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The liver is the largest digestive gland in goats with an important role in early metabolic
function development. MicroRNAs (miRNA) are crucial for regulating the development and
metabolism in the goat liver. In the study, we sequenced the miRNAs in the liver tissues of
the goat kid to further research their regulation roles in early liver development. The liver
tissues were procured at 5-time points from the Laiwu black goats of 1 day (D1), 2 weeks
(W2), 4 weeks (W4), 8 weeks (W8), and 12 weeks (W12) after birth, respectively with five
goats per time point, for a total of 25 goats. Our study identified 214 differential expression
miRNAs, and the expression patterns of 15 randomly selected miRNAs were examined
among all five age groups. The Gene ontology annotation results showed that differential
expression miRNA (DE miRNA) target genes were significantly enriched in the fatty acid
synthase activity, toxin metabolic process, cell surface, and antibiotic metabolic process.
The KEGG analysis result was significantly enriched in steroid hormone synthesis and
retinol metabolism pathways. Further miRNA-mRNA regulation network analysis reveals 9
differently expressed miRNA with important regulation roles. Overall, the DE miRNAs were
mainly involved in liver development, lipid metabolism, toxin related metabolism-related
biological process, and pathways. Our results provide new information about the
molecular mechanisms and pathways in the goat kid liver development.
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INTRODUCTION

The liver is the largest digestive gland and metabolic organ in mammals with an important role in the
metabolism of various nutrients as well as harmful substances, and the synthesis of the proteins and
digestive juices (Si-Tayeb et al., 2010). The liver, being an important organ for substance metabolism, is
endowed with a very rich microvascular network system. It comprises a large number of cells having
diverse forms and functions and secrete a variety of enzymes, which ensures the efficient and smooth
progression of substancemetabolism (AbshagenK et al., 2015). Being an important detoxification organ,
the liver metabolizes the toxic and harmful substances that have entered the body (Hoffmann et al.,
2012). These substances are then metabolized by the various enzymes in the liver, into products that are
less toxic or soluble in bile and are subsequently excreted through the intestines (Andrada and Cortés,
2004). After the birth of animals, there are rapid changes in substance metabolism in the body, as well as
in the development and function of tissues and organs (Yin et al., 2013). Although the liver tissues and
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organs grow rapidly, the various functions mature gradually in due
course of time. The regulation of metabolism, as well as liver
maturation, is dependent on the exogenous bioactive substances
and nutrients. During the primary stage, no nutrients are ingested
from the outside world, and the liver does not function perfectly
(Reinke and Asher, 2016).

The small molecular nutrients received by the fetus from the
mother through the placenta are mainly processed by the liver
and subsequently, the macromolecular substances needed for the
growth and development of the body are synthesized. During
lactation, the nutrients are derived mainly from breast milk, and
the liver function undergoes gradual improvement. The nutrients
are derived via the digestion of breast milk and are enriched in
various ingredients (Prosser, 2021). During the body maturation
stage, the nutrients are derived from the food with complex
digestive composition, and the liver functions perfectly.

The metabolism of various components from food, including
toxic and harmful substances is mainly carried out in the liver
(Lima, 1980). Studies have established the liver to be an important
organ subjected to epigenetic modification, and nutrient levels
capable of affecting the epigenetic modification at RNA and DNA
levels (He et al., 2017).

As endogenous non-coding RNAs, miRNAs significantly
affect various biological parameters by binding to the target
mRNAs and inhibiting the gene expression (Tzur et al., 2009).
Numerous studies have accounted for the number of miRNAs
for the development, regeneration, and disease management of
the liver. For example, miR-122 is specifically expressed in the
liver by regulating the liver gene network, which regulates cell
cycle, lipid metabolism, inflammation, and tumorigenesis and is
essential for liver homeostasis. MiR-122 deficiency is usually
associated with diseases such as liver fibrosis, inflammation,
steatosis, and cancer (Yin et al., 2016). Members of the miR-181
family are highly expressed in the embryonic liver, encode
GATA6 mRNA, and regulate liver organogenesis. Recent
studies have shown that both miRNA-150 and miRNA-194
can inhibit the production of hepatic stellate cells (HSCs).
(Zaret, 2002).

Detecting the stage-specific or tissue miRNAs and the further
exploration of the mechanisms in miRNA dysregulation will
serve to enhance our in-depth understanding of the liver
function in goat kids, enriching the important molecular
regulatory mechanisms along the various developmental stage
of the goat kids. Thus, the study expands the miRNA spectrum
revealing the possible role of miRNAs in the liver and providing a
basis for future research on liver development.

MATERIALS AND METHODS

Ethics Statement
All animal experiments were conducted in accordance with the
“Guidelines for Experimental Animals” of the Ministry of Science
and Technology and approved by the Laboratory Animal
Management and Use Committee of Shandong Agricultural
University (Permit Number: SDAUA-2019-021). We strive to
reduce the suffering of animals.

Experimental Sample Collection and RNA
Isolation
In this experiment, 25 healthy female Laiwu black goats were
selected (Supplementary Table S1). The experimental animals
were obtained from the Shandong Fengxiang Animal Husbandry
and Seed Industry Technology Co., Ltd. (Laiwu District, Jinan,
Shandong Province, China). Taking into consideration, the age
and diets of the animals, five ages (1 day, 2, 4, 8, 12 weeks) were
selected and each age group had five replicates. The only food
source is breast milk for the goat kids, including the colostrum
phase (1 day), mid-lactation (2 weeks), and post-lactation (4
weeks). The goat kids were supplemented with a solid concentrate
starting on 30 days and were weaned off breast milk at 60 days.
The goat kids after 60 days were provided with a solid concentrate
starter as the only food source. That is to say, they were provided
with breast milk supplemented with a starter (8 weeks) and the
starter feeding phase (12 weeks). All the goat kids were collected
at an appropriate time to obtain liver tissue for transcriptome
analysis. Lastly, all samples were quickly frozen in liquid nitrogen
and stored in a refrigerator at -80°C until sequence analysis was
performed. To distinguish the samples, the liver samples from the
1-day-old kids were labeled D1-1, D1-2, D1-3, D1-4, and D1-5;
the samples from 2-week-old kids were labeledW2-1, W2-2, W2-
3, W2-4, and W2-5; the samples from 4-week-old kids were
labeled W4-1, W4-2, W4-3, W4-4, and W4-5; the samples from
8-week-old kids were labeledW8-1,W8-2,W8-3,W8-4, andW8-
5; the samples from 12-week-old kids were labeled W12-1, W12-
2, W12-3, W12-4, andW12-5. Total RNA was extracted from the
tissue using Trizol Reagent according to the manufacturer’s
instructions (Invitrogen) and genomic DNA was removed
using rDNase I RNase-free (TaKara). RNA quality was verified
using a 2,100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
United States) and the ND-2000 (NanoDrop Technologies). Only
high-quality RNA samples (OD260/280 � 1.8–2.2, OD260/230 ≥
2.0, RIN≥8, 28S:18S ≥ 1.0, >10 μg) were used to construct
sequencing library.

Small RNA Library Construction and
Sequencing
The total RNA was extracted from the liver tissues using TRIzol.
3ug of total RNA was ligated with sequencing adapters with
TruseqTM Small RNA sample prep Kit (Illumina, San Diego, CA,
United States). Subsequently, cDNA was synthesized by reverse
transcription and amplified with 12 PCR cycles to produce
libraries. After being quantified by TBS380, deep sequencing
was performed by Shanghai Majorbio Bio-Pharm
Biotechnology Co., Ltd. (Shanghai, China).

Data Quality Control in Sequencing
FastQC (Cock et al., 2010) was used to decide the quality control
parameters that should be applied. And Fastx was applied for
reads filtering. The rules are as follows: The low quality reads were
filtered from the data to obtain high-quality reads (reads); the
reads were filtered out without 3′ joint but contained 5′ joint, the
reads were filtered out without the insert fragment and insert
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fragment length less than 18 nt and reads containing polyA; the
small RNA tags with the frequency of the read less than two were
filtered out, and the clean tags sequence of the small RNA was
finally obtained.

Sequencing Data Alignment and miRNA
Identification
Low-quality bases (Sanger base quality of <20) of the 3’ end were
trimmed using in-house perl scripts, and then the sequencing
adapters were removed with the fastx toolkit software (http://
hannonlab.cshl.edu/fastx_toolkit/). All identical sequences of
sizes ranging from 18 to 32 nt were counted for further
analysis. The assembled unique sequences were used for a
BLAST search of the Rfam database, version 10.1 (http://rfam.
sanger.ac.uk/), to remove non-miRNA sequences (rRNA, tRNA,
snoRNA, etc.). The clean reads with the goat reference genome
(Capra hircus ARS1) were also mapped.

Bowtie (http://bowtie-bio.sourceforge.net/index.shtml) was
used to annotate the chromosomal location against the
reference genome data. Through a BLAST search of the
miRbase, version 21.0 (http://www.mirbase.org/), the perfectly
matched sequences were used to count and analyze the known
miRNA expression profile. The characteristics of hairpin
structure of miRNA precursor can be used to predict novel
miRNA. The available software mireap was integrated to
predict novel miRNA. At the same time, in-house scripts
were used to obtain the identified miRNA base bias on the
first position with a certain length and on each position of
all identified miRNA. The expression level of each miRNA
was calculated according to the transcripts per million reads
(TPM) method. Only miRNAs with TPM >0 in at least five
samples, and TPM >0 in at least three samples of the same
development stage can be used for further differential miRNAs
identification.

Significant differently expressed (DE) miRNAs were extracted
with |log2FC| >1 and FDR <0.05 by DEseq2 (Love et al., 2014).
DEseq2 using a Wald test to calculate the significance testing
p-value, and adjusted for multiple testing using the procedure of
Benjamini and Hochberg.

MiRNA Expression Profile and PCA Analysis
The miRNA expression level was calculated and normalized for
both the known miRNAs and novel miRNAs, using the
transcripts per million (TPM). The formula was as follows:
TPM � Actual miRNA counts*10̂6/Total counts of clean tags.
The principal component analysis was performed using TPM of
all the miRNAs by R package.

Expression Pattern Analysis of DE miRNAs
To further understand the expression pattern of the DE miRNAs
in the liver of the goats at five different developmental stages, the
expression pattern of the DE miRNAs was analyzed using the
TCseq software (1.14.0) using the c-means method with the
parameter dist � “Euclidean,” algo � “cm,” k � 5. The
expression levels of the DE miRNAs of the goats in five
different developmental stages were plotted into line graphs.

Predicting Target Genes and Analyzing
Their Functional Enrichment
To obtain a comprehensive description of the biological
characteristics of DE miRNA, all candidate target genes are used
in Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG), with R-package clusterProfiler (He et al., 2012)
using Padjust <0.05 as a cutoff (The significant test p-value was
calculated with Over Representation Analysis, and the procedure of
Benjamini and Hochberg has been used for multiple testing).

Network Analysis
According to the analysis results of GO and KEGG, potential target
genes and corresponding miRNAs related to liver development,
material metabolism, and immunity were screened out.

According to the GO and KEGG analysis results, potential target
genes and corresponding miRNAs related to liver development,
material metabolism, and immunity were screened out. Cytoscape
(version3.7.2, http://www.cytoscape.org/download.html) was used
to draw the regulatory network of differentially expressed miRNAs
and target genes. The screening condition for hubmiRNAs and hub
genes is that the interaction relationship is >10.

Validation of Quantitative Real-Time PCR
High-throughput sequencing was used to further monitor the
differential expression of miRNA in goat liver samples,
randomize 15 differently expressed miRNA, and use Real-time
LightCycler 480 system (Roche, United States) to detect RT-
qPCR. The presence of the primer layer is used to check the
design. The qRT-PCR primers used for validation are listed in
Supplementary Table S2. Use Primer Prime 5.0 (Premier of
Canada) according to the DE-miRNA selection sequence, and
check the presence of Mir-X™ -miRNA with the presence of
primers according to the application instructions (Clontech).

The reaction volume is 25 μl, including 12.5 μl TB Green
Advantage Premix (2X), 0.5 µl ROX Dye (50X), 0.5 µl miRNA-
specific primer (10 µM), 0.5 µl mRQ 3 ′ primer (10 µM), 2.0 µl
cDNA and 9 µl ddH2O.A 96-well plate was incubated at 95°C for
10 s, 95°C for 5 s, 60°C for 20 s, 95°C for 60 s, 55°C for 30 s and
95°C for 30 s, a total of 40 cycles, with U6 as an internal reference
gene. All reactions were repeated 5 times, and the results were
calculated by the 2−ΔΔCt method (Livak and Schmittgen, 2001).
Statistical analysis was performed using SPSS Ver 21.0 (IBM
Corporation, United States). Correction for multiple tests was
determined with one-way ANOVA, Least-significant difference
(LSD) and Tukey’s multiple range tests. The bar chart of miRNA
expression in different groups was generated by GraphPad Prism
8.0 (GraphPad Software Inc., San Diego, CA, United States)
software.

RESULTS

Sequencing Data and Comparative Analysis
of the Small RNAs
The liver tissue from 25 Laiwu black goats was used for
constructing a library, and 300, 492, 036 original reads were
obtained from sequencing (Supplementary Table S3). After the
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assessment of the quality control of the sequencing data, 68, 994,
918 reads of poor quality were filtered out and 231, 497, 118 pure
reads were retained. The comparison of the clean reads with that
from the Rfam databases, provided the numbers of rRNA, tRNA,
snoRNA, snRNA, and repeat reads. Finally, 379,306 ± 25,013,
326,533 ± 14,109, 336,241 ± 26,165, 335,599 ± 26,400, 361,631 ±
30,833 unannotated reads were compared with the genomes at
the D1, W2, W4, W8, and W12 groups respectively.
(Supplementary Table S4). All data is sent analysis of the
unannotated reads with the genome alignment indicated that
the reads from all the 25 libraries had genome alignment rates
exceeding 89% (Supplementary Table S5). All data have been
uploaded to the Gene Expression Omnibus (GEO) database
under the accession number PRJNA770352.

Identification of Known and Novel miRNAs
Screening the 25 libraries provided 1,255 miRNAs, including 463
known miRNAs and 792 novel miRNAs. Among the known

miRNA, 395 were expressed in all the 25 libraries (Figure 1A),
while among the novel miRNA, 180 were expressed in all 25
libraries (Figure 1B). Analysis of the known and novel miRNA
lengths indicated to be concentrated between 20 and 24 nt, with
22 nt miRNA being the most abundant (Figure 1C). To further,
determine the miRNA expression patterns in the liver tissues at
five different groups, the miRNAs were classified into four groups
based on TPM values (Table 1). The number of miRNAs in the
D1 of the high expression group was larger than of those in the
W2, W4, W8, and W12 groups. In the group of medium
expression, the number of miRNAs in the W2 was larger than
of those in the other groups. The W12 group, among the low
expression and ultra-low expression groups, were higher than
other groups, while the D1 was the lowest. According to the
expression levels of the top 20 miRNAs in each group, seven of
them are highly expressed in each group, as shown in table 2, and
they were chi-miR-122, chi-miR-143-3p, chi-miR-21-5p, chi-
miR-30a-5p, chi-miR-194, chi-miR-26a-5p, and chi-let-7f-5p.

FIGURE 1 | Identification and family analysis of known and novel miRNAs at different developmental stages. (A) shows a Venn diagram of knownmiRNAs at the 25
different stages. (B) shows a Venn diagram of novel miRNAs at the 25 different stages. The core circle represents the total number of miRNAs in the 25 libraries. (C)
shows the distributions of the lengths of known and novel miRNAs. (D) represents the principal component analysis.
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Differential Expression miRNA Recognition
The miRNA expression profile of 25 groups from D1, W2, W4,
W8, and W12 groups were applied for a Principal Component
Analysis (PCA) (Figure 1D). And all miRNA expression data
were imported into the DESeq2 software for differentially
expression analysis, and corrected by the Wald test and
Benjamini-Hochberg for D1 to W2, D1 to W4, D1 to W8, D1
to W12, W2 to W4, W2 to W8, W2 to W12, W4 to W8, W4 to
W12, W4 to W8, W4 to W12, and W8 to W12. Here, 754
differentially expressed miRNAs were identified in five groups.
We found 51 miRNAs to be upregulated and 66 miRNAs to be
downregulated, in comparison between D1 and W2. The novel
1_798 was found to be upregulated by 58.7 times. In comparison
between D1 and W4, there was upregulation of 40 miRNAs and
downregulation of 99 miRNAs. The novel 1_798 was found to be
upregulated by 47.3 times, and the 8_11436 was downregulated
by 42.6 times. In comparison D1 and W8, there was the
upregulation of 63 miRNAs and the downregulation of 200
miRNAs along with the upregulated novel 1_798 showing the
largest change of 53.8 times and the downregulated 29_31074
reached 47.4 times. In the comparison between D1 and W12,
there was upregulation of 68 miRNAs and the downregulation of
268 miRNAs; moreover, 13 of these miRNAs showed more than
20 times difference. The expression level of novel 1_798 was
upregulated by 79.5 times, and that of novel 29_31074 was
downregulated by 48.7 times. Comparing W2, W4 revealed an
upregulation of 23 miRNAs up-regulated and downregulation of
60 miRNAs. chi-miR-497-3p downregulation was 74.6 times. W2
in comparison to W8 showed 34 miRNAs to be upregulated and
98 miRNAs to be downregulated. Besides, 25_28017 was found to
be upregulated by 17.6 times, and chi-miR-497-3p was
downregulated by 69.4 times. W2, compared to W12, showed
an upregulation of 35 miRNAs and downregulation of 169
miRNAs with 26_29338 and 4_4907 being upregulated by 22
times, and 9_12315 being downregulated by 67.1 times. W4 in
comparison to W8 showed an upregulation of 27 miRNAs and
downregulation of 48 miRNAs; 21_24338 was upregulated by
53.4 times. InW4, 33 miRNAs were found to be upregulated and
126 miRNAs were downregulated compared to W12, and the
chi-miR-497-3p was upregulated by 56.7 times, and 9_12315
was downregulated by 69.8 times. Compared to W12, W8
showed an upregulation of 29 miRNAs and downregulation
of 45 miRNAs; also, the chi-miR-497-3p was upregulated by
52.7 times, and 20_24084 was downregulated by 22.6 times.
Figure 2 and Supplementary Table S6 provides the detailed
differential expression.

Expression Analysis of the Different miRNA
Between the Groups
The log2 (FC) > 2 and Padjust< 0.05 threshold were analyzed to
identify the different expressions of 214 different miRNA
between the groups. The expression levels of these 214
differential miRNAs in each group were mapped and the
cluster was analyzed (Figure 3).

MiRNAs Clustered Into the Same Category
had Similar Expression Patterns
Based on the heat map clustering, themiRNAswere clustered into
three categories: the first category with 106 differentiated
miRNAs, the second category with 102 differentiated miRNAs,
and the third category with six differentiated miRNAs (Figure 4).
The first cluster indicated an upregulation of 106 miRNAs in the
W8 and W12 groups, and their expression levels were
upregulated with the aging of the Laiwu black goats
(Figure 4A). In the second cluster indicated the high
expression of miRNAs in group D1, and their expression
levels were downregulated with age (Figure 4B). The second
cluster of miRNAsmay be involved in regulating the transcription
level and stress response. The third cluster indicated upregulation
of six differential miRNAs in the D1, W2, and W4 groups, and
downregulation in the W8 and W12 groups (Figure 4C).
Therefore, the transcriptional level regulation was suggested to
be involved, and therefore, these differential miRNAs be related to
the dietary changes. The target genes of these three clusters were
analyzed by GO and KEGG enrichment.

Prediction and Enrichment Analysis of the
miRNA Target Genes
GO Annotation Analysis
The GO was analyzed on the target genes of DE miRNAs to
clarify the main functions and regulatory mechanisms involved
in the DE miRNAs (Figure 5 and Supplementary Table S7).
The GO of the first cluster identified 29,080 target genes to be

TABLE 1 | Transcript expression profiles of the five development stages.

Different expression
levels

D1 W2 W4 W8 W12

Highly expressed miRNAs (TPM≥500) 103 94 96 91 91
Mediumly expressed miRNAs (500> TPM≥10) 179 185 178 171 162
Lowly expressed miRNAs 108 108 103 110 116
(10> TPM≥1)
Ultralowly expressed miRNAs (1> TPM) 63 62 75 72 85

FIGURE 2 | Identification of DEmiRNAs and histogram of miRNAs at five
different age groups.
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FIGURE 3 | Clustering pattern of DE miRNAs between different groups. D1-1, D1-2, D1-3, D1-4, D1-5 were the samples for 1-day-old kids, W2-1, W2-2, W2-3,
W2-4, W2-5 were the samples for 2-week-old goats, W4-1, W4-2, W4-3, W4-4, W4-5 were the samples for 4-week-old goats, W8-1, W8-2, W8-3, W8-4, W8-5 were
the samples for 8-week-old goats, W12-1, W12-2, W12-3, W12-4, W12-5 were the samples for 12-week-old goats.
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enriched into 1,477 GO terms, including 95 cell component
terms, 272 molecular function terms, 1,110 biological process
terms. Among them, four4 cell component terms (CC), 23
molecular function terms (MF), and 51 biological process
terms (BP) significantly enriched. The cell surface
(GO:0009986), arachidonic acid epoxygenase activity (GO:
0008392), and cellular and antimicrobial process (GO:
0016999) demonstrated the highest enrichment significance in
CC, MF, and BP terms, respectively. extracellular space (GO:
0005615), binding (GO:0005488), arachidonic acid epoxygenase

activity (GO:0008392) demonstrated the largest number of
enriched target genes in CC, MF, and BP terms, respectively
(Figure 5A).

In the second cluster, 38,360 differential target genes enriched
in 1,457 GO terms, including 112, 309, and 1,036 are in CC, MF,
and BP terms, respectively. Furthermore, 2, 18, and 24 terms
demonstrated the highest enrichment significance in CC, MF,
and BP terms among them, respectively. In CC term, the
extracellular matrix (GO:0031012) showed the largest number
of enriched target genes, and the collagen-containing

FIGURE 4 | Trends of medium and above expression of DE miRNAs. (A) Cluster 1 shows the DE miRNAs that gradually increased in D1, W2, W4, W8, and W12.
(B)Cluster 2 shows the DEmiRNAs that gradually decreased in D1, W2, W4, W8, andW12. (C) Cluster 3 shows the DEmiRNAs that gradually increased in D1, W2, W4
and gradually decreased in W8, W12.
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extracellular matrix (GO:0062023) showed the highest
enrichment significance. In MF term, the largest number of
enrichment target genes was for tetrapyrrole binding (GO:
0046906), and the highest enrichment significance was the
fatty acid synthase activity (GO:0004312). In BP term, the
largest number of enriched target genes was the
monocarboxylic acid metabolic process (GO:0032787), and the
toxin metabolic process (GO:0009404) was the highest
enrichment significance (Figure 5B).

The GO enrichment was analyzed with the target genes of the
third cluster, where 215 differential target genes were enriched
into 700 GO terms, which included 81, 102, and 517 are in CC,
MF, and BP terms. Furthermore, there were 2, 9, and 20 terms
that significantly enriched in CC, BP, MF terms, respectively.
there are no significantly enriched terms in MF. In CC term, the
receptor complex (GO:0043235) possess the highest enrichment
significance and the largest number of enrichment target genes.
In BP terms, it significantly enriched in regulation of platelet-
derived growth factor production (GO:0090361), biological
regulation (GO:0065007), DNA endoreduplication (GO:
0042023), trophectodermal cell proliferation (GO:0001834),
pre-mRNA catabolic process (GO:1990261), Cajal body
organization (GO:0030576), cell cycle DNA replication (GO:
0044786), positive regulation of transcription involved in G1/S
transition of mitotic cell cycle (GO:0071931), negative
regulation of motor neuron apoptotic process (GO:2000672),

regulation of motor neuron apoptotic process (GO:2000671),
regulation of platelet-derived growth factor production (GO:
0090361). These terms also have the largest number of target
genes (Figure 5C).

KEGG Enrichment Analysis
The analysis of the KEGG Pathway enrichment for the target
genes of DE miRNAs was performed (Figure 6 and
Supplementary Table S6). The results show that 1751
target genes of the first cluster are enriched in 321
pathways, 30 of which have reached a significant enriched,
the most significant enrichment is retinol metabolism,
chemical carcinogenesis, steroid hormone biosynthesis, drug
metabolism - cytochrome P450, linoleic acid metabolism, and
so on. Moreover, the largest number of enriched target genes is
the PI3K-Akt signaling pathway (Figure 6A). 1881 target
genes of the second cluster are enriched in 316 pathways,
36 of which are significantly enriched, the most significant
enrichment is steroid hormone biosynthesis, metabolism of
xenobiotics by cytochrome P450, chemical carcinogenesis,
drug metabolism - cytochrome P450, hematopoietic cell
lineage, and so on. Furthermore, the pathway with the
largest number of enriched genes is pathways in cancer
(Figure 6B). In the third cluster, there were 31,901 target
genes enriched in 182 metabolic pathways without significant
difference (Figure 6C).

FIGURE 5 | GO enrichment analysis of miRNA predicted target genes. (A) The GO enrichment analysis of target genes predicted by miRNAs with different
expression patterns in cluster 1. (B) The GO enrichment analysis of target genes predicted by miRNAs with different expression patterns in cluster 2. (C) The GO
enrichment analysis of target genes predicted by miRNAs with different expression patterns in cluster 3.
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Regulatory Networks of the miRNAs and
Their Target Genes
According to the results of the GO and KEGG target gene
annotation, a target regulatory network was constructed using a
total of 107 genes, and 78 DEmiRNAs were selected from seven GO
terms and two KEGG pathways (Figure 7). According to the degree
of interaction, the network contained nine coremiRNA and five core
genes. The top nine miRNAs are chi-let-7b-5p, chi-miR-15a-5p, chi-
miR-497-5p, and chi-miR-150, chi-miR-342-5p, chi-miR-30b-3p;
chi-miR-432-5p, chi-miR-412-3p, and chi-miR-502b-3p. The top
five genes are IQGAP2, LBP,NOTCH2, C3, and FBN2.Notably, chi-
let-7b-5p and chi-miR-432-5p are all target FBN2, chi-miR-497-5p
and chi-miR-432-5p are all target NOTCH2, chi-miR-432-5p is also
target IQGAP2, chi-miR-502b-3p target C3, chi-miR-15a-5p has the
largest number of target genes.

Experimental Validation
To check the accuracy of the sequencing and analysis results 15
DE miRNAs were selected for RT-qPCR validation (Figure 8).
The results of most selectedmiRNA qRT-PCR are consistent with
the results of the RNA sequence.

DISCUSSION

This study sequenced the miRNA in the liver of goat kids at five
groups. A number of studies have shown that the early
nutritional planning of feed for postpartum lambs affects the
metabolism, growth, development, and health of the entire life
(Greenwood et al., 2004; Galvani et al., 2014). After birth,
animals must adapt to new conditions and metabolic
pathways (Baldwin et al., 2004; van den Borne et al., 2007).

FIGURE 6 | KEGG enrichment analysis of miRNA predicted target genes. (A) The KEGG enrichment analysis of target genes predicted by miRNAs with different
expression patterns in cluster 1. (B) The KEGG enrichment analysis of target genes predicted by miRNAs with different expression patterns in cluster 2. (C) The KEGG
enrichment analysis of target genes predicted by miRNAs with different expression patterns in cluster 3.
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So nutritional supply can regulate these adaptive changes, which
means that the nutritional status early in life can have a long-
term impact on health in the post-weaning phase (Santos et al.,
2018). As the largest digestive gland in the animal body, the liver
participates in the metabolism of amino acids, sugars, fats, and
other substances in the body, and may have key functions in the
early developmental stage. miRNAs can potentially regulate
every aspect of cellular activity, from differentiation and
proliferation to apoptosis, and also modulate a large range of
physiological processes from developmental timing to
organogenesis (Kiss, 2002; Nelson et al., 2003; Ambros, 2004;
Bartel, 2004; Voinnet, 2005; Taganov et al., 2007). MiRNAs also
modulate a diverse spectrum of liver functions with
developmental, physiological, and clinical implications

(Girard et al., 2008; Liu et al., 2017). These studies indicate
that miRNAs play important roles in liver development and
functional maintenance. However, currently, reports on miRNA
function in the liver of goat kids are rare. To the best of our
knowledge, this is the first miRNA sequencing and expression
profiling study on the liver of goat kids in five different
development stages.

At present, the functional studies of the liver miRNAs were
mainly focused on humans and rats. Extensive studies have been
performed in studying the biological roles of miRNAs. The
miRNA122 accounts for more than half of starlings expressed
in the liver and has a variety of physiological and pathological
functions, including improving hepatitis virus replication,
regulating lipid metabolism, and inhibiting liver cancer (Otsuka

FIGURE 7 | Protein-protein interaction network and network analysis for core genes and miRNAs.
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et al., 2017). It is reported that the miRNAs are closely linked to
liver regeneration, block or stimulate the miRNA pathway in liver
regeneration might serve as a novel therapeutic strategy in
regeneration-related liver management in the future (Yi et al.,
2016). MiRNA is involved in almost all aspects of biology,
including cell differentiation, metabolism, proliferation, and
apoptosis during tumor formation, as well as the stability of
mobile genetic elements and viral infections (Kim et al., 2009).
A number of genes in humans are regulated by miRNAs (He and
Hannon, 2004). The processes of many organ developments and
differentiation are found to be intensely regulated by miRNAs. The
miRNAs overexpress or under-express affecting the expression of
the gene, and likewise, the expression of the related pathways
causing lesions. MiRNA is a potential biomarker for treatment
response monitoring and diagnosis, and an imminent new
treatment target (Jahn et al., 2020). From clinical trials to
laboratory tests, doctors should expect stable miRNA formulas.
For example, miRNA is a powerful diagnostic marker for alcoholic
liver disease (ALD) patients (Miranda et al., 2010). The serum
levels of miR-192 and miR-30a are related to the diagnosis of ALD
(Momen-Heravi et al., 2015).

In our study, seven of the top 20 miRNAs are highly expressed
in each group, they were chi-miR-122, chi-miR-143-3p, chi-miR-

21-5p, chi-miR-30a-5p, chi-miR-194, chi-miR-26a-5p, and chi-
let-7f-5p, The expression of these miRNA in the five
developmental stages is no different, indicating that these
miRNA play an important and stable role in the liver
development of goat kids. The expression level of miR-122 is
the highest in goat kids at all stages. It is reported that the lack of
severe acute toxicity in mice with a congenital absence of miR-122
is maybe a consequence of their livers that never develop a fully
differentiated hepatocyte expression pattern and retain
expression of genes typically restricted to development
(Valdmanis et al., 2016). MiR-122 modulates lipid metabolism
and suppresses tumor formation, and sequestration by Hepatitis
C virus (HCV) may influence virus pathogenesis (Kunden et al.,
2020). MiR-122 modulates glutamine (Gln) metabolism both
in vitro and in vivo, implicating the therapeutic potential of
miR-122 in hepatocellular carcinoma (HCC) that exhibit
relatively high GLS levels (Sengupta et al., 2020). These studies
indicate that miR-122 may be involved in the process of cell
proliferation, lipid metabolism, and disease occurrence in the
liver of goat kids. During early chondrogenic differentiation, the
level of miR-143-3p was decreased, and miR-143-3p could
regulate the differentiation process by targeting BMPR2 in
BMSCs (Tian et al., 2018).

FIGURE 8 | Comparison of relative expression of DE miRNAs between RNA-Seq and qRT-PCR results. (A) the results of qRT-PCR, (B) the results of RNA-seq.
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Lv et, al. found that miR-21-5p may reduce the apoptosis and
inflammation in spinal cord tissues of rats through the PI3K/AKT
pathway (Lv et al., 2020). However, the function ofmiR-26a in the
liver of goat has not been reported. It is reported that there is an
uncharacterized mechanism of biochemical resistance to
hormone therapies orchestrated by the miR-30a-5p/CLCF1
axis to mediate sorafenib resistance and aerobic glycolysis in
HCC, and targeting the miR-30a-5p/CLCF1 axis may contribute
for therapeutic HCC sorafenib resistance patients (Zhang et al.,
2020). MiR-194 revealed significant regional differences in the
development of bovine gastrointestinal tract during early life, and
they maybe be potential regulators of gut tissue cell proliferation
and differentiation (Liang et al., 2014). Studies show that miR-194
inhibits liver cancer stem cell expansion by regulating RAC1
pathway (Ran et al., 2019). Studies have shown that miR-194
inhibits the expression of PTBP1 by binding to the 3′-UTR of
PTBP1 mRNA, and induces the reduction of CCND3 levels and
the growth of liver cancer cells; in addition, the alignment with
the miR-194/PTBP1/CCND3 axis can be used as a new strategy
for the treatment of humanHCC is used (Kang et al., 2019). So we
hypothesize the stable expression of chi-miR-194 in liver of goat
kids is also related to the growth and development of liver cells,
which need further study. MiR-26a-5p may regulate milk fat
synthesis in ruminants by targeting INSIG1 (Wang et al., 2016).
Using exosomes to deliver miR-26a may treat complications
associated with chronic kidney disease (Wang et al., 2019). By
regulating the PTEN/PI3K/AKT signaling pathway, MiR-26a-5p
can protect cardiomyocytes from I/R damage and provide an
opportunity to treat myocardial I/R damage (Xing et al., 2020).
Therefore, we speculate that chi-miR-26a may regulate related
signal pathways through targeting and regulate liver lipid
metabolism in young goats. As a potential inhibitor of Helper
T cells (Th17) differentiation in the pathogenesis of MS, let-7f-5p
targets STAT3 and serves as a new therapeutic target (Li et al.,
2019). Up-regulation of let-7f-5p has been found to ameliorate
inflammation by modulating NLRP3 in vivo. (Chen H et al., 2019;
Tan et al., 2019). These miRNAs may have crucial roles in liver
development in goat kids and are not associated with the
differential regulation of the transcription levels at different
developmental stages. Their expression level changing may lead
to cell proliferation, apoptosis, pathological or physiological
changes triggering the disease. The analysis of DE miRNA
showed that the number of DE miRNAs compared between D1
andW12,W2 andW12, D1 andW8 groups were greater than 100.
Besides, there was a significant down-regulation of DEmiRNAs by
more than 80%, compared to only 16DEmiRNAs between theW8
andW12 groups. From birth to weaning, the miRNAwas found to
be expressed stably in the liver of goats at the weaning stage
suggesting that miRNAs stabilize the liver function in goats after
gradual weaning. This indicates that DE miRNAs may play
regulatory factors in the liver development of goat kids.

To study the function of DE miRNA with different expression
profiles, the expression patterns of DE miRNAs were analyzed
identifying three clusters. The expression profile of DE miRNA
was correlated with the developmental stages of goats. We found
that the target genes in the three clusters were enriched by KEGG
pathways. The DE miRNAs were found to express at low levels at

birth and high levels in the liver of weaned goats (Cluster 1) and
their target genes were significantly enriched in Metabolism and
Human Diseases. Such as retinol metabolism, chemical
carcinogenesis, steroid hormone biosynthesis, drug metabolism
- cytochrome P450, linoleic acid metabolism, and the largest
number of enriched target genes is PI3K-Akt signaling pathway.
It is reported that colostrum with a higher concentration of
vitamin A may be better when feeding newborn lambs,
(Buranakarl et al., 2021). We speculate that due to changes in
the diet of goats after birth, the content of vitamin A in the diet
changes from lactation to weaning, and the expression of genes
related to retinol metabolism increases. Follicle-stimulating
hormone promotes retinol uptake and its conversion to
retinoic acid by regulating the pathways of retinol uptake and
metabolism in the mouse ovaries (Swanson et al., 2000). Buffering
agent via insulin-mediated activation of PI3K/AKT signaling
pathway to regulate lipid metabolism in lactating goats (Li
et al., 2018). Therefore, we speculate that there may be some
factors in the liver of young goats to promote retinol metabolism
and lipid metabolism. The target genes of the DE miRNAs were
showed high expression in the liver of the neonatal goats after
birth and moderately low expression in the liver of the weaned
goats (cluster 2), and theywere significantly enriched inMetabolism,
Human Diseases, and Immune system, such as steroid hormone
biosynthesis, metabolism of xenobiotics by cytochrome P450,
chemical carcinogenesis, drug metabolism - cytochrome P450,
hematopoietic cell lineage, and so on. It is reported that
Cytochrome P450s play critical roles in the biosynthesis of
steroid hormones. depending on CYP17 activity, the steroid
hormone biosynthesis pathway is directed to either the formation
of mineralocorticoids and glucocorticoids or sex hormones (Gilep
et al., 2011). Furthermore, the pathway with the largest number of
enriched genes is pathways in cancer. Studies have shown that
miRNAs regulate the malignant behavior of tumor cells (Volinia
et al., 2010; Gianpiero and Carlo, 2013), including EMT-related
tumor metastasis (Aiello and Kang, 2019). Some miRNAs are
intended as potential tumor biomarkers. Therefore, the potential
diagnostic, prognostic and therapeutic value of the cancer-associated
DE miRNAs in the goat livers in cancers needs further
investigations. Therefore, the biological function of the goat liver
has been predicted to change with growth and development. The
mechanism of action of genes in the goat liver is complex and
operates in combination with the multiple RNAs.

In our study, a target regulatory network was constructed with
DE miRNAs and target genes from seven GO terms and two
KEGG pathways. According to the degree of interaction, the
network contained nine core miRNAs. The two KEGG
pathways are retinol metabolism and steroid hormone
biosynthesis. The pathway of retinol metabolism was in the first
cluster, and the pathway of steroid hormone biosynthesis was in
the second cluster. Furthermore, they are significantly enriched in
the two pathways significantly. In our study, chi-miR-15a-5p has
the largest number of target genes, and its targets were significantly
enriched in the pathway of Necroptosis. It is reported that miR-
15a-5p can silence E2F3 expression, which plays an important role
in the VitaminD3 suppressed cell proliferation. (Li et al., 2020).We
predicted that miR-15a-5p may silence gene expression, inhibit the
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apoptosis pathway, and play an important role in promoting cell
proliferation. It is reported that LINC01783 may increase in
NSCLC cell lines, and down-regulation of LINC01783
suppressed cell proliferation, migration, and invasion by
regulating Notch pathway and sponging miR-432-5p (Deng
et al., 2021). Guo et al. found that Notch2 may negatively
regulate cell invasion by inhibiting the PI3K-Akt signaling
pathway in gastric cancer (Guo et al., 2012). In our study, chi-
miR-497-5p and chi-miR-432-5p are all target NOTCH2, and
NOTCH2 is significantly enriched in the PI3K-Akt signaling
pathway. We predicted that chi-miR-15a-5p, chi-miR-497-5p,
and chi-miR-432-5p play a role in cell proliferation, migration,
and invasion of goat kids livers. Let-7b-5p can be used as a potential
biomarker for drug-induced liver injury (Kagawa et al., 2018). Let-
7b-5p could participate in the glycolytic pathway by regulating
target genes (Zhou et al., 2018). We find that the targets of chi-Let-
7b-5p were enriched in Retinol metabolism. MiR-150 reduced
glucose utilization by directly decreasing the expression and
translocation of GLUT4 in the cardiomyocytes with insulin
resistance (Ju et al., 2020). In our study, the target genes of
MiR-150 were not significantly enriched in glucose metabolism-
related pathways, which may be affected by related hormones and
cytokines in the body. Enhancement of MBNL1-AS1 or inhibition
of miR-412-3p was shown to decrease CSC proliferation, migration,
and invasion but promote apoptosis (Zhu et al., 2020). In our study,
the expression of chi-miR-412-3p was highest at 12 weeks of age in
goat liver, because miR-412-3p played different roles in different
tissues and cells. MiR-30b-3p overexpression significantly repressed
cell viability, proliferation, migration, and invasion of HCC cells
in vitro (Gao et al., 2019; Zhao et al., 2012). Bufalin inhibits cell
proliferation and migration of HCC cells via APOBEC3F induced
intestinal immune network for IgA production signaling pathway
(Yang et al., 2018). We found that the target genes of chi-miR-30b-
3p are significantly enriched in intestinal immune network for IgA
production signaling pathway.

In summary, this study sequenced DE miRNAs in the five
developmental stages of goat kids livers, and functional enrichment
analysis showed that target genes were mainly concentrated in the
pathways related to cell proliferation, metabolism, and the
occurrence and development of disease. The research provides
essential information for studying the livers of goat kids in
development, metabolism, and immune. Our results expanded
the repertoire of goat miRNA and may be of help in better
understanding the mechanism of early development from the
perspective of ruminant liver development.
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