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Abstract

Background Dorper sheep are celebrated for their fast maturation and superior meat quality, with some shedding
their wool each spring. Wool shedding occurs naturally due to the hair follicle (HF) cycle, but its regulatory mecha-
nisms remain unclear and need further investigation.

Results In this study, shedding and non-shedding sheep were selected from the same Dorper flock. Skin samples
were collected in September of the first year and January and March of the following years. RNA sequencing was per-
formed on these samples. Principal component analysis (PCA) was used to assess the results. A total of 2536 differen-
tially expressed genes (DEGs) were identified. Using a clustering heatmap and fuzzy clustering analysis three distinct
gene expression patterns were identified: A pattern (high expression in anagen), T1 pattern, and T2 pattern (high
expression in telogen). For each pattern, differentially expressed genes (DEGs) were analyzed through Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. Combining this with pathway
expression analysis, six A-pattern and fourteen T-pattern pathways linked to telogen-anagen transition in the HF cycle
were identified. Networks of key pathways were then constructed. Additionally, key genes were identified in the tel-
ogen-anagen transition, including one A-pattern gene and seven T-pattern (T1, 1; T2, 6) genes, using the Maximal
Clique Centrality (MCC) tool in Cytoscape. Predicted transcription factors (TFs) involved in key pathways, such as LEF
and STAT5B, were identified. Finally, RNA-seq results were confirmed by RT-qPCR.

Conclusion This study highlights critical genes and pathways in the telogen-anagen transition, and transcriptome
sequencing along with bioinformatics analysis provides new insights into the regulatory mechanisms of the HF cycle
and development.
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Background

Dorper sheep HFs are composed of primary hair follicles
(PHFs) and secondary hair follicles (SHFs) [1]. PHFs pro-
duce coarse wool, while SHFs produce fine wool [2-5].
Both types undergo repeated HF cycles, but SHFs have
shorter, more active cycles than PHFs [3]. In part of the
Dorper herd, a clear HF cycle is observed in SHFs. The
HF cycle generally comprises three phases: active growth
(anagen), apoptosis-induced degradation (catagen), and
relative stasis (telogen). A more detailed subdivision
based on HF morphological structure has been made [6—
8]. For example, He et al. divided the SHF cycle in Hexi
cashmere goats into proanagen, anagen, procatagen, cat-
agen, and telogen phases [7]. Similarly, Liu et al. reported
the HF cycle in Tibetan sheep as mid-anagen in May, cat-
agen in October, and late telogen/early anagen in January
[9]. The wool shedding phase, known as exogen, is char-
acterized by a notable loss of wool cover in specific areas
or throughout the sheep’s body [10]. This phase primarily
occurs during the transition from the resting stage (telo-
gen) to the active growth stage (anagen) of the hair cycle,
yet it is frequently overlooked [11]. Microscopically, the
hair shaft takes on the form of “club hair,” which is iden-
tifiable by its distinctive crumpled, brush-like appearance
at the base. Shedding is believed to be an active process
influenced by specific signals that disrupt the adhesion of
the club hair to surrounding epithelial cells, though the
exact mechanism is still unclear.

The HF cycle is regulated by various genes and signal-
ing pathways. WNT/B-catenin signaling is critical for
initiating anagen, and absence of P-catenin in the der-
mal papilla halts hair regeneration [12]. Sonic hedgehog
(Shh) signaling, influenced by Wnt/p-catenin signaling, is
essential for downward growth of the HF, though it is not
required for hair placode formation or early epidermal
ingrowth [2, 13, 14]. BMP signaling, which opposes Wnt
and Shh pathways, inhibits HFs from entering the anagen
phase, with Bmp2 and Bmp4 in the dermis playing roles
in cyclic process [15]. TGF-f signaling is complex; TGEF-
2 promotes anagen by suppressing BMP signaling in HF
stem cells, but can also cause apoptosis in HF epidermal
cells via the MAPK pathway, leading to catagen [16, 17].
The coexistence and antagonism of these pathways signif-
icantly impact the HF cycle and morphological changes.

With high-throughput technology advances, tran-
scriptome analysis has become popular to study gene
expression and regulation in mice, sheep, and other
animals. These methods have facilitated gene screen-
ing related to HF growth and development. For exam-
ple, Liu et al. identified 12,865 differentially expressed
genes (DEGs) in Inner Mongolia cashmere goats, with
7664 up-regulated and 5201 down-regulated genes
during anagen and telogen [18]. Bhat et al. examined
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transcriptome profiles in Pashmina goats, outlining
genes and pathways regulating anagen and telogen
[19]. These studies provide insights into HF growth and
development, yet they have limitations in analyzing
underlying mechanisms, primarily due to using single
populations prone to seasonal variations. In contrast,
we included both shedding and non-shedding sheep
with the same genetic background. Using the integrated
approach, we combined gene and pathway expression
analyses, protein-protein interaction (PPI) network
analyses, and TF prediction to elucidate the key regula-
tory mechanisms in the telogen-anagen transition.

Methods

Animals and sampling

A Dorper flock from Ningxia Zhongmuyilin Livestock
Products Stock, located at latitude 38°35” and an eleva-
tion of 1,100 m. Seventeen healthy Dorper ewes, about
2 years old and of similar weight, were selected: nine
were shedding and eight were non-shedding, all under
identical feeding conditions. To collect their skin tis-
sue, the animals were intravenously anesthetized with
xylazine hydrochloride (1.0-2.0 ml/100kg). Once they
lay on their sides, samples were taken using surgical
scissors from the lateral midsection. Following skin
alcohol disinfection, approximately 2 cm? of skin tis-
sue was excised (see Fig. 1A) with surgical scissors. The
wounds were sutured and disinfected using a special
surgical trigon and absorbable sutures. The sheep were
monitored for health and retained for breeding, with
skin tissues stored in liquid nitrogen. Skin tissue sam-
ples were collected on September 27, 2019 (anagen),
January 3, 2020 (telogen), and March 17, 2020 (early
anagen). Additionally, bodyside wool from 17 ewes was
collected on March 17, 2020. The shedding and non-
shedding phenotypes of the ewes were monitored over
two years and reassessed as stable on May 13, 2020.
Ultimately, RNA-seq and RT-qPCR experiments were
conducted on five complete shedding ewes (S1, S2, S3,
S4, and S5) and three non-shedding ewes (N1, N2, and
N3) representing the best extreme phenotypes.

Determination of wool phenotype

On 17 March 2020, the straightened lengths of coarse
and fine wool were measured using a 15 cm ruler. Wool
diameters were assessed with a microscope projector
CYG-055 C (Shanghai Optical Instrument Factory); the
wool was divided into 16 parts, and 4 were randomly
selected for counting. This count was then multiplied by
4 and divided by 9 (the sheared wool area) to calculate
the density. Data were analyzed using SPSS23.0.
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Total RNA extraction, cDNA library construction,

and lllumina sequencing

Total RNA was extracted from each skin sample by grind-
ing in liquid nitrogen with Trizol reagent (Invitrogen,
Carlsbad, CA, USA). The quality and concentration of
RNA were assessed using a spectrophotometer (IMPLEN,
CA, USA). For each skin sample, 24 RNA libraries were
constructed, representing three developmental time
points of in vivo HFs. Poly (A) mRNA was isolated using
oligo (dT), fragmented, and reverse transcribed with
random primers. Double-stranded cDNAs were synthe-
sized using RNase H and DNA polymerase I, then puri-
fied using QiaQuick PCR. The cDNA was sequenced on
an Illumina HiSeq 4000 platform by GeneDenovo Co,
Guangzhou, China.

RNA-sequencing data analysis

Raw image data from sequencing were transformed into
sequence data by base calling. This raw data was then fil-
tered to obtain clean data by removing reads with adapt-
ers, poly-N>10%, and low-quality reads (>50% of bases
with Phred quality scores<5%). The Phred score (Q20)
and GC content of the clean data were calculated. All
subsequent analyses used this high-quality data. The
clean reads were mapped to the sheep reference genome
(Oar_rambouillet_v1.0) using HISAT2. Based on the
comparison results, Stringtie was used to reconstruct
transcripts and the FPKM method calculated the expres-
sion levels of each transcript. DESeq2 was used to ana-
lyze the DEGs between the two groups, calculating the
probability of hypothesis testing (p-value) and perform-
ing multiple hypothesis testing corrections to obtain the
FDR (false discovery rate) value. The fold change (FC)
was calculated, and genes with FDR<0.05 and |log2
FC|>1 were identified as DEGs.

Hematoxylin and eosin staining of skin samples

Skin samples were fixed in 4% paraformaldehyde for over
48 h, washed, dehydrated, and cleared, then impregnated
in paraffin and embedded. The resulting wax blocks were
sectioned serially (5 um) longitudinally with a microtome
(KD-1508, Jinhua, China). For paraffin section prepa-
ration, the fixed samples were dewaxed with xylene,
hydrated through graded alcohols, stained, dehydrated,
cleared with xylene, and sealed with neutral gum. Mor-
phological changes in the skin were examined using a
light microscope (MSHOT, Guangzhou, China).

GO and KEGG pathway enrichment analyses

To further understand the biological function of each
pattern DEGs, GO and KEGG enrichment analyses were
performed using OmicShare tools, a free online platform

Page 3 of 14

(https://www.omicshare.com/tools). Q-value<0.05 for
GO and p-value <0.05 for KEGG were considered signifi-
cant as shown in Fig. 5.

PCA and pattern analysis

FPKM values from 24 sheepskin samples were used to
perform the PCA using OmicShare tools. 2536 DEGs
were subjected to hierarchical analysis using the ‘hclust’
function. The cluster dendrogram was fragmented using
the ‘complete’ function to classify genes. ClusterGVis R
software package was used to analyze pattern-specific
DEGs. Trend line graphs are used to present the expres-
sion of genes clustered in the heatmap using the kmeans
method. For pattern clustering, we used mfuzz, a soft
clustering method based on the fuzzy C-means (FCM)
clustering algorithm, and the membership values of the
genes were used to determine the degree of belonging to
the clustered group.

PPl network construction and TFs prediction

PPI network analyses were performed on pattern DEGs
using the STRING database (https://string-db.org,
version 12.0), selecting interactions with a combined
score>0.4 as significant. Cytoscape (version 3.10.1) was
used to visualize the network and present core and hub
gene biological interactions. CytoHubba (version 0.1) in
Cytoscape used MCC to calculate the topological param-
eters of nodes and identify hub genes in the co-expres-
sion networks. The BMKCloud platform (www.biocloud.
net) aligned the genetic sequence data with the transcrip-
tion factor database (AnimalTFDB).

Real-time fluorescent quantitative PCR (RT-qPCR)

detection

To verify the sequencing results, six DEGs were selected,
and GADPH was the internal reference gene for RT-
qPCR verification. Total RNA was converted into cDNA
using MightyScript Plus First Strand ¢cDNA Synthe-
sis Master Mix (gDNA digester) (Sangon, Shanghai,
China). qPCR was conducted using TB Green Premix Ex
Taq (2X) (Tli RNaseH Plus), and ROX plus (TAKARA,
Dalian, China). Primer Premier 5.0 software was used to
design the primers (Table 1), which were purchased from
Zhongke Yutong Biotechnology Co., Ltd. (Xianyang,
China).

Results

Phenotypic analysis of wool and identification of HF cycle
stages

Phenotypic results show that most fine wool in shed-
ding sheep group (S) had shed by March (Fig. 1B)
and almost completely by May (Fig. 1C). No shed-
ding occurred in the non-shedding sheep group (N)
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from September to May of the following year (Fig. 1E-
H). After phenotypic observation, coarse and fine
wool measurements were compared between S and N
(Table 2). The length, diameter, and density of coarse
wool were higher in S than in N (P<0.05, P<0.01,

Table 1 Primer information
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and P<0.05, respectively). The straightened length of
fine wool in S was less than half of that in N (P<0.01),
consistent with observed phenotypes (Fig. 1C, G). The
shorter fine wool length was influenced by the catagen

Gene name Primer sequence (5'-3’) Tm/C Product Length (bp) Accession Number

GAPDH F: TGACGCTCCCATGTTTGTGA 50-60 162 NM_001190390.1
R: GCGTGGACAGTGGTCATAAGT

COL1A2 F: AATGGTGGCACCCAGTTTGA 554 172 XM_004007726.6
R: CAGCCTTTTTCAGGTTGCCA

FGF5 F: ACTCCATGCAAGTGCCAA 54 227 NM_001246263.2
R: GCTGCTCCGATTGCTTGAAT

FGF10 F: TGTGCGGAGCTACAATCACC 575 138 NM_001009230.1
R: ATCTCCAGGATACTGTACGGG

HSPA8 F: GTGAACGTGCCATGACCAAG 56.4 202 XM_012095633
R: TTGCTCAAGCGGCCCTTAT

FGFR1 F: TCCGTACTGGACGTCACCA 574 181 XM_060407149.1
R: GGTGGCATAACGGACCTTGT

FOS F: AGTGCCAACTTCATCCCAAC 583 282 NM_001166182.1

R: AGCCATCTTATTCCTTTCCCTTC

Fig. 1 Shedding phenotypes of extreme individuals. A-D The phenotype o
time points: September 2019 (anagen), January 2020 (telogen), and March 2020 and May 2020 (early anagen). Shedding occurred mostly in C,
with almost complete shedding in D. In A, the sample collection location is marked with a black square. E-H The phenotype of the same sheep

in the non-shedding sheep group (N) across the four different time points

Table 2 Coarse and fine wool phenotypes of S and N

%

f the same sheep in shedding sheep group (S) at four different

Group Number Coarse wool Coarse wool Course wool Fine wool Fine wool Fine wool density
(only) straightened diameter(pum) Density Number/  straightened diameter(pum) Number/cm?
length(cm) cm? length (cm)
S 9 14440187 163394925 41.13+3.31° 22440258 24224144 171.96+8.99
N 8 099+0.12° 86.99+9.58% 29.83+282° 584+1.16 25.14£1.18 174.89+8.27

S exhibited longer, thicker, and denser coarse wool compared to N. However, the fine wool in S was shorter than that in N. Different uppercase letters A and B signify
extremely significant differences (P<0.01), while differing lowercase letters a and b indicate significant differences (P <0.05). No letters denote no significant

differences
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and telogen stages, while in N, fine wool continued to
Srow.

Furthermore, the HF cycle stages for S in September of
the first year, January of the first year, and March of the
following year were identified. September is marked ana-
gen, initiated by cooler temperatures and shorter days,
stimulating vigorous wool growth. January was telogen,
halting wool growth. The telogen structure was also con-
firmed in HF tissue sections (Figure S1. A-B) [20]. March
represented early anagen as new wool began to jack
up the old. (Figure S1. C) [21]. Sheepskins in May still
retained coarse wool, which is consistent with the find-
ings of Zhu et al. [22, 23]. This showed differences in HF
cycles for coarse and fine wool.

To explore the regulatory mechanisms of hair cycle
transitions between telogen and anagen, we conducted
RNA-seq and transcriptome analysis.

Sequencing data quality control analysis

After filtering out adaptor reads and low-quality
sequences, the proportion of high-quality data was above
99%, with GC content ranging from 48.51 to 52.49%, and
all Q30 values exceeding 92.4%. Over 93.65% of clean
reads mapped to the sheep reference genome (Table S1).
These results confirmed the reliability of the sequencing
data for further analysis.

Verifying the division of the HF cycle stages by marker
genes and KERATINs

The Wnt/B-catenin pathway is crucial for anagen in HFs,
with expression levels corresponding to follicle stages
[24]. Analysis of 32 DEGs in the Wnt pathway showed
8 genes with consistent expression trends, including
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marker DEGs Wnt10B, CTNNBI, and LEFI1 [9, 25, 26]
(Fig. 2B-D). The trend for 9 other genes in the Wnt path-
way was opposite to that observed in Fig. 2 (Table S2).
Studies have linked KERATINs (KRTs), regulated by
LEFI in the Wnt pathway, to hair growth [27]. RNA-seq
identified 57 KRTs, with 32 showing expression trends
aligned with marker genes of the Wnt pathway (Fig. 2E).
Expression patterns of marker genes and KRTs cor-
responded with HF cycle stages. In the S group, gene
expression peaked in S1 and was lowest in S2, increasing
slightly in S3. In the N group, gene expression decreased
gradually, with similar levels in N3 and S3, indicating
comparable HF development stages. WNT and KRT
expression highlighted differing HF development stages
between S and N, with S exhibiting a distinct HF cycle
and N in a slower growth phase without a cycle. These
results align with our phenotypic observations (Fig. 1).

Sample PCA and DEGs analysis

PCA was used to analyze the expression of all genes
(Fig. 3A). The samples from S1, N1, and N2 overlapped
significantly, while S3 and N3 showed greater overlap,
indicating similarity in these stages. Cluster S2 was more
isolated, highlighting its uniqueness.

DEGs comparisons involved nine groups, display-
ing both up- and down-regulated genes as indicated in
Fig. 2B. The S1-vs-S2 comparison revealed 1931 DEGs,
$2-vs-S3 had 726 DEGs, and S2-vs-N2 had 919 DEGs; the
other six comparisons showed fewer DEGs. This pattern
emphasizes the unique nature of S2, the telogen stage,
and its high number of DEGs compared to other stages
(Fig. 3B). According to Fig. 3D, the cluster dendrogram of
DEGs grouped S1 and N1 in one group, while S2 formed
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- 0.5 0.5
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Fig. 2 DEGs of Wnt signaling pathway and KRTs. A Twenty genes in the Wnt signaling pathway showed similar changes in S (S1,anagen; S2,telogen;
S3,early anagen) and N (N1-N3, slow growth). B-E Expression trend of marker genes in the Wnt pathway and KRTs. Figures B, C, and D illustrate

the expression trends of Wnt10B, CTNNB1, and LEF1. Figure E shows merged expression trends in 32 differentially expressed KERATINs (KRTs). The
average FPKM value of the 32 keratin groups S and N in each period was separately divided by the average FPKM value of S1 to obtain the absolute
expression level value
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was grouped into a single cluster, indicating that S2 was different from others

a separate cluster, aligning with findings in Fig. 3A. This
result underscores the distinct expression profile of S2.
Notably, DEGs of N2 clustered with S3 and N3, whereas
genes of N2 were similar to that of N1 and S1 (Fig. 3A).
This suggests gene expression similarities in the decline
phase in N, the slow growth stage, with other stages.

Gene expression patterns analysis

To investigate gene expression patterns, cluster heat-
map analysis was conducted on DEGs (Fig. 4A). Results
showed that genes in clusters C6 and C7 had the highest
expression in S1 and the lowest in S2, with an increase
in S3 (Fig. 4D, E), similar to observations in Fig. 2B-E.
Cluster C3 showed opposite trends to C6 and C7, while
C4 was highly expressed only in S2 (Fig. 4C, B). After
removing chaotic gene trends in the four clusters, three
patterns of DEGs were identified (Fig. 4F-H). Genes with
the highest expression in anagen, lowest in telogen, and
increasing during early anagen were labeled as ‘A pattern’
(Fig. 4F). Genes with the highest expression in telogen,
lowest in anagen, and decreasing during early anagen
were labeled as “T1 pattern, contrasting with A-pat-
tern genes (Fig. 4G). It is speculated that A-pattern and
T-pattern genes may synergistically influence HF growth
and development. Genes only showing peak expression
in S2 were classified under the “T2 pattern, indicating
their critical regulatory role in telogen (Fig. 4H). A total
of 506 A-pattern DEGs, 306 T1-pattern DEGs, and 344
T2-pattern DEGs were identified.

GO and KEGG pathway analysis of DEG expression patterns
GO analysis revealed that A-pattern DEGs were signifi-
cantly enriched in the Biological Process (BP) and Cell
Component (CC) functional categories (Fig. 5A). In BP,

terms like regulation of epidermal development, cell
cycle process, and cell cycle were closely associated with
HF development. In CC, elements such as supramolecu-
lar fiber, polymeric cytoskeletal fiber, and nucleosome
play roles in preserving HF cell structural integrity and
controlling HF growth and development. T1-pattern
DEGs showed enrichment mainly in BP and Molecular
Function (MF) categories (Fig. 5B). In BP, terms such
as regulation of cell development, negative regulation
of cellular process, and cellular developmental process
were prevalent, aiding in maintaining follicle cell stabil-
ity and preparing for the next HF cycle. In MF, terms
including transcription factor activity sequence-specific
DNA binding and RNA polymerase II transcription fac-
tor activity, and sequence-specific DNA binding highlight
the importance of transcription factors in HF transcrip-
tional regulation during telogen. T2-pattern DEGs were
significantly enriched in the BP, CC, and MF categories,
linked with resting HF structure, promoting HF cell pro-
liferation and migration (Fig. 5C).

By KEGG enrichment analysis, 245 pathways for
A-pattern DEGs, 203 for T1-pattern DEGs, and 253
for T2-pattern DEGs were identified (Fig. 5D-F). In the
A-pattern, the estrogen signaling pathway in organis-
mal systems and the cell cycle in cellular processes were
closely related to HF growth and cycle processes [28,
29]. The p53 signaling pathway, implicated in cell dif-
ferentiation and programmed cell death, was also high-
lighted (Fig. 5D). For T1-pattern DEGs, genes enriched
in cellular senescence may reflect the declining prolif-
eration capacity and physiological function of HF cells.
The MAPK signaling pathway, related to HF growth and
development, was enriched in Environmental Informa-
tion Processing (Fig. 5E) [30]. T2-pattern results showed
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(3, C7,and C6 clusters in heatmap. F-H Fuzzy c-means clustering identified three distinct temporal patterns of DEG expression: A pattern (the
highest gene expression in anagen in group S, the lowest in telogen, and the second highest in early anagen; the gene expression in N decreased
slowly), the T1 pattern (the lowest gene expression in anagen in group S, the highest in telogen, and the second lowest in early anagen; the gene
expression in N increased slowly), and the T2 pattern (only high expression in the telogen which was S2)

enrichment in the regulation of actin cytoskeleton in
cellular processes, along with Hippo, NF-kappa B, and
PI3K-Akt signaling pathways in Environmental Informa-
tion Processing. These pathways play crucial roles in the
HF cycle in telogen. Fc gamma R-mediated phagocytosis
in Organismal Systems may be vital for maintaining cell
quiescence (Fig. 5F).

Analyzing expression patterns pathway

Based on KEGG enrichment analysis, three pattern-
specific DEGs were counted (Table S3). After analyzing
the distribution of these DEGs across KEGG pathways,
specific expression patterns in HFs were identified. Five

pathways showed an A-pattern, five exhibited a T1-pat-
tern, one demonstrated a T2-pattern, and six were active
in both T1 and T2 (Table 3). For instance, the Wnt sign-
aling pathway was identified as an A-pattern in Fig. 6A.
It included six A-pattern genes and one T2-pattern DEG
predominantly located in the canonical Wnt signaling
pathway. The calcium signaling pathway, functioning
in both T1 and T2 patterns, included pathways linked
to telogen with eight T1-pattern and eight T2-pattern
DEGs shown in Fig. 6B (Table 3). Furthermore, the trend
of gene expression in these pathways and the regula-
tory relationships between genes were examined to see
if they aligned with the three identified patterns (A, T1,
and T2) (Figure S2).
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Construction of regulatory networks using critical pattern
pathways

Based on pattern pathways and their corresponding
DEGs, two regulatory networks of the critical signal-
ing pathway were constructed as shown in Fig. 7. Fig-
ure 7A includes three A-pattern signaling pathways:

the typical Wnt signaling pathway, cell cycle, and glu-
tathione metabolism. In the Wnt signaling pathway,
A-pattern DEGs such as WNTI10B, FZDI10, FZD3,
CTNNBI1, and LEF were highlighted in bold red.
Past research has reported that Wnt ligands WNTE,
WNTI10B, and LEF1, upregulated by hepatocyte growth
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Table 3 Classification of pathway expression patterns

Type Pathway A-pattern DEGs  T1-pattern DEGs T2-pattern DEGs All

pattern
DEGs

A pattern Wnt signaling pathway 6 0 1 7
Glutathione metabolism 6 0 0 6
Cell cycle 7 0 0 7
Arginine and proline metabolism 3 0 0 3
Ferroptosis 2 0 0 2

T1 and T2 pattern PI3K-Akt signaling pathway 1 4 15 20
Calcium signaling pathway 0 8 8 16
Fc gamma R-mediated phagocytosis 1 1 3 5
Ras signaling pathway 0 5 9 14
Regulation of actin cytoskeleton 0 4 7 11
Chemokine signaling pathway 0 3 2 5

T1 pattern TGF-beta signaling pathway 1 1 1 3
AMPK signaling pathway 1 1 1 3
NF-kappa B signaling pathway 0 4 2 6
Notch signaling pathway 0 2 1 3
Gap junction 3 1 2 6

T2 pattern JAK-STAT signaling pathway 0 1 7 8

factor (HGF), influence HF growth [12]. In the Cell
cycle pathway, the knockout of SKP2 led to apoptosis
of HF cells [31]. CCNA2 was found crucial for HF for-
mation and growth [32]. The Glutathione metabolism
pathway helped protect HF cells from oxidative stress.
In Fig. 4B, the T1 and T2 pattern pathways map dis-
played a complex arrangement with four pathways
acting in both T1 and T2, one T1-pattern pathway,
and one T2-pattern pathway. The PI3K-AKT, calcium,
Fc gamma R-mediated phagocytosis, and chemokine
pathways were part of both T1 and T2 patterns. In the
PI3K-AKT signaling pathway, growth factors (FGFI0,
FLT3LG, BDNF, PDGFD, VEGFA) bound to recep-
tor tyrosine kinases (NTRK2, PDGFRB, KIT), promote
PIP3 production through PI3K class IA genes PIK3RA
and PIK3RI. This activation of AKT3, regulated by the
Chemokine pathway, influences the expression of the
NF-«kB pathway. In the Fc gamma R-mediated phago-
cytosis pathway, FCGR2 bound with SYK, activates
the PI3K-Akt and calcium signaling pathways, pro-
moting expression of GSN and SCIN while inhibiting
MARCKSLI. In the calcium signaling pathway, CAC-
NAIC and CACNAID promote RYRI, further enhanc-
ing ADCY8 and PTK2B expression in telogen. In the
chemokine signaling pathway, CXCLS binds with CCR6
and CCRI, promoting the JAK-STAT signaling pathway.
The NF-kB pathway, a T1 pattern pathway, is activated
when Zap70 stimulates LAT, which activates PLCGI via

the calcium signaling pathway, upregulating BCL2L1I,
TRAFI1, and TNFAIP3 in telogen. The JAK-STAT sign-
aling pathway, a T2 pattern pathway, is influenced by
upstream elements of the chemokine pathway and also
affects the PI3K-Akt pathway.

Identification of key genes in key pathways and prediction
of TFs of key pathways

To investigate the key genes in critical pathways, pat-
tern-DEGs-associated proteins were identified through
PPI analysis using MCC scoring. This analysis identified
162 A-pattern proteins, 46 T1-pattern proteins, and 59
T2-pattern proteins (Table S4). The best TFs were also
predicted, resulting in 19 A-pattern TFs, 53 T1-pattern
TFs, and 29 T2-pattern TFs (Table S5). Key genes includ-
ing one A-pattern, one T1-pattern, and six T2-pattern
genes ranked in the top 10 by MCC scores appeared
in the pattern regulatory network of critical pathways
(Fig. 8). CCNA2, a key gene in the cell cycle pathway, and
LEF1, a significant TF in the Wnt signaling pathway, were
noted in blue in Fig. 8E. GNB3, a high-scoring T1-pattern
gene, is upstream in the chemokine pathway. Key genes
FGF10, BDNF, PDGFD, PDGFRB, NTRK, and KIT were
identified between the T-pattern network and T2-pattern
protein (Fig. 8C, E). Additionally, STAT5B was recog-
nized as an important T2-pattern TF.
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Validation of DEGs by RT-qPCR
The expression of six DEGs, namely COLIA2, FGFS5,
FGFI10, FOS, FGFRI, and HSPA8, was validated by

RT-qPCR. Their expression profiles aligned with the
RNA-seq results (Fig. 9).



Zhang et al. BMC Genomics

UBE2C; CDiI

(2024) 25:1166

Top 10 in A_pattern PPI network ranked by MCC method

Rank | Name

Score

K1 NDC80

4.90E+13

TTK

4.90E+13

NUSAP1

4.90E+13

KIF20A

4.90E+13

CCNA2

4.90E+13

J/KIFZCI

GRIK3

PLXNA3

50 TNFAIP3

BDNF

CDCA8

4.90E+13

NEK2

4.90E+13

8 KIF2C

4.90E+13

9 CDK1

4.90E+13

10 UBE2C

4.90E+13

THBS2-

Top 10 in T1_pattern PPI network ranked by MCC method

Rank

Name

Score

HOXB5

13

HOXC5

12

HOXC6

12

HOXA6

6

HOXB6

_@®

GNB3

PLXNA3

PLXNA4

TNFAIP3

olo|~f~

GRIK3

wlw|s|s|o|lo

Top 10 in T2_pattern PPI network

ranked by MCC method

Rank

Name

Score

FGF10

5

ITGAM

ITGAM11

ITGA5

PDGFD

KIT

PDGFRB

NTRK2

9

THBS2-2

[a]

BDNF

(2] E) FN) FN) BN FN) FN) BN N

Page 11 of 14

LEF1(89)

A-pattern regulatory network
8

CCNA2(5),CHAC1(58),CTNNB1(154);
FZD3(94);GPX2(63);GSR(60);,GSS(57);
LAP3(84);0RC1(33);SKP2(51);WNT10B(124)

CACNA1D(22);
CCR6(23);
GNB3(6);
PTK2B(37);
TNFAIP3(11);
TRAF1(42)

ZAP70(44) T1_Protein

27
STAT5B(16)
12 7
TI_TF 0
30
8  T2_Protein
50

T-pattern regulatory network

AOX1(11);BCL2L1(24);BDNF(9);
FGF10(1);KIT(5);NTRK2(6);PDGFD(7);PDGFRB(8)

Fig. 8 Identification of key genes and predicted TFs in key pathways. A-C The PPI network of the top 10 DEGs pattern and its ranking results. D

The Venn diagram consisted of three components: A-pattern predicted proteins by PPI with MCC score (brown), A-pattern regulatory network

of key pathways (red), and A-pattern predicted TFs (yellowish brown). E The Venn diagram included T1-pattern predicted proteins (blue), T2-pattern
predicted proteins (green), T-pattern regulatory network of key pathways (grey), and T1 and T2 predicted TFs (orange and yellow). Genes ranked

in the top 10 with high scores in the PPI network and appearing in the pattern regulatory network are displayed in red, while the forecasted TFs

in the pattern regulatory network are depicted in purple. The numbers in parentheses represent the rank of predicted proteins by the MCC method

FGF5

FGF10

s1 s2 s3 NI

RNA-seq
I Q-pcR
q25 35
30
20
o
5 25
o]
15 z
3
£ g
z <
S z
10.%
g
g. 10
g
05
00

uoissaidxa aane[a1 Yod-O0

N2 N3

Fig.9 RT-gPCR validation of 6 DEGs

FGFRI

RNA-seq RNA-seq
[ Q-PCR CoL1A2 [ Q-PCR
q12 1400
i 1200 N 6
D @
= 1000 )
{s & a
bl bl
3 el
£ ;3’ 800 4 £
1° 3 5 &
g 2 600 T 2
3 k]
14 g g
g- 400 2 g
] ]
_ 42 200 T
0 0
st s2 s3 NI N2 N3
RNA-seq RNA-seq|
[ Q-PCR HASPS [ Q-PCR
925 600
500 1°
—420
2 2
3 3
] 400 o]
3 g Js42
B 2 5
H % 300 Z
s K] S
g g
g E
2 200 g
g 12&
3 3




Zhang et al. BMC Genomics (2024) 25:1166

Discussion

This study employed reliable design and analytical meth-
ods to determine the regulatory mechanisms of the tel-
ogen-anagen transition in the hair follicle cycle. Initially,
an ideal experimental model was established with S as
the experimental group and N as the control. This model
reduced the false-positive rate, as seen with clusters C5
and C8 in Fig. 4A. These genes fluctuated similarly with
seasonal changes in S and N but were unrelated to the HF
cycle. Filtering out these genes allowed for specific iden-
tification of genes and pathways associated with the HF
cycle. For instance, Yang et al. only selected Inner Mon-
golian Arbas white cashmere goats as a single experimen-
tal group to investigate the HF cycle, which increased the
false positive probability [33]. Additionally, Su et al. found
STC2 associated with the HF cycle or other physiological
functions, but in this study, it was a seasonal DEG (cat-
egorized under cluster C5) [34]. Next, genes and pathway
expression patterns were identified. Currently, expression
pattern analysis related to HF development is an effective
method. For example, Chun Li et al. analyzed the expres-
sion patterns of stage-specific and melatonin-triggered
genes, constructing a regulatory pathway model for mel-
atonin-triggered HF cycles [35]. In this study, 506 A-pat-
tern DEGs, 306 T1-pattern DEGs, and 344 T2-pattern
DEGs were screened, discovering five A-pattern signaling
pathways, six T1 and T2 pattern signaling pathways, five
T1-pattern signaling pathways, and one T2-pattern sign-
aling pathway. These pattern genes and pathways were
associated with HF development.

Telogen plays an important role in the development
of HFs. Six T1 and T2-pattern pathways, five T1-pat-
tern pathways, and one T2-pattern pathway were
identified by pattern pathway analysis. Key signaling
pathways include NF-kB signaling, PI3K-Akt signaling,
JAK-STAT signaling, Fc gamma R-mediated phagocyto-
sis, calcium signaling, and chemokine signaling. While
previous research focused on the PI3K-Akt signaling in
transitioning from telogen to anagen, it has been shown
to enhance dermal papilla cell proliferation via WNT/
[-catenin signaling, thus inducing hair growth [36-38].
However, this study found PI3K-Akt signaling (T1 and
T2) also crucial in telogen, due to its role in maintain-
ing follicles in this phase [39]. Receptors upstream of
PI3K-AKT influence FcyR-mediated phagocytosis (T1
and T2), JAK-STAT (T2), and chemokine signaling (T1
and T2). FcyR-mediated phagocytosis may contribute
to HF atrophy. Wiener et al. reported high GSN expres-
sion during the telogen phase in canine transcriptome
analysis [40]. The AMPK signaling pathway (T1), FcyR-
mediated phagocytosis, and NF-Kappa B signaling (T1)
all transmit signals through calcium ions, highlighting
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calcium signaling’s intermediary role (T1 and T2).
NF-kB signaling, identified as a T1 pattern, was asso-
ciated with strong activity in the secondary hair germ
during late telogen and early anagen phases, indicating
its potential in activating HF stem/progenitor cells dur-
ing anagen induction, as observed in NF-kB reporter
mouse models by Krieger et al. [41]. In the JAK-STAT
signaling pathway, the target gene BCL2, crucial for
maintaining the telogen stage as an apoptosis inhibitor
[42], was identified. Topical application of JAK inhibi-
tors can induce hair growth from resting mouse HFs,
suggesting JAK-STAT signaling is essential for keeping
HF stem cells quiescent [43].

Key genes in key pathways were identified through
PPI analysis, including one A-pattern key gene, one
T1-pattern key gene, and six T2-pattern key genes.
Additionally, TFs in the key pathways were identified,
featuring one predicted A-pattern TF and one pre-
dicted T2-pattern TF. The A-pattern key gene CCNA2
is regulated by CDKNIB, which promotes the synthe-
sis of the TICRR complex in the cell cycle. Chen SJ and
others emphasized the critical role of CCNA2 in the
formation and growth of HFs [32]. TF LEF1 is repeat-
edly reported as vital in the growth and development
of HFs [44—-46]. GNB3, a key T1-pattern gene, acts as
a receptor in the Chemokine pathway. It plays a cru-
cial role in the telogen stage, a finding not previously
reported. The T2-pattern key genes FGF10, PDGFD,
PDGFRB, and NTRK?2 are located upstream in the cal-
cium signaling pathway, Ras signaling pathway, and
PI3K-Akt signaling pathway. BDNF and KIT are also
positioned upstream in these pathways. Six key T2-pat-
tern genes appear to initiate these pathways signifi-
cantly. It is notable that PDGFD and PDGFRB, a pair
of corresponding signaling molecules, show differences
in their anagen and telogen phases by more than three-
fold. Valentina Greco and colleagues observed that
FGF10 and FGF?7 are expressed in the dermal papilla of
HFs during telogen [47]. BDNF shows high expression
during the anagen VI phase of the human hair cycle.
However, only weak positive BDNF staining is detected
in the outer root sheath and secondary hair germ epi-
thelium of resting HFs, indicating its critical role in
the transition from anagen to telogen [48]. This find-
ing contradicts our conclusions, necessitating further
validation.

An important regulatory role in the transition from
telogen to anagen has been identified among A, T1, and
T2 patterns. A and T1 patterns, which are completely
opposite, may interact synergistically. During the ana-
gen stage, A-pattern genes showed high expression,
while T1-pattern genes were suppressed. Conversely,
during the telogen stage, T1-pattern genes showed high
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expression, while A-pattern genes were suppressed.
Additionally, T2-pattern genes exhibited high expres-
sion specifically during telogen, without variation
in other stages (Fig. 7B, color in blue). T2 genes were
primarily located at the initial regulatory point of the
pathway, emphasizing their critical role at that stage.

Conclusion

This study identified eight key genes, CCNA2, GNB3,
BDNF, FGFI10, KIT, NTRK, PDGFRD and PDGFRB,
that may play a critical role in HF transition from the
telogen to anagen stages. It identified four A-pattern
and six T-pattern key pathways in this transition, with
the predicted TFs LEF and STAT5B participating in
WNT and JAK-STAT signaling, respectively. Addition-
ally, three distinct gene expression patterns were found
in the HF cycle. This research provides valuable insights
for artificially regulating sheep shedding time. Future
studies will validate these findings using immunofluo-
rescence staining, Western blotting, and other experi-
mental methods and explore the specific mechanisms
by which these genes influence wool growth in sheep.
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