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Cashmere goat from Inner Mongolia is an excellent local breed in China, and the related
cashmere product is a kind of precious textile raw material with high price. Cashmere
is generated from secondary hair follicles, which has obvious annual periodicity and
includes three different stages: anagen, catagen, and telogen. Therefore, we investigated
skin transcriptome data for 12 months using weighted gene co-expression network
analysis (WGCNA) to explore essential modules, pathways, and genes responsible
for the periodic growth and development of secondary hair follicles. A total of 17
co-expression modules were discovered by WGCNA, and there is a strong correlation
between steelblue module and month (0.65, p = 3E—09), anagen (0.52, p = 1E-05),
telogen (—0.6, p = 8E—08). Gene expression was generally high during late anagen
to catagen (June to December), while expression was downregulated from telogen to
early anagen (January—May), which is similar to the growth rule of hair follicle cycle.
KEGG pathway enrichment analyses of the genes of steelblue module indicated that
genes are mainly enriched in Cell cycle, Wnt signaling pathway, p53 signaling pathway
and other important signal pathways. These genes were also significantly enriched in
GO functional annotation of the cell cycle, microtubule movement, microtubule binding,
tubulin binding, and so on. Ten genes (WIF1, WNT11, BAMBI, FZD10, NKD1, LEFT,
CCND3, E2F3, CDC6, and CDC25A) were selected from these modules, and further
identified as candidate biomarkers to regulate periodic development of hair follicles
using gRT-PCR. The Wnt signaling pathway and Cell cycle play an important role in the
periodic development of hair follicles. Ten genes were identified as essential functional
molecules related to periodic development of hair follicle. These findings laid a foundation
for understanding molecular mechanisms in biological functions such as hair follicle
development and hair growth in cashmere goats.
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FIGURE 3 | Key module analysis. (A-C) Scatterplot of Gene Significance for Module Membership in steelblue module. (D) Heatmap of steelblue module genes
expression pattern. The Abscissa is the sample name, the above picture is the heat map of the expression of the genes in the module in different samples, and the
following picture is the expression pattern of the characteristic values of the module in different samples.

RESULTS gene expression matrix including 72 samples and 7,320 genes

. . after filtering. among them. Construct a co-expression network
Constructlo_n of Weighted Gene through R packets of WGCNA. The hclust function is used
Co-expression Network to analyze the samples (Figure2A). Six outlier samples are
Based on the gene expression data of skin tissues of Inner  found in the hierarchical clustering of the samples and were

Mongolia cashmere goats in different months, we obtained a  eliminated in further analyses. In order to build a network
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FIGURE 4 | Steelblue module gene analysis map. (A) KEGG enrichment analysis of steelblue module. (B) GO analysis of steelblue module. (C) Gene co-expression
network in steelblue modules. (D) Gene expression trend of wnt signaling pathway, Abscissa indicates month, in which the anagen (Apri-November), catagen
(December-January) and telogen (February-March), the ordinate is FPKM. (E) Gene expression trend of cell cycle, CCNB, and CCND3 use the left ordinate axis, other
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with scale-free distribution and retain information as much
as possible, a soft threshold method is used to find the best
soft-thresholding powers § (Figure 2B). Specific Powervalue
information is shown in Supplementary Table 2. We discovered
that the connectivity between genes in the network is high
(B = 10, R? = 1.82), indicating a scale-free network (Figure 2C).
The TOM clustering tree is constructed to divide modules
preliminarily, and then similar modules are combined by a
dynamic hybrid cutting method (Figure 2D). Finally, genes
are divided into 17 modules (Table1). The largest module
contains 2,152 genes (darkgrey module), while the smallest
module contains 35 genes (darkmagenta module). The module
gene clustering heat map is drawn by hclust function, which
is used to show the connectivity relationship between the two
genes (Figure 2E). From the module-trait correlation heat map
(Figure 2F), we discovered four modules significant related to
months and different stages. Steelblue module is significantly
correlated with month (0.65, p = 3E—09), anagen (0.52,
p = 1E—05) and telogen (—0.6, p = 8E—08), respectively.
Royalblue module have strong correlations with month (—0.62,
p = 2E—08), anagen (—0.44, p = 2E—04) and telogen (—0.42,
p = 5E—04). Lightcyan module has strong correlations with
anagen (0.58, p = 4E—07) and telogen (—0.43, p = 3E—04),
while orange module is correlated with month (0.58, p = 4E—07).
Genes in these modules might be involved in the periodic
development of secondary hair follicles.

Key Modules Related to Hair Follicle Cycle

Development

Through Module trait relationships analysis, we found that the
steelblue module has the strongest correlations with many stages
of hair follicle cycle development. Therefore, we will focus on the
genes in this module for follow-up analysis. With a scatter plot
of steelblue module’s module membership and month, anagen,
and telogen’s gene significance (Figures 3A-C). We identified a
high correlation between steelblue module and month (cor = 0.7,
p = 4.3E—52), indicating that the gene of this module has
a strong correlation with monthly changes. In addition, this
steelblue module also has moderate correlations with anagen
(cor=0.35, p=2.2E—11) and telogen (cor = 0.53, p = 2.2E—26).
These results indicate that genes in this module are strongly
associated with the periodic development of hair follicles. There
are 348 genes in the steelblue module, including 322 annotated
genes and 26 new transcripts (Supplementary Table 3). Then
we analyzed steelblue module gene expression patterns in detail
(Figure 3D), and discovered specific expression patterns in
different months. During anagen, the gene expressions of this
module were generally low from April to May and high from June
to November. During catagen, the expressions began to decrease.
During telogen, the gene expressions were generally low.

Functional Annotations of Steelblue
Module Genes

In enrichment analysis of KEGG pathways (Figure 4A;
Supplementary Table 4), steelblue module genes were
significantly enriched in 13 signal pathways, including

Cell cycle, Wnt signaling pathway, p53 signaling pathway,
pyrimidine metabolism, and drug metabolism-cytochrome
P450. Wnt signaling pathway and Cell cycle are typical
pathways that regulate the periodic development of hair follicles.
Through GO functional enrichment analysis (Figure 4B;
Supplementary Table 5). We found that the module genes
were significantly enriched in 10 GO annotations, including
four Dbiological processes and six molecular functions.
The biological processes of enrichment include cell cycle
(GO:0007049), microtubule-based movement (GQO:0007018),
microtubule-based  process (G0:0007017), and nuclear
division (GO:0000280). The enrichment molecular functions
include microtubule binding (GO:0008017), tubulin binding
(G0O:0015631), microtubule motor activity (GO:0003777), and
motor activity (GO:0003774), macromolecular complex binding
(G0O:0044877) and protein complex binding (GO:0032403).

We constructed a gene network for steelblue module
(Figure 4C) and found that genes of the Wnt signaling pathway
and Cell cycle pathway were in the center of a network. LEFI,
VANGL2, BAMBI, WNT11, FZD10, NKDI1, and WIFI in the
Wnt signaling pathway had high connectivity. CCND3 and E2F3
belonged to both the Wnt signaling pathway and cell cycle.
CDK1, CCNBI, TTK, BUBI, BUBIB, CCNB2, CDC6, CCND3,
CDC25A, RBLI, and other genes in the Cell cycle were also
located in the center of the network, and these candidate genes
might play an important regulatory role. In the gene expression
trend map of these two pathways (Figures 4D,E), we found that
the expression trend of CCND3 was opposite to that of other
genes in the two pathways. The expression of CCND3 decreased
gradually in anagen and began to increase in catagen and telogen.
Gene expression trends of other genes in the Wnt signaling
pathway and Cell cycle were the same, which increased gradually
during anagen, reached the highest level from August to October,
then decreased gradually, and continued to decrease in catagen
and telogen. Expression levels of most genes in the cell cycle
were low.

Detection of Relative Expression of
Candidate Genes by qRT-PCR

Total RNA was extracted from 36 skin samples for 12 months.
The concentration was above 180 ng/pl, and OD260/280
was between 1.80 and 2.01. A number of candidate genes
related to the periodic development of hair follicles were
identified by modular gene analysis. 10 genes (WIFI, WNT11,
BAMBI, FZD10, NKDI, LEF1, CCND3, E2F3, CDC6, and
CDC25A) participating in Wnt signaling pathways and cell cycle
were selected and validated by qRT-PCR during 12 months
(Figures 5A-J). Through multiple comparisons, it was found that
the differences between these candidate genes in different months
were significant (p < 0.05), and a statistical table was made
(Table 2).

We found that the quantitative results were basically
consistent with transcriptome data, but were different among
genes. For instance, the expression level of WIFI was higher in
anagen, and WIFI expression in June and July was significantly
higher than that in other months (Figure 5A). The expression
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of WNTII in September was significantly higher than that in
other months, while the expression level was the lowest in the
catagen and telogen (Figure 5B). The expression of BAMBI was
the highest from May to September and the lowest during the
telogen (Figure 5C). Expression of FZDIO was the highest in
August and September (Figure 5D). The overall expression of
NKD1 was consistent in each month, and the expression level
was up-regulated in the anagen (Figure 5E). Expression of LEF]I
was the highest from June to September, and the expression
level was lower in the catagen and telogen (Figure 5F). The
expression level of CCND3 was low in anagen, significantly lower
in November than in other months, and gradually increased in
catagen and telogen (Figure 5G). Expression of E2F3 was the
highest in July and August, and the expression level was lower
in the catagen and telogen (Figure 5H). Expression of CDC6 was
consistent in each month (Figure 5I). The expression level of
CDC25A was higher in the whole anagen, and the expression
level from May to October was significantly higher than that in
other months (Figure 5J). The expression of these genes changes
over time, indicating close correlations to the secondary hair
follicle cycle.

Dynamic regulatory network control chart according to the
regulatory relationship between Wnt signaling pathway and
cell cycle pathways and the expression of candidate genes
(Figure 5K). We can find that WIFI regulates WNT11, WNT11,
and BAMBI to activate the receptor Frizzled in the Wnt signaling
pathway, and then activates LEFI under the regulation of the
NKDI gene, and then inversely regulates CCND3. At the same
time, it affects E2F3, CDC6, CDC25A, and other genes in the cell
cycle pathway. These genes may work together to regulate the
periodic growth of the hair follicles.

DISCUSSION

WGCNA is a systematic method to discover functional modules
by phenotype-transcriptome joint analysis, function enrichment
analysis, reduction of gene dimension, and biological significance
analysis of modules. In this study, based on the gene expression
data and phenotypic data of Inner Mongolia cashmere goat for
12 months, 7,320 effective differential genes were divided into
modules by WGCNA, and a total of 17 co-expression modules
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The data are expressed in the form of mean + SD deviation, and p-value is the result of the analysis of ANOVA of genes in different months. ABCDEF Represent significant is significant with different letters (p < 0.05).

were obtained. In order to mine the modules related to hair
follicle cycle development, we identified that the steelblue module
had the highest correlation with the hair follicle cycle.

The genes in Steelblue modules were significantly enriched
in the Wnt signaling pathway and cell cycle, which are typical
cycle-related genes. The Wnt signaling pathway is involved in the
regulation of development, wound healing, disease and cancer.
The Wnt pathway regulates cell proliferation in the skin, which
directly affects skin regeneration of wounds. Hair follicles of
cashmere goats are also undergoing continuous reborn. Studies
have found that the origin of new hair follicle cells is regulated by
the Wnt signal pathway to activate hair follicle stem cells (HFSC)
(40). The activation of the Wnt signaling pathway can induce
HESC from the telogen to the anagen, thus accelerating hair
regeneration and development (20). In this study, we also found
that the expression level of genes in Steelblue module began to
increase gradually during anagen, and decreased gradually in
catagen and telogen. The expression pattern of these genes was
consistent with the cycle of hair follicles, which may be involved
in the regeneration of hair follicles. Through Figures 4D,E, we
can also find that the genes in these two pathways also have the
same expression trend.

WIFI belongs to the family of Wnt inhibitors, which interferes
with Wnt signal transduction by directly binding to WNT
proteins (41). The expression of WIFI increased in the early
stage of hair follicle growth (42), which was consistent with the
results of this study. It is known that the expression of WNTI11
is up-regulated during skin wound healing, indicating that the
signal transduction of this gene may be active in the stage of
wound healing and play an important role in the regeneration
of hair follicles (43). BAMBI is an inhibitor of TGF-p family
members and plays a role in hair follicle development (44).
BAMBI is different in fetal skin, and the expression from 45
days to 135 days increases gradually in the embryonic stage,
which is consistent with the development of hair follicles in
the embryonic stage and can positively regulate the growth of
hair follicles (45). BAMBI also plays an important role in the
periodic growth of hair follicles, and it can be found that the
expression of BAMBI in the whole anagen is significantly higher
than that in catagen and telogen, indicating that the expression
of BAMBI plays a positive role in the rapid maturation of hair
follicles during hair follicle growth. The expression of FZD10 is
up-regulated during the transition from the resting stage to the
growing stage, which contributes to the activation of HFSC and
promotes the circulation and regeneration of hair follicles (46).
LEF] is a downstream factor of the Wnt signaling pathway and
is expressed in inner and outer root sheath cells, hair stromal
cells, and dermis. LEFI is also highly expressed during the
growth period and can promote the growth and development
of hair (47). This study has the same results. At the same time,
some studies have shown that the expression of LEFI in the
dermis can support the new development of hair follicles in
the wound, induce the expression of LEFI in human dermal
cells to enhance the ability of skin repair, and regenerate new
hair follicles in the healed wound (48). LEFI plays an important
role in the regulation of hair follicle regeneration. CCND3 plays
an important role in cell proliferation and apoptosis affects the
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normal progress of the cell cycle and is a key molecule in the
process of transformation. CCND3 knockdown induces cell cycle
arrest and apoptosis (49). This study found that the expression
level of CCND3 was higher in the catagen and telogen and the
expression of CCND3 may promote the apoptosis of hair follicle
cells and enter the next cycle. CDC6 encodes key proteins of DNA
replication and is responsible for recruiting MCM helicases to the
origin of replication during the G1 phase of the cell division cycle.
The overexpression of CDC6 protein in the skin can prolong the
retrogression and resting period in the hair growth cycle and
promote the preservation of hair (50).

Through this study, it was found that these candidate genes
were differentially expressed at different stages of the hair follicle
growth cycle. The expression of these genes WIFI, BAMBI,
LEF1, CDC25A, WNT11, FZD10, and E2F3 was significantly high
in anagen, but low in catagen and telogen, indicating that it
plays an important role in the rapid growth and development
of hair follicles. The expression of CCND3 was significantly
higher in catagen and telogen, indicating that the gene can
promote the apoptosis and regeneration of hair follicles. NKDI
and CDC6 showed significant differences only in some months.
These findings suggest that these candidate genes may play an
important role in the development of secondary hair follicles.

CONCLUSIONS

In this study, we used the WGCNA method to study
the important regulatory genes of secondary hair follicle
development in cashmere goats and obtained 17 co-expression
modules. A strong correlation between Steelblue and multiple
stages of hair follicle growth and development was discovered,
and identified as a key module. Wnt signaling pathway and
Cell cycle play an important role in the periodic development
of hair follicles. Ten important genes related to the hair follicle
cycle were identified and further verified, including WIFI,
WNTI11, BAMBI, FZD10, NKDI, LEF1, CCND3, E2F3, and
CDC6. These findings lay a foundation for further study of
molecular mechanisms in biological functions such as hair follicle
development and hair growth in cashmere goats.
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