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Simple Summary: Milk synthesis is vital for maintaining the normal growth of newborn animals.
Abnormal mammary gland development leads to a decrease in female productivity and the overall
productivity of animal husbandry. This study characterized the dynamic miRNA expression profile
during the process of mammary gland development, and identified a novel miRNA regulating
expression of β-casein—an important milk protein. The results are valuable for studying mammary
gland development, increasing milk production, improving the survival rate of pups, and promoting
the development of animal husbandry.

Abstract: Mammary gland morphology varies considerably between pregnancy and lactation status,
e.g., virgin to pregnant and lactation to weaning. Throughout these critical developmental phases, the
mammary glands undergo remodeling to accommodate changes in milk production capacity, which
is positively correlated with milk protein expression. The purpose of this study was to investigate the
microRNA (miRNA) expression profiles in female ICR mice’s mammary glands at the virgin stage
(V), day 16 of pregnancy (P16d), day 12 of lactation (L12d), day 1 of forced weaning (FW1d), and day
3 of forced weaning (FW3d), and to identify the miRNAs regulating milk protein gene expression.
During the five stages of testing, 852 known miRNAs and 179 novel miRNAs were identified in the
mammary glands. Based on their expression patterns, the identified miRNAs were grouped into
12 clusters. The expression pattern of cluster 1 miRNAs was opposite to that of milk protein genes
in mammary glands in all five different stages. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses revealed that the predicted target genes of cluster 1 miRNAs
were related to murine mammary gland development and lactation. Furthermore, fluorescence in
situ hybridization (FISH) analysis revealed that the novel-mmu-miR424-5p, which belongs to the
cluster 1 miRNAs, was expressed in murine mammary epithelial cells. The dual-luciferase reporter
assay revealed that an important milk protein gene—β-casein (CSN2)—was regarded as one of the
likely targets for the novel-mmu-miR424-5p. This study analyzed the expression patterns of miRNAs
in murine mammary glands throughout five critical developmental stages, and discovered a novel
miRNA involved in regulating the expression of CSN2. These findings contribute to an enhanced
understanding of the developmental biology of mammary glands, providing guidelines for increasing
lactation efficiency and milk quality.
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1. Introduction

The mammary gland is an epidermal appendage that has evolved over 300 million
years, and distinguishes mammals from all other animals due to its distinctive anatomical
structure [1]. The mammary gland is a complex and unique glandular organ that only
develops fully after birth [2]. When females reach puberty, the rudimentary ductal sys-
tem that has existed since the embryonic period starts to formally develop and fill the
fat pad [3]. Subsequently, during pregnancy, the gland undergoes numerous changes,
including ductal proliferation and lobuloalveolar differentiation under the combined action
of progesterone and prolactin. During lactation, alveoli generated via mammary differentia-
tion secrete milk. The lack of demand for milk at weaning triggers the process of involution,
whereby the gland remodels the epithelial tree back to a simple ductal architecture [4]. The
mammary gland undergoes obvious remodeling throughout these stages, including the
biological processes of cell proliferation, differentiation, and apoptosis. Several hormones,
molecular signaling pathways, and transcription factors have been found to control these
processes [5–7].

The function of the mammary gland is to produce and secrete copious quantities of
milk to provide sufficient nutrients for maintaining the survival and normal development
of newborns. Anomalies in the development of the mammary gland result in decreased
milk production, thus limiting the growth and survival of offspring [8]. Milk protein is
a significant component of milk [9]. Previous studies have shown that β-casein (CSN2),
αs1-casein (CSN1S1), and whey acidic protein (WAP) are the major proteins in milk, and are
believed to be markers for mammary secretory differentiation [10,11]. Milk protein genes
are responsible for controlling milk production [12]. Although earlier studies have shown
that multiple factors control the expression of milk protein genes [13,14], the molecular
mechanism regulating milk protein gene expression is still not fully known.

MicroRNAs (miRNAs) belong to a class of small non-coding RNAs (20~24 nucleotides),
which are among the most abundant types of gene expression regulators in mammals [15].
Numerous studies have shown the importance of miRNAs in mammary gland biology to
date. MiR-223, for example, has been shown to regulate the growth and morphogenesis
of luminal mammary epithelial cells (MECs) [16], while miR-15b regulates lipid synthesis
and milk production in MECs [17]. Despite considerable research exploring the role of
miRNAs in mammary gland development, the expression profiles and functions of miRNAs
throughout mammary development, along with the regulation of the expression of milk
protein genes, remain largely unknown.

The purpose of this study was to investigate the expression patterns of miRNAs during
murine mammary gland development, and to identify miRNAs that control the expression
of milk protein genes. Mammary gland tissues were obtained from female ICR mice at
five distinct stages, including mature virgin (V), day 16 of pregnancy (P16d), day 12 of
lactation (L12d), day 1 of forced weaning (FW1d), and day 3 of forced weaning (FW3d).
miRNAs that link mammary gland developmental stages to the regulation of milk protein
gene expression were identified using small RNA sequencing.

2. Materials and Methods
2.1. Animals and Mammary Gland Tissues Collection

This study was approved by the Ethics Committee of the Laboratory Animal Center
of South China Agricultural University (permit number: SYXK-2019-0136). Fifteen specific-
pathogen-free (SPF) female ICR mice and eight male ICR mice, all aged approximately
7 weeks and of similar weight, were provided by Liaoning Changsheng Biotechnology
Co., Ltd. (Benxi, Liaoning, China). These mice were housed under a 12 h light/dark cycle
in a 22 ◦C environment, with free access to food and water.
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Fifteen female mice were randomly allocated into five groups (n = 3 per group): mature
virgin (V) at the age of 8-10 weeks, day 16 of pregnancy (P16d), day 12 of lactation (L12d),
day 1 of forced weaning (FW1d), and day 3 of forced weaning (FW3d). Female mice,
except for those in the V stage, were paired with males for mating, and were examined for
the presence of a vaginal plug the morning following pairing. When a vaginal plug was
observed, the date was considered to be day 0 of pregnancy (P0d), and the day of delivery
was regarded as day 1 of lactation (L1d). Lactating mice were forced to be weaned at
L12d, and the day of removing the suckling pups was regarded as day 0 of forced weaning
(FW0d). The first and third days of weaning were regarded as day 1 of forced weaning
(FW1d) and day 3 of forced weaning (FW3d). All female mice were killed by cervical
dislocation under i.p. sodium pentobarbital anesthesia (45 mg/kg of BW) in order to obtain
mammary gland tissue samples. Following the removal of lymph nodes, the abdominal
and inguinal mammary glands were collected, rapidly frozen using liquid nitrogen, and
stored at −80 ◦C [18]. Meanwhile, a portion of the inguinal mammary gland was fixed in
4% paraformaldehyde solution for 12 h for subsequent experiments.

2.2. Hematoxylin and Eosin Staining (H&E)

The conventional H&E staining technique was used [19]. Briefly, the fixed tissues
were embedded, sectioned, deparaffinized, and rehydrated before being stained with
hematoxylin and eosin solutions, decolorized in alcohol, and transparentized in xylene.
Finally, the tissue sections were fixed with neutral gum so that the cell morphology could
be examined using a Nikon 80i microscope (Nikon, Tokyo, Japan).

2.3. Whole-Mount Analysis

Following a previously reported whole-mount analysis method [20], the inguinal
mammary glands were excised, spread on glass slides, and fixed overnight at room temper-
ature in Carnoy’s fixative (i.e., 100% ethanol, chloroform, and glacial acetic acid at a 6:3:1
ratio). After removing the mammary glands from the fixative, they were immersed in 70%
ethanol for 15–30 min. Subsequently, the glands were gradually rehydrated in water by
removing 1/3 of the ethanol and replacing it with water. This step of adding water was
repeated 3 times, with the glands soaking for ~5 min each time. The glands were soaked in
water for 5 min before being stained in carmine alum solution (STEMCELL Technologies,
Vancouver, BC, Canada) for 12–24 h, washed in 70%, 95%, and 100% ethanol for 15 min
each, cleared in xylene, and mounted. A Nikon SMZ1000 stereoscopic microscope (Nikon,
Tokyo, Japan) was used to examine the mammary gland tissues.

2.4. Total RNA Extraction and Small RNA Library Construction

Total RNA was extracted from 15 mammary gland tissue samples using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. Subse-
quently, RNA purity was determined using a NanoDrop ND2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) at 260 and 280 nm, and the RNA integrity
number (RIN) was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). To construct the library, ~3 µg of total RNA was extracted from each
sample. Total RNA was separated on a 15% urea denaturing polyacrylamide gel elec-
trophoresis (PAGE) gel, and small RNA regions corresponding to the 18–30 nt bands
in the labeled lane (14–30 ssRNA Ladder Marker, TAKARA, Dalian, China) were ex-
cised and recovered. Subsequently, the isolated small RNAs were linked with adenylated
3′ adapters annealed to unique molecular identifiers (UMI), followed by 5′ adapter ligation.
The adapter-ligated small RNAs were then reverse-transcribed into cDNA using Super-
Script II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA), and the cDNA fragments
were enriched using reverse-transcription polymerase chain reaction (forward primer:
5′-GAACGACATGGCTACGA-3′ and reverse primer: 5′-TGTGAGCCAAGGAGTTG-3′).
In the reverse-transcription system, the reaction conditions were 42 ◦C for 1 h, and 70 ◦C
for 15 min. In addition, the reaction conditions of the PCR amplification system were 95 ◦C
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for 3 min, and then 15–18 cycles of (98 ◦C for 20 s, 56 ◦C for 15 s, 72 ◦C for 15 s) and, finally,
72 ◦C for 10 min, and held at 4 ◦C. The cDNA fragments were selected for target fragments
of 110~130 bp using agarose gel electrophoresis, and then purified using the QIAquick
Gel Extraction Kit (QIAGEN, Valencia, CA, USA). The DNBseq platform (BGI-Shenzhen,
China) was used to sequence the final cDNA; 50 bp single-end reads were generated for
further analyses.

2.5. Processing of Sequencing Data

After the high-throughput small RNA sequencing was completed, the raw tags
(raw reads) were treated as follows: low-quality tags (where the number of bases with
a Phred value less than 10 is less than or equal to 4, and the number of bases with a
Phred value less than 13 is less than or equal to 6) were removed; tags with 5′ adapter
contaminants were removed; tags without a 3′ adapter were removed; tags without an
insert were removed; tags with poly A were removed; tags shorter than 18 nt were re-
moved. Following filtering, the clean tags were mapped to the reference genome using
Bowtie2 (http://bowtie-bio.sourceforge.net/index.shtml, accessed on 15 February 2021,
with -q -L 16 –phred64 -p 6) [21] to predict miRNAs and small other non-coding RNAs.
Furthermore, reads were compared with non-coding RNA and Rfam databases, and
non-coding RNA annotations were performed on sequencing data. For Rfam mapping,
cmsearch (https://omictools.com/cmsearch-tool, accessed on 20 February 2021, with
–cpu 6 –noali) [22] was used. The software miRDeep2 (https://github.com/rajewsky-lab/
mirdeep2, accessed on 20 February 2021, with default parameters) [23] was used to predict
novel miRNAs by examining the distinctive secondary structures.

2.6. Clustering of miRNA Profiles

The Mfuzz package (v.2.54.0) implemented in R was used to perform cluster analysis
of miRNAs using default parameters [24]. The miRNAs with consistent expression patterns
were clustered, and their expression profiles were revealed using the c-means method and
drawing line graphs of the expression levels of miRNAs detected in all samples at the five
developmental stages.

2.7. Prediction and Functional Annotation Analysis of Target Genes of miRNAs

TargetScan (v.7.0, Cambridge, MA, USA, with default parameters) [25], miRanda
(v.3.3, New York, NY, USA, with -sc 150 -en -20) [26], and RNAhybrid (v.2.1.2, Bielefeld,
Germany, with -m 100,000 -p 0.05) [27] were used to identify miRNAs’ target genes, and the
overlapping results predicted by the three programs were considered to be the predicted
miRNAs’ target genes. The miRNA–gene regulatory networks were structured using
Cytoscape software (v.3.7.2, La Jolla, CA, USA, http://www.cytoscape.org/, accessed
on 15 April 2021) [28] to reveal the interactions between miRNAs and their target genes.
Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed on miRNAs’ target genes to better understand their
potential biological functions and primary pathways. GO terms and KEGG pathways of
miRNAs and the target genes of the miRNAs from individual clusters were enriched using
the clusterProfiler R package (v.3.10.1) [29]

2.8. Quantitative Real-Time PCR (qPCR)

The Evo M-MLV RT Kit with gDNA Clean for qPCR II (Accurate Biology, Changsha,
China) was used to synthesize the first-strand cDNA. The qPCR was then performed in
triplicate using the SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biology, China) in
a real-time PCR system (Applied Biosystems, Foster City, CA, USA) to determine the expres-
sion of mRNAs, following the manufacturer’s protocol. Table S1 lists the primers for three
milk protein genes, and the relative quantification of gene expression was normalized to
that of the endogenous gene β-actin. To validate the authenticity of the miRNA-Seq results,
8 miRNAs were randomly selected for qPCR using the stem–loop qPCR technique [30].

http://bowtie-bio.sourceforge.net/index.shtml
https://omictools.com/cmsearch-tool
https://github.com/rajewsky-lab/mirdeep2
https://github.com/rajewsky-lab/mirdeep2
http://www.cytoscape.org/
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Table S1 displays the primer sequences for the selected miRNAs. For the normalization
studies, murine U6 snRNA was used as an internal control, and all reactions were run with
three technical replicates [31]. The comparative cycle threshold (2−∆∆Ct) method was used
to determine the relative expression levels of the miRNAs.

2.9. Fluorescence In Situ Hybridization (FISH) Analysis

FISH was performed on the mammary tissues at the five stages to determine the
location of novel-mmu-miR424-5p, as described in a previously published study [32]. In
brief, paraffin-embedded mammary tissue blocks were sectioned at 4-micrometer thick-
ness, deparaffinized, digested with proteinase K, and then hybridized with a novel-mmu-
miR424-5p FAM (green)-labeled probe. Meanwhile, DAPI was used to stain the nuclei.
All procedures were performed according to the manufacturer’s instructions, and then
fluorescent images were captured with the use of a positive fluorescence microscope (Nikon,
Tokyo, Japan).

2.10. Dual-Luciferase Reporter Assay

The CSN2 3′UTR as wild-type (WT) sequences containing the putative novel-mmu-
miR424-5p binding sites, along with mutant (Mut) sequences, were inserted downstream of
the luciferase gene in the pmirGLO vector (Promega Corporation, Madison, WI, USA). The
293T cells were seeded into 24-well plates at 1× 105 cells/well for luciferase reporter assay. CSN2
3′UTR or CSN2 3′UTR-Mut, as well as novel-mmu-miR424-5p mimics and NC mimics (sense:
5′-UUCUCCGAACGUGUCACGUTT-3′ and antisense: 5′-ACGUGACACGUUCGGAGAATT-
3′), were co-transfected into 293T cells using Lipofectamine 3000 (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer’s instructions. The firefly and Renilla
luciferase activities were determined in co-transfected cells 48 h after co-transfection using
the Dual-Luciferase Reporter Assay Kit (Beyotime Biotechnology, Shanghai, China). Finally,
firefly-to-Renilla luciferase ratios for each well were computed, and each experiment was
performed in triplicate.

2.11. Statistical Analysis

Graphs and statistical analysis of luciferase reporter assay data were created using
GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA). The data obtained were
tested with the Kolmogorov–Smirnov test for normal distribution using SPSS 26.0, and
comparisons between two groups were evaluated using Student’s t-test. All experiments
were performed in three independent replicates, and all of the data were expressed as the
mean ± the standard error of the mean (SEM); p < 0.05 was considered to be statistically
significant, and *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively.

3. Results
3.1. Overview of the Small RNA Sequencing Data

We performed H&E staining and whole-mount analysis (Figure S1A) for collected
mammary gland tissues at five different stages. Meanwhile, we investigated the expression
patterns of three milk protein genes—WAP, CSN2, and CSN1S1—by qPCR at all five stages
(Figure S1B). The findings were consistent with the previously reported histological changes
in murine mammary development, confirming the accuracy of tissue samples obtained at
each developmental stage. Small RNA libraries were generated from a total of 15 samples
of V, P16d, L12d, FW1d, and FW3d murine mammary gland tissues.

Following quality control of the sequencing data, each tissue sample obtained an
average of over 21 million clean reads (ranging from 20.48 M to 22.95 M). Over 88% of
clean reads from each sample were perfectly mapped to the murine genome (GRCm38.p6)
(Supplementary Table S2). We examined the read length distribution to evaluate sequencing
quality. The majority of small RNAs were clustered between 21 and 23 nt, with a peak
distribution of 22 nt (Figure 1A), which is consistent with the sequence length distribution
of small RNAs in animal samples. Among the identified small RNAs, the number and
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proportion of miRNAs—including the mature and hairpin types—in the V, P16d, L12d,
FW1d, and FW3d libraries were 5,368,969 (37.66%), 6,485,716 (60.06%), 6,219,803 (55.94%),
6,229,222 (54.61%), and 6,075,677 (56.26%), respectively (Figure 1B). These numbers reflect
the inputs to miRNA library preparation. A total of 1031 miRNAs with a TPM≥ 1 in at least
one sample among 15 samples of the 5 different stages were detected, with 852 classified as
known miRNAs and 179 identified as novel miRNAs (Supplementary Table S3). Principal
component analysis revealed that biological replicates in the five stages were well correlated
(Figure 1C). It is worth noting that the murine mammary gland has a similar small RNA
expression pattern across the L12d and FW1d stages, which is due to the samples of FW1d
having been collected at 24 h of forced weaning, which was performed right after L12d.
Although L12d and FW1d samples have an overlap in small RNA expression patterns,
subtle small RNA profile differences associated with involution were detected. At the V,
P16d, L12d, FW1d, and FW3d stages, 993, 997, 943, 959, and 970 miRNAs were identified,
respectively. In these 5 stages, 858 (83.22%) miRNAs were co-expressed (Figure 1D).
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3.2. Validation of miRNAs Sequence Data with qPCR

To validate the sequencing data, we used stem–loop qPCR to examine the expression
levels of eight randomly selected miRNAs (Figure 2A). The findings revealed that the
expression levels of these eight miRNAs in the five stages measured by the qPCR were
positively correlated with the small RNA sequencing data (Spearman’s R = 0.57, p = 0.00014,
Figure 2B).
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normalized against the expression level of the internal control U6 using the comparative cycle
threshold (2−∆∆Ct) method. Meanwhile, for each miRNA, the stage of lowest sequencing abundance
in the five different stages was used as a reference sample for comparisons. Data are presented as the
mean ± standard error of the mean (SEM) for three replicates. (B) Scatterplot between the qPCR and
RNA-Seq results of the eight selected miRNAs. The y-axis corresponds to the log2 of the qPCR ratios,
while the x-axis shows the log2 of the RNA-Seq ratios, for the eight selected miRNAs.

3.3. Dynamic Expression Patterns of miRNAs during Mammary Development

MiRNAs with comparable expression patterns throughout murine mammary gland
development were clustered using the soft partitioning clustering method of the Mfuzz
package [24] to determine the expression patterns of miRNAs in the mammary glands
over the five tested developmental stages. Twelve miRNA clusters with different temporal
expression profiles were generated (Figure 3 and Supplementary Table S3). We selected
cluster 1 with 76 miRNAs for subsequent analysis because miRNAs typically suppress
target gene expression, and the expression profile of cluster 1 miRNAs was negatively
correlated with that of milk protein genes (Figures 3 and S1B).



Animals 2022, 12, 727 8 of 17Animals 2022, 12, x 9 of 18 
 

 
Figure 3. Expression dynamics of 12 miRNA clusters during murine mammary gland development. 
The purple line represents the miRNAs’ expression trend in each cluster. 

3.4. Target Gene Predictions for Twelve Clusters miRNAs 
A previous work has shown that miRNAs might downregulate target genes’ expres-

sion by interacting with the 2–8 bp complementary sequences within the 3′ UTR of the 
target genes’ transcripts [33]. To enhance prediction accuracy, we utilized three software 
programs (TargetScan, miRanda, and RNAhybrid) to predict the target genes of 12 
miRNA clusters. The predicted target genes of the 12 clusters are shown in Supplementary 
Table S4. Cluster 1 miRNAs had a total of 9148 predicted target genes (Supplementary 
Table S4). It is worth noting that CSN2—a well-known milk protein gene—was included 
in the target genes of cluster 1. CSN2 was predicted to be regulated by the novel-mmu-
miR424-5p, which was also found to regulate the largest number of target genes in cluster 
1. 

3.5. Functional Annotation of Cluster 1 miRNAs’ Target Genes 
We preformed GO enrichment and KEGG pathway analysis to investigate the func-

tions of cluster 1 miRNAs’ target genes. GO enrichment analysis showed that the target 
genes were mainly found to be involved in biological processes such as small GTPase-
mediated signal transduction (GO:0007264), histone modification (GO:0016570), covalent 
chromatin modification (GO:0016569), regulation of cell morphogenesis involved in dif-
ferentiation (GO:0010769), and Ras protein signal transduction (GO:0007265) (Figure 4A; 
Supplementary Table S5). The KEGG pathway analysis revealed that 324 signaling path-
ways were enriched (Supplementary Table S6). Among the top 20 signaling pathways, the 
MAPK signaling pathway (mmu04010), mTOR signaling pathway (mmu04150), parathy-
roid hormone synthesis, secretion, and action (mmu04928), Hippo signaling pathway 
(mmu04390), Wnt signaling pathway (mmu04310), and oxytocin signaling pathway 
(mmu04921) were significantly related to murine mammary gland development (Figure 
4B). 

Figure 3. Expression dynamics of 12 miRNA clusters during murine mammary gland development.
The purple line represents the miRNAs’ expression trend in each cluster.

3.4. Target Gene Predictions for Twelve Clusters miRNAs

A previous work has shown that miRNAs might downregulate target genes’ expres-
sion by interacting with the 2–8 bp complementary sequences within the 3′ UTR of the
target genes’ transcripts [33]. To enhance prediction accuracy, we utilized three software
programs (TargetScan, miRanda, and RNAhybrid) to predict the target genes of 12 miRNA
clusters. The predicted target genes of the 12 clusters are shown in Supplementary Table S4.
Cluster 1 miRNAs had a total of 9148 predicted target genes (Supplementary Table S4). It
is worth noting that CSN2—a well-known milk protein gene—was included in the target
genes of cluster 1. CSN2 was predicted to be regulated by the novel-mmu-miR424-5p,
which was also found to regulate the largest number of target genes in cluster 1.

3.5. Functional Annotation of Cluster 1 miRNAs’ Target Genes

We preformed GO enrichment and KEGG pathway analysis to investigate the func-
tions of cluster 1 miRNAs’ target genes. GO enrichment analysis showed that the target
genes were mainly found to be involved in biological processes such as small GTPase-
mediated signal transduction (GO:0007264), histone modification (GO:0016570), covalent
chromatin modification (GO:0016569), regulation of cell morphogenesis involved in dif-
ferentiation (GO:0010769), and Ras protein signal transduction (GO:0007265) (Figure 4A;
Supplementary Table S5). The KEGG pathway analysis revealed that 324 signaling path-
ways were enriched (Supplementary Table S6). Among the top 20 signaling pathways, the
MAPK signaling pathway (mmu04010), mTOR signaling pathway (mmu04150), parathyroid
hormone synthesis, secretion, and action (mmu04928), Hippo signaling pathway (mmu04390),
Wnt signaling pathway (mmu04310), and oxytocin signaling pathway (mmu04921) were
significantly related to murine mammary gland development (Figure 4B).
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Figure 4. GO and KEGG enrichment analysis of cluster 1 miRNAs’ target genes: (A) GO term
enrichment analysis of cluster 1 miRNAs’ target genes, including biological process (BP), cellular
component (CC), and molecular function (MF). (B) KEGG pathway analysis of cluster 1 miRNAs’
target genes. The size of the circle represents the number of genes enriched in the pathway, and the
color scale from blue to red (more significant enrichment) represents the enriched significance.
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3.6. Novel-mmu-miR424-5p Expression in Distinct Development Stages Assessed by FISH

FISH analysis was used to identify the location of novel-mmu-miR424-5p in five
different stages of mammary gland development. Interestingly, novel-mmu-miR424-5p was
found to be significantly expressed in epithelial cells compared to stromal cells. The stromal
tissue background signal suggested nonspecific binding in the stromal cells, although the
expression of weak miRNAs could not be ruled out. During the virgin stage, the strongest
background staining of stromal tissue was observed. Overall, there was a good agreement
in the expression patterns between the FISH and the sequencing findings, and novel-
mmu-miR424-5p expression was relatively low in the P16d and L12d stages. Interestingly,
novel-mmu-miR424-5p was shown to be highly expressed in the luminal cell and basal
epithelial cell layers throughout the five stages of development (Figure 5).
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Figure 5. FISH analysis of novel-mmu-miR424-5p at distinct stages of mammary gland development.
In the luminal and basal epithelial cell layers, the novel-mmu-miR424-5p was abundantly expressed.
The luminal cell is shown by the arrow without a tail, whereas the basal cell is indicated by the arrow
with a tail. Scale bars = 20 µm.
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3.7. Novel-mmu-miR424-5p Directly Targets the 3′UTR of CSN2

According to the bioinformatics predictions of target genes, the novel-mmu-miR424-5p
can target an important milk protein gene—CSN2 (Supplementary Table S4). To verify
this prediction, the pmirGLO vector was designed to include the predicted 3′ UTR target
sequences for CSN2 and the 3′ UTR-Mut sequences for CSN2 (Figure 6A,B). Using the
dual-luciferase reporter assays, the targeting relationship between novel-mmu-miR424-5p
and the 3′UTR of CSN2 was assessed. The luciferase levels in 293T cells transfected
with CSN2-3′UTR and CSN2-3′UTR-Mut luciferase reporter were comparable (p = 0.80)
(Figure 6C). The luciferase level in 293T cells co-transfected with CSN2-3′UTR and novel-
mmu-miR424-5p mimics was significantly lower than that in 293T cells co-transfected
with CSN2-3′UTR and negative control mimics (miR-NC) (p = 0.02), or in 293T cells co-
transfected with CSN2-3′UTR-Mut and novel-mmu-miR424-5p mimics (p = 0.04). This
confirms that one of the likely targets of novel-mmu-miR424-5p is the 3′UTR of CSN2,
which suggests that novel-mmu-miR424-5p may play a critical role in the process of milk
production during mammary development.
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Figure 6. Novel-mmu-miR424-5p targets the 3′ UTR of CSN2: (A) A map of pmirGLO vectors
carrying the predicted WT or Mut target sequences of novel-mmu-miR424-5p in the 3′ UTR of CSN2.
(B) The designed luciferase reporter sequences—WT: the WT CSN2-3′UTR sequence includes a
novel-mmu-miR424-5p binding site; Mut: the sequence of CSN2-3′UTR with mutation in the novel-
mmu-miR424-5p binding site. (C) Luciferase activity in 293T cells co-transfected with WT or Mut
CSN2-3′UTR luciferase reporter and novel-mmu-miR424-5p mimics or negative control mimics (miR-
NC). +: the vector or mimics was transfected in cells; −: the vector or mimics was not transfected
in cells. The relative amounts of firefly luminescence normalized to Renilla luminescence are plotted.
Data are shown as mean ± SEM values (n = 3, * p < 0.05, Student’s t-test).

4. Discussion

miRNAs, as key gene expression regulators, have been shown to play crucial roles
in regulating mammary gland development and lactation [34–36]. However, the overall
dynamics of miRNAs in the process of mammary gland differentiation have not been
clearly elucidated. This is the first study to comprehensively report miRNAs’ dynamics
throughout five different stages of murine mammary gland development. A total of
852 known murine miRNAs and 179 novel murine miRNAs were identified in this study,
expanding the repertoire of murine mammary-gland-expressed miRNAs, and the identified
developmental-stage-specific miRNAs provide a valuable resource for understanding the
role of miRNAs during murine development.

We found that 858 miRNAs, accounting for 83.22% of identified total miRNAs, were
co-expressed in the five stages, indicating that most miRNAs were expressed among the
five stages. Notably, eight, one, and two miRNAs were specifically identified at the V,
FW1d, and FW3d stages, respectively. This indicates that the 11 corresponding molecules
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may play vital roles in specific developmental stages. The blood vessels in the mammary
glands undergo a process of formation and expansion during pregnancy and lactation,
which is an important event during mammary gland development [37]. miR-208a-3p
inhibits the formation of vascular tissues by targeting the mRNA and its target genes [38].
Therefore, miR-208a-3p should be maintained at a low expression level during pregnancy
and lactation in order to ensure normal angiogenesis in the mammary glands. These data
are in agreement with in the findings of this study, as miR-208a-3p was classified as a
cluster 5 miRNA, and FGF14 is one of its predicted target genes, which was shown to be
involved in regulating angiogenesis [39]. Therefore, we have more reason to believe that
miR-208a-3p may play a key role in mammary gland development.

In the study by Guillou et al. [40], there were 824 known murine miRNAs identified in
the L12d mammary glands of FVB/N mice using RNA-Seq, and 575 of them were among
the 783 known miRNAs identified at the L12d stage in the present study. Interestingly, both
Guillou’s study and our study found six miRNAs (miR-126-5p, miR-16-5p, miR-141-3p, miR-
200a-3p, miR-200b-3p, and miR-200c-3p) to be highly expressed at the L12d stage. These six
miRNAs participate in regulating the tight junction pathway involved in cellular structure
in mammary gland biology [40]. For the previously identified top 10 miRNAs enriched
in the terminal end-buds or mature ducts of the pubertal murine mammary glands [41],
9 of them (mmu-miR-31, mmu-miR-17, mmu-miR-18a, mmu-miR-362-5p, mmu-miR-19a,
mmu-miR-184, mmu-let-7g, mmu-miR-346, and mmu-miR-328), excluding only mmu-miR-
1894-5p, were identified in this study, and were found to be expressed in all five stages.
miR-18a-5p has been shown to regulate lipid metabolism by targeting the expression of
sterol regulatory element-binding transcription protein 1 (SREBP1) [42], which could form
a complex with Snail to modulate epithelial–mesenchymal transition (EMT) in pubertal
mammary glands [42,43]. In this study, miR-18a-5p was enriched in cluster 11, and was
predicted to regulate 55 target genes. Although SREBP1 was not predicted as a target
gene of miR-18a-5p, SLC22A5, as one of the predicted target genes, also plays roles in lipid
metabolism [44], and IKBKE, as another target gene, directly phosphorylated Snail to EMT
in a recent study [45]. Therefore, we speculate that miR-18a-5p may participate in the
regulation of lipid metabolism and EMT in mammary glands by regulating several target
genes. Furthermore, miR-31 has been shown to regulate the self-renewal/proliferation
of basal cells and inhibit their differentiation into luminal/alveolar cells by activating the
Wnt/β-catenin signaling pathway in mammary glands [46]. In this study, the miR-31 was
enriched in cluster 6, and DAPK2 was predicted as a target gene of miR-31. A previous
study has shown that DAPK2 regulates apoptosis [47]. Therefore, we surmise that miR-31
may be involved in regulating mammary gland development.

All of the miRNAs identified in this study can be classified into 12 distinct clusters,
indicating that the identified miRNAs may play a variety of roles in regulating mammary
gland development. Notably, only the expression pattern of cluster 1 miRNAs was opposite
to that of milk protein genes, implying that some miRNAs in cluster 1 may be involved
in regulating the expression of milk protein genes. Among the miRNAs found in this
study, two previously reported miRNAs—miR-15b and miR-223—are notable. miR-15b
was enriched in cluster 11, while miR-223 was enriched in cluster 6, both of which were
differentially expressed in the five stages. miR-15b and miR-223 regulate lipid synthesis and
milk production, and ductal morphogenesis, respectively [16,17]. The expression trends
of these two miRNAs in the five stages were consistent with their function in mammary
glands. Furthermore, some previously identified differentially expressed miRNAs during
pregnancy and lactation—including miR-10b, miR-152, miR-145, and miR-21—were found
to be enriched in cluster 1 [48]. A previous study showed that miR-145 regulates cell prolif-
eration and differentiation [49], while luciferase reporter assays confirmed that rhotekin
(RTKN) is a direct target of miR-145 [50]. RTKN plays roles in regulating cell growth [51].
In addition, upregulation of RTKN expression activates the Wnt/β-catenin pathway [50],
which regulates the developmental fate of mammary epithelium cells [52]. In this study, the
expression of miR-145 in five stages decreased gradually throughout the V, P16d, and L12d
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stages, and then increased gradually in the FW1d and FW3d stages. Meanwhile, RTKN is
predicted as the one of target genes of miR-145. We believe that miR-145 may target RTKN,
acting on the Wnt/β-catenin signaling pathway to regulate cell fate in mammary gland
development. However, this conjecture needs to be verified by further research.

Among the top 10 biological processes identified by GO enrichment analysis for cluster
1 miRNAs’ predicted target genes, most of them were related to mammary gland devel-
opment and lactation, including small GTPase-mediated signal transduction, Ras protein
signal transduction, regulation of cell morphogenesis involved in differentiation, histone
modification, and covalent chromatin modification [53–55]. Using KEGG pathway analysis,
several cluster 1 miRNAs’ target genes were integrated into the Wnt signaling pathway,
mTOR signaling pathway, MAPK signaling pathway, and Hippo signaling pathway. The
Wnt signaling pathway is reported to play an essential role in initiating mammary gland
morphogenesis and accelerating mammary gland development [56]. Meanwhile, this
pathway has been found to contribute to mammary gland growth, differentiation, lacta-
tion, and involution by regulating cell processes [57]. Furthermore, the MAPK signaling
plays an important role in regulating the processes of MECs’ proliferation, differentia-
tion, apoptosis, and migration [58], and the Hippo pathway is indispensable in the virgin
mammary glands, but particularly needed during pregnancy, when MECs undergo rapid
growth and differentiation [59]. mTOR has been shown to play a role in regulating milk
protein synthesis [60]. Cluster 1 miRNAs’ target genes were also shown to be enriched
in several hormone-related signaling pathways, including growth hormone, insulin, oxy-
tocin, and parathyroid hormone, all of which are implicated in the regulation of mammary
gland proliferation, differentiation, and lactation [4,61,62]. These findings suggest that
cluster 1 miRNAs may play an important role in the regulation of murine mammary gland
development and lactation.

The expression of milk protein genes is regulated by tissue- and stage-specific genes
in the mammary glands [63]. β-casein is a vital source of essential amino acids and
calcium for suckling pups [64], and forms micelle structures with other casein subtypes.
In particular, αs1-casein and k-casein contribute to efficient secretion of β-casein [65,66].
β-casein accounts for ~20% of total milk proteins; it is a common milk protein in mammalian
species, and is an ideal marker for mammary differentiation [67,68]. CSN2 is expressed in
mid-pregnancy, and then increases in expression, and is confined to the lactating mammary
gland epithelial cells [69]. Previous studies have found that transcription factors, growth
factors, and hormones all influence CSN2 expression [70–72]. Meanwhile, research has
shown that miR-139 regulates CSN2 synthesis in bovine mammary epithelial cells by
targeting the mRNAs of GHR and IGF1R [73], while miR-101a inhibits CSN2 expression by
regulating cyclooxygenase-2 expression [74]. In this study, we found that one of the likely
targets of novel-mmu-miR424-5p is the 3′UTR of CSN2. This indicates that novel-mmu-
miR424-5p plays an important role in murine mammary gland development and lactation,
and it may be functionally defined as a negative regulator of mammary differentiation and
milk protein expression.

However, we only confirmed that the 3′UTR of CSN2 is a target of novel-mmu-
miR424-5p. Future research is needed in order to investigate whether the novel-mmu-
miR424-5p can suppress CSN2 expression in murine mammary gland epithelial cells
in vitro or in vivo. Furthermore, the miRNAs in the other 11 clusters—particularly clusters
7 and 12—may be important in regulating mammary gland development and milk protein
expression, because the expression patterns of these cluster miRNAs were comparable to
those of milk protein genes, and the miRNAs of these clusters may promote the expression
of milk protein genes by targeting their inhibitors. Therefore, miRNAs in clusters 7 and 12
should be further investigated in future research.

5. Conclusions

This study revealed the dynamic characteristics of miRNAs’ expression, and identified
852 known miRNAs and 179 novel miRNAs in murine mammary glands throughout
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five important developmental stages. The target genes of a cluster of identified cluster
1 miRNAs, with an expression profile negatively correlated with that of milk protein genes,
were enriched in singling pathways related to mammary gland development and lactation.
In cluster 1 miRNAs, a novel miRNA—the novel-mmu-miR424-5p—was identified as a
potential negative regulator of expression of the key milk protein gene CSN2. Therefore, our
findings provide a basis for an in-depth understanding of the murine mammary gland’s
developmental regulation, which will be helpful for further research on human breast
disease and animal husbandry.
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10.3390/ani12060727/s1: Supplementary Figure S1: The histological characteristics and expression
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mapped to the reference genome; Supplementary Table S3: TPM of miRNAs from murine mammary
glands at five distinct stages; Supplementary Table S4: Target gene predictions for 12 miRNA clusters;
Supplementary Table S5: GO enrichment analysis of cluster 1 miRNAs’ target genes; Supplementary
Table S6: KEGG pathway analysis of cluster 1 miRNAs’ target genes.

Author Contributions: Conceptualization, Z.L. and W.W.; validation, W.W. and Y.L. (Yonglun Liu);
formal analysis, X.Z.; investigation, W.W. and Y.L. (Yunyi Liang); resources, Z.W. and G.C.; writing—
original draft preparation, W.W.; writing—review and editing, Z.L. and W.W.; visualization, X.Z. and
W.W.; supervision, Z.L. and Z.W.; funding acquisition, Z.L., G.C. and Z.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Department of Science and Technology of Guangdong
Province, China, grant number 2019BT02N630.

Institutional Review Board Statement: All animals were conducted under a protocol approved
by the Ethics Committee of the Laboratory Animal Center of South China Agricultural University
(permit number: SYXK-2019-0136).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and analyzed in this study can be found in online
repositories. The raw reads produced in this study were deposited in the NCBI Sequence Read
Archive (SRA), accession number PRJNA767953.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oftedal, O.T. The mammary gland and its origin during synapsid evolution. J. Mammary Gland Biol. Neoplasia 2002, 7, 225–252.

[CrossRef] [PubMed]
2. Inman, J.L.; Robertson, C.; Mott, J.D.; Bissell, M.J. Mammary gland development: Cell fate specification, stem cells and the

microenvironment. Development 2015, 142, 1028–1042. [CrossRef] [PubMed]
3. Macias, H.; Hinck, L. Mammary gland development. Wiley Interdiscip. Rev. Dev. Biol. 2012, 1, 533–557. [CrossRef]
4. Brisken, C.; Ataca, D. Endocrine hormones and local signals during the development of the mouse mammary gland. Wiley

Interdiscip. Rev. Dev. Biol. 2015, 4, 181–195. [CrossRef] [PubMed]
5. Rusidzé, M.; Adlanmérini, M.; Chantalat, E.; Raymond-Letron, I.; Cayre, S.; Arnal, J.F.; Deugnier, M.A.; Lenfant, F. Estrogen

receptor-α signaling in post-natal mammary development and breast cancers. Cell. Mol. Life Sci. 2021, 78, 5681–5705. [CrossRef]
[PubMed]

6. Hou, Y.; Xie, Y.; Yang, S.; Han, B.; Shi, L.; Bai, X.; Liang, R.; Dong, T.; Zhang, S.; Zhang, Q.; et al. EEF1D facilitates milk lipid
synthesis by regulation of PI3K-Akt signaling in mammals. FASEB J. 2021, 35, e21455. [CrossRef] [PubMed]

7. Mertelmeyer, S.; Weider, M.; Baroti, T.; Reiprich, S.; Fröb, F.; Stolt, C.C.; Wagner, K.U.; Wegner, M. The transcription factor Sox10 is
an essential determinant of branching morphogenesis and involution in the mouse mammary gland. Sci. Rep. 2020, 10, 17807.
[CrossRef]

8. Gourdou, I.; Paly, J.; Hue-Beauvais, C.; Pessemesse, L.; Clark, J.; Djiane, J. Expression by transgenesis of a constitutively active
mutant form of the prolactin receptor induces premature abnormal development of the mouse mammary gland and lactation
failure. Biol. Reprod. 2004, 70, 718–728. [CrossRef]

9. Qian, X.; Zhao, F.Q. Current major advances in the regulation of milk protein gene expression. Crit. Rev. Eukaryot. Gene Expr.
2014, 24, 357–378. [CrossRef]

https://www.mdpi.com/article/10.3390/ani12060727/s1
https://www.mdpi.com/article/10.3390/ani12060727/s1
http://doi.org/10.1023/A:1022896515287
http://www.ncbi.nlm.nih.gov/pubmed/12751889
http://doi.org/10.1242/dev.087643
http://www.ncbi.nlm.nih.gov/pubmed/25758218
http://doi.org/10.1002/wdev.35
http://doi.org/10.1002/wdev.172
http://www.ncbi.nlm.nih.gov/pubmed/25645332
http://doi.org/10.1007/s00018-021-03860-4
http://www.ncbi.nlm.nih.gov/pubmed/34156490
http://doi.org/10.1096/fj.202000682RR
http://www.ncbi.nlm.nih.gov/pubmed/33913197
http://doi.org/10.1038/s41598-020-74664-y
http://doi.org/10.1095/biolreprod.103.019448
http://doi.org/10.1615/CritRevEukaryotGeneExpr.2014012215


Animals 2022, 12, 727 15 of 17

10. Robinson, G.W.; McKnight, R.A.; Smith, G.H.; Hennighausen, L. Mammary epithelial cells undergo secretory differentiation
in cycling virgins but require pregnancy for the establishment of terminal differentiation. Development 1995, 121, 2079–2090.
[CrossRef]

11. Neville, M.C.; McFadden, T.B.; Forsyth, I. Hormonal regulation of mammary differentiation and milk secretion. J. Mammary
Gland Biol. Neoplasia 2002, 7, 49–66. [CrossRef] [PubMed]

12. Alex, A.P.; Collier, J.L.; Hadsell, D.L.; Collier, R.J. Milk yield differences between 1× and 4× milking are associated with changes
in mammary mitochondrial number and milk protein gene expression, but not mammary cell apoptosis or SOCS gene expression.
J. Dairy Sci. 2015, 98, 4439–4448. [CrossRef] [PubMed]

13. Rosen, J.M.; Wyszomierski, S.L.; Hadsell, D. Regulation of milk protein gene expression. Annu. Rev. Nutr. 1999, 19, 407–436.
[CrossRef] [PubMed]

14. Tsiplakou, E.; Flemetakis, E.; Kouri, E.D.; Karalias, G.; Sotirakoglou, K.; Zervas, G. The effect of long term under- and over-feeding
on the expression of six major milk protein genes in the mammary tissue of sheep. J. Dairy Res. 2015, 82, 257–264. [CrossRef]
[PubMed]

15. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
16. Citron, F.; Segatto, I.; Vinciguerra, G.L.R.; Musco, L.; Russo, F.; Mungo, G.; D’Andrea, S.; Mattevi, M.C.; Perin, T.;

Schiappacassi, M.; et al. Downregulation of miR-223 Expression Is an Early Event during Mammary Transformation and
Confers Resistance to CDK4/6 Inhibitors in Luminal Breast Cancer. Cancer Res. 2020, 80, 1064–1077. [CrossRef]

17. Chu, M.; Zhao, Y.; Yu, S.; Hao, Y.; Zhang, P.; Feng, Y.; Zhang, H.; Ma, D.; Liu, J.; Cheng, M.; et al. miR-15b negatively correlates
with lipid metabolism in mammary epithelial cells. Am. J. Physiol. Cell Physiol. 2018, 314, C43–C52. [CrossRef]

18. Honvo-Houéto, E.; Truchet, S. Indirect immunofluorescence on frozen sections of mouse mammary gland. J. Vis. Exp. JoVE 2015,
106, e53179. [CrossRef]

19. Tucker, D.K.; Foley, J.F.; Bouknight, S.A.; Fenton, S.E. Sectioning mammary gland whole mounts for lesion identification. JoVE J.
Vis. Exp. 2017, 125, e55796. [CrossRef]

20. Stanko, J.P.; Fenton, S.E. Quantifying Branching Density in Rat Mammary Gland Whole-mounts Using the Sholl Analysis Method.
J. Vis. Exp. 2017, 125, e55789. [CrossRef]

21. Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol. 2009, 10, R25. [CrossRef] [PubMed]

22. Nawrocki, E.P.; Eddy, S.R. Infernal 1.1: 100-fold faster RNA homology searches. Bioinformatics 2013, 29, 2933–2935. [CrossRef]
[PubMed]

23. Friedländer, M.R.; Chen, W.; Adamidi, C.; Maaskola, J.; Einspanier, R.; Knespel, S.; Rajewsky, N. Discovering microRNAs from
deep sequencing data using miRDeep. Nat. Biotechnol. 2008, 26, 407–415. [CrossRef]

24. Kumar, L.; Futschik, M.E. Mfuzz: A software package for soft clustering of microarray data. Bioinformation 2007, 2, 5–7. [CrossRef]
[PubMed]

25. Agarwal, V.; Bell, G.W.; Nam, J.-W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian mRNAs. elife 2015,
4, e05005. [CrossRef] [PubMed]

26. Enright, A.; John, B.; Gaul, U.; Tuschl, T.; Sander, C.; Marks, D. MicroRNA targets in Drosophila. Genome Biol. 2003, 5, R1.
[CrossRef] [PubMed]

27. Krüger, J.; Rehmsmeier, M. RNAhybrid: microRNA target prediction easy, fast and flexible. Nucleic. Acids Res. 2006, 34,
W451–W454. [CrossRef]

28. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

29. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. Omics
2012, 16, 284–287. [CrossRef]

30. Chen, C.; Ridzon, D.A.; Broomer, A.J.; Zhou, Z.; Lee, D.H.; Nguyen, J.T.; Barbisin, M.; Xu, N.L.; Mahuvakar, V.R.; Andersen, M.R.
Real-time quantification of microRNAs by stem–loop RT–PCR. Nucleic Acids Res. 2005, 33, e179. [CrossRef]

31. Hou, L.; Gu, W.; Zhu, H.; Yao, W.; Wang, W.; Meng, Q. Spiroplasma eriocheiris induces mouse 3T6-Swiss albino cell apoptosis
that associated with the infection mechanism. Mol. Immunol. 2017, 91, 75–85. [CrossRef] [PubMed]

32. Avril-Sassen, S.; Goldstein, L.D.; Stingl, J.; Blenkiron, C.; Le Quesne, J.; Spiteri, I.; Karagavriilidou, K.; Watson, C.J.; Tavaré, S.;
Miska, E.A.; et al. Characterisation of microRNA expression in post-natal mouse mammary gland development. BMC Genom.
2009, 10, 548. [CrossRef] [PubMed]

33. Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J.; Bartel, D.P.; Linsley, P.S.; Johnson, J.M. Microarray
analysis shows that some microRNAs downregulate large numbers of target mRNAs. Nature 2005, 433, 769–773. [CrossRef]
[PubMed]

34. Roth, M.J.; Moorehead, R.A. The miR-200 family in normal mammary gland development. BMC Dev. Biol. 2021, 21, 12. [CrossRef]
[PubMed]

35. Zhang, Y.; Liu, J.; Li, W.; Cao, F.; Niu, G.; Ji, S.; Du, X.; Cao, B.; An, X. A Regulatory Circuit Orchestrated by Novel-miR-3880
Modulates Mammary Gland Development. Front. Cell Dev. Biol. 2020, 8, 383. [CrossRef]

36. Zhang, X.; Cheng, Z.; Wang, L.; Jiao, B.; Yang, H.; Wang, X. MiR-21-3p Centric Regulatory Network in Dairy Cow Mammary
Epithelial Cell Proliferation. J. Agric. Food Chem. 2019, 67, 11137–11147. [CrossRef]

http://doi.org/10.1242/dev.121.7.2079
http://doi.org/10.1023/A:1015770423167
http://www.ncbi.nlm.nih.gov/pubmed/12160086
http://doi.org/10.3168/jds.2014-8917
http://www.ncbi.nlm.nih.gov/pubmed/25981061
http://doi.org/10.1146/annurev.nutr.19.1.407
http://www.ncbi.nlm.nih.gov/pubmed/10448531
http://doi.org/10.1017/S0022029915000333
http://www.ncbi.nlm.nih.gov/pubmed/26130072
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.1158/0008-5472.CAN-19-1793
http://doi.org/10.1152/ajpcell.00115.2017
http://doi.org/10.3791/53179
http://doi.org/10.3791/55796
http://doi.org/10.3791/55789
http://doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
http://doi.org/10.1093/bioinformatics/btt509
http://www.ncbi.nlm.nih.gov/pubmed/24008419
http://doi.org/10.1038/nbt1394
http://doi.org/10.6026/97320630002005
http://www.ncbi.nlm.nih.gov/pubmed/18084642
http://doi.org/10.7554/eLife.05005
http://www.ncbi.nlm.nih.gov/pubmed/26267216
http://doi.org/10.1186/gb-2003-5-1-r1
http://www.ncbi.nlm.nih.gov/pubmed/14709173
http://doi.org/10.1093/nar/gkl243
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1089/omi.2011.0118
http://doi.org/10.1093/nar/gni178
http://doi.org/10.1016/j.molimm.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28889064
http://doi.org/10.1186/1471-2164-10-548
http://www.ncbi.nlm.nih.gov/pubmed/19930549
http://doi.org/10.1038/nature03315
http://www.ncbi.nlm.nih.gov/pubmed/15685193
http://doi.org/10.1186/s12861-021-00243-7
http://www.ncbi.nlm.nih.gov/pubmed/34454436
http://doi.org/10.3389/fcell.2020.00383
http://doi.org/10.1021/acs.jafc.9b04059


Animals 2022, 12, 727 16 of 17

37. Djonov, V.; Andres, A.C.; Ziemiecki, A. Vascular remodelling during the normal and malignant life cycle of the mammary gland.
Microsc. Res. Tech. 2001, 52, 182–189. [CrossRef]

38. Wang, D.; Yan, C. MicroRNA-208a-3p participates in coronary heart disease by regulating the growth of hVSMCs by targeting
BTG1. Exp. Ther. Med. 2022, 23, 71. [CrossRef]

39. Ding, I.; Liu, W.; Sun, J.; Fenton, B.; Okunieff, P. Comparison and modulation of angiogenic responses by FGFs, VEGF and SCF in
murine and human fibrosarcomas. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2002, 132, 17–25. [CrossRef]

40. Le Guillou, S.; Marthey, S.; Laloë, D.; Laubier, J.; Mobuchon, L.; Leroux, C.; Le Provost, F. Characterisation and comparison of
lactating mouse and bovine mammary gland miRNomes. PLoS ONE 2014, 9, e91938. [CrossRef]

41. Phua, Y.W.; Nguyen, A.; Roden, D.L.; Elsworth, B.; Deng, N.; Nikolic, I.; Yang, J.; McFarland, A.; Russell, R.; Kaplan, W.; et al.
MicroRNA profiling of the pubertal mouse mammary gland identifies miR-184 as a candidate breast tumour suppressor gene.
Breast Cancer Res. 2015, 17, 83. [CrossRef] [PubMed]

42. Zhang, N.; Zhang, H.; Liu, Y.; Su, P.; Zhang, J.; Wang, X.; Sun, M.; Chen, B.; Zhao, W.; Wang, L.; et al. SREBP1, targeted by
miR-18a-5p, modulates epithelial-mesenchymal transition in breast cancer via forming a co-repressor complex with Snail and
HDAC1/2. Cell Death Differ. 2019, 26, 843–859. [CrossRef] [PubMed]

43. Nelson, C.M.; Vanduijn, M.M.; Inman, J.L.; Fletcher, D.A.; Bissell, M.J. Tissue geometry determines sites of mammary branching
morphogenesis in organotypic cultures. Science 2006, 314, 298–300. [CrossRef] [PubMed]

44. Wang, C.; Uray, I.P.; Mazumdar, A.; Mayer, J.A.; Brown, P.H. SLC22A5/OCTN2 expression in breast cancer is induced by estrogen
via a novel intronic estrogen-response element (ERE). Breast Cancer Res. Treat. 2012, 134, 101–115. [CrossRef] [PubMed]

45. Xie, W.; Jiang, Q.; Wu, X.; Wang, L.; Gao, B.; Sun, Z.; Zhang, X.; Bu, L.; Lin, Y.; Huang, Q.; et al. IKBKE phosphorylates and
stabilizes Snail to promote breast cancer invasion and metastasis. Cell Death Differ. 2022, 1–13. [CrossRef] [PubMed]

46. Lv, C.; Li, F.; Li, X.; Tian, Y.; Zhang, Y.; Sheng, X.; Song, Y.; Meng, Q.; Yuan, S.; Luan, L.; et al. MiR-31 promotes mammary stem
cell expansion and breast tumorigenesis by suppressing Wnt signaling antagonists. Nat. Commun. 2017, 8, 1036. [CrossRef]

47. Bandyopadhyay, S.; Zhan, R.; Wang, Y.; Pai, S.K.; Hirota, S.; Hosobe, S.; Takano, Y.; Saito, K.; Furuta, E.; Iiizumi, M.; et al.
Mechanism of apoptosis induced by the inhibition of fatty acid synthase in breast cancer cells. Cancer Res. 2006, 66, 5934–5940.
[CrossRef]

48. Wang, C.; Li, Q. Identification of differentially expressed microRNAs during the development of Chinese murine mammary
gland. J. Genet. Genom. 2007, 34, 966–973. [CrossRef]

49. Cordes, K.R.; Sheehy, N.T.; White, M.P.; Berry, E.C.; Morton, S.U.; Muth, A.N.; Lee, T.H.; Miano, J.M.; Ivey, K.N.; Srivastava, D.
miR-145 and miR-143 regulate smooth muscle cell fate and plasticity. Nature 2009, 460, 705–710. [CrossRef]

50. Liu, D.; Liu, Y.; Zheng, X.; Liu, N. c-MYC-induced long noncoding RNA MEG3 aggravates kidney ischemia-reperfusion injury
through activating mitophagy by upregulation of RTKN to trigger the Wnt/β-catenin pathway. Cell Death Dis. 2021, 12, 191.
[CrossRef]

51. Wang, S.; Bian, C.; Yang, Z.; Bo, Y.; Li, J.; Zeng, L.; Zhou, H.; Zhao, R.C. miR-145 inhibits breast cancer cell growth through RTKN.
Int. J. Oncol. 2009, 34, 1461–1466. [PubMed]

52. van Amerongen, R.; Bowman, A.N.; Nusse, R. Developmental stage and time dictate the fate of Wnt/β-catenin-responsive stem
cells in the mammary gland. Cell Stem. Cell. 2012, 11, 387–400. [CrossRef] [PubMed]

53. Cayre, S.; Faraldo, M.M.; Bardin, S.; Miserey-Lenkei, S.; Deugnier, M.A.; Goud, B. RAB6 GTPase regulates mammary secretory
function by controlling the activation of STAT5. Development 2020, 147, dev190744. [CrossRef] [PubMed]

54. Park, D.S.; Lee, H.; Riedel, C.; Hulit, J.; Scherer, P.E.; Pestell, R.G.; Lisanti, M.P. Prolactin negatively regulates caveolin-1 gene
expression in the mammary gland during lactation, via a Ras-dependent mechanism. J. Biol. Chem. 2001, 276, 48389–48397.
[CrossRef]

55. Rijnkels, M.; Kabotyanski, E.; Montazer-Torbati, M.B.; Hue Beauvais, C.; Vassetzky, Y.; Rosen, J.M.; Devinoy, E. The epigenetic
landscape of mammary gland development and functional differentiation. J. Mammary Gland Biol. Neoplasia 2010, 15, 85–100.
[CrossRef]

56. Chu, E.Y.; Hens, J.; Andl, T.; Kairo, A.; Yamaguchi, T.P.; Brisken, C.; Glick, A.; Wysolmerski, J.J.; Millar, S.E. Canonical WNT
signaling promotes mammary placode development and is essential for initiation of mammary gland morphogenesis. Development
2004, 131, 4819–4829. [CrossRef]

57. Turashvili, G.; Bouchal, J.; Burkadze, G.; Kolar, Z. Wnt signaling pathway in mammary gland development and carcinogenesis.
Pathobiology 2006, 73, 213–223. [CrossRef]

58. Huebner, R.J.; Neumann, N.M.; Ewald, A.J. Mammary epithelial tubes elongate through MAPK-dependent coordination of cell
migration. Development 2016, 143, 983–993.

59. Chen, Q.; Zhang, N.; Gray, R.S.; Li, H.; Ewald, A.J.; Zahnow, C.A.; Pan, D. A temporal requirement for Hippo signaling in
mammary gland differentiation, growth, and tumorigenesis. Genes Dev. 2014, 28, 432–437. [CrossRef]

60. Li, H.; Liu, X.; Wang, Z.; Lin, X.; Yan, Z.; Cao, Q.; Zhao, M.; Shi, K. MEN1/Menin regulates milk protein synthesis through mTOR
signaling in mammary epithelial cells. Sci. Rep. 2017, 7, 5479. [CrossRef]

61. Cohick, W.S. PHYSIOLOGY AND ENDOCRINOLOGY SYMPOSIUM: Effects of insulin on mammary gland differentiation
during pregnancy and lactation. J. Anim. Sci. 2016, 94, 1812–1820. [CrossRef] [PubMed]

62. Dunbar, M.E.; Wysolmerski, J.J. Parathyroid hormone-related protein: A developmental regulatory molecule necessary for
mammary gland development. J. Mammary Gland Biol. Neoplasia 1999, 4, 21–34. [CrossRef]

http://doi.org/10.1002/1097-0029(20010115)52:2&lt;182::AID-JEMT1004&gt;3.0.CO;2-M
http://doi.org/10.3892/etm.2021.10994
http://doi.org/10.1016/S1095-6433(01)00524-4
http://doi.org/10.1371/journal.pone.0091938
http://doi.org/10.1186/s13058-015-0593-0
http://www.ncbi.nlm.nih.gov/pubmed/26070602
http://doi.org/10.1038/s41418-018-0158-8
http://www.ncbi.nlm.nih.gov/pubmed/29988076
http://doi.org/10.1126/science.1131000
http://www.ncbi.nlm.nih.gov/pubmed/17038622
http://doi.org/10.1007/s10549-011-1925-0
http://www.ncbi.nlm.nih.gov/pubmed/22212555
http://doi.org/10.1038/s41418-022-00940-1
http://www.ncbi.nlm.nih.gov/pubmed/35066576
http://doi.org/10.1038/s41467-017-01059-5
http://doi.org/10.1158/0008-5472.CAN-05-3197
http://doi.org/10.1016/S1673-8527(07)60109-X
http://doi.org/10.1038/nature08195
http://doi.org/10.1038/s41419-021-03466-5
http://www.ncbi.nlm.nih.gov/pubmed/19360360
http://doi.org/10.1016/j.stem.2012.05.023
http://www.ncbi.nlm.nih.gov/pubmed/22863533
http://doi.org/10.1242/dev.190744
http://www.ncbi.nlm.nih.gov/pubmed/32895290
http://doi.org/10.1074/jbc.M108210200
http://doi.org/10.1007/s10911-010-9170-4
http://doi.org/10.1242/dev.01347
http://doi.org/10.1159/000098207
http://doi.org/10.1101/gad.233676.113
http://doi.org/10.1038/s41598-017-06054-w
http://doi.org/10.2527/jas.2015-0085
http://www.ncbi.nlm.nih.gov/pubmed/27285678
http://doi.org/10.1023/A:1018700502518


Animals 2022, 12, 727 17 of 17

63. Malewski, T.; Zwierzchowski, L. Computer-aided analysis of potential transcription-factor binding sites in the rabbit beta-casein
gene promoter. Biosystems 1995, 36, 109–119. [CrossRef]

64. Rezaei, R.; Wu, Z.; Hou, Y.; Bazer, F.W.; Wu, G. Amino acids and mammary gland development: Nutritional implications for milk
production and neonatal growth. J. Anim. Sci. Biotechnol. 2016, 7, 20. [CrossRef]

65. Shekar, P.C.; Goel, S.; Rani, S.D.; Sarathi, D.P.; Alex, J.L.; Singh, S.; Kumar, S. kappa-casein-deficient mice fail to lactate. Proc. Natl.
Acad. Sci. USA 2006, 103, 8000–8005. [CrossRef] [PubMed]

66. Chanat, E.; Martin, P.; Ollivier-Bousquet, M. Alpha(S1)-casein is required for the efficient transport of beta- and kappa-casein from
the endoplasmic reticulum to the Golgi apparatus of mammary epithelial cells. J. Cell Sci. 1999, 112 Pt 19, 3399–3412. [CrossRef]
[PubMed]

67. Robinson, S.D.; Roberts, A.B.; Daniel, C.W. TGF beta suppresses casein synthesis in mouse mammary explants and may play a
role in controlling milk levels during pregnancy. J. Cell Biol. 1993, 120, 245–251. [CrossRef]

68. Kumar, S.; Clarke, A.R.; Hooper, M.L.; Horne, D.S.; Law, A.J.; Leaver, J.; Springbett, A.; Stevenson, E.; Simons, J.P. Milk
composition and lactation of beta-casein-deficient mice. Proc. Natl. Acad. Sci. USA 1994, 91, 6138–6142. [CrossRef]

69. Anderson, S.M.; Rudolph, M.C.; McManaman, J.L.; Neville, M.C. Key stages in mammary gland development. Secretory
activation in the mammary gland: It’s not just about milk protein synthesis! Breast Cancer Res. 2007, 9, 204. [CrossRef]

70. Kobayashi, K.; Oyama, S.; Kuki, C.; Tsugami, Y.; Matsunaga, K.; Suzuki, T.; Nishimura, T. Distinct roles of prolactin, epidermal
growth factor, and glucocorticoids in β-casein secretion pathway in lactating mammary epithelial cells. Mol. Cell Endocrinol. 2017,
440, 16–24. [CrossRef]

71. Wu, W.J.; Lee, C.F.; Hsin, C.H.; Du, J.Y.; Hsu, T.C.; Lin, T.H.; Yao, T.Y.; Huang, C.H.; Lee, Y.J. TGF-beta inhibits prolactin-induced
expression of beta-casein by a Smad3-dependent mechanism. J. Cell Biochem. 2008, 104, 1647–1659. [CrossRef] [PubMed]

72. Zhao, F.Q.; Zheng, Y.; Dong, B.; Oka, T. Cloning, genomic organization, expression, and effect on beta-casein promoter activity of
a novel isoform of the mouse Oct-1 transcription factor. Gene 2004, 326, 175–187. [CrossRef] [PubMed]

73. Cui, Y.; Sun, X.; Jin, L.; Yu, G.; Li, Q.; Gao, X.; Ao, J.; Wang, C. MiR-139 suppresses β-casein synthesis and proliferation in bovine
mammary epithelial cells by targeting the GHR and IGF1R signaling pathways. BMC Vet. Res. 2017, 13, 350. [CrossRef] [PubMed]

74. Tanaka, T.; Haneda, S.; Imakawa, K.; Sakai, S.; Nagaoka, K. A microRNA, miR-101a, controls mammary gland development by
regulating cyclooxygenase-2 expression. Differentiation 2009, 77, 181–187. [CrossRef] [PubMed]

http://doi.org/10.1016/0303-2647(95)01532-P
http://doi.org/10.1186/s40104-016-0078-8
http://doi.org/10.1073/pnas.0601611103
http://www.ncbi.nlm.nih.gov/pubmed/16698927
http://doi.org/10.1242/jcs.112.19.3399
http://www.ncbi.nlm.nih.gov/pubmed/10504344
http://doi.org/10.1083/jcb.120.1.245
http://doi.org/10.1073/pnas.91.13.6138
http://doi.org/10.1186/bcr1653
http://doi.org/10.1016/j.mce.2016.11.006
http://doi.org/10.1002/jcb.21734
http://www.ncbi.nlm.nih.gov/pubmed/18335503
http://doi.org/10.1016/j.gene.2003.10.023
http://www.ncbi.nlm.nih.gov/pubmed/14729276
http://doi.org/10.1186/s12917-017-1267-1
http://www.ncbi.nlm.nih.gov/pubmed/29178948
http://doi.org/10.1016/j.diff.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19281778

	Introduction 
	Materials and Methods 
	Animals and Mammary Gland Tissues Collection 
	Hematoxylin and Eosin Staining (H&E) 
	Whole-Mount Analysis 
	Total RNA Extraction and Small RNA Library Construction 
	Processing of Sequencing Data 
	Clustering of miRNA Profiles 
	Prediction and Functional Annotation Analysis of Target Genes of miRNAs 
	Quantitative Real-Time PCR (qPCR) 
	Fluorescence In Situ Hybridization (FISH) Analysis 
	Dual-Luciferase Reporter Assay 
	Statistical Analysis 

	Results 
	Overview of the Small RNA Sequencing Data 
	Validation of miRNAs Sequence Data with qPCR 
	Dynamic Expression Patterns of miRNAs during Mammary Development 
	Target Gene Predictions for Twelve Clusters miRNAs 
	Functional Annotation of Cluster 1 miRNAs’ Target Genes 
	Novel-mmu-miR424-5p Expression in Distinct Development Stages Assessed by FISH 
	Novel-mmu-miR424-5p Directly Targets the 3'UTR of CSN2 

	Discussion 
	Conclusions 
	References

