNA-mapped reads. The remaining clean reads were then used in all subsequent
analyses. HISAT [50] software (version 2.2.4) was used for each sample to map paired-
end clean reads to the reference genome, which was the latest sheep reference genome
(GCF_016772045.1_ARS-UI_Ramb_v2.0).

RNA differential expression analysis of the two groups (SIR-SOX18 vs. SOX18-
NC) was performed by DESeq2 [51] software (version 1.42.0), and edgeR [52] (version
4.0.2) was used to analyze RNA differential expression between the two samples. The
genes/transcripts with false discovery rate (FDR) parameters below 0.05 and absolute fold
change ≥2 were considered differentially expressed genes/transcripts. To gain insights
into the functionality of these differentially expressed genes (DEGs) in the SIR-SOX18 vs.
SOX18-NC group (which consisted of 246 genes), the Database for Annotation, Visual-
ization, and Integrated Discovery (DAVID) [53] was employed for Gene Ontology [54]
functional annotation and KEGG [55] pathway analysis.

5.12. Statistical Analysis

The SPSS 25.0 software (SPSS Inc., Chicago, IL, USA) was conducted for statistical
analysis. The unpaired Student’s t-test was used for the two-group comparison analysis.
The data were considered statistically significant only when p < 0.05 (*), p < 0.01 (**), or
p < 0.001 (***). Each experiment included three biological replications. All experiment data
are reported as means ± SEM (standard error of the mean).
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