
Citation: Zhang, W.; Jin, M.; Li, T.;

Lu, Z.; Wang, H.; Yuan, Z.; Wei, C.

Whole-Genome Resequencing

Reveals Selection Signal Related to

Sheep Wool Fineness. Animals 2023,

13, 2944. https://doi.org/10.3390/

ani13182944

Academic Editor: Dimitrios

Loukovitis

Received: 3 August 2023

Revised: 11 September 2023

Accepted: 12 September 2023

Published: 16 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Whole-Genome Resequencing Reveals Selection Signal Related
to Sheep Wool Fineness
Wentao Zhang 1 , Meilin Jin 1 , Taotao Li 1, Zengkui Lu 2 , Huihua Wang 1, Zehu Yuan 3 and Caihong Wei 1,*

1 State Key Laboratory of Animal Biotech Breeding, Institute of Animal Sciences, Chinese Academy of
Agricultural Sciences, Beijing 100193, China; m18251871965@163.com (W.Z.); jmlingg@163.com (M.J.);
ltt_ltt2020@163.com (T.L.); wanghuihua@caas.cn (H.W.)

2 Key Laboratory of Animal Genetics and Breeding on Tibetan Plateau, Ministry of Agriculture and Rural
Affairs, Lanzhou Institute of Husbandry and Pharmaceutical Sciences, Chinese Academy of Agricultural
Sciences, Lanzhou 730050, China; luzengkui@caas.cn

3 College of Animal Science and Technology, Yangzhou University, Yangzhou 225000, China;
yuanzehu@yzu.edu.cn

* Correspondence: weicaihong@caas.cn

Simple Summary: Wool is a very important agricultural product and an ideal raw material for the
production of high-quality textiles and clothing. In addition, the wool industry provides important
support for economic development and the livelihoods of rural communities, creating employment
opportunities and sources of income for farmers. Whole-genome sequencing technology has impor-
tant applications in the study of genetic diversity, population structure, and selection pressure in
the sheep genome. In this study, we analyzed the population structure and genomic differences of
eight breeds. In addition, we identified a series of candidate genes that may be related to hair follicle
development, wool traits, lipid metabolism, and androgen metabolism. This study provides valuable
genomic resources and a theoretical basis for future wool improvement.

Abstract: Wool fineness affects the quality of wool, and some studies have identified about forty
candidate genes that affect sheep wool fineness, but these genes often reveal only a certain proportion
of the variation in wool thickness. We further explore additional genes associated with the fineness
of sheep wool. Whole-genome resequencing of eight sheep breeds was performed to reveal selection
signals associated with wool fineness, including four coarse wool and four fine/semi-fine wool sheep
breeds. Multiple methods to reveal selection signals (Fst and θπ Ratio and XP-EHH) were applied for
sheep wool fineness traits. In total, 269 and 319 genes were annotated in the fine wool (F vs. C) group
and the coarse wool (C vs. F) group, such as LGR4, PIK3CA, and SEMA3C and NFIB, OPHN1, and
THADA. In F vs. C, 269 genes were enriched in 15 significant GO Terms (p < 0.05) and 38 significant
KEGG Pathways (p < 0.05), such as protein localization to plasma membrane (GO: 0072659) and
Inositol phosphate metabolism (oas 00562). In C vs. F, 319 genes were enriched in 21 GO Terms
(p < 0.05) and 16 KEGG Pathways (p < 0.05), such as negative regulation of focal adhesion assembly
(GO: 0051895) and Axon guidance (oas 04360). Our study has uncovered genomic information
pertaining to significant traits in sheep and has identified valuable candidate genes. This will pave
the way for subsequent investigations into related traits.

Keywords: wool fineness; sheep; selection signal; whole-genome resequencing; Fst and θπ Ratio and
XP-EHH

1. Introduction

The wool fineness refers to the diameter of the sheep’s wool fibers, and it is an
important indicator of the quality of the wool. Different sheep breeds vary greatly in their
wool fineness; the smaller the fineness, the softer the wool fiber. Coarse wool can therefore
be used to make heavy clothing and blankets, while fine wool can be used to make soft,
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gentle clothing, such as knitwear and textiles [1]. In the 1990s, Australia had bred sheep
towards the fine and ultra-fine types, and wool under 20 microns had reached 30% of
the total production in 2000. Although China has a large indigenous sheep breed, the
lack of efficient breeding has resulted in relatively low yields and inconsistent quality of
fine wool. China has a large market demand for fine wool but has long relied on imports.
The selection signal analysis has revealed candidate genes related to wool fineness and
provided support for improving wool fineness in sheep.

Genome-wide association analysis and whole-genome resequencing techniques have
allowed the identification of genes and SNPs associated with wool fineness. In Chinese
Merino sheep, the roles of TSPEAR, PIK3R4, and KRTCAP3 in hair follicle development and
fiber diameter have been suggested [2], and the EPHA5 gene was significantly associated
with wool curl traits [2]. A study comparing the skin of coarse and fine wool sheep revealed
the potential effectors (APCDD1, FGF20, DKK1, IGFBP3, and SFRP4) that regulate the
skin compartments of primary wool follicles to shape the variable wool fiber thickness [3].
BNC1 was found to be significantly associated with mean fiber diameter (MFD) in sheep [4].
Among the type II irs-specific keratins, KRT71 was expressed in all three irs layers, but only
KRT71 was expressed in the outer Henle layer [5,6]; KRT72 and KRT73 were exclusively
expressed in the inner cuticle, while KRT74 expression was restricted to the middle Huxley
layer [6,7]. Another study identified some genes belonging to KAPs and KIFs that may
affect the fineness of wool [8]. Overexpression of mutant C-KRT74 likely enlarges Huxley
cells by enhancing the KIF network, which in turn allows the hair shaft to be shaped
more finely [9]. Mutations upstream of EDAR increase placode formation [9]. A non-
synonymous variant of EDAR is associated with hair thickness in Asian populations [10].
Among the BAAT genes of Liaoning cashmere goats, the TT genotype at locus T7967C had
the best cashmere fineness [11]. GHR is progressively downregulated during hair follicle
development and correlates with curl number (CN) [12]. Furthermore, it also demonstrates
a strong negative correlation between fiber diameter and follicle density [13]. These genes
are implicated in processes that regulate wool cell development and fiber morphology and
play an important role in regulating wool fineness. By exploring the molecular mechanisms
and key genes of wool cell differentiation through single-cell RNA sequencing, it was
found that the WNT signaling pathway [14–16], TGFβ signaling pathway [16,17], fibroblast
growth factor (FGF) signaling pathway [18], and hedgehog signaling pathway [17] play
important regulatory roles during cell differentiation and fiber formation. The Wnt/beta-
catenin and EDA/EDAR/NF-kappaB signaling pathways play a role in the initiation
and maintenance of the primary hair follicle placodes [19,20]. The hedgehog signaling
pathway regulates the function of the mesenchymal niche in the hair follicle by means of
the SCUBE3/TGF-β mechanism [17]. The EBF1/WNT10A interaction is highly significant
in relation to hair formation during the anagen phase [21]. The transcription factor FOXO1
is associated with the growth and differentiation of dermal papillae (DP) and hair follicle
epithelial cells [18,22]. The WNT/β-catenin pathway’s differential activity in dermal
papilla cells (DPCs) may have an effect on the curl of the wool [23]. EDA signaling has
been shown to play an essential role in regulating hair curl [10,24]. Such key factors and
signaling pathways can regulate and influence the morphology and quality of wool fibers,
and, consequently, the fineness. It was discovered that subcutaneous fat cells play an
important role in the quality control of wool. The nuclear transcription factor FOXO1
reduces androgen-induced androgen receptor (AR) target gene expression [25] to inhibit
the AR [26]. Lack of nuclear FOXO1 increases the transactivation of the AR [22,25] and
alters the activity of critical nuclear receptors and key genes, which are implicated in the
proliferation of pilosebaceous keratinocytes, sebaceous lipogenesis, and the expression of
perifollicular inflammatory cytokines [22]. During the regulation of wool development
and fiber morphology, subcutaneous adipocytes secrete several factors that can affect wool
fineness. From the above research progress on the genes, pathways, and mechanisms
related to wool fineness, it can be found that there are many studies on fine wool genes, but
they can only explain a certain proportion of the variation in wool fiber thickness, and there
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is still a lack of research on the regulatory mechanisms. Therefore, there is still a need to
discover more genes related to fine wool formation. The study of coarse wool is relatively
rare. Coarse wool is also one of the important components of wool resources, but it lacks
commercial value today, and its conservation needs to be valued. The difference between
modern wool carpets and ancient oriental wool carpets shows a lack of a wide variety of
high-quality coarse-fiber-diameter wool. Therefore, there is also some value in studying
the coarse-wool-related genes that diversify coarse wool varieties [27].

While other economic traits in sheep have been more intensively studied, the potential
genes regulating wool fineness have not yet been explored, and the underlying genetic
mechanisms of wool fineness remain unclear. Upon summarizing the above, we still
deem it necessary to search for new candidate regulatory genes. We therefore performed
a whole-genome resequencing to reveal the selection signatures of sheep wool fineness,
including four coarse wool and four fine/semi-fine wool sheep breeds. First, the genetic
diversity between populations was calculated using the Pi [28] method, and then the
degree of genetic differentiation between populations was calculated using the Fst [29,30]
method. Finally, the XP-EHH [31] method was used to identify genome-wide natural
selection events and compare them with differentiation and diversity results to identify
selection signals associated with sheep wool fineness. These resulted in the identification
of candidate genes associated with sheep wool fineness, as well as supporting research into
potential genetic mechanisms of sheep wool fineness.

2. Materials and Methods
2.1. Ethics Statement

All experimental procedures involving sheep were approved by the Animal Ethics
Committee of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences
(IAS-CAAS).

2.2. Sample Collection and Sequencing

Blood samples were collected from eight sheep breeds (Table 1), including Australian
Merino sheep (AME), German Mutton Merino sheep (GME), Tong sheep (TON), Hanzhong
sheep (HZS), Lop sheep (LOP), Hu sheep (HUS), Small Tailed Han sheep (STH), and
Ujimqin sheep (UJI), using jugular vein blood collection. Sequencing libraries were gener-
ated using the Truseq Nano DNA HT Sample Preparation Kit (Illumina, San Diego, CA,
USA). The whole genomes of the 28 sheep were sequenced on the Illumina Hiseq 2000
platform. The resequenced data were used for subsequent analysis.

We selected healthy, breed-typical, 1-year-old individuals to ensure a representative
and comparable group of animals (whenever possible, full/half siblings were used to
minimize individual differences). The farm provides high-quality feed and adequate clean
water; a suitable and comfortable feeding environment, including appropriate space, dry
beds, and a suitable temperature range; regular health checks and vaccination programs;
hygiene maintenance, reasonable exercise and rest, and breeding management; and regular
inspection and maintenance of equipment.

Table 1. Information on the sheep populations in this study.

NO. Breed Abbreviation Location Photo Size Use Wool Type

1

Australian
Merino

AME

Europe
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Table 1. Cont.

NO. Breed Abbreviation Location Photo Size Use Wool Type

6

Tong Sheep TON

Eastern Asia
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2.3. Alignments and Quality Control

The raw reads of fastq format were first processed through a series of quality control
procedures using FastQC to ensure reliable reads in the subsequent analyses. The standards
of quality control were followed, including: (1) removing reads with ≥10% unidentified
nucleotides (N); (2) removing reads with >20% bases having phred quality less than
5; (3) removing reads with >10 nt aligned to the adapter, allowing ≤10% mismatches;
and (4) removing putative PCR duplicates generated by PCR amplification in the library
construction process (reads 1 and 2 of 2 paired-end reads that were completely identical).

Valid high-quality sequencing data were compared to the reference genome
(GCF_016772045.1_ARS-UI_Ramb_v2.0) by BWA (v 0.7.17) [32] software (parameter: mem
-t 4 -k 32 -M); the results were matched by SAMTOOLS [33] to remove duplicates (pa-
rameter: rmdup). Single Nucleotide Polymorphism (SNP) is a type of genetic variation
occurring at a single nucleotide position in the DNA sequence. To improve the accuracy
of data processing, SNPs were screened to pass the following criteria: (1) the number of
SNPs supported (depth of coverage) was above 2; (2) the proportion of MIS (deletions) was
less than 10%; and (3) the MAF (minimum allele frequency) was more outstanding than
5% [34].

2.4. Population Structure Analysis

Prior to analysis, all SNPs were trimmed with PLINK 1.09 [35] software’s indep-
pairwise [36], with parameters set to a non-overlapping window of 25 SNPs, a step size of
5 SNPs, and a threshold of 0.05 for r2 to obtain independent SNP markers. To understand
the clustering of the population, principal component analysis (PCA) was carried out using
PLINK 1.09 [35]. In order to understand the distance between relatives, we constructed
neighbor-joining (N-J) trees [37] using MEGA (v 7.0) software [38] and visualized them
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using ITOL (v 6) software [39] (https://itol.embl.de/upload.cgi (accessed on 7 June 2023)).
To observe the degree of segregation of the population, as well as to validate the results of
PCA and N-J trees, we constructed the population genetic structure using ADMIXTURE (v
1.3) software [40], with k values set from 2 to 9. Then, we used the CV error to detect the
optimal K.

2.5. Selection Signal Analyses

Before the analysis, AME, GME, TON, and HZS were clustered as F and LOP, HUS,
STH, and UJI as C. This study first used the population differentiation index (Fst [30])
and the nucleotide diversity ratio (θπ Ratio) method, which is a very potent method for
detecting regions of selective elimination. Fst has been widely used to identify selective
signals [30] in genome-wide SNPs [41]. θπ indicates the nucleotide polymorphism; the
higher the degree of selection, the lower the polymorphism. The stronger selection signal
was screened jointly by comparing Fst and θπ of F and C to facilitate the screening of target
genes. The Fst and θπ values were calculated using VCFtools (0.1.15) software [42] with
the parameters: -fst-window-size 50,000 -fst-window-step 50,000, followed by θπ Ratio [28].
The loci within the window where both the Fst and θπ Ratio were the top 5% were extracted
as significant SNP loci (namely, the candidate loci for the selection signal).

The XP-EHH [31] method is to detect natural selection. Extended Haploid Homozy-
gosity (EHH) is a metric used in population genetics to assess the degree of selection
pressure on haplotype homozygosity and genomic regions. The method is based on Single
Nucleotide Polymorphism (SNP) Extended Haploid Homozygosity (EHH). It identifies
selection signals for population genetic variation by comparing frequencies and EHH
values across populations. It will better use single-population information and more ef-
ficiently discover candidate regions and genes within populations. We used fastphase
1.4 [43] to estimate haplotypes, using population marker information to estimate the
haplotype of each chromosome with the options set to: -Ku40 -Kl10 -Ki10. In order to
determine whether there had been selection in the experimental population, the XP-EHH
values were calculated using the haplotype information in the XP-EHH programme from
http://hgdp.uchicago.edu/Software/ (accessed on 7 June 2023). Subsequently, XP-EHH
values were calculated using the sliding window method, with the window size set to
50 kb and the step size set to 20 kb. Then, the average of all SNPs in each sliding window
was calculated. The loci within the window with XP-EHH of the top 5% were extracted
as significant SNP loci, meaning they were candidates for the selection signal. XP-EHH
detects whether the locus is pure in one population and has polymorphism [31] in the other
by comparing the EHH score of a core SNP between two populations. A negative XP-EHH
score indicates that selection occurred in the reference population, while a positive XP-EHH
score indicates that selection occurred in the experimental population.

The Fst [30] method calculates the Fst from the variation in allele frequencies between
populations, and the higher the Fst value tends to be towards 1, the greater the level of
population differentiation [44]. However, as false positives can occur with the method
based on unit point SNPs to find potentially selected regions, the sliding window approach
was chosen to reduce the probability of false positives in order to improve accuracy [45].
The θπ Ratio [28] is the ratio between two populations calculated from gene heterozygosity.
The more the θπ Ratio deviates from 1, the higher the level of genomic selection [46]. The
XP-EHH method [31] was introduced because of the large variation in the number of
individuals in the sample, while the XP-EHH method is less affected by the number of
individuals in the sample. XP-EHH is a method based on the homozygosity of haplotypes
on the genome to identify the regions where selection occurs between different populations,
which provides a stronger data support for in-depth screening of candidate genes [47].
Three methods (FST, θπ Ratio, XP-EHH) are based on comparing the genetic divergence
index, nucleotide diversity (π-value), and haploid knockout elongation in two populations,
respectively, to look for signals of selection associated with specific traits. Higher FST
values indicate greater genetic divergence between populations and can be inferred to

https://itol.embl.de/upload.cgi
http://hgdp.uchicago.edu/Software/
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signal the presence of selection. Higher values of θπ Ratio indicate that the loci in the study
population may have been affected by positive selection during evolution. A higher value
of XP-EHH implies that there may be a signal of selection in favor of the trait in the study
population.

Three methods were used in this study to validate each other: the θπ Ratio method
to provide information on gene diversity, the Fst method to provide information on the
degree of gene differentiation, and the XP-EHH method to provide information on natural
selection events, which together can provide more comprehensive and accurate information
on genetic evolution [48,49].

2.6. Detection and Annotation of Candidate Genes

The Fst and θπ Ratio and XP-EHH screened the top 5% of the candidate SNP loci as
the “outlier loci” for this experiment. In total, 50 kb upstream and downstream of the SNP
loci were considered selection signaling regions. ANNOVAR [50] was used to annotate
genes with the sheep reference genome. The Venn diagram is based on the candidate genes
obtained from the Fst and θπ Ratio and XP-EHH.

2.7. Candidate Gene Enrichment Analysis

Functional enrichment of candidate genes was performed using DAVID 6.8 [51]
(https://david.ncifcrf.gov/ (accessed on 9 June 2023)), with Gene Symbol as the input
parameter and Ovis_aries selected for the background organism. We counted the number
of genes associated with these GO terms. We calculated the significance of their enrichment
using the hypergeometric distribution test with p-value < 0.05 as a significant enrich-
ment result. These genes were also enriched for KEGG analysis using Kobas 3.0 [52]
(http://kobas.cbi.pku.edu.cn/kobas3/genelist/ (accessed on 9 June 2023)), with Ovis_aries
selected for the background organism, and the hypergeometric test/Fisher’s exact test was
used as the statistical method, selecting p-value < 0.05 as a significant enrichment result.

3. Results
3.1. Genetic Variation and Population Genetic Analysis

In this study, we performed whole-genome resequencing on 28 individual sheep,
generating an average of 7.6× coverage data. After aligning to the reference genome
(ARS-UI_Ramb_v2.0), 9,581,315,830 reads were obtained with a coverage rate of 98.03%.
Subsequently, variant calling and quality control identified a total of 22,133,207 SNPs. The
Single Nucleotide Polymorphisms (SNPs) statistical analysis revealed that the variants
predominantly occurred in the intergenic region, followed by the intronic and exonic
regions. Among these, the intronic variants comprised 82,379 non-synonymous SNPs
and 68,110 synonymous SNPs (Table 2). This comprehensive SNP dataset is valuable for
advancing sheep biological research and breeding.

In order to understand the genetic relationships and differences between sheep pop-
ulations of different hairiness from a genome-wide perspective, PCA, phylogenetic tree
construction, and population structure analysis were performed on the eight sheep popula-
tions using the obtained SNP datasets.

As shown by the PCA results (Figure 1b), PC1 was able to explain 6.86% of the genetic
variation that distinguished the fine wool sheep (AME and GME) from all groups; in the
negative direction of PC1, the semi-fine wool and coarse wool sheep (HZS, TON, LOP,
HUS, STH, and UJI) clustered together. Combining PC1 with PC2 (5.61% genetic variation)
reveals a slight separation between the two semi-fine wool sheep breeds. As indicated by
the N-J tree (Figure 1d), the fine wool sheep group (AME, GME) was on a primary branch,
whereas the semi-fine and coarse wool sheep (HZS, TON, LOP, HUS, STH, and UJI) were
on a major branch. The population genetic structure was constructed using ADMIXTURE
(v 1.3) software to confirm the accuracy of the results obtained from PCA and N-J trees
(Figure 1c). With K = 2, the fine wool sheep breed was predominantly on a blue background,
with a clear transition from the fine wool to the semi-fine and coarse wool sheep breeds.

https://david.ncifcrf.gov/
http://kobas.cbi.pku.edu.cn/kobas3/genelist/
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This result is consistent with the PCA and the N-J tree. When K = 3, the HZS segregates
from the semi-fine wool sheep population.
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Table 2. The distribution of SNP variants in the genome region.

Catalogue SNP Numbers

Upstream 93,281
Stop gain (Exonic) 734
Stop loss (Exonic) 188

Synonymous (Exonic) 68,110
Non-synonymous (Exonic) 82,379

Intronic 8,123,336
Splicing 4227

Downstream 125,137
Upstream/downstream 2550

Intergenic 13,414,800
ts 14,501,815
tv 7,631,392

ts/tv 1.9
Total 22,133,207

3.2. Selection Signaling Analysis

We calculated the Fst and θπ Ratio within a 50 kb window (50 kb step size) and
screened the shared window for the top 5% of Fst and the top 5% of θπ Ratio as the final
candidate window. In total, 2628 candidate SNP loci associated with fine wool formation (F
vs. C) and 4020 candidate SNP loci associated with coarse wool formation (C vs. F) were
screened (Figure 2a, Supplementary Tables S1 and S3). We annotated 428 candidate genes
associated with fine wool formation (F vs. C) and 603 candidate genes associated with
coarse wool formation (C vs. F).

Using the top 5% of XP-EHH values as candidate regions for gene annotation
(Figure 2b,c), 7035 candidate SNP loci associated with fine wool formation (F vs. C) and
5651 candidate SNP loci associated with coarse wool formation (C vs. F) were screened
(Supplementary Tables S2 and S4). After annotation by ANNOVAR software [50], we
eventually obtained 1039 and 749 candidate genes associated with fine wool formation (F
vs. C) and coarse wool formation (C vs. F) within the top 5% of XP-EHH.

A Venn diagram (Figure 2d,e) based on candidate genes obtained in Fst and θπ Ratio
and XP-EHH yielded 269 overlapping genes associated with fine wool formation (F vs. C)
and 319 overlapping genes associated with coarse wool formation (C vs. F) (Supplementary
Tables S5 and S6).

Based on gene function and previous studies, genes related to hair follicle development,
androgen, and fine wool traits, such as LGR4, PIK3CA, SEMA3C, SOX5, DDB2, NR1H3,
SOX6, GRIA2, RARB, JMJD1C, and DSG2, were finally screened in the F vs. C group;
NFIB, OPHN1, THADA, EZH2, HSD17B2, AR, SEMA3D, IL1R2, DROSHA, MSRB3, GLI3,
and KATNAL1 related to hair follicle development, androgen, and coarse wool traits were
screened in the C vs. F group.
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3.3. Enrichment Analysis

Candidate genes screened in the sheep genome using Fst and θπ Ratio and XP-
EHH went for GO and KEGG enrichment. First, in the fine wool trait (F vs. C), there
are 15 GO significant terms (Supplementary Table S7), including 8 significant biologi-
cal processes, 4 significant cellular components, and 3 significant molecular functions
(p < 0.05, Figure 3a), including protein localization to plasma membrane (GO:0072659, IK-
BKB, TSPAN15, FAM120C, ITGB1BP1, and ANK1), homophilic cell adhesion via plasma
membrane adhesion molecules (GO:0007156, KIRREL3, DSG2, DSG3, DSG4, and CDH18),
positive regulation of G1/S transition of mitotic cell cycle (GO:1900087, ADAM17, RRM2,
and CPSF3), endoplasmic reticulum and ubiquitin-protein transferase activity (GO:0005783,
GRIA1, FADS3, CPED1, HACE1, PEX3, ITGA8, TMTC2, ATP10B, ACO1, ELAVL1, and TP63),
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and regulation of GTPase activity (GO:004308, BCL6, RAB3GAP2, ITGB1BP1, and SBF2).
There were also 21 significant GO terms (Supplementary Tables S1 and S8) identified in the
coarse wool trait (C vs. F), including 9 significant biological processes, 4 significant cellular
components, and 8 significant molecular functions (p < 0.05, Figure 3c), including focal
adhesion assembly (GO:0048041, PEAK1, and ARHGAP6), protein localization to plasma
membrane (GO:0072659, IFT20, TSPAN15, ROCK2, TTC7B, and TTC7A), protein localization
to plasma membrane (GO:0072659, IFT20, TSPAN15, ROCK2, TTC7B, and TTC7A), regu-
lation of platelet-derived growth factor receptor–alpha signaling pathway (GO:2000583,
IFT20, and CBLB), CMP catabolic process (GO:0006248, DPYD, and UPB1), chloride trans-
port (GO:0006821, GABRA1, GLRA3, GABRA3, and GABRE), and GTPase activator activity
(GO:0005096, OPHN1, RASA2, GDI2, ARHGAP29, SRGAP2, and ARHGAP6).
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Then, in the fine wool trait (F vs. C), 38 significant KEGG enrichment pathways were
identified (p < 0.05, Figure 3b, Supplementary Table S9), including Regulation of actin
cytoskeleton (oas04810, ITGA8, PIP5K1B, PIK3CA, PPP1R12A, and DIAPH3), Phosphatidyli-
nositol signaling system (oas04070, PLCB2, INPP1, PIP5K1B, SYNJ1, PIK3CA, and MTMR7),
Regulation of lipolysis in adipocytes (oas04923, PIK3CA, PTGS1, and GNAI3), Sphingolipid
signaling pathway (oas04071, PIK3CA, PLCB2, PPP2R3A, GNAI3, and SGMS1), Cortisol
synthesis and secretion (oas04927, PLCB2, KCNK2, and PBX1), and PI3K-Akt signaling
pathway (oas04151, ITGA8, SYK, PIK3CA, PPP2R3A, MTCP1, IKBKB, MAGI2, and EIF4B).
In the coarse wool trait (C vs. F), KEGG pathway enrichment analysis identified 16 signifi-
cant KEGG enrichment pathways (p < 0.05, Figure 3d, Supplementary Table S10), including
Axon guidance (oas04360, SEMA3D, ROBO1, EFNA5, NTN4, ROCK2, SRGAP2, BMPR1B,
SEMA4G, and PAK3), Regulation of actin cytoskeleton (oas04810, PDGFD, DIAPH2, DI-
APH3, PIP5K1B, ROCK2, FGF18, PIP4K2A, FGF2, and PAK3), MAPK signaling pathway
(oas04010, RASGRP1, PDGFD, EFNA5, FGF18, MAP2K5, NLK, FGF2, and RASA2), Argi-
nine and proline metabolism (oas00330, MAOB, MAOA, and L3HYPDH), beta-Alanine
metabolism (oas00410, UPB1, ALDH6A1, and DPYD), Pantothenate and CoA biosynthesis
(oas00770, UPB1, and DPYD), Phenylalanine metabolism (oas00360, MAOB, and MAOA)
and Gap junction (oas04540, PRKG1, TUBA8, PDGFD, and MAP2K5).

4. Discussion
4.1. Genetic Variation and Population Genetic Analysis

A coverage of 98.03% indicates that the sequencing experiment obtained a large
amount of high-quality sequencing data that cover the bases of the reference genome to
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a large extent. High coverage reduces the possibility of possible misses and errors and
provides more comprehensive and accurate genomic information. In addition, sequenc-
ing data with high coverage can provide more confidence and interpretability, which is
especially important for annotating variants, searching for mutation sites, and analyzing
genomic structure and function. Therefore, the data can be used for subsequent population
structure analysis and selection signal analysis. The TS/TV ratio evaluates the magnitude
of resequencing errors, which is used to evaluate the quality of SNPs and also reflects the
ratio of pure and heterozygous SNPs in species. In our study, the TS/TV ratio was 1.9,
close to 2, from which it can be inferred that the distribution of SNPs within the population
is relatively balanced and reflects that the genomic population structure tends to be normal-
ized. This provides reliable basic data for subsequent analysis of population structure and
selection signals. We can further utilize these data to study aspects of population genetic
differences and potential natural selection signals.

In this study, there exists a limited number of breed samples, and the selection signal
analysis may be affected by individual differences. Thus, this paper selects representative
samples by orientation to minimize the differences between individuals; in addition to
this, the joint analysis method can mitigate the effects and errors of individual differences
brought about by the small number of samples and compensate for the effects of the in-
sufficient number of samples to a certain extent [31,53,54]. FST, θπ Ratio, and XP-EHH
methods have different advantages in the study of genetic differences among sheep popu-
lations, selection pressure, etc. [44,46,47]. FST, θπ Ratio, and XP-EHH methods all capture
selection signals in different contexts, and for the filtered regions with stronger predicted
impacts, the validation experiments can be repeated on them to increase the credibility
of the selection signals and reduce the number of occurrences of false positives and false
negatives [31,49,53,55]. Thus, the combination of the three methods in this study can cover
a wider and more comprehensive genomic region and improve the efficiency and reliability
of selection signal screening. Wool fineness has a similar genetic basis in different breeds
with low to medium heritability [56]; thus, genes associated with wool fineness may be
found in regions of low genetic diversity. Therefore, in this study, the threshold of selection
signal analysis was adjusted to the top 5% to avoid missing candidate genes related to wool
fineness [57].

In this study, we performed whole-genome resequencing on 28 sheep samples. The
sequencing data were compared with the sheep reference genome. Various filtering meth-
ods (deep filtering, deletion rates, minimum allele frequencies, etc.) were used to call SNPs
from individual sheep to ensure that the final data of high-quality SNPs were obtained.
According to the PCA and ADMIXTURE results, the Tong sheep is close to the coarse wool
breed and is clearly grouped with the coarse wool breed, while the Hanzhong sheep is
farther away from the Tong sheep and very different from the other breeds. This may be
due to historical genetic reasons. The Tong sheep, as well as several other coarse-wooled
sheep breeds, belong to the Chinese Mongolian/Kazakh line of sheep. These two strains of
sheep interact with each other extensively. Due to the special geographic location of the
Hanzhong region of China, the Hanzhong sheep has maintained a relatively independent
breeding environment and genetic background for a long time. This breed may not have
been genetically exchanged as frequently as other more widely distributed sheep breeds.
As a result, genetic differences between the Yunnan and Mongolian/Kazakh sheep lines
remain.

4.2. Annotation of Candidate Genes

There are three main areas of research into wool fineness: the association of genes with
wool fineness, the study of wool cell differentiation and development, and the study of
mechanisms regulating wool quality. Some of the reported genes are listed to corroborate
the previous studies and reflect this paper’s accuracy. Among these, we identified some
candidate genes that have been reported to be associated with hair follicle development,
wool traits, lipid metabolism, and androgen metabolism. After three methods of selective
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signaling analysis, the F vs. C (fine wool formation) group annotated 269 candidate genes
in overlapping regions. LGR4 plays a vital role in hair follicle development by activating
hair follicle stem cells and influencing the activity of multiple signaling pathways known
to regulate hair follicle stem cells to promote a normal hair cycle [16]. In Lgr4-deficient
mice, hair follicle development was partially impaired, and the expression of Edar, Lef1, and
Shh, which are essential for hair follicle morphogenesis, was reduced in the epidermis [58].
PIK3CA expression was lower in superfine wool sheep than fine wool sheep, and its low
expression correlated with lower wool fiber diameter [59]. The neuromuscular junction-like
structure of the lanceolate complex, a particular structure that enables hair to perceive
environmental stimuli, is formed by nerve endings and terminal Schwann cells (TSC) that
specifically and densely surround the hair follicle in the isthmus region [60]; SEMA3C is
closely spatially associated with the lanceolate complex so that it may play a role in the
establishment/maintenance of the lanceolate complex in the hair follicle [60]. SOX5 is
involved in several biological pathways of hair follicle development in velvet goats and may
be associated with wool characteristics in Inner Mongolian velvet goats [61]. Expression
of DDB2 in non-pigmented supra-hair sheaths (HS) and hair bulbs (HB) is associated
with the growth of unpigmented hair fibers [62]. DDB2 was identified as a novel AR
interacting protein [63,64] that mediates contact with AR and the CUL4A-DDB1 complex
for AR ubiquitination/degradation [64]. NR1H3 (LXR-a) is present in human sebocytes,
and LXR agonists inhibit hair follicle growth [65]. The GRIA2 gene is associated with hind
leg wool traits in goats [66]. The Sox family is expressed in early hair follicle development,
and network predictions suggest that the MSTRG.223165-miR-21-SOX6 axis is involved
in hair follicle development [67]; the targeting relationship between miR-21 and SOX6
and MSTRG.223165 has been validated in a dual luciferase assay [67]. The transcription
factor RARB stimulates the promoters of genes involved in androgen production (StAR,
CYP17A1, and HSD3B2) and boosts the production of androstenedione, thereby regulating
the biosynthesis of androgens [68]. JMJD1C, which encodes a histone demethylase, is a
coactivator of the AR [69], and its locus on 10q21 affects serum androgen levels [70]. The
expression of DSG2 was correlated with the differentiation status of defined populations
within the hair follicle [71]. DSG2 was highly expressed by the lowest differentiated cells
of the cutaneous epithelium, including the fetal and adult hair follicle bulge, the matrix
cells of the bulb, and the basal layer of the outer root sheath [71]. However, low levels were
found in the basal layer of the interfollicular epidermis [72].

In total, 319 candidate genes were annotated in overlapping regions in the C vs. F
group (coarse wool formation). We uncovered a key role for the transcription factors (TFs)
nuclear factor IB (NFIB) in the maintenance of stem cell (SC) identity: without the NFI TFs,
SCs lose their ability to regenerate hair [73]. NFI is a potent regulator of AR-mediated gene
expression [74] and negatively regulates the promoter of the AR gene [75]. Lnc-OPHN1-5,
which is physically close to the AR gene on the X chromosome, affects androgen synthesis
by decreasing AR mRNA translation and protein synthesis [76]. The impact of SNPs in
or near THADA on hair morphology is associated with curly hair in people of European
descent [10]. The dermal PRC2 (Polycomb Repressive Complex 2)—EZH2 activity is im-
portant for the initiation of primary hair follicles and is required for the regulation of
the NOGGIN-mediated gene network for the initiation of secondary hair follicles [14].
EZH2 increases serine/threonine kinase 40 (STK40) expression through downregulation
of miR-22, thereby accelerating the growth and differentiation of hair follicle stem cells
(HFSCs) [77]. MiR-214 targets the EZH2 and Wnt/β-catenin signaling pathway to regu-
late human HFSC proliferation and differentiation [15]. The hair follicle has autonomous
control over androgen metabolism by adjusting steroid hormone production and degra-
dation according to local requirements [78]. The presence of type 2 17β-HSD in the root
sheath cells of the hair follicle is associated with the maintenance of androgen homeosta-
sis in the hair follicle [78], and several studies have suggested that it is associated with
androgen inactivation [79,80] or effective decreases in production [81]. SEMA3D, which
participates in several biological pathways of hair follicle development in velvet goats,
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may be related to wool traits in Inner Mongolia velvet goats [61]. Androgens, such as
testosterone and DHT, are vital steroid hormones in the body, and AR is the receptor that
androgens must rely on to function [78]. Androgens act on hair follicles via the AR to cause
follicle miniaturization and inhibit hair growth [82]. In human hair follicles, AR expression
is restricted to DPC (dermal papilla cells) and was not found in the outer root sheath
(ORS), hair bulb, or bulge [83]. DROSHA inhibits DNA damage in rapidly proliferating
hair follicle stromal cells, promotes hair follicle development, and maintains hair follicle
structure and its associated stem cells [84]. Sonic Hedgehog(Shh) promotes the proliferation
of epidermal progenitors required for embryonic hair follicle development through tran-
scriptional activation of N-myc and c-myc, and this transcriptional regulation is controlled
by the balance of Gli activator and repressor functions [85]; additional roles for Gli3 in the
negative regulation of cell proliferation occurs via the inhibition of CyclinD2 and N-myc
transcription [85]. HH/GLI signaling, which is essential for hair follicle development and
morphogenesis [86–88], is a signaling network consisting of the HH signaling pathway
and the GLI signaling pathway, and the HH signaling pathway can transmit its signals by
activating members of the GLI family. GLI/EGF target gene IL1R2 is expressed explicitly
in ORS [89]. Whereas IL1R2 and EGFR are co-expressed in ORS, the synergistic effect of
HH/GLI and EGFR signaling determines the development of ORS cells [89]. MSRB3 is
involved in wool physiology [90,91]; SelR/MsrB reverses Mical oxidation of actin to restore
its normal polymerization properties [90,91], and actin bundles in hair follicles, similar
to stress fibers, act as a tensile scaffold for hair follicle growth [92]. The candidate gene
KATNAl1, which affects fiber fineness, was identified in the OAR10 region by comparing
the Afec-Assaf strain with its parent Awassi variety [93].

Through the studies of Wu et al. [57] and Ma et al. [94], it was also confirmed that
MYO3B and MACROD2 genes were associated with hair fineness and FST genes were
associated with wool density in this study. Combined with the studies of Wu et al. [57]
and Ma et al. [94], we can learn that although KRT and KAP genes are the main structural
proteins of animal hair, the expression of these genes is relatively low in the finer wool.
This may be part of the developmental and structural regulatory mechanism of finer wool.
However, the study by Liang et al. [9] reveals a special case that overexpression of mutant
C-KRT74 likely enlarges Huxley cells by enhancing the KIF network, which in turn allows
the hair shaft to be shaped more finely. This suggests that specific mutational events
may interfere with normal levels of KRT and KAP gene expression and the corresponding
regulatory mechanisms, resulting in wool fineness that differs from the usual situation.
Thus, changes in the expression of specific genes (e.g., KRT and KAP) have different effects
in different contexts, and further studies are needed to reveal their detailed molecular
mechanisms and regulatory networks.

4.3. Analysis of Enrichment Results

Finally, enrichment of the candidate genes screened for the F vs. C group showed
that among these 15 notable GO terms, the most relevant to hair follicle development
were protein localization to plasma membrane and homophilic cell adhesion via plasma
membrane adhesion molecules. These GO terms are involved in extracellular membrane-
related processes, including cell adhesion and signal transduction, and play an essential
role in hair follicle development and maintenance. The most relevant to wool traits is the
positive regulation of G1/S transition of mitotic cell cycle, a GO term associated with cell
division that can influence the rate and cycle of hair growth. The highest correlations with
adipose metabolism are endoplasmic reticulum and ubiquitin-protein transferase activity.
These GO terms are involved in cell metabolism and protein degradation that can regulate
adipocyte differentiation and metabolic processes. The most relevant term for androgen
metabolism is regulation of GTPase activity, which is involved in GTPase regulation and
can regulate various signaling pathways, including the androgen receptor pathway. Of the
38 significant KEGG pathways, the most relevant pathways for hair follicle development
and wool traits are the Regulation of actin cytoskeleton and the Phosphatidylinositol
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signaling system, both of which play a role in cell morphology and cytoskeletal organization
and may be necessary for hair follicle formation/development and wool morphology.
The pathways most closely linked to lipid metabolism are the Regulation of lipolysis in
adipocytes, the Sphingolipid signaling pathway, and the Cortisol synthesis and secretion.
These pathways are involved in the metabolic processes and energy balance of adipocytes,
which may impact the accumulation and metabolism of subcutaneous adipose tissue. The
pathway most closely associated with androgen metabolism is the PI3K-Akt signaling
pathway, which is involved in androgen metabolism and cell signaling and may affect the
formation of excessive hair and hair follicle development.

Enrichment of candidate genes screened for the C vs. F group showed that the
21 significant GO Terms with the highest relevance to hair follicle development were focal
adhesion assembly and protein localization to plasma membrane. These GO Terms are
involved in cell-membrane-related processes, such as cell adhesion and extracellular matrix–
intracellular skeleton interactions, which are essential in hair follicle development. The
most relevant to wool traits are protein localization to plasma membrane and regulation
of platelet-derived growth factor receptor–alpha signaling pathway. These GO terms
play a key role in cell signaling and differentiation and influencing hair morphology and
growth rate. The most relevant to adipose metabolism are the CMP catabolic process
and chloride transport, which are involved in cellular metabolism and transport and can
regulate adipocyte differentiation and metabolic processes. The most relevant to androgen
metabolism is GTPase activator activity. This GO term involves GTPase regulation and can
regulate various signal transduction pathways, including the androgen receptor pathway.
Among the 16 prominent KEGG pathways associated with hair follicle development are
Axon guidance and Regulation of actin cytoskeleton and MAPK signaling pathway, which
are involved in cell motility, the cytoskeleton, and signaling processes that play an important
role in hair follicle differentiation and maintenance. Regulation of actin cytoskeleton, MAPK
signaling pathway, and Arginine and proline metabolism are linked to wool traits. These
pathways can affect hair growth and traits by influencing cell growth, the cytoskeleton,
keratin structure, and other aspects. Related to fat metabolism are beta-Alanine metabolism,
Pantothenate and CoA biosynthesis, and Phenylalanine metabolism, all of which affect
lipid metabolism through different metabolic pathways and molecular mechanisms. Gap
junction is associated with androgen metabolism, a pathway that involves intercellular
signaling that regulates apoptosis and proliferation affecting the action of androgens.
Combined with the studies of Wu et al. [57] and Ma et al. [94], this also confirms that
the significantly enriched pathways PI3K-Akt signaling pathway and MAPK signaling
pathway found in this study are associated with wool fineness.

4.4. Exploration of Factors Affecting Fineness

Genetic and physiological factors, including follicle morphology and condition, nu-
trient availability, hormones, and the developmental cycle of the wool, mainly influence
the diameter of wool. The diameter of the wool determines how fine or coarse the wool
is. The hair follicle’s morphology and growth state influence the wool’s diameter, shape,
elasticity, and curl of the hair in relation to the underlying morphology and growth cycle
of the hair. There is a correlation between the shape, elasticity, and curl of the wool and
its diameter. In general, larger-diameter hairs are usually straighter; finer-diameter hairs
usually have some curl; and smaller-diameter hairs that are flatter are usually more curved
and curly. The shape usually refers to the underlying form of the hair, such as whether
it is straight or curly. Elasticity refers to the ability of the hair to bounce back, while curl
refers to how curly the hair is. Different factors may influence these traits, which in turn
interact with and influence each other to shape the texture and characteristics of wool. Hair
follicles and hairs are part of the skin and subcutaneous adipose tissue, which also plays an
essential role in the growth and development of hair follicles. Adipocytes provide energy
and nutrients, maintain the metabolic activity and proliferation of hair follicle cells, and
release various fatty acids and signaling molecules to participate in the differentiation and
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repair process of the hair follicle. In addition, the signaling pathways within adipocytes
can also influence hair health and growth by regulating the regulation of the nervous and
endocrine systems. Thus, the metabolic processes and energy balance of adipocytes may
affect the surrounding hair follicles and hairs, indirectly influencing wool development
and traits. Studies have shown that the size and number of adipocytes are related to wool
diameter [95], and they also play a non-negligible role in the development and traits of
wool. Androgens play an essential regulatory role in the development of sheep hair follicles
and have a significant impact on hair growth and development. Levels of androgens
are related to the rate and stage of hair growth, and during development and adulthood,
androgen levels can influence the size of wool diameter and wool traits. The pathway
enrichment results associated with wool fineness and the Sankey diagram reveal that some
genes are involved in multiple pathways (including hair follicle development, hair traits,
fat metabolism, and androgen metabolism), which leads to speculation that they may be
genes that affect hair fiber diameter. It is hypothesized that these genes (PLCB2, PIK3CA,
GNAI3, GRIA1, GRIA2, GRIA4, IKBKB, SKY, and PIP5K1B) may be the ones that affect the
formation of fine hairs. Moreover, these genes (EFNA5, PAK3, PDGFD, PIP5K1B, FGF18,
PIP4K2A, FGF2, PLCZ1, MAOA, and MAOB) may be the ones that influence the formation
of coarse hairs.

Therefore, we predict that these genes play an important role in the formation of wool
fineness in sheep. Although some of these genes have been reported in sheep studies,
the biological functions of these candidate genes in sheep wool fineness still need further
validation.

5. Conclusions

In conclusion, this study explored the genetic variation, population structure, and
selection characteristics of different woolly sheep populations using whole-genome re-
sequencing. Population structure analysis showed that Hanzhong sheep were slightly
segregated from other Asian sheep. We identified many genes, terms, and pathways related
to hair follicle development, wool traits, fat metabolism, and androgen metabolism. We
subsequently explored the relationship between fat metabolism, androgen metabolism, and
hair fineness. This study confirmed previous studies, subdivided the genes related to wool
fineness, and identified new genes that may affect wool fineness, such as PLCB2, GNAI3,
EFNA5, and PDGFD. Our research results will help better promote wool improvement
breeding, which is crucial for developing the fine wool sheep industry in China. It also
supports the conservation and development of coarse wool resources.
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group.

Author Contributions: Conceptualization, C.W.; methodology, C.W.; formal analysis, W.Z. and
M.J.; investigation, W.Z., M.J., T.L., Z.L., H.W. and Z.Y.; resources, C.W. and Z.L.; writing—original
draft preparation, W.Z.; writing—review and editing, M.J., H.W. and Z.L.; project administration,
C.W.; funding acquisition, C.W. All authors have read and agreed to the published version of the
manuscript.

https://www.mdpi.com/article/10.3390/ani13182944/s1
https://www.mdpi.com/article/10.3390/ani13182944/s1


Animals 2023, 13, 2944 17 of 20

Funding: This research was funded by the National Natural Science Foundation of China, grant
number No. 32272851.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee of the Institute of Animal Sciences, Chinese Academy of Agricultural Sciences
(IAS-CAAS) (protocol code IAS 2022-7 and 25 February 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request due to privacy/ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kalds, P.; Zhou, S.; Gao, Y.; Cai, B.; Huang, S.; Chen, Y.; Wang, X. Genetics of the phenotypic evolution in sheep: A molecular look

at diversity-driving genes. Genet. Sel. Evol. 2022, 54, 61. [CrossRef] [PubMed]
2. Wang, Z.; Zhang, H.; Yang, H.; Wang, S.; Rong, E.; Pei, W.; Li, H.; Wang, N. Genome-wide association study for wool production

traits in a chinese merino sheep population. PLoS ONE 2014, 9, e107101. [CrossRef] [PubMed]
3. Li, S.; Chen, W.; Zheng, X.; Liu, Z.; Yang, G.; Hu, X.; Mou, C. Comparative investigation of coarse and fine wool sheep skin

indicates the early regulators for skin and wool diversity. Gene 2020, 758, 144968. [CrossRef]
4. Zhao, B.; Luo, H.; Huang, X.; Wei, C.; Di, J.; Tian, Y.; Fu, X.; Li, B.; Liu, G.E.; Fang, L.; et al. Integration of a single-step genome-wide

association study with a multi-tissue transcriptome analysis provides novel insights into the genetic basis of wool and weight
traits in sheep. Genet. Sel. Evol. 2021, 53, 56. [CrossRef] [PubMed]

5. Langbein, L.; Rogers, M.A.; Praetzel, S.; Aoki, N.; Winter, H.; Schweizer, J. A novel epithelial keratin, hk6irs1, is expressed
differentially in all layers of the inner root sheath, including specialized huxley cells (flügelzellen) of the human hair follicle. J.
Investig. Dermatol. 2002, 118, 789–799. [CrossRef] [PubMed]

6. Langbein, L.; Rogers, M.A.; Praetzel, S.; Winter, H.; Schweizer, J. K6irs1, k6irs2, k6irs3, and k6irs4 represent the inner-root-sheath-
specific type ii epithelial keratins of the human hair follicle. J. Investig. Dermatol. 2003, 120, 512–522.

7. Langbein, L.; Rogers, M.A.; Praetzel-Wunder, S.; Helmke, B.; Schirmacher, P.; Schweizer, J. K25 (k25irs1), k26 (k25irs2), k27
(k25irs3), and k28 (k25irs4) represent the type i inner root sheath keratins of the human hair follicle. J. Investig. Dermatol. 2006,
126, 2377–2386. [CrossRef]

8. Shi, R.; Li, S.; Liu, P.; Zhang, S.; Wu, Z.; Wu, T.; Gong, S.; Wan, Y. Identification of key genes and signaling pathways related to
hetian sheep wool density by rna-seq technology. PLoS ONE 2022, 17, e0265989. [CrossRef]

9. Liang, B.; Bai, T.; Zhao, Y.; Han, J.; He, X.; Pu, Y.; Wang, C.; Liu, W.; Ma, Q.; Tian, K.; et al. Two mutations at krt74 and edar
synergistically drive the fine-wool production in chinese sheep. J. Adv. Res. 2023; Epub ahead of print. [CrossRef]

10. Kimura, R.; Watanabe, C.; Kawaguchi, A.; Kim, Y.-I.; Park, S.-B.; Maki, K.; Ishida, H.; Yamaguchi, T. Common polymorphisms in
wnt10a affect tooth morphology as well as hair shape. Hum. Mol. Genet. 2015, 24, 2673–2680. [CrossRef]

11. Cai, W.; Xu, Y.; Bai, Z.; Lin, G.; Wang, L.; Dou, X.; Han, D.; Wang, Z.; Wang, J.; Zhang, X.; et al. Association analysis for snps of
baat and col1a1 genes with cashmere production performance and other production traits in liaoning cashmere goats. Anim.
Biotechnol. 2022. [CrossRef]

12. Zhao, B.; Luo, H.; He, J.; Huang, X.; Chen, S.; Fu, X.; Zeng, W.; Tian, Y.; Liu, S.; Li, C.-J.; et al. Comprehensive transcriptome and
methylome analysis delineates the biological basis of hair follicle development and wool-related traits in merino sheep. BMC Biol.
2021, 19, 197. [CrossRef] [PubMed]

13. Zhao, H.; Guo, T.; Lu, Z.; Liu, J.; Zhu, S.; Qiao, G.; Han, M.; Yuan, C.; Wang, T.; Li, F.; et al. Genome-wide association studies detects
candidate genes for wool traits by re-sequencing in chinese fine-wool sheep. BMC Genom. 2021, 22, 127. [CrossRef] [PubMed]

14. Thulabandu, V.; Nehila, T.; Ferguson, J.W.; Atit, R.P. Dermal ezh2 orchestrates dermal differentiation and epidermal proliferation
during murine skin development. Dev. Biol. 2021, 478, 25–40. [CrossRef] [PubMed]

15. Du, K.-T.; Deng, J.-Q.; He, X.-G.; Liu, Z.-P.; Peng, C.; Zhang, M.-S. Mir-214 regulates the human hair follicle stem cell proliferation
and differentiation by targeting ezh2 and wnt/β-catenin signaling way in vitro. Tissue Eng. Regen. Med. 2018, 15, 341–350.
[CrossRef]

16. Ren, X.; Xia, W.; Xu, P.; Shen, H.; Dai, X.; Liu, M.; Shi, Y.; Ye, X.; Dang, Y. Lgr4 deletion delays the hair cycle and inhibits the
activation of hair follicle stem cells. J. Investig. Dermatol. 2020, 140, 1706–1712.e4. [CrossRef]

17. Liu, Y.; Guerrero-Juarez, C.F.; Xiao, F.; Shettigar, N.U.; Ramos, R.; Kuan, C.-H.; Lin, Y.-C.; de Jesus Martinez Lomeli, L.; Park,
J.M.; Oh, J.W.; et al. Hedgehog signaling reprograms hair follicle niche fibroblasts to a hyper-activated state. Dev. Cell 2022, 57,
1758–1775.e7. [CrossRef]

18. Krugluger, W.; Stiefsohn, K.; Moser, K.; Moser, C.; Laciak, K. Evaluation of gene expression patterns in micrografts demonstrate
induction of catagen-like processes during storage. Dermatol. Surg. 2017, 43, 275–280. [CrossRef]

19. Zhang, Y.; Tomann, P.; Andl, T.; Gallant, N.M.; Huelsken, J.; Jerchow, B.; Birchmeier, W.; Paus, R.; Piccolo, S.; Mikkola, M.L.; et al.
Reciprocal requirements for eda/edar/nf-kappab and wnt/beta-catenin signaling pathways in hair follicle induction. Dev. Cell
2009, 17, 49–61. [CrossRef]

https://doi.org/10.1186/s12711-022-00753-3
https://www.ncbi.nlm.nih.gov/pubmed/36085023
https://doi.org/10.1371/journal.pone.0107101
https://www.ncbi.nlm.nih.gov/pubmed/25268383
https://doi.org/10.1016/j.gene.2020.144968
https://doi.org/10.1186/s12711-021-00649-8
https://www.ncbi.nlm.nih.gov/pubmed/34193030
https://doi.org/10.1046/j.1523-1747.2002.01711.x
https://www.ncbi.nlm.nih.gov/pubmed/11982755
https://doi.org/10.1038/sj.jid.5700494
https://doi.org/10.1371/journal.pone.0265989
https://doi.org/10.1016/j.jare.2023.04.012
https://doi.org/10.1093/hmg/ddv014
https://doi.org/10.1080/10495398.2022.2088550
https://doi.org/10.1186/s12915-021-01127-9
https://www.ncbi.nlm.nih.gov/pubmed/34503498
https://doi.org/10.1186/s12864-021-07399-3
https://www.ncbi.nlm.nih.gov/pubmed/33602144
https://doi.org/10.1016/j.ydbio.2021.06.008
https://www.ncbi.nlm.nih.gov/pubmed/34166654
https://doi.org/10.1007/s13770-018-0118-x
https://doi.org/10.1016/j.jid.2019.12.034
https://doi.org/10.1016/j.devcel.2022.06.005
https://doi.org/10.1097/DSS.0000000000000971
https://doi.org/10.1016/j.devcel.2009.05.011


Animals 2023, 13, 2944 18 of 20

20. Zhang, Y.; Andl, T.; Yang, S.H.; Teta, M.; Liu, F.; Seykora, J.T.; Tobias, J.W.; Piccolo, S.; Schmidt-Ullrich, R.; Nagy, A.; et al.
Activation of beta-catenin signaling programs embryonic epidermis to hair follicle fate. Development 2008, 135, 2161–2172.
[CrossRef]

21. Hochfeld, L.M.; Bertolini, M.; Broadley, D.; Botchkareva, N.V.; Betz, R.C.; Schoch, S.; Nöthen, M.M.; Heilmann-Heimbach, S.
Evidence for a functional interaction of wnt10a and ebf1 in male-pattern baldness. PLoS ONE 2021, 16, e0256846. [CrossRef]

22. Melnik, B.C. The role of transcription factor foxo1 in the pathogenesis of acne vulgaris and the mode of isotretinoin action. G. Ital.
Dermatol. Venereol. 2010, 145, 559–571. [PubMed]

23. Wang, S.; Wu, T.; Sun, J.; Li, Y.; Yuan, Z.; Sun, W. Single-cell transcriptomics reveals the molecular anatomy of sheep hair follicle
heterogeneity and wool curvature. Front. Cell Dev. Biol. 2021, 9, 800157. [CrossRef] [PubMed]

24. Nissimov, J.N.; Das Chaudhuri, A.B. Hair curvature: A natural dialectic and review. Biol. Rev. Camb. Philos. Soc. 2014, 89, 723–766.
[CrossRef] [PubMed]

25. Fan, W.; Yanase, T.; Morinaga, H.; Okabe, T.; Nomura, M.; Daitoku, H.; Fukamizu, A.; Kato, S.; Takayanagi, R.; Nawata, H.
Insulin-like growth factor 1/insulin signaling activates androgen signaling through direct interactions of foxo1 with androgen
receptor. J. Biol. Chem. 2007, 282, 7329–7338. [CrossRef] [PubMed]

26. Melnik, B.C. Foxo1—The key for the pathogenesis and therapy of acne? J. Dtsch. Dermatol. Ges. 2010, 8, 105–114. [CrossRef]
27. Bulbach, S. The importance of wool. Orient. Rug Rev. 1988, 8. Available online: http://www.bulbach.com/library/

orientalRugReview.pdf (accessed on 11 September 2023).
28. Yang, J.; Li, W.-R.; Lv, F.-H.; He, S.-G.; Tian, S.-L.; Peng, W.-F.; Sun, Y.-W.; Zhao, Y.-X.; Tu, X.-L.; Zhang, M.; et al. Whole-genome

sequencing of native sheep provides insights into rapid adaptations to extreme environments. Mol. Biol. Evol. 2016, 33, 2576–2592.
[CrossRef]

29. Porto-Neto, L.R.; Lee, S.H.; Lee, H.K.; Gondro, C. Detection of signatures of selection using fst. Methods Mol. Biol. 2013, 1019,
423–436.

30. Weir, B.S.; Cockerham, C.C. Estimating f-statistics for the analysis of population structure. Evolution 1984, 38, 1358–1370.
31. Sabeti, P.C.; Varilly, P.; Fry, B.; Lohmueller, J.; Hostetter, E.; Cotsapas, C.; Xie, X.; Byrne, E.H.; McCarroll, S.A.; Gaudet, R.

Genome-wide detection and characterization of positive selection in human populations. Nature 2007, 449, 913–918. [CrossRef]
32. Li, H.; Durbin, R. Fast and accurate short read alignment with burrows-wheeler transform. Bioinformatics 2009, 25, 1754–1760.

[CrossRef] [PubMed]
33. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The sequence align-

ment/map format and samtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef] [PubMed]
34. Jin, M.; Lu, J.; Fei, X.; Lu, Z.; Quan, K.; Liu, Y.; Chu, M.; Di, R.; Wei, C.; Wang, H. Selection signatures analysis reveals genes

associated with high-altitude adaptation in tibetan goats from nagqu, tibet. Animals 2020, 10, 1599. [CrossRef] [PubMed]
35. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.; Daly, M.J.;

et al. Plink: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81, 559–575.
[CrossRef]

36. Wei, C.; Wang, H.; Liu, G.; Zhao, F.; Kijas, J.W.; Ma, Y.; Lu, J.; Zhang, L.; Cao, J.; Wu, M.; et al. Genome-wide analysis reveals
adaptation to high altitudes in tibetan sheep. Sci. Rep. 2016, 6, 26770. [CrossRef]

37. Bruno, W.J.; Socci, N.D.; Halpern, A.L. Weighted neighbor joining: A likelihood-based approach to distance-based phylogeny
reconstruction. Mol. Biol. Evol. 2000, 17, 189–197. [CrossRef]

38. Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. Mega6: Molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 2013, 30, 2725–2729. [CrossRef]

39. Letunic, I.; Bork, P. Interactive tree of life (itol) v4: Recent updates and new developments. Nucleic Acids Res. 2019, 47, W256–W259.
[CrossRef]

40. Alexander, D.H.; Novembre, J.; Lange, K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 2009, 19,
1655–1664. [CrossRef]

41. Sabeti, P.C.; Schaffner, S.F.; Fry, B.; Lohmueller, J.; Varilly, P.; Shamovsky, O.; Palma, A.; Mikkelsen, T.S.; Altshuler, D.; Lander, E.S.
Positive natural selection in the human lineage. Science 2006, 312, 1614–1620. [CrossRef]

42. Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.; Marth, G.T.; Sherry, S.T.;
et al. The variant call format and vcftools. Bioinformatics 2011, 27, 2156–2158. [CrossRef] [PubMed]

43. Scheet, P.; Stephens, M. A fast and flexible statistical model for large-scale population genotype data: Applications to inferring
missing genotypes and haplotypic phase. Am. J. Hum. Genet. 2006, 78, 629–644. [CrossRef] [PubMed]

44. Wright, S. Genetical structure of populations. Nature 1950, 166, 247–249. [CrossRef] [PubMed]
45. Lee, S.-C.; Na, Y.-P.; Lee, J.-B. Expression of peroxiredoxin ii in vascular tumors of the skin: A novel vascular marker of endothelial

cells. J. Am. Acad. Dermatol. 2003, 49, 487–491. [CrossRef]
46. Li, X.; Su, R.; Wan, W.; Zhang, W.; Jiang, H.; Qiao, X.; Fan, Y.; Zhang, Y.; Wang, R.; Liu, Z. Identification of selection signals by

large-scale whole-genome resequencing of cashmere goats. Sci. Rep. 2017, 7, 15142. [CrossRef]
47. Ye, R.; Tian, Y.; Huang, Y.; Zhang, Y.; Wang, J.; Sun, X.; Zhou, H.; Zhang, D.; Pan, W. Genome-wide analysis of genetic diversity in

plasmodium falciparum isolates from china–myanmar border. Front. Genet. 2019, 10, 1065. [CrossRef]

https://doi.org/10.1242/dev.017459
https://doi.org/10.1371/journal.pone.0256846
https://www.ncbi.nlm.nih.gov/pubmed/20930691
https://doi.org/10.3389/fcell.2021.800157
https://www.ncbi.nlm.nih.gov/pubmed/34993204
https://doi.org/10.1111/brv.12081
https://www.ncbi.nlm.nih.gov/pubmed/24617997
https://doi.org/10.1074/jbc.M610447200
https://www.ncbi.nlm.nih.gov/pubmed/17202144
https://doi.org/10.1111/j.1610-0387.2010.07344.x
http://www.bulbach.com/library/orientalRugReview.pdf
http://www.bulbach.com/library/orientalRugReview.pdf
https://doi.org/10.1093/molbev/msw129
https://doi.org/10.1038/nature06250
https://doi.org/10.1093/bioinformatics/btp324
https://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btp352
https://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.3390/ani10091599
https://www.ncbi.nlm.nih.gov/pubmed/32911823
https://doi.org/10.1086/519795
https://doi.org/10.1038/srep26770
https://doi.org/10.1093/oxfordjournals.molbev.a026231
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1126/science.1124309
https://doi.org/10.1093/bioinformatics/btr330
https://www.ncbi.nlm.nih.gov/pubmed/21653522
https://doi.org/10.1086/502802
https://www.ncbi.nlm.nih.gov/pubmed/16532393
https://doi.org/10.1038/166247a0
https://www.ncbi.nlm.nih.gov/pubmed/15439261
https://doi.org/10.1067/S0190-9622(03)01485-3
https://doi.org/10.1038/s41598-017-15516-0
https://doi.org/10.3389/fgene.2019.01065


Animals 2023, 13, 2944 19 of 20

48. Valipour, S.; Karimi, K.; Do, D.N.; Barrett, D.; Sargolzaei, M.; Plastow, G.; Wang, Z.; Miar, Y. Genome-wide detection of selection
signatures for pelt quality traits and coat color using whole-genome sequencing data in american mink. Genes 2022, 13, 1939.
[CrossRef]

49. Wang, F.; Zha, Z.; He, Y.; Li, J.; Zhong, Z.; Xiao, Q.; Tan, Z. Genome-wide re-sequencing data reveals the population structure and
selection signature analysis of tunchang pigs in china. Animals 2023, 13, 1835. [CrossRef]

50. Wang, K.; Li, M.; Hakonarson, H. Annovar: Functional annotation of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 2010, 38, e164. [CrossRef]

51. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using david bioinformatics
resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

52. Bu, D.; Luo, H.; Huo, P.; Wang, Z.; Zhang, S.; He, Z.; Wu, Y.; Zhao, L.; Liu, J.; Guo, J.; et al. Kobas-i: Intelligent prioritization
and exploratory visualization of biological functions for gene enrichment analysis. Nucleic Acids Res. 2021, 49, W317–W325.
[CrossRef] [PubMed]

53. Utsunomiya, Y.T.; Pérez O’Brien, A.M.; Sonstegard, T.S.; Van Tassell, C.P.; do Carmo, A.S.; Meszaros, G.; Sölkner, J.; Garcia, J.F.
Detecting loci under recent positive selection in dairy and beef cattle by combining different genome-wide scan methods. PLoS
ONE 2013, 8, e64280. [CrossRef] [PubMed]

54. Foll, M.; Gaggiotti, O. A genome-scan method to identify selected loci appropriate for both dominant and codominant markers:
A bayesian perspective. Genetics 2008, 180, 977–993. [CrossRef] [PubMed]

55. Voight, B.F.; Kudaravalli, S.; Wen, X.; Pritchard, J.K. A map of recent positive selection in the human genome. PLoS Biol. 2006, 4,
e72.

56. Arzik, Y.; Kizilaslan, M. Genome-wide scan of wool production traits in akkaraman sheep. Genes 2023, 14, 713. [CrossRef]
57. Wu, C.; Ma, S.; Zhao, B.; Qin, C.; Wu, Y.; Di, J.; Suo, L.; Fu, X. Drivers of plateau adaptability in cashmere goats revealed by

genomic and transcriptomic analyses. BMC Genom. 2023, 24, 428. [CrossRef]
58. Mohri, Y.; Kato, S.; Umezawa, A.; Okuyama, R.; Nishimori, K. Impaired hair placode formation with reduced expression of hair

follicle-related genes in mice lacking lgr4. Dev. Dyn. 2008, 237, 2235–2242. [CrossRef]
59. Tian, Y.Z.; Usman, T.; Tian, K.C.; Di, J.; Huang, X.X.; Xu, X.M.; Tulafu, H.; Wu, W.W.; Fu, X.F.; Bai, Y.; et al. Comparative study of

13 candidate genes applying multi-reference normalization to detect the expression of different fineness in skin tissues of wool
sheep. Genet. Mol. Res. 2017, 16, gmr16018905. [CrossRef]

60. Zhong, H.-B.; Chu, Q.-S.; Xiang, J.J.; Zhang, A.L.; Chen, E.Q.; Shen, X.-R.; Liao, X.-H. Spatial association of sema3c with nerve
endings/terminal schwann cells in hair follicle isthmus region. Int. J. Dev. Neurosci. 2020, 80, 737–741. [CrossRef]

61. Wang, F.H.; Zhang, L.; Gong, G.; Yan, X.C.; Zhang, L.T.; Zhang, F.T.; Liu, H.F.; Lv, Q.; Wang, Z.Y.; Wang, R.J.; et al. Genome-wide
association study of fleece traits in inner mongolia cashmere goats. Anim. Genet. 2021, 52, 375–379. [CrossRef]

62. Yu, M.; Bell, R.H.; Ho, M.M.; Leung, G.; Haegert, A.; Carr, N.; Shapiro, J.; McElwee, K.J. Deficiency in nucleotide excision repair
family gene activity, especially ercc3, is associated with non-pigmented hair fiber growth. PLoS ONE 2012, 7, e34185. [CrossRef]
[PubMed]

63. Wang, H.; Guo, M.; Shen, S.; He, L.; Zhang, X.; Zuo, X.; Yang, S. Variants in sell, mrps36p2, tp63, ddb2, cacna1h, adam19, gnai1,
cdh13 and gabrg2 interact to confer risk of acne in chinese population. J. Dermatol. 2015, 42, 378–381. [CrossRef] [PubMed]

64. Chang, S.-W.; Su, C.-H.; Chen, H.-H.; Huang, C.-W.; Tsao, L.-P.; Tsao, Y.-P.; Chen, S.-L. Ddb2 is a novel ar interacting protein and
mediates ar ubiquitination/degradation. Int. J. Biochem. Cell Biol. 2012, 44, 1952–1961. [CrossRef] [PubMed]

65. Russell, L.E.; Harrison, W.J.; Bahta, A.W.; Zouboulis, C.C.; Burrin, J.M.; Philpott, M.P. Characterization of liver x receptor
expression and function in human skin and the pilosebaceous unit. Exp. Dermatol. 2007, 16, 844–852. [CrossRef]

66. Sun, X.; Jiang, J.; Wang, G.; Zhou, P.; Li, J.; Chen, C.; Liu, L.; Li, N.; Xia, Y.; Ren, H. Genome-wide association analysis of nine
reproduction and morphological traits in three goat breeds from southern china. Anim. Biosci. 2023, 36, 191–199. [CrossRef]

67. Zhao, R.; Li, J.; Liu, N.; Li, H.; Liu, L.; Yang, F.; Li, L.; Wang, Y.; He, J. Transcriptomic analysis reveals the involvement of
lncrna-mirna-mrna networks in hair follicle induction in aohan fine wool sheep skin. Front. Genet. 2020, 11, 590. [CrossRef]

68. Udhane, S.S.; Pandey, A.V.; Hofer, G.; Mullis, P.E.; Flück, C.E. Retinoic acid receptor beta and angiopoietin-like protein 1 are
involved in the regulation of human androgen biosynthesis. Sci. Rep. 2015, 5, 10132. [CrossRef]

69. Wolf, S.S.; Patchev, V.K.; Obendorf, M. A novel variant of the putative demethylase gene, s-jmjd1c, is a coactivator of the ar. Arch.
Biochem. Biophys. 2007, 460, 56–66. [CrossRef]

70. Jin, G.; Sun, J.; Kim, S.-T.; Feng, J.; Wang, Z.; Tao, S.; Chen, Z.; Purcell, L.; Smith, S.; Isaacs, W.B.; et al. Genome-wide association
study identifies a new locus jmjd1c at 10q21 that may influence serum androgen levels in men. Hum. Mol. Genet. 2012, 21,
5222–5228. [CrossRef]

71. Wu, H.; Stanley, J.R.; Cotsarelis, G. Desmoglein isotype expression in the hair follicle and its cysts correlates with type of
keratinization and degree of differentiation. J. Investig. Dermatol. 2003, 120, 1052–1057. [CrossRef]

72. Brennan-Crispi, D.M.; Hossain, C.; Sahu, J.; Brady, M.; Riobo, N.A.; Mahoney, M.G. Crosstalk between desmoglein 2 and patched
1 accelerates chemical-induced skin tumorigenesis. Oncotarget 2015, 6, 8593–8605. [CrossRef] [PubMed]

73. Adam, R.C.; Yang, H.; Ge, Y.; Infarinato, N.R.; Gur-Cohen, S.; Miao, Y.; Wang, P.; Zhao, Y.; Lu, C.P.; Kim, J.E.; et al. Nfi transcription
factors provide chromatin access to maintain stem cell identity while preventing unintended lineage fate choices. Nat. Cell Biol.
2020, 22, 640–650. [CrossRef] [PubMed]

https://doi.org/10.3390/genes13111939
https://doi.org/10.3390/ani13111835
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkab447
https://www.ncbi.nlm.nih.gov/pubmed/34086934
https://doi.org/10.1371/journal.pone.0064280
https://www.ncbi.nlm.nih.gov/pubmed/23696874
https://doi.org/10.1534/genetics.108.092221
https://www.ncbi.nlm.nih.gov/pubmed/18780740
https://doi.org/10.3390/genes14030713
https://doi.org/10.1186/s12864-023-09333-1
https://doi.org/10.1002/dvdy.21639
https://doi.org/10.4238/gmr16018905
https://doi.org/10.1002/jdn.10065
https://doi.org/10.1111/age.13053
https://doi.org/10.1371/journal.pone.0034185
https://www.ncbi.nlm.nih.gov/pubmed/22615732
https://doi.org/10.1111/1346-8138.12754
https://www.ncbi.nlm.nih.gov/pubmed/25573302
https://doi.org/10.1016/j.biocel.2012.07.023
https://www.ncbi.nlm.nih.gov/pubmed/22846800
https://doi.org/10.1111/j.1600-0625.2007.00612.x
https://doi.org/10.5713/ab.21.0577
https://doi.org/10.3389/fgene.2020.00590
https://doi.org/10.1038/srep10132
https://doi.org/10.1016/j.abb.2007.01.017
https://doi.org/10.1093/hmg/dds361
https://doi.org/10.1046/j.1523-1747.2003.12234.x
https://doi.org/10.18632/oncotarget.3309
https://www.ncbi.nlm.nih.gov/pubmed/25871385
https://doi.org/10.1038/s41556-020-0513-0
https://www.ncbi.nlm.nih.gov/pubmed/32393888


Animals 2023, 13, 2944 20 of 20

74. Grabowska, M.M.; Elliott, A.D.; DeGraff, D.J.; Anderson, P.D.; Anumanthan, G.; Yamashita, H.; Sun, Q.; Friedman, D.B.; Hachey,
D.L.; Yu, X.; et al. Nfi transcription factors interact with foxa1 to regulate prostate-specific gene expression. Mol. Endocrinol. 2014,
28, 949–964. [CrossRef]

75. Song, C.S.; Jung, M.H.; Supakar, P.C.; Chatterjee, B.; Roy, A.K. Negative regulation of the androgen receptor gene promoter by nfi
and an adjacently located multiprotein-binding site. Mol. Endocrinol. 1999, 13, 1487–1496. [CrossRef] [PubMed]

76. Zhang, M.; Sun, Y.; Huang, C.-P.; Luo, J.; Zhang, L.; Meng, J.; Liang, C.; Chang, C. Targeting the lnc-ophn1-5/androgen
receptor/hnrnpa1 complex increases enzalutamide sensitivity to better suppress prostate cancer progression. Cell Death Dis. 2021,
12, 855. [CrossRef]

77. Cai, B.; Li, M.; Zheng, Y.; Yin, Y.; Jin, F.; Li, X.; Dong, J.; Jiao, X.; Liu, X.; Zhang, K.; et al. Ezh2-mediated inhibition of microrna-22
promotes differentiation of hair follicle stem cells by elevating stk40 expression. Aging 2020, 12, 12726–12739. [CrossRef]

78. Oliveira, I.O.; Lhullier, C.; Brum, I.S.; Spritzer, P.M. Gene expression of type 2 17 beta hydroxysteroid dehydrogenase in scalp
hairs of hirsute women. Steroids 2003, 68, 641–649. [CrossRef]

79. Drzewiecka, H.; Jarmołowska-Jurczyszyn, D.; Kluk, A.; Gałęcki, B.; Dyszkiewicz, W.; Jagodziński, P.P. Altered expression of
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