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Abstract

Background: The biosynthesis of milk fat affects both the technological properties and organoleptic quality of milk
and dairy products. MicroRNAs (miRNAs) are endogenous small non-coding RNAs that inhibit the expression of
their mRNA targets and are involved in downstream signaling pathways that control several biological processes,
including milk fat synthesis. miR-34b is a member of the miR-34 miRNA cluster, which is differentially expressed in
the mammary gland tissue of dairy cows during lactation and dry periods. Previous studies have indicated miR-34b
is a potential candidate gene that plays a decisive role in regulating milk fat synthesis; therefore, it is important to
focus on miR-34b and investigate its regulatory effect on the biosynthesis of milk fat in bovine mammary epithelial
cells (BMECs).

Results: In this study, elevated miR-34b levels reduced milk fat synthesis, upregulated 1,999 genes, and
downregulated 2,009 genes in BMECs. Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of
differentially expressed genes suggested that miR-34b may play an inhibitory role in milk fat synthesis via the
protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway by reducing phosphorylation
levels. Notably, the mTOR activator MHY 1485 rescued the inhibitory effect of miR-34b. Furthermore, we
demonstrated that retinoic acid-induced protein 14 (RAI14) is a target of miR-34b via TargetScan and
immunofluorescence assays. RAIT4 mRNA and protein levels were significantly decreased by the miR-34b mimic
and increased by the miR-34b inhibitor. Moreover, the reduction in RAI14 levels led to the inhibition of the Akt/
mTOR signaling pathway.

Conclusions: Overall, our results identified a miR-34b-RAI14-Akt/mTOR regulatory network, while also providing a
theoretical basis for the molecular breeding of dairy cows.
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Introduction

Milk fat biosynthesis has received considerable attention
because of its influence on the technological properties
and organoleptic quality of milk and dairy products [1].
Bovine mammary epithelial cells (BMECs) are highly ac-
tive in the biosynthesis of triacylglycerols (TAGs), which
account for nearly 95% of the fat content in milk, and
are therefore considered an indicator of milk fat content
[2]. The synthesis and secretion of milk fat are regulated
by various factors, such as diet, hormones, and via gene
networks [3-5]. In this study, we mainly focused on ex-
ploring the gene network that regulates synthesis of milk
fat, and clarified a miRNA-mRNA signaling pathway
network which plays an important role in milk fat
synthesis.

miRNAs are a class of endogenous non-coding single-
stranded RNA molecules with a length of 18-25 oligo-
nucleotides, and have received considerable attention as
they play an important role in cells by completely or in-
completely binding with the 3'-UTR of target mRNAs in
two phases: post-transcriptionally, and before translation
[6]. miRNAs thereby have an important role in various
cellular processes such as cell proliferation, differenti-
ation, programmed apoptosis and cell death [7, 8]. Add-
itionally, these small RNAs may be a crucial factor in
mammogenesis through their regulation of downstream
genes. Tanaka et al. [9] found significant differences in
the expression of miRNAs during different stages of
mouse mammary epithelial cell differentiation. Solexa
sequencing and bioinformatic analysis of dairy goat
mammary gland tissues revealed 697 conserved miRNAs
were significantly differentially expressed between dry
and lactation periods [10].

Moreover, miRNAs appear to affect milk fat metabol-
ism and biosynthesis [11]. For instance, chi-miR-183
plays an important regulatory role in milk fat metabol-
ism in goat mammary epithelial cells by targeting MST1
[12]. In BMECs, bta-miR-181a plays a decisive role in
regulating milk fat biosynthesis by inhibiting ACSLI
[13], while miRNA-106b regulates milk fat metabolism
via ABCAI [14]. Although many miRNAs involved in
the regulation of milk fat synthesis have been identified,
their mechanisms of action require further investigation.
Additionally, the identification of novel important miR-
NAs involved in milk fat synthesis, and the exploration
of their molecular mechanisms, are also required.

miR-34b is a member of the miR-34 miRNA cluster,
which is differentially expressed in the mammary gland
tissue of dairy cows during lactation and dry periods [15,
16], indicating miR-34b is a potential candidate gene
that could play a decisive role in the regulation of milk
fat synthesis. Therefore, in this study, we focused on
miR-34b and investigated its regulatory activity on milk
fat biosynthesis in BMECs.
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Materials and methods

Cell preparation

BMECs were isolated from breast tissue derived from
Holstein cows during mid-lactation, according to previ-
ously published protocols [17, 18]. Purified cells were
cultured in complete growth medium containing 90%
Dulbecco’s modified Eagle’s medium (DMEM)/F-12
(Sigma-Aldrich), 10% fetal bovine serum (FBS; Sigma-
Aldrich), and 100 pg/mL penicillin-streptomycin (Gibco)
at 37°C in a humidified incubator with 5% CO,. The
cells were passaged in 6-well cell culture plates using
0.25% trypsin and grown to 80% confluence in 10-cm
cell culture dishes. The medium was then discarded, and
cells were cultured for 48h in a lactogenic medium
(complete medium supplemented with 5 pg/mL insulin,
2 pg/mL prolactin, and 1 pg/mL hydrocortisone).

To investigate the role of miR-34b in milk fat synthesis
in BMECs, a set of cells were treated with 50 nmol/L
miR-34b mimic and 50 nmol/L miR mimic NC was used
as its negative control. Correspondingly, the other set of
cells were transfected with 200 nmol/L. miR-34b inhibi-
tor and 200 nmol/L miR inhibitor NC was used as its
negative control. All the miR-34b mimic/inhibitor and
their respectively negative control were designed and
compounded by RiboBio (RiboBio Co., LTD). Moreover,
15 umol/L of the mTOR signaling pathway-specific
agonist MHY1485 (Sigma-Aldrich) was used to reverse
the inhibitory effects of the miR-34b mimic (RiboBio) on
milk fat synthesis to clarify the role of the mTOR signal-
ing pathway in this process. To determine the under-
lying mechanism of the target mRNA in milk fat
synthesis, cells were transfected with 100 nmol/L of a
small interfering RNA (siRNA) against retinoic acid-
induced protein 14 (si-RAI14; Songon Biotech Co., Ltd.).
Three biological replicates for each treatment condition
were used, and the cells of each treatment groups were
collected at 48 h post-treatment for further experiments.

RNA-seq and real-time PCR

Total RNA was extracted using the TRIzol reagent
(Invitrogen) and reverse-transcribed with a Reverse
Transcription Kit (TaKaRa) or the PrimeScript RT Re-
agent Kit (Takara, Dalian, China) for subsequent analysis
of miRNA or mRNA expression, respectively. All RNA
sequencing processes and methods were conducted by
Novogene Sequencing Company (Beijing, China).
qRT-PCR was performed using the miRcute miRNA
qPCR Detection Kit (Tiangen) or SYBR Premix ExTaq II
(TaKaRa) on a 7500 Real-Time PCR System (Applied
Biosystems Inc., Foster City, CA, USA) to quantify
miR-34b and mRNA levels, respectively. U6 and UXT
were used as internal control genes for the quantitative
analysis of miRNA and mRNA levels, respectively [19].
Primers (Tables 1 and 2) were purchased from TSINGKE
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Table 1 Primers for mRNA quantitative real-time PCR

Genes Primer sequence (5'—3’) Annealing
temperature

UXT F: TAGCCACCCTCAAGTATGTTCG 61°C
R: CGAGGTAGGAGGACAGGAGT

PPARy F: AAAGGAGAGCCTGAACTTGGAG 61°C
R: TCTGAACTGTGCTGTGGCAA

FASN F: CCCTGAATGTGAGGCAGTGTG 61°C
R: TTAGCTGTGGTGAGGAGCCA

FABP4 F: GGACAGCAAGGAGACCTACAA 61°C
R: GTTTGAGATGTTCGGGGAGGA

CEBPa F: CGAAGTGTAGGAACCGGCGA 61°C
R: CACAAACTCCAGACGTTCCTTC

CEBPB F: TGGTGAATAGTGCTGCCCAT 61°C
R: GGTGGTAGTTGTGGAAGCCC

Akt F: TCACCATTACGCCACCTGAC 61°C
R: TCCTCTCCATCCTGTGTTGG

RAI14 F: AAGCTCCACCACCTCCTATCA 61°C
R: GTATGGAACTAATCTCAGCCTTGAA

mTOR F: TGGACACCAACAAGGACGAC 61°C
R: TCCCACTGACCTAAACCCCA

4E-BP1 F: GTTCCTGATGGAGTGTCGGA 61°C
R: AACTGTGACTCTTCACCGCCT

P70S6K F: ATCACCAAGGTCACGTCAAAC 61°C
R: TGCTCCCAAACTCCACCAAT

S100G F: CTCCAGAAGAACTGAAGGGCA 61°C
R: CAAAAAGCTCATCGAGGGTGC

PABPCT F: GGTGCCAGACCTCATCCATT 61°C
R: TCGACATGACTCGTGGAACC

TFPI2 F: ATGGTAACACAGGCAAGCGA 61°C
R: AAATCAGGGAGAGCAACCCC

PRICKLET F: GCGCCGGAAGGAATCGAAC 61°C
R: CAGCCCGAGTCATCATCCG

SYNE2 F: GTGGTTTGCAGCTTTCCGAG 61°C
R: CTGTTGGTCTTCAGCGGGAA

IGF2 F: GACCTTGAGGACGAGGAGGT 61°C
R: CTGAGCAGGTGGGGATCAAG

IVNSTABP F: AGGCAAAGAGGCACATGGGA 61°C
R: GCCACCAGGCAAACTGATTTC

SGK1 F: TCTGGCGATGACGGTGAAAAC 61°C
R: TCATTCAGGCCCATCCTTCTC

PLSCR2 F: ACCAAAGAAGGACACACTTAGAGA 61°C
R: CACTTGAGGGATCTGAAAACTACT

TNST F: ACCAGCTTCTTGCCATCCAC 61°C
R: CGGAGCAGTCTCAGTGTTGA

MDH1 F: CTGCAAAGGCCATCTGTGAC 61°C
R: ACGGGGAACGAGTAAAGCAG

S100A10 F: TAATCGCTGGGCTCACCATC 61°C
R: AAGCTGTGGGACAGAGTCCT

TMASF1 F: CGATCCTCTTGGCACTTGGT 61°C
R: TGGCGAGAGGAACAATGACC

PSPH F: CCCCTTGCAGTCGGAACTT 61°C
R: TGGATGACGGTGCTATCGAC

BTBD11 F: GGCCCGAACCTGTAAACTGT 61°C
R: TCTGCAACAGCATCTCAGGG

SYT11 F: CCACCAGATACCTTCCCCCT 61°C
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Table 1 Primers for mRNA quantitative real-time PCR

(Continued)
Genes Primer sequence (5'—3') Annealing
temperature
R: GGTGATCTCAGCCATGTCGT
TCIM F: CCGAAGAATCCCCCATCCAT 61°C
R: GCCCACAGCTTTCTTACGTG
TAGLN2 F: ACTCTCCGACCCACGTGAA 61°C
R: TGCCATCCTTGAGCCAGTT
RCNT F: TGTCAGAACGGGAGCAGTTT 61°C
R: GTGGTCGTAGTCTTGGGGAAG
NDFIP2 F: AGAAACAGAGGCGGAAGAGTC 61°C
R: CTGGTGGTGATCCATCCTGC
ANXAS F: GCCATGGCACAGGTTCTCAG 61°C
R: TGCGGGATGTCAACAGAGTC
TRPM6 F: TGCAGGTGCCAGTCATAACA 61°C
R: CAGGATGTCGTTCAGCTCCTT
RCANT F: TAGCTCCCTGATTGCCTGTGT 61°C
R: ATGTAGCTGGAGTCTGGCATC
COL5A2 F: TGGGGCACTATGATGACAGC 61°C

R: ATCATCACAAGTCCGGGCAG

F forward, R reverse

Biological Technology (Xi'an, P.R. China). The relative
expression of miR-34b and mRNA was calculated using
the 272" method.

Protein extraction and western blotting

BMECs were collected using 0.25% trypsin and lysed in
RIPA buffer (Solarbio, China) supplemented with 1%
phenylmethanesulfonyl fluoride (PMSF; Pierce, USA)
and 1% phosphatase inhibitor cocktail (Roche). Western
blotting was performed as previously described [4], using
primary antibodies against p-actin (mAbcam 8226,
1:1,000, Abcam), peroxisome proliferator-activated recep-
tor gamma (PPARy; EP4394(N), 1:1,000, Abcam), fatty
acid synthase (FASN; ab99359, 1:2,000, Abcam), protein
kinase B (Akt, #9272, 1:500, CST), pho-Akt (Ser473, 1:500,
CST), mTOR (5536 T, 1:1,500, Univ), pho-mTOR
(5536 T, 1:1500, Univ), ribosomal protein S6 kinase Bl
(P70S6K; 2708 T, 1:1,500, Univ), pho-P70S6K (9234 T,
1:1,500, Univ), Eukaryotic Translation Initiation Factor
4E-Binding Protein 1 (4E-BP1; 9644 T, 1:1500, University),
Pho-4E-BP1 (2855 T, 1:1,500, Univ),and RAI14 (EPR8518,
1:1,000, Abcam).

Table 2 Primers for miRNA quantitative real-time PCR

Genes Primer sequence (5'—3') Annealing
temperature
V5] F: GCTTCGGCAGCACATATACT 61°C

R: TTCACGAATTTGCGTGTCAT

miR- GGGGAGGCAGTGTAATTAGCTGAT — 61°C
34b TG

F forward, R reverse
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Fig. 1 Effects of the bta-miR-34b mimic/inhibitor on milk fat synthesis in BMECs. a and b miR-34b relative expression levels. ¢ and d Effects of the
miR-34b mimic/inhibitor on TAG accumulation. e Representative images of Oil Red O stained BMECs. Values are presented as the mean + SEM. ¥,
P <0.05; **, P<0.01. BMECs = bovine mammary epithelial cells, TAG = intracellular triglyceride, NC = negative control

Oil red O staining

At 48 h post-treatment, BMECs were washed three times
with phosphate-buffered saline (PBS) and then fixed
using 4% paraformaldehyde. Lipid droplets were stained
with Oil Red O. The cells were then washed and placed
under a microscope to evaluate the number of lipid
droplets according to previously published methods [20].

Cellular triacylglycerol assay

BMECs were washed three times with PBS at 48 h post-
treatment and then collected using 0.25% trypsin. The
cells were then lysed with cell lysis buffer (Applygen
Technologies Inc.), and the supernatant was collected
and heated at 70°C for 10 min. The mixture was then
centrifuged at 5,000 r/min for 5 min, and the supernatant
was used to determine the TAG content according to
the manufacturer’s recommended protocol (Applygen
Technologies, Beijing, P.R. China).

Luciferase assay

The target mRNA of miR-34b was predicted by TargetS-
can (http://www.targetscan.org) and preliminarily deter-
mined by aligning the miR-34b mature sequence and the
3'-UTR sequence of RAIl4. Wild-type (WT) and
mutation-type (MUT) RAI14 were cloned into the pmir-
GLO dual-luciferase miRNA target expression vector

(Promega, Madison, W1, USA) using the Xhol and Notl
restriction sites. BMECs were cultured in 12-well dishes
and transfected when they reached 70% confluence.
After 48, fluorescence intensity was measured using
the Dual-Glo Luciferase Assay System Kit (Promega) ac-
cording to the manufacturer’s instructions. All experi-
ments were performed in triplicate. Firefly luciferase
activity was normalized to internal Renilla luciferase
activity.

Statistical analyses

All statistical analyses and visualization were performed
using GraphPad Prism 7.00 software. Significant differ-
ences between the two groups were determined using a
two-tailed Student’s t-test. All results are presented as
mean + standard error of the mean (SEM), and a P-value
of < 0.05 was considered statistically significant. Addition-
ally, the padj was used to represent the P-value, which was
adjusted via multiple hypothesis testing corrections.

Results

miR-34b controls milk fat synthesis in BMECs

A miR-34b mimic and inhibitor were used to enhance
or inhibit the regulatory role of miR-34b in BMECs.
With regards to their overexpression and interference ef-
ficiency, the expression level of miR-34b in BMECs was
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Fig. 2 Effects of the bta-miR-34b mimic/inhibitor on lipid synthesis-related genes in BMECs. a and b mRNA expression levels of PPARy, FASN,
CEBPa, CEBPB. ¢ Protein expression levels of PPARy and FASN. Values are presented as the mean + SEM. *, P < 0.05; **, P < 0.01. BMECs = bovine
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increased 200-fold after treatment with the miR-34b
mimic, and decreased by 65% after treatment with the
miR-34b inhibitor, compared to corresponding negative
controls (NCs) (Fig. 1a and b).

The cellular TAG assay and Oil Red O staining were
used to assess the effect of miR-34b on milk fat synthesis
in BMECs. Our results showed that the miR-34b mimic
decreased TAG content and droplet numbers in BMECs,
while treatment with the miR-34b inhibitor markedly in-
creased TAG content and droplet numbers in BMECs
when compared to their corresponding NCs (Fig. 1c-e).
Additionally, we investigated the effect of miR-34b on
lipid synthesis-related genes by determining the mRNA
expression levels of PPARy, FASN, fatty acid-binding
protein 4 (FABP4), CCAAT enhancer-binding protein
alpha (CEBPa), and CEBPpB, as well as the protein
expression levels of PPARy and FASN. The results of
the qPCR and western blot analyses showed that the
miR-34b mimic significantly decreased the mRNA
expression levels of PPARy (P<0.01), FASN (P<0.01),
FABP4 (P <0.01), CEBPa (P <0.01), and CEBPf (P <0.01),
as well as suppressed PPARy and FASN protein expres-
sion levels in BMECs (Fig. 2a, ). In contrast, treatment
with the miR-34b inhibitor significantly increased the

mRNA expression levels of PPARy (P<0.01), FASN
(P<0.01), FABP4 (P <0.01), CEBPa (P <0.01), and CEBPf
(P<0.01), and elevated PPARy and FASN protein
expression levels in BMECs (Fig. 2b, c). Overall, these
results indicate that miR-34b plays an important role
in the inhibition of milk fat synthesis in BMECs.

miR-34b suppresses milk fat synthesis by regulating a key
milk fat synthesis-related pathway

To determine the signaling pathways involved in miR-34b-
induced inhibition of milk fat synthesis in BMECs, the tran-
scriptomes of BMECs transfected with a miR-34b mimic and
miRNA mimic NCs were analyzed. The results showed that
4008 genes were significantly altered (-loglO padj > 1.30)
and that the expression of 49.88% (1999/4008) of the genes
was increased in miR-34b mimic-treated cells, whereas
50.12% (2009/4008) were decreased (Fig. 3a). Moreover,
quantitative analysis of gene expression levels via qPCR of
the genes with the most significant differences (according to
padj value) in expression confirmed the accuracy of the se-
quencing results (Fig. 3b—c). Gene Ontology (GO) analysis
showed that 153 of these genes are related to the biological
processes occurring in the endoplasmic reticulum, which is
the main site of milk fat synthesis (Fig. 4a). Furthermore,
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Kyoto Encyclopedia of Genes and Genomes (KEGQ) analysis
of the DEGs indicated that the phosphatidylinositol-3 kinase
(PI3K)-Akt signaling pathway, which had the most significant
GeneRatio (GeneRatio =0.054), and the mTOR signaling
pathway, which had the most notable P-value (P =0.0085),
were involved in the miR-34b-induced regulation of milk fat
synthesis (Fig. 4b).

miR-34b suppresses milk fat biosynthesis via the Akt/
mTOR pathway

Activation of the Akt/mTOR signaling pathway plays a
crucial role in the regulation of milk fat synthesis [4, 21].
Therefore, we investigated whether miR-34b exerts its
biological functions by inhibiting the Akt/mTOR path-
way. miR-34b overexpression in BMECs led to a remark-
able decrease in Akt and mTOR mRNA, protein, and
phosphorylated protein expression levels, resulting in re-
duced 4E-BP1 mRNA and protein expression levels, as
well as 4E-BP1 and P70S6K phosphorylated protein
levels (Fig. 5a, b, e). Conversely, miR-34b knockdown in
BMECs robustly enhanced the mRNA, protein, and
phosphorylated protein expression levels of Akt and
mTOR, resulting in increased levels of phosphorylated
4E-BP1 and P70S6K (Fig. 5¢c—e). These results suggest
that miR-34b overexpression suppresses the Akt/mTOR

pathway in BMECs. Next, we investigated the effects of a
specific activator of the mTOR pathway on miR-34b-
induced inhibition of milk fat synthesis in BMECs. The
effectiveness of the mTOR activator, MHY 1485, was first
confirmed (Fig. 6a). Further investigation via Oil Red O
staining and the TAG assay showed that the inhibitory
effect of miR-34b on milk fat synthesis could be reversed
by MHY1485 (Fig. 6b).

miR-34b directly targets RAI14 in BMECs

To clarify the mechanism underlying the effects of miR-
34b on the Akt/mTOR pathway, we first used TargetS-
can to predict the target mRNA of miR-34b and found
that RAI14 has a miR-34b binding site in its 3-UTR
(Fig. 7d). RAI14 mRNA and protein levels were mea-
sured to determine the regulatory effects of miR-34b on
RAI14. The results showed that the miR-34b mimic sig-
nificantly decreased RAI14 mRNA and protein levels
(P <0.01), while the miR-34b inhibitor had the opposite
effect (Fig. 7a, b). Furthermore, the luciferase reporter
system was used to confirm whether RAI14 is a direct
target gene of miR-34b. The results showed that the
miR-34b mimic inhibited the standardized luciferase ac-
tivity by 31.31% (P < 0.01), whereas the activity returned
to normal levels in the MUT group (Fig. 7c). These
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results indicate that miR-34b directly binds to the 3'-
UTR of RAI14, thereby inhibiting its activity.

RAI14, as a target gene of miR-34b, participates in the
regulation of the downstream Akt/mTOR signaling
pathway

To clarify the regulatory relationship between the tar-
get gene of miR-34b and the Akt/mTOR pathway,
BMECs were transfected with a RAI14 siRNA, after
which the activity of the Akt/mTOR signaling path-
way was investigated. The optimal transfection con-
centration of siRNA in BMECs was 100 nmol/L, and
the mRNA and protein levels of RAI14 were shown
to decrease in the RAI14 siRNA group compared to
the NC group (Fig. 8a, d). The mRNA, protein, and
phosphorylated protein levels of Akt, mTOR, 4E-BP1,
and P70S6K were significantly decreased after treat-
ment with RAI14 siRNA (Fig. 8b, c, e, f). These re-
sults suggest that RAI14 silencing inhibits the activity
of the Akt/mTOR pathway.

Taken together, these results indicate that RAI14 is an
important connection between miR-34b and the Akt/
mTOR pathway and that suppression of milk fat synthe-
sis in BMECs by miR-34b is associated with RAI14 tar-
geting, which subsequently inhibits the Akt/mTOR
pathway (Fig. 9).

Discussion

miRNAs have crucial regulatory effects on lipid biosyn-
thesis in mammary glands, and may become potential
regulatory targets during high- or low-fat milk produc-
tion [22-25]. miR-34b is a potential regulatory target
that may participate in lipid metabolism in bovine mam-
mary cells [15, 16]. Nevertheless, little is known about
the specific regulatory effects and molecular mechanisms
of miR-34b in the regulation of milk fat synthesis. In this
study, we revealed the role and underlying mechanism
of miR-34b in reducing milk fat accumulation, which
suggests that the regulation of miR-34b expression levels
could be used to produce milk with high or low lipid
content in the future.

In the initial experiment, upregulated miR-34b levels
reduced milk fat synthesis, and KEGG analysis of DEGs
revealed that miR-34b-induced inhibition of milk fat
synthesis may occur via the PI3K/Akt/mTOR pathway.
PI3Ks are lipid kinases that generate secondary messen-
gers PIP3 [26]. The accumulation of PIP3 recruits Akt to
the cell membrane where it is phosphorylated and acti-
vated by phosphoinositide-dependent kinase 1 and 2
[27]. Akt activation regulates numerous downstream ef-
fectors, such as mTORC1 [28]. mTOR is the core com-
ponent of two different protein complexes, mTORC1
and mTORC2. mTORC1 and mTORC2 play important
roles in regulating lipid metabolism and other cellular
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processes [29-31]. mTORC1 forms a stoichiometric
complex with raptor, which promotes nutrient-
stimulated signaling to the downstream effectors
P70S6K and 4E-BP1, which controls the activation of
translation and ribosome biosynthesis [32]. Considerable
attention has been paid to the Akt and mTOR signaling
pathways in mammary cells because they are involved in
the regulation of lipid metabolism. For instance, Che et al.
found that valine increases milk fat synthesis in the
mammary glands of gilts by stimulating the AKT/mTOR
pathway [21], while Schwertfeger et al. discovered that the
expression of constitutively activated Akt in the mammary
glands leads to excess lipid synthesis during pregnancy
and lactation [33]. In addition, Wang et al. found that
melatonin suppressed milk fat synthesis by reducing the
activity of the mTOR signaling pathway in BMECs [4]. In
this study, our results indicated that miR-34b suppressed
the activity of the Akt/mTOR pathway by decreasing Akt
and mTOR mRNA, protein, and phosphorylated protein
expression levels, resulting in reduced 4E-BP1 mRNA and

protein expression levels, as well as 4E-BP1 and P70S6K
phosphorylated protein levels. Additionally, the mTOR
pathway-specific agonist MHY1485 was used to res-
cue the effects of miR-34b-induced regulation of the
Akt-mTOR axis on milk fat synthesis, and the results
showed that the negative effects of miR-34b could be
reversed by treatment with MHY1485. Therefore,
these results show that the Akt/mTOR signaling path-
way plays a very important role in the downstream
regulatory pathway of miR-34b, which inhibits milk
fat synthesis in BMECs.

Furthermore, to clarify the mechanism by which
miR-34b and the Akt/mTOR pathway are connected,
we used TargetScan to predict the target gene of
miR-34b and determined a direct targeting relation-
ship between miR-34b and its target gene RAI14
through a luciferase reporter system. Previous studies
have shown that downregulation of RAI14 inhibits
the activation of the Akt pathway in human stomach
cells [34]. Therefore, we hypothesized that miR-34b
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may indirectly regulate the Akt/mTOR pathway by
directly binding to the 3'-UTR of RAI14. Thus, we
investigated Akt and mTOR mRNA, protein, and
phosphorylated protein expression levels in mammary
epithelial cells transfected with RAI14 siRNA. The re-
sults showed that Akt and mTOR mRNA, protein,
and phosphorylated protein expression levels were
downregulated by RAI14 siRNA. This suggests that
downregulation of RAI14 is associated with the inhib-
ition of the Akt/mTOR signaling pathway, and that
RAI14 is an important mediator of miR-34b regula-
tion which indirectly regulates the Akt/mTOR signal-
ing pathway.

Conclusions

In summary, we revealed that miR-34b decreased milk
fat synthesis by targeting the RAI14-Akt/mTOR axis in
BMECs. Thus, our results indicate that miR-34b may
serve as a potential biomarker or therapeutic target for
regulating synthesis of milk fat in the future (Fig. 9).
These results may also provide an important reference
for improving the production of beneficial milk compo-
nents in dairy cows.

Abbreviations

MST1: Macrophage stimulating 1; ACSL1: Acyl-CoA synthetase long chain
family member 1; ABCA1: ATP binding cassette subfamily A member 1;
PIP3: PI-3,4,5-trisphosphate; gRT-PCR: Real-time reverse transcription-
polymerase chain reaction

Acknowledgements

The authors would like to express special appreciation to Dr. Wucai Yang
and Dr. Linsen Zan, a professor at the College of Animal Science and
Technology, Northwest A&F University, for providing many insightful
comments and correcting the language.

Authors’ contributions

Wucai and Linsen conceived and supervised the study; Wucai and Yujuan
designed the experiments; Yujuan, Meng, and Xiaoyu performed
experiments; Yujuan, Xiaoyu, and Li analyzed the data; Wucai and Yujuan
wrote the manuscript and revised the manuscript. The author(s) read and
approved the final manuscript.

Funding

This work was supported by the Natural Science Foundation of Shaanxi
Province (2021JM-100) and the Shaanxi Key Research and Development
Program (2018ZDXM-NY-046).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding authors upon reasonable request.

Declarations

Ethics approval and consent to participate

All operations in this research strictly abide by the ordinances of the
Administration of Laboratory Animals (Ministry of Science and Technology,
China, revised 2004). All animal experimental procedures were authorized by
the Committee on the Ethics of Animal Experiments of Laboratory Animals
of the Northwest A&F University.

Consent for publication
Not applicable.

(2021) 12:83

Page 11 of 12

Competing interests
The authors declare no conflicts of interest with regard to this study.

Received: 30 December 2020 Accepted: 7 May 2021
Published online: 19 July 2021

References

1. Keenan TW, Mather IH. Intracellular origin of Milk fat globules and the
nature of the Milk fat globule membrane. Adv Dairy Chem. 2006;2:137-71.

2. Clegg RA, Barber MC, Pooley L, Ernens |, Travers MT. Milk fat synthesis and
secretion: molecular and cellular aspects. Livest Prod Sci. 2001;70(1-2):3-14.
https://doi.org/10.1016/50301-6226(01)00194-4.

3. Bionaz M, Loor JJ. Gene networks driving bovine milk fat synthesis during
the lactation cycle. BMC Genomics. 2008;9(1):366-0. https://doi.org/10.11
86/1471-2164-9-366.

4. Wang Y, Guo W, Xu H, Tang K, Yang W. Melatonin suppresses milk fat
synthesis by inhibiting the mTOR signaling pathway via the MT1 receptor in
bovine mammary epithelial cells. J Pineal Res. 2019,67(3):¢12593. https://doi.
org/10.1111/jpi.12593.

5. Peterson DG, Matitashvili EA, Bauman DE. Diet-induced milk fat depression
in dairy cows results in increased trans-10, cis-12 CLA in milk fat and
coordinate suppression of mMRNA abundance for mammary enzymes
involved in milk fat synthesis1,2. J Nutr. 2003;133(10):3098-102. https://doi.
0rg/10.1093/jn/133.10.3098.

6. Simonson B, Das S. MicroRNA therapeutics: the next magic bullet? Mini
Reviews MedChem. 2015;15(6):467-74. https://doi.org/10.2174/138955751
5666150324123208.

7. Hwang H-W, Mendell JT. MicroRNAs in cell proliferation, cell death, and
tumorigenesis. Br J Cancer. 2007;96(Suppl):R40-4.

8. Wahid F, Shehzad A, Khan T, You YK. MicroRNAs: synthesis, mechanism,
function, and recent clinical trials. Biochim Biophys Acta. 2010;1803:1231-43.

9. 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(2):181-7. https.//doi.org/10.1016/j.diff.2
008.10.001.

10. Ji Z, Wang G, Xie Z, Wang J, Zhang C, Dong F, et al. Identification of novel
and differentially expressed MicroRNAs of dairy goat mammary gland
tissues using Solexa sequencing and biocinformatics. PLoS One. 2012;7:11.

11. Gu Z, Eleswarapu S, Jiang H. Identification and characterization of
microRNAs from the bovine adipose tissue and mammary gland. FEBS
Letters. 2007;581(5):981-8.

12. Chen Z, Shi H, Sun S, Luo J, Zhang W, Hou Y, et al. MiR-183 regulates milk
fat metabolism via MST1 in goat mammary epithelial cells. Gene: An
International Journal Focusing on Gene Cloning and Gene Structure and
Function; 2018:12-9.

13. Lian S, Guo JR, Nan XM, Ma L, Loor JJ, Bu DP. MicroRNA Bta-miR-181a
regulates the biosynthesis of bovine milk fat by targeting ACSL1. J Dairy Sci.
2016;,99(5):3916-24. https://doi.org/10.3168/jds.2015-10484.

14. Chen Z, Chu S, Wang X, Fan Y, Zhan T, Arbab AAl, et al. microRNA-106b
regulates milk fat metabolism via ATP binding cassette subfamily A
member 1 (ABCAT1) in bovine mammary epithelial cells. J Agric Food Chem.
2019,67(14):3981-90. https://doi.org/10.1021/acs jafc.9b00622.

15. Le Guillou S, Marthey S, Laloe D, Laubier J, Mobuchon L, Leroux C, et al.
Characterisation and comparison of lactating mouse and bovine mammary
gland miRNomes. PLoS One. 2014;9(3):¢91938. https://doi.org/10.1371/
journal.pone.0091938.

16. Yang B, Jiao B, Wei G, Zhang X, Wang S, Zhao H, et al. Transcriptome
sequencing to detect the potential role of long non-coding RNAs in bovine
mammary gland during the dry and lactation period. BMC Genomics. 2018;
19(1):605. https://doi.org/10.1186/512864-018-4974-5.

17. Hou X, Lin L, Xing W, Yang Y, Duan X, Li Q, et al. Spleen tyrosine kinase
regulates mammary epithelial cell proliferation in mammary glands of dairy
cows. J Dairy Sci. 2016,99(5):3858-68. https://doi.org/10.3168/jds.2015-10118.

18. Lu L, Gao X, Li Q, Huang J, Liu R, Li H. Comparative phosphoproteomics
analysis of the effects of L-methionine on dairy cow mammary epithelial
cells. Can J Anim Sci. 2012;92(4):433-42. https.//doi.org/10.4141/cjas2012-
063.

19. Wang Y, Guo W, Tang K, Wang Y, Zan L, Yang W. Bta-miR-34b regulates
milk fat biosynthesis by targeting mRNA decapping enzyme 1A (DCP1A) in
cultured bovine mammary epithelial cells1. J Anim Ence. 2019,97(9):3823-
31. https.//doi.org/10.1093/jas/skz230.


https://doi.org/10.1016/S0301-6226(01)00194-4
https://doi.org/10.1186/1471-2164-9-366
https://doi.org/10.1186/1471-2164-9-366
https://doi.org/10.1111/jpi.12593
https://doi.org/10.1111/jpi.12593
https://doi.org/10.1093/jn/133.10.3098
https://doi.org/10.1093/jn/133.10.3098
https://doi.org/10.2174/1389557515666150324123208
https://doi.org/10.2174/1389557515666150324123208
https://doi.org/10.1016/j.diff.2008.10.001
https://doi.org/10.1016/j.diff.2008.10.001
https://doi.org/10.3168/jds.2015-10484
https://doi.org/10.1021/acs.jafc.9b00622
https://doi.org/10.1371/journal.pone.0091938
https://doi.org/10.1371/journal.pone.0091938
https://doi.org/10.1186/s12864-018-4974-5
https://doi.org/10.3168/jds.2015-10118
https://doi.org/10.4141/cjas2012-063
https://doi.org/10.4141/cjas2012-063
https://doi.org/10.1093/jas/skz230

Wang et al. Journal of Animal Science and Biotechnology

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

(2021) 12:83

Yang WC, Guo WL, Zan LS, Wang YN, Tang KQ. Bta-miR-130a regulates the
biosynthesis of bovine milk fat by targeting peroxisome proliferator-
activated receptor gamma. J Anim Sci. 2017;95(7):2898-906. https.//doi.
0rg/10.2527/jas.2017.1504.

Che L, Xu M, Gao K, Zhu C, Wang L, Yang X, et al. Valine increases milk fat
synthesis in mammary gland of gilts through stimulating AKT/MTOR/SREBP1
pathway. Biol Reprod. 2019;101(1):126-37. https://doi.org/10.1093/biolre/
i02065.

Wang H, Shi H, Luo J, Yi Y, Yao D, Zhang X, et al. MiR-145 regulates
Lipogenesis in goat mammary cells via targeting INSIG1 and epigenetic
regulation of lipid-related genes. J Cell Physiol. 2017;314(1):C43-C52. https://
doi.org/10.1152/ajpcell.00115.2017.

Chu M, Zhao Y, Yu S, Hao Y, Zhang P, Feng Y, et al. MiR-15b Negatively
Correlates with Lipid Metabolism in Mammary Epithelial Cells. Am J Physiol
Cell Physiol. 2017;512(2):283-8. https://doi.org/10.1016/j.bbrc.2019.03.022.

Le Guillou S, Laubier J, Péchoux C, Aujean E, Castille J, Leroux C,

et al. Defects of the endoplasmic reticulum and changes to lipid
droplet size in mammary epithelial cells due to miR-30b-5p
overexpression are correlated to a reduction in Atlastin 2 expression.
Biochem Biophysical Res Commun. 2019;95(7):2898-906. https://doi.
0rg/10.2527/jas.2017.1504.

Yang WC, Guo WL, Zan LS, Wang YN, Tang KQ. Bta-miR-130a regulates the
biosynthesis of bovine milk fat by targeting peroxisome proliferator-
activated receptor gamma. J Anim Sci. 2017;100:2898-906.

Vara JAF, Casado E, Castro JD, Cejas P, Belda-Iniesta C, Gonzélez-Baron M.
PI3K/Akt signalling pathway and cancer. Cancer Treat Rev. 2004;30(2):193—
204. https;//doi.org/10.1016/j.ctrv.2003.07.007.

Osaki M, Oshimura M, Ito H. PI3K-Akt pathway Its functions and alterations.
Apoptosis. 2004;1(4):360-73. https;//doi.org/10.1016/j.celrep.2012.02.00.
Kurebayashi Y, Nagai S, lkejiri A, Ohtani M, Ichiyama K, Baba Y, et al. PI3K-
Akt-mTORC1-S6K1/2 Axis controls Th17 differentiation by regulating Gfi1
expression and nuclear translocation of RORy. Cell Rep. 2012;1(4):360-73.
https.//doi.org/10.1016/j.celrep.2012.02.007.

Chen D, Yuan X, Liu L, Zhang M, Qu B, Zhen Z, et al. Mitochondrial ATAD3A
regulates milk biosynthesis and proliferation of mammary epithelial cells
from dairy cow via the mTOR pathway. Cell Biol Int. 2018;8(6):1547-56.
https://doi.org/10.1158/1535-7163.MCT-09-0003.

Herberger B, Berger W, Puhalla H, Schmid K, Novak S, Brandstetter A, et al.
Simultaneous blockade of the epidermal growth factor receptor/
mammalian target of rapamycin pathway by epidermal growth factor
receptor inhibitors and rapamycin results in reduced cell growth and
survival in biliary tract cancer cells. Mol Cancer Ther. 2009,8(6):1547-56.
https.//doi.org/10.1158/1535-7163.MCT-09-0003.

Li S, Hosseini A, Danes M, Jacometo C, Liu J, Loor JJ. Essential amino acid
ratios and mTOR affect lipogenic gene networks and miRNA expression in
bovine mammary epithelial cells. J Ani Sci Biotechnol. 2016;7(1):44. https.//
doi.org/10.1186/540104-016-0104-x.

Fingar DC, Richardson CJ, Tee AR, Cheatham L, Tsou C, Blenis J. mTOR
controls cell cycle progression through its cell growth effectors S6K1 and
4E-BP1/eukaryotic translation initiation factor 4E. Mol Cell Biol. 2004;24(1):
200-16. https;//doi.org/10.1128/mcb.24.1.200-216.2004.

Schwertfeger KL. Expression of constitutively activated Akt in the mammary
gland leads to excess lipid synthesis during pregnancy and lactation. J Lipid
Res. 2003;44(6):1100-12. https://doi.org/10.1194/jlIrM300045-JLR200.

Chen C, Maimaiti A, Zhang X, Qu H, Sun Q, He Q, et al. Knockdown of RAI14
suppresses the progression of gastric cancer. Oncotargets Ther. 2018;11:
6693-703. https.//doi.org/10.2147/0TT.5175502.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.2527/jas.2017.1504
https://doi.org/10.2527/jas.2017.1504
https://doi.org/10.1093/biolre/ioz065
https://doi.org/10.1093/biolre/ioz065
https://doi.org/10.1152/ajpcell.00115.2017
https://doi.org/10.1152/ajpcell.00115.2017
https://doi.org/10.1016/j.bbrc.2019.03.022
https://doi.org/10.2527/jas.2017.1504
https://doi.org/10.2527/jas.2017.1504
https://doi.org/10.1016/j.ctrv.2003.07.007
https://doi.org/10.1016/j.celrep.2012.02.00
https://doi.org/10.1016/j.celrep.2012.02.007
https://doi.org/10.1158/1535-7163.MCT-09-0003
https://doi.org/10.1158/1535-7163.MCT-09-0003
https://doi.org/10.1186/s40104-016-0104-x
https://doi.org/10.1186/s40104-016-0104-x
https://doi.org/10.1128/mcb.24.1.200-216.2004
https://doi.org/10.1194/jlr.M300045-JLR200
https://doi.org/10.2147/OTT.S175502

	Abstract
	Background
	Results
	Conclusions

	Introduction
	Materials and methods
	Cell preparation
	RNA-seq and real-time PCR
	Protein extraction and western blotting
	Oil red O staining
	Cellular triacylglycerol assay
	Luciferase assay
	Statistical analyses

	Results
	miR-34b controls milk fat synthesis in BMECs
	miR-34b suppresses milk fat synthesis by regulating a key milk fat synthesis-related pathway
	miR-34b suppresses milk fat biosynthesis via the Akt/mTOR pathway
	miR-34b directly targets RAI14 in BMECs
	RAI14, as a target gene of miR-34b, participates in the regulation of the downstream Akt/mTOR signaling pathway

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References

