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Transcriptome analysis reveals miRNA
expression profiles in hypothalamus tissues
during the sexual development of Jining grey
goats
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Abstract

Background Exploring the physiological and molecular mechanisms underlying goat sexual maturation can
enhance breeding practices and optimize reproductive efficiency and is therefore substantially important for
practical breeding purposes. As an essential neuroendocrine organ in animals, the hypothalamus is involved in
sexual development and other reproductive processes in female animals. Although microRNAs (miRNAs) have

been identified as significant regulators of goat reproduction, there is a lack of research on the molecular regulatory
mechanisms of hypothalamic miRNAs that are involved in the sexual development of goats. Therefore, we examined
the dynamic changes in serum hormone profiles and hypothalamic miRNA expression profiles at four developmental
stages (1 day (neonatal, D1, n=5), 2 months (prepubertal, M2, n=5), 4 months (sexual maturity, M4, n=5),and 6
months (breeding period, M6, n=5)) during sexual development in Jining grey goats.

Results Transcriptome analysis revealed 95 differentially expressed miRNAs (DEMs) in the hypothalamus of goats
across the four developmental stages. The target genes of these miRNAs were significantly enriched in the GnRH
signalling pathway, the PI3K-Akt signalling pathway, and the Ras signalling pathway (P < 0.05). Additionally, 16 DEMs
are common among the M2 vs. D1, M4 vs. D1, and M6 vs. D1 comparisons, indicating that the transition from D1 to
M2 represents a potentially critical period for sexual development in Jining grey goats. The bioinformatics analysis
results indicate that miR-193a/miR-193b-3p-Annexin A7 (ANXA7), miR-324-5p-Adhesion G protein-coupled receptor
A1 (ADGRAT), miR-324-3p-Erbb?2 receptor tyrosine kinase 2 (ERBB2), and miR-324-3p-Rap guanine nucleotide
exchange factor 3 (RAPGEF3) are potentially involved in biological processes such as hormone secretion, energy
metabolism, and signal transduction. In addition, we further confirmed that miR-324-3p targets the regulatory gene
RAPGEF3.

Conclusion These results further enrich the expression profile of hypothalamic miRNAs in goats and provide
important insights for studying the regulatory effects of hypothalamic miRNAs on the sexual development of goats
after birth.
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Introduction

The goat is an important domestic animal worldwide,
offering various products such as meat, milk, skin, and
cashmere [1]. Reproductive capacity constrains the
development of livestock husbandry, and the normal
onset of puberty and sexual maturity are essential for
the reproductive performance of goats [2]. Investigating
the physiological and molecular mechanisms underlying
sexual maturation in goats can enhance the breeding pro-
cess and optimize reproductive efficiency, which is highly
important for practical breeding purposes [3]. The Jin-
ing grey goat is an indigenous goat breed in China that
is characterized by nonseasonal oestrous, high fertility
and early sexual development [4]. Jining grey goats enter
puberty at 2 months of age and achieve sexual maturity
at 3—4 months of age [5]. These characteristics make Jin-
ing grey goats an ideal animal model for studying goat
fecundity.

The sexual maturation of female mammals is controlled
by the hypothalamic-pituitary-gonadal (HPG) axis. In
mammals, the HPG axis remains stable after birth and
is directly activated at the onset of puberty [6]. Follow-
ing sexual maturity, follicles undergo development and
maturation, resulting in a regular cycle of oestrous, ovu-
lation, and fertility [7]. As a crucial neuroendocrine cen-
tre in animals, the hypothalamus significantly influences
reproduction, energy metabolism, and circadian rhythms
in animals [8—10]. In mammals, the initiation of puberty
and the regulation of sexual development are coordinated
by a complex neural network located within the hypo-
thalamus [11]. The proper progression of sexual matura-
tion holds paramount importance for the reproductive
capacity of goats. The crucial determinant for trigger-
ing the onset of sexual maturation in animals involves
increased pulsatile gonadotropin-releasing hormone
(GnRH) secretion from the hypothalamus. This process is
instigated and perpetuated by a combination of transsyn-
aptic inputs and glial inputs, which influence a complex
network of GnRH neurons [12, 13]. The hypothalamus
produces and releases GnRH, which acts on the pitu-
itary gland to promote the release of follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) from the
pituitary gland, which subsequently affects the produc-
tion of ovarian sex steroid hormones [14]. Furthermore,
the hypothalamus interacts with hormones from other
tissues, such as adipose tissue and the liver, to establish
a complex network of neuroendocrine regulation that
ensures normal sexual development [15].

MicroRNAs (miRNAs), a cluster of small noncoding
RNAs with an average length of approximately 22 nucle-
otides, are present in the genomes of different organisms

[16]. These miRNAs regulate mRNA expression at the
posttranscriptional level by forming complementary
base pairs with the 3’ untranslated region (3’'UTR) of the
target mRNA [17, 18]. Recently, an increasing amount
of research has indicated the potential involvement of
miRNAs in the intricate signalling and genetic networks
that control sexual development and maturation. In the
hypothalamus of rats, Lin28/let-7 axis modifications are
associated with postnatal sexual maturation [19]. More-
over, alterations in GnRH expression play crucial roles
in pubertal and adult fertility [20]. miR-200 and miR-155
target zinc finger E-box binding homeobox 1 (ZEBI) and
CCAAT enhancer binding protein beta (CEBPB), respec-
tively, and participate in sexual development and repro-
duction through the regulation of GnRH expression [21].
MiR-7 inhibits the expression, synthesis, and secretion of
gonadotropins. By regulating gonadotropins, miR-7 par-
ticipates in the feedback regulation of the hypothalamic-
pituitary-ovarian (HPO) axis [22]. These studies suggest
that miRNAs in the hypothalamus play crucial roles in
the regulation of reproduction and are also important
components of the gene regulatory network involved in
sexual maturation.

Although numerous studies have confirmed that hypo-
thalamic miRNAs play important roles in reproductive
regulation, most of the research on goat hypothalamic
miRNAs has focused on high- and low-fertility goats [23,
24]. There is limited information on the hypothalamic
miRNA expression profile of goats throughout their
development from birth to sexual maturity. Given this,
high-throughput sequencing technology was used to fur-
ther investigate the dynamic changes in miRNA expres-
sion profiles during sexual development (1 day (neonatal,
D1, n=5), 2 months (prepubertal, M2, n=5), 4 months
(sexual maturity, M4, n=5), and 6 months (breeding
period, M6, n=5)) in goats and to elucidate the potential
molecular regulatory mechanisms involved. Our findings
provide new perspectives for goat breeding by revealing
the dynamic changes in hypothalamic miRNAs during
sexual development and revealing the potential molecu-
lar regulatory mechanisms involved.

Materials and methods

Animal sample collection

In this study, a total of 20 female Jining grey goats were
selected from the Jining Grey Goat Breeding Farm (Jiax-
iang County, Jining City, Shandong Province, China). The
Jining grey goats in the experiment were divided into four
groups according to age: the 1-day-old group (neonatal,
D1, n=5; body weight: 2.08+0.11 kg), 2-month-old group
(prepubertal, M2, n=>5; body weight: 4.42+0.24 kg),
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4-month-old group (sexual maturity, M4, n=5; body
weight: 7.62+0.50 kg) and 6-month-old group (breed-
ing period, M6, n=>5; body weight: 8.82+0.53 kg). The
selected goats demonstrated sound health and were free
from any ailments. They were reared with consistent
feeding and management practices. The goats had unre-
stricted access to food and water. The selected goats were
not genetically related. All goats were slaughtered on the
same day. Following stunning via electric shock, the goats
were promptly slaughtered. Hypothalamic tissue samples
were subsequently collected and frozen in liquid nitrogen
for miRNA sequencing.

Serum sample collection and hormone content
determination

All the goat serum samples were collected on the same
day (8:00 to 10:00 a.m.). Blood was collected from the
jugular vein of each experimental goat, placed in a 10-mL
centrifuge tube for 30 min, centrifuged at 3 000 r/min at
4 °C for 10 min and stored at -20 °C for testing. In our
study, the serum FSH, LH, P and E2 levels were detected
using an ELISA kit (MDBio, Qingdao, China).

Total RNA extraction and library construction

Following the manufacturer’s instructions, total RNA
was obtained from 20 hypothalamic tissue samples using
TRIzol (Invitrogen, Carlsbad, CA, USA). The integrity of
the sequenced RNA was evaluated using an RNA Nano
6000 assay kit and an Agilent Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA). The total
RNA concentration was measured with a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The quality of the total RNA was
assessed using agarose gel electrophoresis.

The qualified RNA was subjected to PAGE for the puri-
fication and isolation of miRNAs ranging from 18 to 40
nucleotides in length. The 3" and 5 adaptors were sub-
sequently ligated to the 3’ and 5" ends of the small RNA
molecules, respectively. Following reverse transcription
primer hybridization, first-strand cDNA was synthe-
sized, and a double-stranded ¢cDNA library was gener-
ated through PCR enrichment. After purification and
size selection, the library with lengths ranging from 18 to
40 base pairs was subjected to SE50 sequencing using the
[lumina NovaSeq 6000 (Illumina, San Diego, CA, USA)
platform.

Small RNA sequence data analysis

To ensure the quality of sequencing, a filtering pro-
cess is performed to eliminate reads containing poly-N
sequences, 5" adapter contaminants, missing 3’ adapters
or insertion tags, reads with poly A/T/G/C content, and
those with low-quality readings. Simultaneously, the Q20,
Q30, and GC content are calculated for the original data.
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A specific range of lengths was subsequently selected
from the clean data for downstream analysis, and Bow-
tie2 was used to align the clean reads to the reference
sequence of the goat. A comparison was subsequently
performed between the quality-controlled clean tags and
small RNAs in the GenBank database, Rfam database
(http://rfam.xfam.org/), and the goat reference genome
(GCF_001704415.2_ARS1.2) to remove other nonmiR-
NAs and tags present in exons, introns, and repetitive
sequences. The filtered clean tags are subsequently used
to search the miRBase database (http://www.mirbase.
org) for the identification of known miRNAs, and both
miREvo [25] and miRDeep2 [26] are employed to predict
novel miRNAs.

Identification and analysis of DEMs

Differential expression analysis of miRNAs was per-
formed using the DESeq2 package [27]. miRNAs with
a |log2-fold change| > 1 and p.adj<0.05 were identified
as differentially expressed miRNAs (DEMs). The expres-
sion profiles for both known and novel miRNAs were
calculated with normalization to transcripts per million
(TPM), where TPM=actual miRNA read counts * 106
divided by the total number of clean labels. The ggplot2
and heatmap packages were used to conduct principal
component analysis (PCA) and generate heatmaps for
visualizing miRNAs across all samples. Expression pat-
tern analysis was performed on the DEMs using Mfuzz
[28].

Target gene prediction and functional enrichment of DEMs
We utilized RNAhybrid (version 2.1.2), TargetScan, and
Miranda (version 3.3a) software to predict DEMs target
genes in the hypothalamus of goats across four develop-
mental stages. The predicted target genes were subjected
to Gene Ontology (GO) enrichment analysis using the
clusterProfiler software package (v3.10.1) [29] and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis using KOBAS [30]. Pathways with p val-
ues<0.05 were identified as significantly enriched.

WGCNA and coexpression network construction

The miRNA expression in hypothalamic samples was
analysed using weighted gene coexpression analysis
(WGCNA) [31] with the WGCNA package of R software.
The optimal soft-threshold value (B=8) was determined
using the pickSoftThreshold function. The minimum
number of miRNAs within each module was set to 30,
and the remaining parameters were set to the default set-
tings to identify modules and construct a network. miR-
NAs with similar expression patterns were grouped into
the same module. Phenotypic data, such as serum hor-
mone levels, were imported to calculate the correlation
coefficients and p values between the phenotypes and
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the modules for subsequent analysis. KEGG enrichment
analysis was performed on the target genes of the miR-
NAs within the modules using KOBAS. miRNAs with a
|KME| > 0.8 were identified as key miRNAs.

In this study, the target genes of key miRNAs were
screened and identified, and a miRNA-mRNA regulatory
network map was constructed and visualized via Cyto-
scape [32].

gRT-PCR validation

The SYBR PrimerScript miRNA RT-PCR kit (Takara,
Beijing, China) was used for miRNA reverse transcrip-
tion (including the poly-A method) and fluorescence
quantification in accordance with the product manual.
For the design of the upstream-specific primers, the
mature sequence of the miRNA was taken into consid-
eration, and the downstream primers were selected from
the universal miR qPCR primers provided in the kit. Six
miRNAs were randomly selected for quantitative verifi-
cation, and the screened miRNA-mRNA regulatory rela-
tionships were verified via qPCR. The primer sequences
can be found in Table S1.

For the miRNA RT-PCR, a total volume of 20 pL was
prepared, containing 2 X SYBR Premix ex Taq I (10 pL),
10 uM PCR upstream specific primers (0.8 pL), 10 uM
downstream miR qPCR primers (0.8 pL), the cDNA tem-
plate (2.0 puL), and RNase-free H,O. The reaction volume
of mRNA was 20 pL, comprising 2 puL of cDNA, 0.5 pL
each of upstream and downstream primers (200 nM), 10
uL of SYBR (Takara, Dalian, China), and 7 pL of RNA-
free water. Quantitative detection was performed using a
Roche 96 instrument with the following program: 95 °C
for 30 s, predenaturation; 95 °C for 5 s, 60 °C for 20 s, 40
cycles. Five biological replicates were performed for each
group of samples, and the relative expression levels of
miRNAs and mRNAs were calculated using the 2744Ct
method [33].

Dual-luciferase reporter assay

RNAhybrid was used to predict miRNA binding site
information for target genes. Wild-type plasmids (miR-
324-3p-RAPGEF3-W'T, miR-331-3p-RAPGEF3-WT) and
mutant plasmids (miR-324-3p-RAPGEF3-MUT, miR-
331-3p-RAPGEF3-MUT) were synthesized using the
pmirGLO vector (Table S2). The wild-type and mutant
plasmids were cotransfected with the miR-324-3p mim-
ics/NC or the miR-331-3p mimics/NC into HEK-293T
cells, and dual luciferase activity was measured 48 h later.
The sequences of the miRNA mimics and miRNA NC are
shown in Table S3. Three biological replicates were estab-
lished for each group.
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Statistical analysis

All the statistical analyses were performed using SPSS
17.0 software (IBM Corporation, Armonk, NY). All
experimental data are expressed as the meantstandard
error (meantSEM). The analysis between the two sets of
data is conducted using a t test. One-way ANOVA was
used for data analysis for more than two groups of data.
P<0.05 was considered statistically significant.

Results

Overview of the miRNA sequencing data

We performed high-throughput sequencing of 20 small
RNA libraries from goats at 4 different developmental
stages via the NovaSeq 6000 platform. Twenty librar-
ies generated a total of 227,480,000 raw reads, with a
Q30>95.56%, indicating that the sequencing data exhib-
ited high quality and could be used for subsequent data
analysis (Table S4). Statistics on the length distribution of
sRNAs (Fig. 1a) revealed that the number of clean reads
with a length of 22 nt was the highest, and the percent-
age of clean reads with a length between 21 nt and 23 nt
ranged from 64.1 to 79.9%.

To identify known miRNAs in the hypothalamus of
goats at different developmental stages, we compared
the sSRNA reads with sequences in the specified range
in miRBase. The results (Fig. 1b) revealed that 69.25% of
the clean reads were mapped to known miRNAs and that
0.55% of the clean reads were mapped to novel miRNAs.
We determined the TPM values of the miRNAs, and the
results revealed that the expression of the miRNAs varied
across the goat hypothalamus tissues (Fig. 1c).

Identification and characterization of miRNAs

A total of 412 known mature miRNAs were identified,
and these miRNAs belong to 193 miRNA families. In
addition, we assessed the number of members of different
miRNA families (Figure S1). Thirty-two of these families
contained three or more miRNA members, and the fam-
ily with the greatest number of members was the let-7
family, which consisted of 16 family members, followed
by the miR-30 and miR-376 families, which included 11
and 6 family members, respectively.

In addition, a total of 148 novel miRNAs were identi-
fied by predicting hairpin structures in unannotated
reads. Among the identified miRNAs, the top 20 highly
expressed miRNAs are shown in Fig. 1d. Interestingly,
over half of the identified miRNAs belong to the let-7
family.

Differential expression miRNA analysis

To identify miRNAs associated with sexual develop-
ment in goats and understand their potential molecular
regulatory mechanisms, we first performed PCA on the
sequence data of 20 tissue samples. The results showed
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Fig. 1 Overview of the miRNA sequencing data. (a). Distribution of the lengths of clean reads in the goat hypothalamus. (b). Distribution characteristics
of small RNAs in the hypothalamus of goats at different developmental stages. (c). The distribution range of identified miRNA TPM. (d). The expression of
the top 20 miRNAs in the hypothalamus at four developmental stages (D1, 1 day; M2, 2 months; M4, 4 months; M6, 6 months)

(Fig. 2a) that the D1 group was more clearly differenti-
ated from the other groups, whereas M2, M4, and M6
were closer together, suggesting that there were fewer
differences between the groups.

A total of 95 DEMs were identified via differential
analysis of miRNAs in the hypothalamus of goats at dif-
ferent developmental stages (Fig. 2b, Figure S2; Tables
S$5-S8). Among the DEMs, 72 were known, and 23 were
novel. A total of 52 DEMs (14 upregulated and 38 down-
regulated) were identified between M2 and D1. Similarly,
in the comparison between M4 and D1, we detected 61
DEMs (18 upregulated and 43 downregulated). In the
comparison between M6 and D1, we identified 31 DEMs
(10 upregulated and 21 downregulated). Finally, in the
comparison between M4 and M2, we identified 6 DEMs
(1 upregulated and 5 downregulated). No differential
miRNAs were identified in the M6 vs. M4 and M6 vs. M2
comparison groups, which is consistent with the results

of PCA and DEMs clustering analyses. These results
revealed relatively small differences among the M2, M4,
and M6 groups. To determine key miRNAs involved in
hypothalamic development, an UpSet plot (Fig. 2c) was
generated to visualize the miRNAs across different devel-
opmental stages. Interestingly, the M4 vs. D1 group
presented the greatest number of independently differen-
tially expressed miRNAs, with 16 miRNAs coexpressed
among the M2, M4, and M6 periods compared with the
D1 period. Figure 2d shows the expression patterns of the
DEMs with the top 20 TPM values, with let-7c-5p exhib-
iting the highest expression level.

Furthermore, we assessed the expression profiles of
the DEMs using Mfuzz software. The analysis delin-
eated three distinct clusters of DEMs on the basis of their
expression patterns (Fig. 2e; Table S9). Cluster 1 com-
prised 17 DEMs with peak expression at M4 and charac-
terized by a progressive increase from D1 to M4 followed
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by a decline towards M6. Cluster 2 included 12 DEMs
that were predominantly expressed at M2, exhibiting
a marked increase from D1 to M2 and then a sustained
elevation through M6. Finally, Cluster 3 had the largest
number of DEMs at 65; the expression of these DEMs
was highest in D1, decreased significantly in M2, and
then plateaued in M6.

We selected 6 key miRNAs for qRT-PCR validation.
The qRT-PCR results showed consistent expression
trends with the sRNA sequencing results in each group
(D1, M2, M4, and M6), indicating high reliability of the
sRNA sequencing results (Fig. 3). This was also supported
by the high correlation between the two sets of data.

DEMs target gene prediction and functional annotation

To explore the roles of DEMs with varying expression
patterns, we predicted that 95 distinct miRNA targets
would regulate 7,393 genes. Specifically, 51 genes in Clus-
ter 1, 402 genes in Cluster 2, and 7234 genes in Cluster 3
were identified as targets of DEMs (Table S10).

We subsequently analysed the GO and KEGG enrich-
ment of the miRNA target genes in each cluster (Fig. 4,
Table S11-S14). The results revealed that the target genes
of the DEMs in Cluster 1 were not significantly enriched
in the GO terms or KEGG pathways.

GO enrichment analysis revealed that the target genes
in Cluster 2 were significantly enriched in biological pro-
cesses such as cell surface receptor signalling pathways,
protein phosphorylation, the Wnt signalling pathway,
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and cellular signal transduction (p<0.05). The GO terms
significantly enriched for target genes of DEM in Cluster
3 included phosphorylation, protein phosphorylation,
regulation of small GTPase-mediated signal transduc-
tion, intracellular signal transduction, regulation of intra-
cellular signal transduction, small GTPase-mediated
signal transduction, regulation of signalling, DNA repair,
and regulation of signal transduction (2<0.05).

Figure 4b and d list the top 20 pathways for the KEGG
enrichment results for Cluster 2 and Cluster 3 target
genes. The target genes in Cluster 2 were significantly
enriched in the regulation of the actin cytoskeleton,
GnRH signalling pathway, PI3K-Akt signalling pathway,
Ras signalling pathway and JAK-STAT signalling pathway
(P<0.05). The target genes in Cluster 3 were significantly
enriched in the MAPK signalling pathway, human papil-
lomavirus infection, axon guidance, endocrine resistance,
insulin signalling pathway, glycerophospholipid metabo-
lism, the mTOR signalling pathway, the neurotrophin
signalling pathway, the Ras signalling pathway, the GnRH
signalling pathway, the ECM-receptor interaction, GnRH
secretion, the PI3K-Akt signalling pathway, the Wnt
signalling pathway, and the ErbB signalling pathway
(P<0.05).

WGCNA analysis

To identify key miRNAs involved in sexual development
in goats, we performed WGCNA using miRNA expres-
sion data. With a selected threshold of =8, we built a
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Fig. 3 Validation of miRNA expression at four developmental stages via gRT-PCR and correlations with miRNA sequencing data (n=5). (a)-(f): chi-miR-
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Fig.4 Functional enrichment analysis of differential miRNA target genes in different expression clusters. (a). GO analysis of DEMs target genes in Cluster 2.
Red, green and blue represent biological process (BP), molecular function (MF) and molecular function (CQ), respectively. (b). KEGG enrichment analysis of
DEMs target genes in Cluster 2. (c). GO analysis of DEMs target genes in Cluster 3. (d). KEGG enrichment analysis of DEMs target genes in Cluster 3. < 0.05

indicates a significantly enriched KEGG pathway

coexpression module (Figure S3a). Next, we analysed
miRNA expression data in combination with phenotypic
indicators such as serum hormones and developmental
stages to identify key miRNAs. A significant negative cor-
relation was noted between the miRNAs characterized
in the turquoise module and the serum FSH (R=-0.49,
P=0.03) and E2 (R=-0.47, P=0.04) levels. These results
suggest that miRNAs in this module may be involved
in reproductive hormone secretion during sexual

development and may play a key role in the D1 stage
(R=-0.47, P=0.04) (Fig. 5a and b). A total of 129 miRNAs
were identified in the module (Figure S3), including 100
known miRNAs and 29 novel miRNAs (Table S15).

GO and KEGG enrichment analyses were conducted
using the miRNAs within the turquoise module (Fig. 5¢
and d; Table S16, S17). A total of 856 GO terms were
enriched for target genes of miRNAs in the turquoise
module. Biological processes, including phosphorylation,
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small GTPase-mediated signalling, and intracellular sig-
nalling (P<0.05), were significantly enriched. The KEGG
enrichment analysis revealed that the miRNA target
genes in the module were significantly enriched in the
focal adhesion, axon guidance, endocrine resistance,
cholinergic synapse, MAPK signalling, insulin signal-
ling, Rapl1 signalling, mTOR signalling, GnRH signalling,
and calcium signalling pathways (P<0.05). These results
suggest that miRNAs in the turquoise module may be
involved in energy metabolism, hypothalamic signalling,
hormone secretion and other processes during the sexual
maturation of goats.

The hub miRNA is the miRNA with the highest con-
nectivity in the module. We screened the top 20 can-
didate miRNAs according to the screening criterion
|KME|>0.8 and then identified the DEMs with an aver-
age TPM>100 as hub miRNAs (Table S18). We identified
12 hub miRNAs in the turquoise module: let-7c-5p, miR-
140-3p, novel_73, novel 90, miR-331-3p, miR-363-3p,
miR-193b-3p, miR-193a, miR-532-3p, miR-324-5p, miR-
497-5p, and miR-326-3p.
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Identification of key miRNAs and their correlation with
serum hormones

A total of 18 key DEMs were obtained by intersect-
ing miRNAs and hub DEMs identified using WGCNA
of all three periods (M2 vs. D1, M4 vs. D1, and M6 vs.
D1). The results of the detection of serum hormone lev-
els revealed that the FSH, LH, P and E2 levels in the D1
stage were significantly different from those in the M2
and M4 stages (P<0.05) (Figure S4). We further screened
key miRNAs associated with hormone secretion dur-
ing goat sexual development by calculating the correla-
tion of these DEMs with serum hormone levels (Fig. 6).
The results revealed that miR-335-3p and miR-3955-3p
levels were significantly positively correlated with the
serum FSH, LH, and E2 hormone levels (p<0.05), and
miR-324-5p, miR-877-5p, miR-331-3p, miR-542-5p, and
miR-324-3p levels were negatively correlated with FSH
hormone levels (P<0.05).

miRNA-mRNA interaction network analysis

KEGG enrichment analysis was performed on the target
genes of the 18 key DEMs identified, and genes that were
significantly enriched in biological processes such as
reproduction, energy metabolism, and signal transduc-
tion were subsequently screened. A regulatory network
of miRNA-mRNA interactions during sexual develop-
ment in goats was constructed. This interaction network
included 7 DEMs, 54 target genes, and a total of 70 pairs
of target regulatory relationships (Fig. 7). In the con-
structed regulatory network.

In the constructed regulatory network, a single miRNA
can regulate multiple target genes, and multiple miRNAs
can also regulate a single target gene, such as miR-193a/
miR-193b-3p-Annexin A7 (ANXA?7), miR-324-5p-Adhe-
sion G protein-coupled receptor Al (ADGRAI), miR-
324-3p- Erbb2 receptor tyrosine kinase 2 (ERBB2), and
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miR-324-3p-Rap guanine nucleotide exchange factor 3
(RAPGEF3).

Validation of the miRNA-mRNA target regulatory
relationship

We selected miR-324-3p, miR-331-3p, and RAPGEF3
for targeted regulation for verification. The qRT-PCR
results revealed significant differences in the expression
of RAPGEF3 in hypothalamic tissue during the sexual
development of Jining grey goats (P<0.05), and RAP-
GEF3 expression levels in M2 and M4 were significantly
greater than those in D1 (P<0.05) (Fig. 8a). In addition,
miR-324-3p and miR-331-3p were negatively correlated
with RAPGEF3 expression during sexual development
in Jining grey goats (Fig. 8b and c). Furthermore, we pre-
dicted the potential targets of miR-331-3p, miR-324-3p,
and RAPGEF3 and performed a dual luciferase reporter
vector experiment (Fig. 8d). The results revealed no sig-
nificant difference in the relative expression of firefly
luciferase from the RAPGEF3 wild-type and mutant vec-
tors after transfection of miR-331-3p mimics compared
with the NC group (P>0.05) (Fig. 8e). Compared with
that in the NC group, the relative expression of firefly
luciferase in the RAPGEF3-WT group was significantly
inhibited after transfection with the miR-324-3p mim-
ics (P<0.05) (Fig. 8f), whereas there was no significant
difference in the relative expression of luciferase in the
RAPGEF3-MUT group (P>0.05). These results suggest
that miR-324-3p has a targeted regulatory relationship
with RAPGEF3, whereas miR-331-3p does not have a tar-
geted regulatory relationship with RAPGEF3.

Discussion

In this study, we identified 95 DEMs in the hypotha-
lamic tissues of Jining grey goats during various sexual
development stages (D1, M2, M4, and M6), comprising
72 known miRNAs and 23 newly discovered miRNAs.
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Fig. 6 Correlation heatmap of key miRNAs in the hypothalamus and hormone levels in the serum during the sexual development of Jining grey goats.
Red represents a positive correlation, and blue represents a negative correlation. *, P<0.05; **, P<0.01. Follicle-stimulating hormone, FSH; luteinizing

hormone, LH; estradiol, E2; progesterone, P
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Among these miRNAs, let-7c presented the highest
expression level. Research has indicated that let-7 fam-
ily members, such as let-7c, are prominently expressed
in the hypothalamus and play significant roles in repro-
ductive processes, puberty initiation, and sexual matura-
tion [34, 35]. In addition, miR-30b-5p is another highly
expressed DEMs. Recent studies in rats have shown that

and green represents target genes

miR-30b expression is low in the neonatal hypothalamus
and increases progressively during postnatal matura-
tion. Interference with the interaction between miR-30
and MkRN3 in the hypothalamus results in delayed sex-
ual development in rats [36]. In this study, miR-30b-5p
expression mirrors its lowest level postbirth, and a grad-
ual increase occurs during the M4 period, indicating a
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potential key role of miR-30b-5p in sexual development
in goats.

MiRNAs with the same expression pattern may have
similar regulatory functions [37]. In this study, 95 DEMs
presented 3 different expression patterns. The tar-
get genes of the DEMs in Cluster 2 were significantly
enriched in the JAK-STAT signalling pathway, the PI3K-
Akt signalling pathway, the T-cell receptor signalling
pathway, and other pathways related to immunity and
energy metabolism. The miRNA content of this cluster
was lowest after birth and significantly increased at M2,
which may be related to the transition from passive to
active immunity in goats from birth to M2 [38, 39]. The
expression of miRNAs in Cluster 3 was high at the D1
stage and then significantly decreased at 2 months of age.
Interestingly, 14 of the 16 DEMs identified in M2 vs. D1,
M4 vs. D1, and M6 vs. D1 exhibited Cluster 3 expression
patterns. The target genes of the DEMs in Cluster 3 were
significantly enriched in energy metabolism, signalling
pathways and hormone secretion-related pathways, such
as the GnRH signalling pathway and ECM receptor inter-
action. These pathways are involved in the regulation of
reproductive ability and sexual development of hypo-
thalamic tissue in goats and other domestic animals [23,
40, 41]. These results suggest that DEMs with different

expression patterns may be involved in corresponding
biological processes and play important roles in the sex-
ual development of goats.

Moreover, we identified key DEMs associated with
hormone secretion and sexual development at differ-
ent stages in Jining grey goats using WGCNA, including
miR-193a, miR-193b-3p, miR-324-3p, and miR-331-3p.
Among them, miR-193a and miR-193b-3p are both
members of the miR-193 family and regulate cell prolif-
eration by regulating the expression of cell cycle-related
genes [42, 43]. In addition, miR-193b-3p is involved in
the regulation of adiponectin production in white adi-
pose tissue [44—46] and the regulation of glucose metab-
olism by regulating Forkhead Box O1 (FOXO1I) [47]. In
this study, ANXA?7 was predicted to be a target gene for
both miR-193a and miR-193b-3p. ANXA7, a member of
the annexin family, is involved in biological processes
such as neuronal development, calcium homeostasis, and
hormone secretion [48-50]. ANXA?7 is also involved in
glucose metabolism by regulating insulin secretion [49,
51], and energy reserve levels and metabolic status plays
important roles in the sexual maturation of female ani-
mals [52]. In this study, miR-193a and miR-193b-3p lev-
els were significantly different between M2 and D1 and
between M4 and D1. These results further suggest that
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miR-193a and miR-193b-3p may participate in the energy
metabolism process of goats by targeting ANXA?7, thus
affecting the sexual maturation of goats.

It has been suggested that miR-324-3p may be involved
in biological processes such as apoptosis, cAMP and Ca*
signalling, cellular stress, and metabolism [53]. KISS1/
kisspeptins expression was significantly downregulated
by inhibiting the interaction with miR-324-3p in early
ectopic pregnancy. In addition, miR-324-3p regulates
ovarian development and ovarian granulosa cell prolif-
eration in goats [54]. In our study, ERBB2 was predicted
to be a target gene of miR-324-3p. ERBB2 is required for
the onset of normal puberty, and inhibition of its expres-
sion delays puberty in females and impairs reproductive
capacity [55]. In addition, ERBB2 is involved in the regu-
lation of GnRH secretion during sexual maturation [56].
In this study, miR-324-5p was significantly differentially
expressed between M2 and D1, M4 and D1, and M6 and
D1. Additionally, miR-324-3p was negatively correlated
with FSH hormone secretion. These results suggest that
miR-324-3p may regulate the secretion of the FSH hor-
mone by targeting ERBB2 to participate in hypothalamic
ERBB receptor-mediated neuronal glial cell signalling
and regulate the release of GnRH during sexual matura-
tion in Jining grey goats [57].

MiR-331-3p is associated with the cell cycle and plays
important roles in tumorigenesis, cancer cell prolif-
eration, and differentiation [58]. Hosako et al. (2009)
reported that miR-331-3p expression was significantly
altered in mice with p53 deletion, resulting in embry-
onic craniocephalic malformations [59]. miR-331-3p
also inhibits the proliferation of preadipocytes, pro-
motes adipocyte differentiation and fatty acid metabo-
lism, and promotes fatty acid synthesis by regulating
the target gene dihydrolipoamide S-succinyltransferase
(DLST) [60]. Interestingly, we observed that miR-331-3p
and miR-324-3p cotargeted regulatory RAPGEF3. RAP-
GEFS3, also known as EPACI, is a gene encoding a small
GTPase-activating protein of Rapl [61]. RAPGEF3 is
involved in a variety of biological processes, such as cell
proliferation, inflammation regulation, energy metabo-
lism, and neuronal signalling through the regulation of
intracellular cAMP levels by mediating the cAMP sig-
nalling pathway [62-66]. GnRH secretion in hypotha-
lamic GnRH neurons is highly dependent on the calcium
concentration and is regulated by cAMP [67, 68]. In our
study, miR-331-3p was differentially expressed in the
M2 vs. D1 and M4 vs. D1 groups, and the expression
level in the D1 stage was significantly greater than that
in the M2 and M4 stages (P<0.05). miR-331-3p and miR-
324-3p were significantly negatively correlated with FSH
hormone secretion. We hypothesize that miR-331-3p
and miR-324-3p cotarget regulatory RAPGEF3 and par-
ticipate in neuronal development and GnRH hormone
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secretion during goat sexual development, subsequently
affecting FSH serum levels.

We verified the targeted regulatory relationship
between miR-324-3p and RAPGEF3 via qRT-PCR and
dual-luciferase reporter assays. In follow-up studies, we
will further verify the role of miR-324-3p and its target
gene RAPGEF3 in the regulation of primary cell prolif-
eration and hormone secretion in the goat hypothalamus
through molecular biology experiments such as qRT-
PCR, the Cell Counting Kit-8 (CCKS8) assay, Western
blotting, and ELISA.

Conclusion

In summary, this study described the dynamic changes
in the hypothalamic miRNA expression profile during
postnatal sexual development in Jining grey goats. We
identified 95 DEMs at four developmental stages. Among
them, key miRNAs such as miR-193a, miR-193b-3p,
miR-324-3p and miR-331-3p may be involved in bio-
logical processes such as hormone secretion and energy
metabolism during goat sexual development by regulat-
ing target genes. Notably, miR-324-3p has been shown to
target RAPGEF3. This research provides a foundation for
understanding the role of hypothalamic miRNAs in goat
sexual development; however, further investigations into
the biological functions and molecular mechanisms of
these miRNAs are warranted.
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