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Abstract

MicroRNAs (miRNAs), a class of 22 nucleotide (nt) noncoding RNAs, negatively regulate mRNA posttranscriptional modification in various
biological processes. Morphogenesis of skin hair follicles in cashmere goats is a dynamic process involving many key signaling molecules,
but the associated cellular biological mechanisms induced by these key signaling molecules have not been reported. In this study, differen-
tial expression, bioinformatics, and Gene Ontology/Kyoto Encyclopedia of Genes and Genomes enrichment analyses were performed on
miRNA expression profiles of Inner Mongolian cashmere goats at 45, 55, and 65 days during the fetal period, and chi-miR-370-3p was iden-
tified and investigated further. Real-time fluorescence quantification (qRT-PCR), dual luciferase reporting, and Western blotting results
showed that transforming growth factor beta receptor 2 (TGF-R2) and fibroblast growth factor receptor 2 (FGFR2) were the target genes
of chi-miR-370-3p. Chi-miR-370-3p also regulated the expression of TGF-fR2 and FGFR2 at mRNA and protein levels in epithelial cells and
dermal fibroblasts. DNA staining, Cell Counting Kit-8, and fluorescein-labelled Annexin V results showed that chi-miR-370-3p inhibited
the proliferation of epithelial cells and fibroblasts but had no effect on apoptosis. Cell scratch test results showed that chi-miR-370-3p
promoted the migration of epithelial cells and fibroblasts. Chi-miR-370-3p inhibits the proliferation of epithelial cells and fibroblasts by
targeting TGF-BR2 and FGFR2, thereby improving cell migration ability and ultimately regulating the fate of epithelial cells and dermal
fibroblasts to develop the placode and dermal condensate, inducing hair follicle morphogenesis.
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structure, morphogenesis and development of skin hair follicles,
and the functions of related genes is, therefore, of great signifi-
cance to the breeding of cashmere goats. Most previous studies
on cashmere goat skin hair follicles have focused on periodic
changes in hair follicles, while relatively few studies on placode
(PC) and dermal condensate (DC) formation have been reported.
By 45days during the fetal period in cashmere goats, the skin
forms a complete epidermal structure; by 55 days, epithelial cells

Introduction

Goats are one of the earliest domesticated livestock species.
Due to their strong adaptability to the environment, they can in-
habit extreme environments such as the Gobi Desert and the
Mongolian Plateau, and they are now distributed worldwide (Han
et al. 2020). China has the largest number of goats and is the
world’s largest cashmere exporter, due to valuable cashmere

goat species resources, especially Inner Mongolian and Liaoning
cashmere goats (Zhang et al. 2019). Cashmere is a high-grade
textile raw material, known as “soft gold,” and with the rapid
development of textile and garment industries, the quality
requirements for cashmere are becoming stricter. Thus, the se-
lection and development of excellent cashmere goat breeds are
important (Shamsaddini-Bafti et al. 2012).

The skin and hair follicle traits of cashmere goats have a direct
effect on the yield and quality of wool. Understanding the

form PC and begin to induce dermal fibroblasts to form DC; and
by 65days, PC and DC are fully formed and downgrew (Wu et al.
2020a). The morphogenesis of hair follicles in the embryonic pe-
riod involves gradual signaling between the epidermis, dermis,
and related tissues. For example, ectodysplasin A, FGF20, and bone
morphogenetic protein 4 are expressed in the initial stages of hair
follicle morphogenesis and are located on the PC, suggesting that
they play an important role in PC formation in cashmere goats
(Wang et al. 2020; Wu et al. 2020b). Fetal skin RNA sequencing
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(RNA-seq) results from Inner Mongolian cashmere goats (Han
et al. 2020; Wu et al. 2020a; Zhang et al. 2019) and Shanbei cash-
mere goats (Gao et al. 2016; Wang et al. 2020) showed that the
Wingless-type MMTV integration site family member (WNT) and
mitogen-activated protein kinase signaling pathways play an im-
portant role in the induction, differentiation, and maturation of
cashmere goat hair follicles.

The genetic regulation of fetal hair follicles in cashmere goats
is relatively clear, but the cellular biological mechanisms of the
key signaling molecules remain unknown. Although epithelial
cells and dermal fibroblasts are crucial in hair follicle develop-
ment (Epstein et al. 1999), the cellular mechanisms through
which epithelial cells and dermal fibroblasts form hair follicles
have not been reported. In recent years, with the development of
in vitro imaging technologies and single-cell sequencing,
researchers have confirmed that cell migration is the main cellu-
lar mechanism of epithelial cell PC formation (Ahtiainen et al.
2014) and dermal fibroblast DC formation (Mok et al. 2019) in
mice. However, there are no relevant reports on cashmere goats.

Micro-RNAs (miRNAs) are a class of endogenous noncoding
RNAs 20-25 nucleotides (nt) in length with regulatory functions
in eukaryotes. Mature miRNAs are produced from longer primary
transcripts by a series of nuclease shearing and processing steps,
then assembled into an RNA-induced silencing complex. The tar-
get mRNA is identified by complementary base pairing, and
translation of the target mRNA is suppressed according to the de-
gree of complementarity (Gebert and Macrae 2019; Suzuki et al
2015). Since the discovery of miRNAs in the early 1990s (Bruce
et al. 1993; Lee et al. 1993), thousands of miRNAs have been iden-
tified in animals and plants (Kozomara et al. 2019). Studies have
shown that miRNAs affect several major biological pathways by
regulating most protein-coding genes (Bartel 2018; Liu et al. 2018).
They are widely distributed gene expression regulators and are
important in the development of skin hair follicles (Andl et al.
2006; Yi et al. 2006, 2009). They regulate hair follicle develop-
ment-related genes, thereby altering cell phenotype and the fate
of epithelial cells, fibroblasts, dermal papilla cells, and hair folli-
cle stem cells. Hair follicle development and morphological
changes are largely governed by these cells (Ahmed et al. 2011,
2014; Amelio et al. 2013; Wu et al. 2021).

To explore the role of miRNAs in the formation of PC and DC,
we conducted differential expression analysis of miRNA tran-
scriptome data obtained during the early stages of fetal
morphogenesis in Inner Mongolian cashmere goats. We identified
chi-miR-370-3p and subsequently explored regulatory relation-
ships between chi-miR-370-3p and fibroblast growth factor receptor
2 (FGFR2) and transforming growth factor beta receptor 2 (TGF-fR2),
as well as the effects on the migration, cell cycle, proliferation,
and apoptosis of fetal epithelial cells and dermal fibroblasts. Our
findings help to explain the regulatory mechanisms of miRNAs in
PC and DC formation.

Materials and methods
Animals

Samples were obtained from Inner Mongolia Jinlai Animal
Husbandry Technology Co., Ltd. (Hohhot, Inner Mongolia). The
environment in the farm met the relevant requirements of the
experimental facilities in the Chinese National Standard
“Experimental Animal Environment and Facilities” (GB14925-
2010). Health status, pathogenic microorganism infections, and
zoonotic infections were monitored to ensure animal safety.

Mating of experimental animals was completed in the natural
state of estrus. We used Graphpad Prism 9.0 to visualize the data.

Differential expression of miRNAs

In a previous study, our team sequenced miRNAs in 21 skin sam-
ples from Inner Mongolian cashmere goats during seven prenatal
periods (45-135days) (Han et al. 2020) (Supplementary Table S1).
On this basis, the present study focused on the three periods
from 45-65 days. Transcripts per million (TPM) was used to nor-
malize miRNA expression using the formula: TPM = (actual
miRNA count/total count of clean reads) x 10°. The R software
package “edgeR” (http://www.bioconductor.org/packages/release/
bioc/html/edgeR.html) was used to determine significant differ-
ences in expression levels between the two groups of samples.
The screening criteria for miRNA differences were an expression
level change of more than 1.5-fold and P<0.05. We used
Graphpad Prism 9.0 to visualize the data.

Key miRNA screening

TargetScan (http://www.targetscan.org/vert_71/) and MiRanda
(http://www.microrma.org/microrna/home.do) were used to pre-
dict the potential target genes of miRNAs. G: Profiler (http://biit.
cs.ut.ee/gprofiler/gost) was used to investigate the statistical en-
richment of candidate target genes in Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways and Gene Ontology (GO)
functions. KEGG pathways were analyzed using the KEGG data-
base (http://www.KEGG.jp) and GO functional enrichment analy-
sis was carried out using the GO database (http://geneontology.
org/). We used Graphpad Prism 9.0 to visualize the data.

Real-time quantitative PCR

Total RNA was isolated from skin samples and cells using TRIzol
(Invitrogen, China), reverse-transcribed into cDNA using a
PrimeScript Reagent Kit (Takara, China), real-time quantitative
PCR (qRT-PCR) was performed using a Fluorescence Quantitative
PCR Kit (Takara), and mRNA expression levels were calculated
using the 2724°T method (Schmittgen and Livak 2008). For qRT-
PCR of miRNAs, RNA was reverse-transcribed into cDNA using a
Bulge-Loop miRNA gRT-PCR Starter Kit (RiboBio, China), and
gRT-PCR was performed using a Bulge-Loop miRNA gRT-PCR
Starter Kit (RiboBio). The Pearson correlation coefficient was used
to calculate the correlation coefficient between miRNAs and tar-
get genes, and two-tailed t-tests were employed to compare the
results of the different groups. Data are presented as the mean =
standard error of the mean (SEM). We used Graphpad Prism 9.0
to visualize the data.

Dual luciferase reporter gene assay

Primers for amplifying target genes and target gene 3’-untrans-
lated regions (UTRs) were designed based on gene sequences in
GenBank, and 3'-UTR sequences were amplified by PCR using
cashmere goat genomic DNA as template. PCR products were
cloned into the pSI-checK2 dual-luciferase reporter gene vector
(Hanheng, China) to construct the wild-type plasmid. The target
sequence of chi-miR-370-3p in FGFR2 and TGF-BR2 genes was mu-
tated to construct mutant plasmids. Finally, expression of the lu-
ciferase reporter was measured, and the target sites of miRNAs in
the transfected 3'-UTRs were analyzed. The plasmid and chi-
miR-370-3p mimics were synthesized by Shanghai Hanheng
Biotechnology Co., Ltd., Shanghai, China. Two-tailed t-tests were
used to compare the results of the different group, and data are
presented as the mean = SEM. We used Graphpad Prism 9.0 to vi-
sualize the data.
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Cell culture and transfection

Cell culture and transfection were performed as described in a
previous study (Wu et al. 2021). Lentivirus-mediated chi-miR-370-
3p interference and overexpression plasmids were prepared
by Shanghai Hanheng Biotechnology Co., Ltd. Animals were di-
vided into negative control (NC), HBLV-chi-miR-370-3p-sponge-
ZsGreen-PURO (chi-miR-370-3p [lo]), and HBLV-chi-miR-130b-3p-
ZsGreen-PURO (chi-miR-370-3p [hi]) groups. We used Graphpad
Prism 9.0 to visualize the data.

Western blotting

Total protein extraction and Western blotting were performed
as described in a previous study (Wu et al. 2021). Antibodies
were as follows: rabbit polyclonal antibody against FGFR2
(AF0159; Affinity, China), rabbit polyclonal antibody against
TGF-BR2 (AF5449; Affinity), mouse monoclonal antibody
against B-actin, horseradish peroxidase (HRP)-conjugated goat
anti-rabbit second antibody (BA1054; BOSTER, China), and
HRP-conjugated goat anti-mouse second antibody (BA1051;
BOSTER). All antibodies were diluted 1:1000. Two-tailed t-tests
were used to compare the results of different groups, and data
are presented as the mean * SEM. We used Graphpad Prism
9.0 to visualize the data.

DNA staining

Determination of the cell cycle by the DNA Content Quantitation
Method (Solarbio, China) was performed according to the manu-
facturer’s instructions. Single-cell suspensions were prepared at
a concentration of 10°/mL, and 1 mL samples were centrifuged,
the supernatant was discarded, and cells were mixed with 500 L
of 70% precooled ethanol for fixation for 24 h, stored at 4°C, and
the fixing solution was washed with phosphate-buffered saline
(PBS) before staining; 100L RNase A solution was added to the
cell precipitation, the cells were resuspended, and bathed at 37°C
for 30 min. Then 400L propidium iodide (PI) staining solution was
added to mix well and incubated at 4°C in dark for 30min. The
red fluorescence at the excitation wavelength of 488nm was
recorded. Proliferation index = (S + G2/M)/(G0/G1+S + G2/M) %.
Two-tailed t-tests were used to compare the results of the differ-
ent groups, and data are presented as the mean + SEM. We used
Graphpad Prism 9.0 to visualize the data.

Cell Counting Kit-8

Cell proliferation was measured by the Cell Counting Kit-8 (CCK-
8) assay (Tiangen, China) according to the manufacturer’s
instructions. Cells were seeded in 96-well plates and the optical
density of each well was determined at 490 nm. Two-tailed t-tests
were used to compare the results of different groups, and data
are presented as the mean + SEM. We used Graphpad Prism 9.0
to visualize the data.

Fluorescein-labelled Annexin V

Determination of apoptosis was performed using an Annexin
V-FITC Apoptosis Detection Kit I (Lake Franklin, New Jersey, USA)
according to the manufacturer’s instructions. Single-cell suspen-
sions were prepared at a concentration of 10°/mL, and 1mL was
centrifuged, the supernatant was discarded, and 200pL of 1x
binding buffer was added. Next, 5pL of Annexin V-FITC was
added and incubated in the dark for 15 min, followed by 5 pL of PI
and a further incubation in the dark for Smin. Finally, 200 uL of
1x binding buffer was added before flow cytometry detection,
and the proportion of apoptotic cells was calculated using the

formula: apoptosis = (early apoptotic cells + late apoptotic cells)/
total cells. Two-tailed t-tests were used to compare the results of
different groups, and data are presented as the mean = SEM. We
used Graphpad Prism 9.0 to visualize the data.

Cell scratch test

Firstly, a marker pen was used to draw horizontal lines uni-
formly (every 0.5-1cm) across a six-well plate. Approximately
five cells were added to each well (adjusted according to the
growth speed of cells; inoculation was based on the cell fusion
rate reaching 100% after overnight). The next day, with the
head of the gun perpendicular to the cell plane, the cell layer
was scratched along the line drawn on the back of the plate
the day before. After the scratch was completed, cells were
washed three times with PBS, and fresh serum-free medium
was replaced. Cells were cultured in an incubator at 37°C with
5% CO,. Cells were removed at Oh and 24h, and the area of
the scratch was observed and measured under a microscope.
Cell migration was calculated using the formula: Cell migra-
tion rate = 1 — (scratch area at 24h/scratch area at Oh). Two-
tailed t-tests were used to compare the results of different
groups, and data are presented as the mean * SEM. We used
Graphpad Prism 9.0 to visualize the data.

Data availability
Supplementary material is available at figshare: https://doi.org/
10.25387/g3.14058293.

Supplementary Table S1: miRNA-Seq date. The miRNA ex-
pression data for each sample was normalized using the TPM
method.

Supplementary Table S2: GO and KEGG enrichment analyses.

Results

Differential expression of miRNAs

To identify miRNAs associated with the initiation of PC and DC
formation, differential expression of miRNAs at three stages
(45, 55, and 65 days) was analyzed. Comparison between 55 days
and 45days revealed 466 differentially expressed miRNAs
(188 upregulated and 278 downregulated at 55days), and 35
miRNAs had TPM values >1000 and a P-value of <0.05
(Figure 1A). Comparison between 55days and 65days revealed
464 differentially expressed miRNAs (317 upregulated and 147
downregulated, of which 25 miRNAs had TPM values >1000 and
P-values <0.05 (Figure 1B). Comparing miRNAs upregulated at
55days and TPM values >1000 revealed 17 overlapping candidate
miRNAs (Figure 1C). Expression levels of all miRNAs at three
stages were measured and normalized by TPM, and the fold-
change (FC) of candidate miRNAs in the two groups was calcu-
lated and normalized by log, (FC).

Screening of miRNAs associated with PC and DC
morphogenesis

For mRNA data, functional analysis is typically conducted using
GO and KEGG enrichment analyses (Supplementary Table S2),
while for miRNA data, miRNA-related functions are usually stud-
ied through corresponding mRNAs. Analysis of candidate
miRNAs using TargetScan and MiRanda predicted 22,731 target
genes. The results of GO functional analysis showed that candi-
date miRNAs were mainly associated with intracellular and cyto-
plasm in the cellular component category, binding and protein
binding the molecular function category, and positive regulation
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Figure 1 Screening of miRNAs related to fetal skin hair follicle morphogenesis in Inner Mongolian cashmere goats. (A) miRNAs differentially expressed
at 55 and 45 days. (B) miRNAs differentially expressed at 55 and 65 days. (C) Heatmap of miRNAs related to DC and PC initiation. (D) GO functional
annotation and enrichment analysis. The top 10 GO terms in each category are shown in the figure. (E) KEGG signaling pathway enrichment analysis.

of biological processes and cellular processes in the biological
process category (Figure 1D).

Compared with GO functional enrichment analysis, we paid
more attention to the results of KEGG signaling pathway enrich-
ment analysis, since this identified 35 signaling pathways in
which candidate miRNAs were significantly enriched, 11 of which
were involved in the initiation of PC and DC formation
(Figure 1E). We found that chi-miR-370-3p was enriched in nine
signaling pathways through targeting TGF-R2 and FGFR2. These
results suggest that chi-miR-370-3p may affect the initiation of
PC and DC formation by regulating TGF-BR2 and FGFR2
(Figure 1E). Since the miRNA sequencing results were verified by
gRT-PCR in previous work (Han et al. 2020), we focused only on
chi-miR-370-3p in the present work, and relative expression lev-
els of chi-miR-370-3p were consistent with the RNA-seq results
(Figure 2A).

Chi-miR-370-3p targets TGF-R2 and FGFR2

gRT-PCR results showed that the relative expression levels of
TGF-fR2 and FGFR2 were strongly negatively correlated with chi-
miR-370-3p at 45-65 days, with Pearson product-moment corre-
lation coefficient of —0.95833 and -0.88787, respectively
(Figure 2B). Sequence alignment of chi-miR-370-3p with FGFR2
and TGF-fR2 revealed that chi-miR-370-3p possessed binding
sites for TGF-BR2-3’-UTR and FGFR2-3'-UTR, and TGF-fR2 and
FGFR2 were confirmed as potential target genes of chi-miR-370-
3p (Figure 2C). Finally, chi-miR-130b-3p significantly downregu-
lated the expression of the wild-type TGF-BR2-3'-UTR (Figure 2D)
and FGFR2-3'-UTR (Figure 2E), according to the results of the
dual-luciferase reporter gene assay system (P<0.01), indicating
binding between the two molecules, and this downregulation ef-
fect disappeared after mutation (P > 0.05), indicating that the mu-
tation was successful (Figure 2, D and E).
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Figure 2 Verification of chi-miR-370-3p sequencing results and confirmation that it directly targets TGF-BR2 and FGFR2. (A) Validation of chi-miR-370-3p
sequencing results. (B) qRT-PCR verification of the targeting of TGF-$R2 and FGFR2 by chi-miR-370-3p. (C) Plasmid map of the dual luciferase reporter
system and location of the target fragment inserted into the vector. (D) Verification of the interaction between chi-miR-370-3p and TGF-BR2-3'-UTR by
dual luciferase reporter gene assay. (E) Verification of the interaction between chi-miR-370-3p and FGFR2-3'-UTR by dual luciferase reporter gene assay.

Functions of chi-miR-370-3p in epithelial cells
and dermal fibroblasts

After puromycin resistance screening, fluorescence microscopy
showed that resistance screening was successful; both dermal
fibroblasts and epithelial cells exhibited strong green fluores-
cence with a uniform distribution (Figure 3A). The gRT-PCR
results showed that the relative expression of chi-miR-370-3p in
the chi-miR-370-3p (lo) group was significantly lower than that in
the NC group (P<0.01), while that in the chi-miR-370-3p (hi)
group was significantly higher than that in the NC group
(P<0.01), both in epithelial cells and in dermal fibroblasts

(Figure 3B). This confirmed that both chi-miR-370 (lo) and
chi-miR-370 (hi) epithelial cell and dermal fibroblast lines were
constructed successfully.

The gRT-PCR results showed that in each epithelial cell line,
expression of TGF-BR2 in the chi-miR-370(lo) group was 5.08672
times higher than that in the NC group (P <0.01), while expres-
sion of FGFR2 in the chi-miR-370 (lo) group was 5.56757 times
higher than that in the NC group (P < 0.01). Expression of TGF-R2
in the chi-miR-370 (hi) group was 0.19037 times higher than that
in the NC group (P<0.01), and expression of FGFR2 in the
chi-miR-370 (hi) group was 0.10153 times higher than that in the
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fibroblast cell lines.

NC group (P<0.01). In each dermal fibroblast line, expression of was 0.15207 times higher than that in the NC group (P<0.01), and

TGF-BR2 in the chi-miR-370 (lo) group was 4.01207 times higher than
that in the NC group (P < 0.01), while expression of FGFR2 in the chi-
miR-370 (lo) group was 4.11829 times higher than that in the NC
group (P < 0.01). Expression of TGF-fR2 in the chi-miR-370 (hi) group

expression of FGFR2 in the chi-miR-370 (hi) group was 0.06429 times
higher than that in the NC group (P < 0.01; Figure 3C).

Western blotting results analyzed by Image-Pro Plus yielded
gray values for TGF-BR2, FGFR2, and B-actin for each treatment
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group of epithelial cells and dermal fibroblasts, and the relative
expression of TGF-BR2 and FGFR2 protein in each experimental
group of epithelial cells and dermal fibroblasts (Figure 3D). In epi-
thelial cells, TGF-BR2/B-actin values for NC, chi-miR-370-3p (lo),
and chi-miR-370-3p (hi) groups were 0.48522, 0.96745, and
0.26001, respectively. FGFR2/B-actin values for NC, chi-miR-370-
3p (lo), and chi-miR-370-3p (hi) groups were 0.67359, 1.12867,
and 0.36017, respectively (Figure 3E). In dermal fibroblasts,
TGF-BR2/B-actin values for NC, chi-miR-370-3p (lo), and chi-
miR-370-3p (hi) groups were 0.60533, 1.15414, and 0.38776,
respectively. FGFR2/B-actin values for NC, chi-miR-370-3p (lo),

and chi-miR-370-3p (hi) groups were 0.37655, 0.72622, and
0.17165, respectively (Figure 3F). These results confirmed that
chi-miR-370-3p negatively regulates both TGF-BR2 and FGFR2
genes during hair follicle development in goat fetal skin.

Effects of chi-miR-370-3p on the cell cycle,
proliferation, apoptosis, and migration of
epithelial cells and dermal fibroblasts

DNA staining results (Figure 4A) showed that with increasing ex-
pression of chi-miR-370-3p in epithelial cells, the proportion of
cells in phase GO/G1 of the cell cycle was significantly increased
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Figure 5 Effects of chi-miR-370-3p on apoptosis and migration of epithelial cells and dermal fibroblasts. (A) Apoptosis analysis by flow cytometry. (B)
Apoptosis rate of each cell line. (C) Effect of serum-free medium on the proliferation of each cell line over 24 h. (D) Results of cell scratch tests. (E) Cell

migration rate of each cell line.

(Figure 4B), and the cell proliferation rate was significantly de-
creased (Figure 4C). Similarly, in dermal fibroblasts, with increas-
ing expression of chi-miR-370-3p, the proportion of cells in phase
GO/G1 of the cell cycle was significantly increased (Figure 4B),
and the cell proliferation rate was significantly decreased
(Figure 4C).

CCK-8 assay results showed that with increasing expression of
chi-miR-370-3p in epithelial cells (Figure 4D) and dermal fibro-
blasts (Figure 4E), cell proliferation was significantly reduced

(P<0.01). The fluorescein-labelled Annexin V results (Figure 5A)
showed that epithelial cells and fibroblasts did not undergo sig-
nificant changes in apoptosis with different expression levels of
chi-miR-370-3p (P > 0.05; Figure 5B).

We cultured cells in serum-free medium to reduce the effect
of cell proliferation in the cell scratch experiment. The CCK-8
results showed no significant changes in cell proliferation in each
epithelial and dermal fibroblast cell line in serum-free medium
for 24h (P>0.05; Figure 5C). The cell scratch test results
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(Figure 5D) showed that in epithelial cells, the cell migration rate
of the chi-miR-370-3p (lo) group was significantly lower than that
of the NC group (P < 0.01) after 24 h, and the cell migration rate of
the chi-miR-370-3p (hi) group was significantly higher than that
of the NC group (P <0.01) after 24 h. Meanwhile, in dermal fibro-
blasts, the cell migration rate of the chi-miR-370-3p (lo) group
was significantly lower than that of the NC group (P < 0.01) after
24h, and the cell migration rate of the chi-miR-370-3p (hi) group
was significantly higher than that of the NC group (P < 0.01) after
2h (Figure 5E). Thus, chi-miR-370-3p can stimulate the migration
of both epithelial cells and dermal fibroblasts.

Discussion

The morphogenesis of hair follicles is coordinated by interactions
between epithelium (epidermis) and mesenchyma (dermis)
(Sengel 1990). Epithelial cells that form the epidermis receive sig-
nals from the underlying dermal fibroblasts to form the PC, while
dermal fibroblasts require epidermal signals to form DC
(Davidson and Hardy 1952; Hardy 1992; Kollar 1970). PC
morphogenesis is stimulated by the activation of the nuclear fac-
tor k-light-chain-enhancer of activated B cells and WNT signaling
pathways, which can enhance the motility of epithelial cells and
increase the abundance of epithelial cells needed to form the PC
(Ahtiainen et al. 2014). In the process through which epithelial
cells form the PC, PC precursors release Wnt family and other sig-
naling molecules that are received by dermal fibroblasts, and der-
mal fibroblasts subsequently determine the cell fate of directed
aggregation (Mok et al. 2019). It is known that PC and DC forma-
tion depends on cell migration rather than cell proliferation, but
changes in fate determination of epithelial cells and fibroblasts
may be related to the control of cell proliferation (Ahtiainen et al.
2014; Mok et al. 2019). Cell proliferation is an important process
through which epithelial cells form a complete epidermis. At this
stage, a large number of signal molecules related to cell prolifera-
tion are active, including members of the TGF-B and FGF family.
Members of the TGF-B family are considered crucial for hair
follicle formation, but TGF-BR2 is usually only expressed in the
epidermal structure before the formation of the PC (Paus et al.
1997). FGFR2-deficient mice can exhibit severe epidermal dyspla-
sia (Petiot et al. 2003). Increasing the expression of FGFR2 can in-
duce epithelial cells to differentiate into epidermis, but it can
increase the duration of hair follicle formation and reduce the
number of hair follicle units (Richardson et al. 2009). High expres-
sion of FGF7 can also inhibit the formation of hair follicles (Guo
et al. 1993). Compared with epithelial cells that form the PC, the
dermal fibroblasts that form DC almost exit the cell cycle, result-
ing in almost the complete loss of proliferation ability (Mok et al.
2019), suggesting that the migration ability acquired by epithelial
and dermal fibroblasts to form PC and DC is likely to be associ-
ated with inhibition of cell proliferation (Magerl et al. 2001;
Richardson et al. 2009; Schmidt-Ullrich et al. 2006).

MiRNAs target regulatory genes and form a diverse regulatory
network during the development of skin hair follicles. They also
play a key role in gene expression in different cell lines of hair
follicles. In the Wnt/B-catenin signaling pathway, miR-214 tar-
gets B-catenin to inhibit the Wnt signaling pathway, which affects
the proliferation of epithelial cells and decreases hair formation
(Amelio et al. 2013). miR-218-5p is a dynamic regulator of hair fol-
licle development that targets secreted frizzled related protein 2 to
activate the Wnt/B-catenin signaling pathway (Zhao et al. 2019).
This miRNA not only plays a role in this signaling pathway;
keratin 16, keratin 17, distal-less homeobox 3, and FGF10 are also

direct targets miR-31, and overexpression and deletion of miR-31
affect the activity of both bone morphogenetic protein (BMP)
and WNT signaling pathways (Mardaryev et al. 2010).

The Let-7 family is one of the most abundant miRNA families
in epidermal cells (Rybak et al. 2009), and members mediate the
transformation of undifferentiated basal cells to basalization
(Bussing et al. 2008). Let-7a targets insulin-like growth factor 1
receptor, transcriptional regulator Myc-like, and FGF5, regulating their
corresponding signaling pathways and thereby affecting the
development of hair follicles (Ma et al. 2018). Hairless mouse
mutants exhibit altered TGF-$2 expression through miR-31 regu-
lation, which interferes with hair follicle morphogenesis and hair
circulation (Kim and Yoon 2015). The BMP signaling pathway is
important in epithelial cells and plays an important role in fetal
post-birth tissue remodeling and tumorigenesis. miR-21 and in-
hibitor of DNA binding 1, inhibitor of DNA binding 2, inhibitor of DNA
binding 3, and msh homeobox 2 are important downstream compo-
nents of the BMP signaling pathway (Ahmed et al. 2011). Alopecia
areata is one of the most common types of alopecia in humans
(Jabbari et al. 2018; Liu et al. 2017; Pratt et al. 2017; Rajabi et al.
2018; Strazzulla et al. 2018a, 2018b; Triieb and Dias 2018). Risk-as-
sociated genes interleukin 2 receptor subunit alpha (IL2RA), syntaxin
17 (STX17), and tenascin XB (TNXB) are regulated by miR-30b, and
low expression of miR-30b in alopecia areata patients leads to
increased expression of IL2RA, STX17, and TNXB, which greatly
increases the probability of disease (Tafazzoli et al. 2018). In addi-
tion, four kinds of differentially expressed miRNAs were identi-
fied in dermal papilla cells with and without alopecia (Goodarzi
et al. 2012). As a rare hereditary hair disease, alopecia-neurologi-
cal defects—endocrinopathy syndrome is caused by decreased
expression of RNA-binding motif protein 28, which promotes hair
growth by regulating the activities of miR-203 and the coding
transcription factor p63 (Warshauer et al. 2015).

In the present study, we demonstrated that chi-miR-370-3p
can increase the proportion of epithelial cells and dermal fibro-
blasts at the GO/G1 stage and inhibit cell proliferation by regulat-
ing TGF-BR2 and FGFR2 expression at mRNA and protein levels,
thereby stimulating cell migration. We revealed a relationship
between cell migration and cell proliferation during hair follicle
morphogenesis and showed that inhibition of the expression of
certain proliferation-related genes by miRNAs may be the key to
enhancing the migration ability of epithelial cells and dermal
fibroblasts.

Conclusion

Chi-miR-370-3p is a key miRNA in the morphogenesis of fetal
hair follicles of Inner Mongolian cashmere goats. This miRNA
inhibits the proliferation of epithelial cells and dermal fibroblasts
through targeted regulation of FGFR2 and TGF-$R2, thereby pro-
moting their migration ability, and this process does not increase
cell apoptosis.
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