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Abstract

MiR‐24‐3p, a broadly conserved, small, noncoding RNA, is abundantly expressed in

mammary tissue. However, its regulatory role in this tissue remains poorly understood. It

was predicted that miR‐24‐3p targets the 3′ untranslated region (3′‐UTR) of multiple

endocrine neoplasia type 1 (MEN1), an important regulatory factor in mammary tissue. The

objective of this study was to investigate the function of miR‐24‐3p in mammary cells.

Using a luciferase assay in mammary epithelial cells (MAC‐T), miR‐24‐3p was confirmed to

target the 3′‐UTR of MEN1. Furthermore, miR‐24‐3p negatively regulated the expression

of the MEN1 gene and its encoded protein, menin. miR‐24‐3p enhanced proliferation of

MAC‐T by promoting G1/S phase progression. MiR‐24‐3p also regulated the expression of

key factors involved in phosphatidylinositol‐3‐kinase/protein kinase B/mammalian target

of rapamycin and Janus kinase/signal transducer and activators of transcription signaling

pathways, therefore controlling milk protein synthesis in epithelial cells. Thus, miR‐24‐3p
appears to act on MAC‐T by targetingMEN1. The expression of miR‐24‐3p was controlled

by MEN1/menin, indicating a negative feedback loop between miR‐24‐3p and MEN1/

menin. The negatively inhibited expression pattern of miR‐24‐3p and MEN1 was active in

mammary tissues at different lactation stages. The feedback mechanism is a new concept

to further understand the lactation cycle of mammary glands and can possibly to be

manipulated to improve milk yield and quality.
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cell proliferation, mammary epithelial cells (MAC‐T), milk protein synthesis, miR‐24‐3p, multiple

endocrine neoplasia type 1(MEN1)/menin

1 | INTRODUCTION

MicroRNAs (miRNAs) are evolutionarily conserved, small noncoding RNA

approximately 22 nucleotides in length that generally regulate the

expression of target messenger RNA (mRNA) by binding to the 3′
untranslated region (3′‐UTR). This regulatory mechanism exists widely in

animals and plants (Bartel, 2004; Bushati & Cohen, 2007; Flynt & Lai,

2008) and participates in a wide range of biological processes including

cell differentiation, proliferation, and apoptosis. Recently, miRNA has

been identified to be differentially expressed in mammary tissues (Gu,

Eleswarapu, & Jiang, 2007; Wang & Li, 2007; Wang et al., 2012; Wicik

et al., 2016) and to control the mammary gland development by

regulating the formation of mammary ducts and acini (Shimono et al.,

2009), proliferation and apoptosis of mammary epithelial cells (MAC‐T;
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Avril‐Sassen et al., 2009; Tanaka, Haneda, Imakawa, Sakai, & Naqaoka,

2009) and synthesis of milk protein, lactose, and milk fat (Li, Wang, Li, &

Gao, 2012; Li et al., 2015; Lian et al., 2016; Wang et al., 2014). In mice,

miR‐138was found to regulate mammary development and galactopoesis

by targeting the prolactin receptor (Wang, Li, & Li, 2008), thus modulating

the physiological role of prolactin in mammary cells. In addition, miR‐152
inhibited the activity of DNA methyltransferase 1 (DNMT1) and reduced

the level of DNA methylation, therefore activating the lactation signal

transduction genes AKT (serine/threonine protein kinase AKT) and

peroxisome proliferator‐activated receptor gamma (Wang et al., 2014).

Therefore, miRNA plays an important role in mammary gland develop-

ment and milk synthesis in mammals.

MiR‐24 is abundantly expressed in the mammary tissue of Holstein

cows (Gu et al., 2007), suggesting that miR‐24 may play an important

role in mammary function in cattle. MiR‐24 is highly conserved across

species, is broadly involved in the cell proliferation, differentiation, and

apoptosis (Gao et al., 2015; Meng, Wang, & Jia, 2014) in liver and

intestinal tract of patients. However, the specific function of miR‐24‐3p
in mammary tissues is poorly understood.

Menin, a ubiquitous nuclear protein that interacts with a variety of

transcription factors regulating cell proliferation, plays an essential role in

maintaining the metabolic balance of organisms (Matkar, Thiel, & Hua,

2013; Yang & Hua, 2007). Menin is the product of the multiple endocrine

tumor type 1 (MEN1) gene, named for its causative genetic disease in

human, MEN1 syndrome (Falchetti et al., 2009). The absence of MEN1

causes abnormal cell proliferation or apoptosis by acting on the cell cycle

regulator p27Kip1 and p18INK4C (Milne et al., 2005) and/or DNMT1

(Cheng et al., 2016). A series of studies have shown that MEN1/menin

participates in the regulation of mammary gland development and

lactation. First, the absence of menin not only caused increased secretion

of prolactin through promotion of pituitary (anterior lobe) cell prolifera-

tion (Bertolino, Tong, Galendo, Wang & Zhang, 2003), but also affected

the expression of prolactin mRNA by binding to its promoter in MAC‐T,
therefore indirectly regulating mammary cell development and galacto-

poesis (Namihira et al., 2002; Schussheim et al., 2001). Second, menin also

catalyzes the activity of estrogen receptor‐α and affects the development

of breast acini (Dreijerink et al., 2006; Imachi et al., 2010). In addition,

variable expression of menin in mammary tissue of dairy cows was

observed in response to hormonal signals including insulin and prolactin.

Changes in menin expression appear to directly regulate the milk protein

synthesis through mammalian target of rapamycin (mTOR) signaling

in MAC‐T (Li et al., 2017) and to modulate mammary epithelial cell

proliferation through the cell cycle regulator cyclinD1 (Shi et al., 2017).

Other than the knowledge that menin expression is responsive to at

least insulin and prolactin, the internal upstream factors controlling

expression of menin in mammary tissue remain largely unknown.

Interestingly, it was predicted that miR24 could target the 3′‐UTR of

MEN1 gene in many species, and it was reported that miR‐24 interacted

with menin in the parathyroid and pancreatic islets in human patients

(Luzi et al., 2012; Vijayaraghavan, Maggi, & Crabtree, 2014). Therefore,

in the current study, we hypothesized that miR24 regulates MEN1/

menin in MAC‐T, thereby revealing the regulatory role of miR24 in

mammary tissue.

2 | MATERIALS AND METHODS

2.1 | Cell cultures

Immortalized bovine MAC‐T were grown in Dulbeccoʼs modified Eagleʼs

medium‐F12 (Gibco, Waltham, MA) containing 10% fetal bovine serum

(Biological Industries, Beth‐HaEmek, Israel), 100 IU/ml penicillin, and

100 μg/ml streptomycin (Sigma, St. Louis, MO) at 37°C under 5% CO2.

2.2 | Transient transfections

Before the experimental treatments, cells were detached with 0.25%‐
trypsin (Gibco) and transferred to six‐well plates at a density of 5 × 105

cells per well with antibiotic‐free medium. The bovine MAC‐T were

transfected with 50 nM mimics and/or 100 nM inhibitor specific to bta‐
miR‐24‐3p (bovine miR‐24‐3p), as well as their negative control (NC),

using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The mimics and

inhibitor were designed and synthesized by Ribobio (Guangzhou, China).

Preliminary experiments were performed to assess the effectiveness of

a range of each and those with the greatest effects on expression

efficiency were chosen for use in the followed experiments (Supporting

Information Figure S1). For the over‐ and/or underexpression of menin,

MAC‐T cells were transfected with 1200 ng/well of pEGFP‐C2‐bMEN1

(bMEN1), the NC pEGFP‐C2‐Vector (vector), and/or 100 nM bovine

MEN1 specific small interfering RNA (siRNA), the NC siRNA (control) as

described by Li et al. (2017). Total RNA and protein were isolated from

the transfected cells 24 hr post‐transfection for further analysis.

2.3 | Quantitative RT‐PCR

Total RNA was isolated from transfected MAC‐T cells and/or bovine

mammary gland tissue using the miRcute miRNA Isolation Kit (TIANGEN,

Beijing, China) in accordance with the manufacturerʼs instructions. The

quantity and purity of total RNA were assessed by UV absorption and gel

electrophoresis. The first‐strand complementary DNA (cDNA) was

synthesized using the Mir‐X miRNA First‐Strand Synthesis Kit or

PrimeScriptTM RT reagent Kit with gDNA Eraser (TaKaRa, Dalian,

China) according to the manufacturerʼs protocol. Target gene expression

was assessed by quantitative polymerase chain reaction (PCR) using a

ABI PRISM 7500 real‐time RT‐PCR System (ABI, Foster, CA) and a

SYBR® Premix Ex Taq TM (Tli RNaseH Plus) real‐time PCR kit (TaKaRa,

Dalian, China). The purity of all PCR products was confirmed by melting

curve analysis. Primer sequences are described in Supporting Information

Table S1. The expression levels of the target mRNA and miRNA were

normalized to β‐actin and glyceraldehyde‐3‐phosphate dehydrogenase,

and small nuclear RNA U6, respectively. The results are representative of

at least three independent experiments to determine the statistical

significance.

2.4 | Cell proliferation assay

Equal numbers of MAC‐T cells (4 × 105 cells per well) were transfected

with bta‐miR‐24‐3p mimics, inhibitor, or corresponding NC in six‐well
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plates. The cell number was measured using a Typan Blue staining Cell

Viability Assay Kit (KeyGEN Bio TECH, Nanjing, China) at 0, 24, and 48hr

after transfection. Briefly, 10 µl of trypan blue staining solution was

added to 90 µl of cell suspension followed by counting using an inverted

microscope (n=3). Only live cells without blue stainings were counted.

Simultaneously, cell proliferation was assessed using a CCK‐8 Cell

Counting kit (Vazyme, Nanjing, China) in a 96‐well plate (2 × 104 cells per

well). 10 µl of CCK‐8 solution was added to 100 µl cell suspension and

incubated for 2 hr, followed by absorbance assessment at 450nm (n=6).

All experiments were performed in triplicates for each transfection.

2.5 | Cell cycle analysis

MAC‐T cells transfected with bta‐miR‐24‐3p mimics or inhibitor were

analyzed for cell cycle phases distribution (FACSCalibur; BD Biosciences)

using a cell cycle detection kit (KeyGEN Bio TECH, Nanjing, China)

according to the manufacturerʼs instructions. 2.5 × 105 cells were

harvested, fixed, and analyzed in Vindelovʼs propidium iodide buffer.

Data were processed using Mod Fit LT 3.2 software (Verity Software

House ). All of the experiments were performed three times for each

transfection.

2.6 | Target gene prediction

The candidate microRNA targets specific to the 3′‐UTR region of

bovine MEN1 gene (NCBI NM_001076161) were identified using

TargetScan6.2 (http://www.targetscan.org) and RNAhybrid 2.2

(http://bibiserv.techfak.uni‐bielefeld.de/rnahybrid). The software

predicted that bta‐miR‐24‐3p (miRBase MIMAT0003840) was one

of the microRNAs that bind to the 3′‐UTR of MEN1 mRNA.

Therefore, the interaction between bta‐miR‐24‐3p and bovine

MEN1/menin were further investigated in MAC‐T.

2.7 | Luciferase assays

A bovine MEN1–3′‐UTR was fused to a luciferase gene within the

pMIR‐REPORT expression plasmid (Ambion Life Technologies, Grand

Island, NY; referred to as pMIR‐REPORT‐bMEN1–3′‐UTR). The 789 bp

fragment of MEN1 3′‐UTR was amplified from MEN1 cDNA using the

forward primer 5′‐GCCACTAGTAGTACCGGGACTCCATATC‐3′ and

the reverse primer 5′‐GCCAAGCTTACAAAATGTATTCATCTTCCT‐3′
(Sang Biotech, Shanghai, China). The bovine MAC‐T were transfected

with 300 ng of pMIR‐REPORT‐bMEN1–3′‐UTR in combination with

50 nM mimics or 100 nM inhibitor specific to bta‐miR‐24‐3p, or the

corresponding NCs (mimics NC or inhibitor NC) using Lipofectamine

2000 (Invitrogen) according to the manufacturerʼs instructions.

pMIR‐REPORT β‐gal (25 ng/well; Ambion), a beta‐galactosidase reporter

plasmid, was simultaneously transfected for each well to provide the

internal normalization of transfection. Luciferase assays were performed

at 48 hr after transfection using the Luciferase Assay System (Promega,

Madison, WI) and β‐Galactosidase Enzyme Assay System with reporter

lysis buffer (Promega). Each transfection was assayed in triplicate. All of

the experiments were performed three times for each transfection.

2.8 | Western blot analysis

Total protein was extracted in radio‐immunoprecipitation assay (RIPA)

lysis buffer containing 1% phenylmethanesulfonyl fluoride (PMSF)

(Beyotime, Nanjing, China) from MAC‐T cells 24 hr after transfection

or from the mammary tissues that collected as described in Li et al.

(2017). Approximately 25 μg of total protein was separated by

polyacrylamide gel electrophoresis (10% SDS‐PAGE) and transferred

onto nitrocellulose membranes at 200mA of constant current,

followed by western blot analysis. Primary antibodies against bovine

menin (Bethyl Laboratories, TX) and β‐actin (Beyotime) were used at a

dilution of 1:1000. A horseradish peroxidase (HRP)‐ conjugated
secondary antibody (Beyotime, Jiangsu, China) was diluted 1:1000 as

working solution. Chemiluminescence detection was performed using

BeyoECL Plus (Beyotime, Beijing, China). Luminescence data was

normalized to the corresponding NCs. β‐actin was used as the total

protein loading control. The results reported represent the mean of

three independent experiments.

2.9 | Animals and mammary gland tissue collection

Six healthy Holstein cows were biopsied for the mammary gland

samples at Holstein Cattle Association Jiabao Farm in Shandong

province. Tissue samples were collected on the day that corresponded

with the peak milk period at +55 days in milking and the dry period

before parturition (calving day as Day 1). The detailed tissue collection

information was described previously (Li et al., 2017).

2.10 | Statistical analysis

Data are expressed as the means ± standard deviation of at least three

independent experiments or animals. Statistic differences among groups

were compared with one‐way analysis of variance, and the difference

between pair‐designed experiments were compared with Studentʼs

t tests by using SAS v8.2 (SAS Institute Inc. Cary, NC). Significant

differences were declared when the p values were < 0.05 (*) or < 0.01 (**).

3 | RESULTS

3.1 | MiR‐24‐3p promotes the proliferation of
mammary epithelial cells

The number of MAC‐T present in the udder is an important

determinant of milk yield in dairy cows. The lactation cycle goes with

mammary cell proliferation and/or apoptosis (Boutinaud, Guinard‐
flamenta, & Jammes, 2004; Boutinaud, Lollivier, Finot, Bruckmaier &

Lacasse, 2012). Studies have shown miR‐24 is a critical regulator of the

survival of myeloid, B and primary hematopoietic cells. Its prosurvival

activity contributes to the transformation of hematopoietic cells

(Nguyen, Rich, & Dahl, 2013). MiR‐24 can inhibit proliferation of

osteosarcoma cells by targeting on lysophosphatidic acid acyltransfer-

ase in vivo and in vitro (Song et al., 2013). To understand the impact of

bta‐miR‐24‐3p on the proliferation of MAC‐T, bta‐miR‐24‐3p mimics
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and/or inhibitor, was transfected into MAC‐T cells and cell growth rate

was assessed. The results showed that the number of viable cells in the

bta‐miR‐24‐3p mimics treatment group was significantly greater than

its NC group by 48 hr after transfection (supporting information

Figure S1; Figure 1a; p = 0.0418), and, fewer live cells were observed

for the bta‐miR‐24‐3p inhibitor transfection group (Figure 1b;

p > 0.05). Proliferation measured by the CCK‐8 assay showed similar

results with increased proliferation for bta‐miR‐24‐3p mimics (Figure

1c; p < 0.05), and proliferation inhibition for the bta‐miR‐24‐3p
inhibitor (Figure 1d; p > 0.05).

Because cell proliferation is closely related to the cell cycle

regulation, we assessed whether cell cycle regulatory genes were

modulated by bta‐miR‐24‐3p. Increased miR‐24‐3p was asso-

ciated with decreased cells in the G0/G1 phase (Figure 2a;

p = 0.04), and increased cells in the S phase (Figure 2a; p = 0.01).

Conversely, downregulation of miR‐24‐3p resulted increased cells

in the G0/G1 phase and decreased cells in the S phase (Figure 2b;

p > 0.05). These results suggested bta‐miR‐24‐3p is involved in

regulating G1/S progression of MAC‐T . Evaluation of the

expression of genes controlling the cell cycle showed that

increased miR‐24‐3p promoted the expression of cyclinD1

(p = 0.001) and CDK6 (p = 0.005), and markedly decreased expres-

sion of p27 (p27Kip; p = 0.037), an important negative regulator

during G1/S transition (Figure 2c). Conversely, the expression of

cyclinD1 (p = 0.016) and CDK6 (p = 0.005) was significantly

inhibited when bta‐miR‐24‐3p was downregulated (Figure 2d).

These data indicated the regulatory role of bta‐miR‐24‐3p in the

proliferation of MAC‐T through cell cycle regulator specific to

G1/S transition.

3.2 | MiR‐24‐3p regulates milk protein synthesis
through changes in expression of mTOR signaling
pathway genes in mammary epithelial cells

Milk synthesis is the primary, important function of mammary cells

in mammals. Factors involved in the phosphatidylinositol‐3‐kinase
(PI3K)/protein kinase B (also known as AKT)/mTOR and the Janus

kinase (JAK)/signal transducer and activators of transcription

(STAT) signaling pathway have been shown to regulate in milk

protein synthesis in the mammary gland (Appuhamy et al., 2014;

Burgos, Dai, & Cant, 2010; Yang et al., 2008). Upon upregulation of

miR‐24‐3p, the mRNA expression levels of the components involved

in the PI3K/AKT/mTOR and JAK/STAT5 pathway, AKT (p = 0.01),

mTOR (p = 0.003), 4E‐BP1 (eukaryotic translation initiation factor 4E

binding protein 1; p = 0.029) and STAT5 (p = 0.007) were signifi-

cantly decreased (Figure 3a). The expression of total and phor-

sphorylated protein AKT (phosphorylated at Ser473), mTOR

(phosphorylated at Ser2481), and STAT5 (phosphorylated at

Tyr694) were also markedly inhibited (Figures 3b,c). Simulta-

neously, the mRNA expression of CSNK (κ‐casein), one of the key

F IGURE 1 MiR‐24‐3p promotes the proliferation of mammary epithelial cells. The cell proliferation of mammary epithelial cells (MAC‐T)
upon miR‐24‐3p expression modulation were assessed at 0, 24, and 48 hr after transfection of miR‐24‐3p mimics (a) and/or miR‐24‐3p inhibitor
(b), as well as their corresponding negative controls (mimics NC and/or inhibitor NC), using cell counting methods after typan blue staining
(a,b) and CCK‐8 assay (c,d) measuring the absorbance at 450 nm. Data are represented as the mean ± standard deviation from three

independent experiments. *p < 0.05. NC: negative control
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F IGURE 2 MiR‐24‐3p promotes cell cycle progression from G0/G1 to the S phase in mammary epithelial cells. MAC‐T cells were exposed to the
miR‐24‐3p mimics (mimics, a) and/or miR‐24‐3p inhibitor (inhibitor, b), as well as their corresponding negative controls (mimics NC and/or inhibitor NC),
for 24 hr and assessed for the distribution of cell cycle phases after propidium iodide (PI) staining. The percentages of cells in G0/G1, S, and G2/M phases

are shown in (a,b), respectively. Representative FACS images of cell phase analyses illustrated changes of cell cycle in MAC‐T cells upon miR‐24‐3p
overexpression (a) and/or low‐expression (b), compared with the negative controls. The cell cycle phase distribution (%) is indicated within each panel.
The gene expression of cell cycle regulators specific to G1/S phase, such as cyclinD1, CDK4, CDK6, p18, and p27, were detected in the same miR‐24‐3p
mimics (c) and or inhibitor (d) transfected MAC‐T cells using quantitative RT‐PCR. All of the experiments were performed three times for each
transfection. **p<0.01 and *p<0.05. MAC‐T: mammary epithelial cell; NC: negative control; RT‐PCR: reverse transcription polymerase chain reaction
[Color figure can be viewed at wileyonlinelibrary.com]

milk proteins, was also markedly decreased (p = 0.04). By contrast,

downregulation of miR‐24‐3p caused significant increased expres-

sion of AKT (p = 0.001), mTOR (p = 0.03) and 4E‐BP1 (p = 0.006;

Figure 3b). The increased expression trends were also shown for

phorsphorylated AKT, mTOR, and STAT5 protein (Figures 3d,e).

Hence, these results suggest that miR‐24‐3p could regulate milk

protein synthesis in mammary gland epithelial cells through the

PI3K/AKT/mTOR and JAK/STST5 signaling pathway.
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F IGURE 3 MiR‐24‐3p modulates the expression of genes that regulate milk protein synthesis in mammary epithelial cells.
The expression levels of factors involved in the PI3K/AKT/mTOR (AKT, mTOR, S6K1, and 4E‐BP1) and JAK/STAT (STAT5) pathways
that are associated with milk protein synthesis were assessed using quantitative real‐time PCR (qRT‐PCR) in MAC‐T cells at

24 hr after transfection with miR‐24‐3p mimics (mimics)/mimics NC (mimics NC, a) and miR‐24‐3p inhibitor (inhibitor)/inhibitor NC
(inhibitor NC, b). Meanwhile, the expression of κ casein (CSNK), one of the key proteins that can be detected in MAC‐T cells, was
also assessed in the cells. The data are shown as the relative expression levels normalized to the internal control, β‐actin.
*p < 0.05, **p < 0.01. The phosphorylation levels of AKT at Ser473, mTOR at Ser2481, STAT5 at Tyr694 were detected simultaneously.
The data are shown as the relative expression levels normalized to the loading controls, β‐actin. The horizontal dashed line
represents the normalized level of their corresponding negative controls (b,d). Representative WB images of the expression

of AKT, AKT phosphorylated at Ser473, mTOR, mTOR phosphorylated at Ser2481, STAT5 and STAT5 phosphorylated at Tyr694 are
shown (c,e). AKT: protein kinase B; JAK: Janus kinase; MAC‐T: mammary epithelial cell; mTOR: mammalian target of rapamycin;
NC: negative control; PCR: polymerase chain reaction; PI3K: phosphatidylinositol‐3‐kinase; STAT: signal transducer and activators

of transcription

QIAOQIAO ET AL. | 1527



3.3 | MiR‐24‐3p inhibits the expression of
MEN1/menin through interacting with the 3′‐UTR of
MEN1 gene

Interestingly, the regulatory role of miR‐24‐3p in MAC‐T was

opposite to our previous observations of the effects of MEN1/

menin on cell proliferation and milk protein synthesis (Li et al.,

2017; Shi et al., 2017). Thus, we were curious to investigate

possible interactions between miR‐24‐3p and MEN1/menin.

MiR‐24‐3p, broadly conserved across species, may target the

3′‐UTR of bovine MEN1 mRNA based on predictions (Figure 4a,b).

Results indicated that cotransfection of miR‐24‐3p mimics and

MEN1–3′‐UTR containing plasmids significantly decreased luci-

ferase signal (about 44%) at 48 hr after transfection (Figure 4c;

p < 0.01), with no significant change in other transfection groups,

suggesting that miR‐24‐3p might target the 3′‐UTR of the MEN1

gene in bovine MAC‐T.

3.4 | MEN1/menin expression is controlled by
miR‐24‐3p, but also regulates miR‐24‐3p expression,
acting as a negative feedback loop in mammary
tissues

As expected, the expression of MEN1 mRNA (Figure 5a; p =0.007) and

menin protein (Figure 5b; p = 0.015) were significantly inhibited upon

the transfection of bta‐miR‐24‐3p mimics in MAC‐T. Conversely,

inhibition of expression of bta‐miR‐24‐3p resulted in increased

expression of MEN1 mRNA (Figure 5c; p= 0.001) at 24 hr after

transfection, and also menin protein (Figure 5d; p =0.002) at 48 hr

after transfection. These data confirmed that miR‐24‐3p acts as an

upstream factor of MEN1 gene, negatively regulating the MEN1/menin

expression in MAC‐T.
Amazingly, the expression of miR‐24‐3p was also significantly

upregulated upon MEN1/menin overexpression (Figure 5e; p =0.049) in

MAC‐T, while significantly decreased uponMEN1/menin low‐expression

F IGURE 4 MiR‐24‐3p targets the 3′‐UTR of MEN1 mRNA. The bovine miR‐24‐3p (bta‐miR‐24‐3p) were predicted to interact with the
3′‐UTR region of MEN1 mRNA at position 559–565 using TargetScan 6.2 and RNAhybrid 2.2 software (a). MiR‐24‐3p, broadly conserved

in different species, possibly also interacts with 3′‐UTR regions of MEN1 in human (has‐), mouse (mmu‐), rat (rno‐) and pig (ssc‐), with
exact the same seed nucleotide sequence (underlined, b). The 3′‐UTR region (789 bp) of bovine MEN1 gene were construed into
luciferase‐expressing plasmid (3′‐UTR). The plasmid was cotransfected with miR‐24‐3p mimics (mimics) and/or miR‐24‐3p inhibitor

(inhibitor) into mammary epithelial cells, as well as their corresponding negative controls (mimics NC and/or inhibitor NC). The beta‐
galactosidase reporter plasmid (β‐gal) was simultaneously transfected for each every transfection, serving as internal control. Significant
suppressed luciferase activity was shown in the cotransfection group of 3′‐UTR plasmid and miR‐24‐3p mimics, indicating bta‐miR‐24‐3p
targeted the 3′‐UTR of bovine MEN1. All of the experiments were performed three times for each transfection. Each experiment was
performed in triplicates. Different letters (a,b) indicate significant difference (*p < 0.05). 3′‐UTR: 3′ untranslated region; MEN1: multiple
endocrine tumor type 1; mRNA: messenger RNA; NC: negative control
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(Figure 5f; p =0.048). This suggested that MEN1/menin serves as an

upstream controller of the expression of miR‐24‐3p in MAC‐T.
The expression profile of bta‐miR‐24‐3p in mammary gland tissues

of dairy cows at different development stages was also investigated.

Bta‐miR‐24‐3p expression was greater and MEN1 expression less at

peak lactation (Figure 5g; p =0.046), and the reverse for the non‐
lactating dry period tissue (Figure 5h; p > 0.05). These data further

support the concept of a dynamic “negative feedback loop” in MAC‐T,

FIGURE 5 Continued.
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keeping the expression of MEN1 and bta‐miR‐24‐3p in balance.

Correspondingly, it also suggests that miR‐24‐3p acts with MEN1

gene (Figure 5i) to regulate cell proliferation and milk protein synthesis

in MAC‐T.

4 | DISCUSSION

The milk yield of dairy cows depends on the number of MAC‐T and

its secretion activity (Boutinaud et al., 2004, 2012). This novel study

demonstrated that miR‐24‐3p plays an important regulatory

function in mammary tissues, differentially expressing at different

lactation stages (Figure 5g). First, bta‐miR‐24‐3p promotes cell

cycle progression from G0/G1 phase to the S phase in bovine MAC‐
T by controlling the expression of cell cycle regulator specific to the

G1/S phase, such as cyclinD1, CDK6 and p27. In previous studies, a

similar biological function of miR‐24 involved in cell proliferation

was recently reported in different pathological conditions (Gao

et al., 2015; Meng et al., 2014; Sun, Xiao, Xu, & Yuan, 2016). P18

and/or p27 were also reported to be one of the target genes of miR‐
24 (Giglio et al., 2013; Karnik et al., 2005; Vijayaraghavan et al.,

2014). Second, bta‐miR‐24‐3p regulates the milk protein synthesis,

such as κ‐casein (Bionaz et al., 2012), through the PI3K/AKT/mTOR

and/or the JAK/STAT pathway. All these data suggest an important

regulatory role of miR‐24‐3p on cell number and capability of milk

protein synthesis in MAC‐T. The molecular regulatory mechanism of

miR‐24‐3p during the development of prenatal mammary glands

would be our next interest.

The effects of bta‐miR‐24‐3p on MAC‐T proliferation were

consistent with our previous discovery about MEN1/meninʼs role in

mammary tissues (Shi et al., 2017). MEN1/menin were shown to

respond to physiologic hormone insulin and prolactin (Li et al., 2017),

and therefore modulate the milk protein synthesis through the PI3K/

AKT/mTOR pathway (Li et al., 2017), and regulate mammary epithelial

cell proliferation through cell cycle regulator cyclinD1 (Shi et al., 2017).

The dual function of menin in mammary tissues was exactly the same

with that of bta‐miR‐24‐3p. This indicated a possible link between

menin and bta‐miR24‐3p. Bta‐miR‐24‐3p might make effects in

mammary tissues through targeting MEN1.

Our data indicated that bta‐miR‐24‐3p was capable to suppress

the expression of MEN1 gene at both mRNA and protein levels in

bovine MAC‐T . On the other side, bta‐miR‐24‐3p expression was

F IGURE 6 MiR‐24‐3p regulates cell proliferation and milk protein
synthesis in mammary epithelial cells through cooperatively acting
with MEN1/menin. MiR‐24‐3p positively regulates the proliferation of

mammary epithelial cells, promoting the G1/S cell phase progression.
While, MEN1/menin was found, in our previous study (Li et al., 2017),
negatively control the proliferation of at G1/S phase progression,

causing cell growth arrest. This is contributed to the negative
feedback controlling model between miR‐24‐3p andMEN1/menin. The
dynamic balance model between miR‐24‐3p and MEN1/menin also

make an opposite impacts on milk protein synthesis of mammary
epithelial cells through PI3K/AKT/mTOR and/or JAK/STAT signaling
pathway. The solid line represents fluxes found in the current
study; the dotted line represents previously found effects or fluxes

(Li et al., 2017). The arrows indicate the positive regulation, and the
blunt‐ended ones indicate the negative regulation. AKT: protein kinase
B; JAK: Janus kinase; MEN1: multiple endocrine tumor type 1; mTOR:

mammalian target of rapamycin; PI3K: phosphatidylinositol‐3‐kinase;
STAT: signal transducer and activators of transcription [Color figure
can be viewed at wileyonlinelibrary.com]

F IGURE 5 MiR‐24‐3p andMEN1 act in a negative feedback model. (a–d) Mammary epithelial cells were transfected with miR‐24‐3p mimics/
mimics NC (mimics/mimics NC; a and c) and/or miR‐24‐3p inhibitor/inhibitor NC (inhibitor/ inhibitor NC; b,d), and cells were harvested for RNA
and protein extraction at 24, 48, and 72 hr after transfection. The expression of bovine MEN1 mRNA at 24 hr (a,c) and protein menin in a time

course (b,d) were assessed using qRT‐PCR and western blot technology, respectively. Representative WB images of the expression of protein
menin at 24, 28, and 72 hr after transfection of indicated miR‐24‐3p are shown. The data are shown as the relative expression levels normalized
to the internal control, β‐actin. *p < 0.05. (e,f) Mammary epithelial cells were transfected with pEGFP‐C2‐bMEN1 (bMEN1)/pEGFP‐C2‐Vector
(vector) for MEN1 overexpression system (e) and/or bovine MEN1 specific siRNA/nonspecific negative control siRNA (control) for MEN1
low‐expression system (f). Cells were harvested for RNA extraction and then the expression detection of miR‐24‐3p at 24 hr after transfection.
The data are shown as the relative expression levels normalized to the internal control, small nuclear (sn) RNA U6. (g,h) The expression of

miR‐24‐3p (g) and MEN1 (h) were measured in mammary tissues of dairy cows at dry period stage (n = 3) and peak lactation stage (n = 3).
The data are shown as the relative expression levels normalized to the internal controls, small nuclear RNA U6 for miR‐24‐3p expression (g) and
β‐actin for MEN1 expression (h). *p < 0.05. (i) MiR‐24‐3p can negatively modulate the expression level of menin in mammary epithelial cells,

whereas menin is a positive regulator of miR‐24‐3p expression. MiR‐24‐3p and menin were suggestive of forming a “negative feedback loop” in
mammary epithelial cells, dynamically maintaining the metabolic balance in mammary glands. MEN1: multiple endocrine tumor type 1; mRNA:
messenger RNA; NC: negative control; qRT‐PCR: quantitative real‐time polymerase chain reaction; siRNA: small interfering RNA
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also regulated by MEN1/menin, forming a negative feedback action

model in mammary tissues. The converse expression patterns of

miR‐24‐3p and MEN1 gene were validated in the mammary tissues of

dairy cows at different lactation stages. In a word, MEN1/menin

played its regulatory role in mammary glands through cooperating

with miR‐24‐3p (Figure 6). This negative feedback loop model

between miRNAs and target genes/factors was also seen in other

tissues (Keifer, Zheng, & Ambigapathy, 2015; Shi et al., 2014).

The functional discoveries about miR‐24‐3p in MAC‐T could

further support this action model. The negatively regulated MEN1/

menin by miR‐24‐3p caused enhanced cell proliferation in mammary

glands. In another word, the expression reduction or elevation of cell

cycle factors were likely to be the regulatory effect of miR‐24 on

MEN1/Menin (Ehrlich et al., 2017; Luzi et al., 2012; Luzi, Marini, Giuffi,

Galli, & Brandi, 2016; Vijayaraghavan et al., 2014). In addition, the

modulation expression of MEN1/menin in MAC‐T was revealed to

positively regulate miR‐24‐3p expression (Figure 5e,f). Menin possibly

binds to the promoter region of primary miR‐24 and regulate its

transcription (Luzi et al., 2012; Luzi et al., 2016; Vijayaraghavan et al.,

2014). The detailed mechanism needs to be further investigated in

mammary tissues.

However, each miRNA has the ability to regulate a large

number of genes, and one single gene can be regulated by multiple

miRNAs (Filipowicz, Bhattacharyya, & Sonenberg, 2008). MiR‐24‐
3p might not be the only upstream factor that regulates MEN1/

menin expression in mammary tissues. For example, miR‐17
promoted pancreatic β‐cell proliferation by reducing the expres-

sion of MEN1/Menin (Lu, Fei, Yang, Xu, & Li, 2015). Growing

evidence indicates that other miRNAs play a regulatory role in the

development and lactation processes in bovine mammary tissues

(Zhou et al., 2013), such as miR‐152, miR‐138 (Wang et al., 2008,

2014). Additionally, it does not rule out the other possible routes

that miR‐24‐3p might take and makes impacts on mammary glands

by targeting additional genes other than MEN1.

5 | CONCLUSION

MiR‐24‐3p negatively modulates the expression of MEN1/menin in

MAC‐T by targeting the 3′‐UTR ofMEN1. MiR‐24‐3p plays regulatory

role of cell proliferation and milk protein synthesis in MAC‐T through

cooperatively acting with menin.
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