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Abstract. MicroRNAs (miRNAs) are non-coding single-stranded RNA molecules of about 19-25 nucleotides
in length that regulate different biological processes, including lipid metabolism. In this study, we explored the
effect of bta-miR-33a on lipid metabolism in bovine mammary epithelial cells (BMECs) of Chinese Holstein for
the first time. For this purpose, the plasmids of bta-miR-33a mimic, bta-miR-33a inhibitor and bta-miR-33a neg-
ative control were constructed to overexpress or repress bta-miR-33a in BMECs. The effects of plasmid trans-
fection were analysed by examining the mRNA and protein expression levels of ELOVL6 and the intracellular
triglycerides. The results showed that bta-miR-33a directly inhibited the expression of ELOVL6 in BMECs; de-
creased the mRNA levels of ELOVLS, HACD2, CPT1A and MSMO1; and increased the mRNA level of ALOX15.
Sequence bta-miR-33a also increased the contents of triglycerides in the cells, presumably as a consequence of
these gene expression changes. In summary, the results of the present study suggest that bta-miR-33a regulates
lipid metabolism by targeting ELOVL6, which might be a potential molecular marker of milk fat composition.

1 Introduction

Milk, a white liquid food that is highly rich in fat, pro-
tein, vitamins and other nutrients, is produced in mammary
glands to serve as a primary source of nutrition for mam-
malian progeny (Winckel et al., 2011). Due to its nutrient-
rich composition, it is also consumed by adult humans to
meet their dietary requirements. In terms of commercial pro-
duction, cow milk contributes the largest amount, by vol-
ume, with respect to milk production worldwide (Gerosa and
Skoet, 2012).

MicroRNAs (miRNAs) are endogenous non-coding RNA
molecules of 19-25 nucleotides in length that are highly con-
served and can form complementary or incomplete comple-
mentary binding to the 3’UTR of target messenger RNAs
(mRNAs) to control gene expression via mRNA degradation
or translational inhibition. As such, miRNAs play essential
roles in many physiological or pathological processes, such
as cell metabolism, stress responses and fat metabolism (Bar-

tel, 2004; Ambros, 2004). Previous research has reported that
many miRNAs have roles in lipid and glucose metabolism,
including miR-27 (Lin et al., 2013), miR-33 (D4valos et
al., 2011), miR-370 (Iliopoulos et al., 2010), miR-378/378*
(Gerin et al., 2010) and miR-2885 (Benatti et al., 2014). To
further explore the regulatory roles of miRNAs in milk fat
synthesis, our laboratory has previously performed differen-
tial miRNA expression analysis between bovine mammary
epithelial cells (BMECs) from high-milk-fat and low-milk-
fat Chinese Holstein cows. Among all of the differentially
expressed miRNAs, bta-miR-33a was found to have low ex-
pression in the BMECs of low-milk-fat cows and high ex-
pression in the BMECs of high-milk-fat Chinese Holstein
cows (Shen et al., 2016). One of the target genes of bta-
miR-33-a is the elongation of very long chain fatty acid, like
fatty acid elongase 6 (ELOVL6), a member of the conserved
endoplasmic-reticulum-localised enzyme family involved in
the elongation process of long-chain fatty acids (Leonard et
al., 2004). The ELOVL family member 6 (ELOVL6) is highly
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expressed in white adipose tissue, brown adipose tissue, skin,
testis, brain, liver and adrenal gland, and it is also involved
in the regulation of steroidogenesis and lipogenesis (Moon
et al., 2001). The high expression of ELOVL6 in caprine
and bovine mammary tissues highlights its role in milk fat
metabolism (Shi et al., 2015). Further, dietary supplemen-
tation of cows with rapeseed and sunflower oil was found
to alter the expression of ELOVL6 in mammary tissue, sug-
gesting its lipid metabolism regulatory role in the mammary
glands (Leroux et al., 2016). Recently, ELOVL6 was found
to play a role in the elongation of long-chain saturated fatty
acids in caprine mammary epithelial cells (Shi et al., 2017).
Further, it was also found to affect the fatty acid composition
in bovine adipocytes (Junjvlieke et al., 2020).

The family of miR-33 consists of two members, includ-
ing miR-33a and miR-33b; both have the same seed se-
quence except for the two bases (Lu et al., 2018). The loca-
tion of miR-33a is in intron 15 of sterol regulatory element-
binding transcription factor 2 (SREBF?2), and miR-33Db is lo-
cated in intron 17 of sterol regulatory element-binding tran-
scription factor 1 (SREBFI). Both play a vital role in lipid
hemostasis by regulating the expression of their target genes
(Horie et al., 2014). Previous research has proven that miR-
33a, through its target genes, plays a critical role in regulat-
ing cholesterol efflux, insulin signalling, fatty acid oxidation
and high-density lipoprotein (HDL) formation. miR-33a in-
hibits cholesterol transport in macrophages by targeting the
3’UTR of the mRNA of the ATP binding cassette subfam-
ily A member 1 (ABCAI) gene (Niu et al., 2018). miR-33a
modulates intracellular fatty acid oxidation in humans by tar-
geting the mRNA of the hydroxyacyl-CoA dehydrogenase
trifunctional multienzyme complex subunit beta (HADHB)
gene (Rayner et al., 2012). The miR-33a target genes car-
nitine palmitoyl transferase 1A (CPTIA) and HADHB en-
hance the mitochondrial oxidative capacity and ATP produc-
tion as well as increasing plasma HDL. Further, CPTIA and
HADHB also reduce very low density lipoprotein receptor
(VLDL) and triglyceride levels, providing a promising ther-
apeutic strategy for treating dyslipidemia, which increases
the risk of cardiovascular diseases (Rottiers et al., 2013). The
treatment of anti-miR-33 in monkeys has been shown to re-
sult in a 4-fold increase in the mRNA expression of protein
kinase, AMP-activated, alpha 1 (PRKAAI) in the liver tis-
sue (Rayner et al., 2011). Notably, miR-33a also targets in-
sulin receptor substrates that are important components of
the insulin-signalling pathway in the liver; thus, overexpres-
sion of miR-33a in a hepatic cell line reduced insulin recep-
tor substrate 2 (IRS2) levels and inhibited the activation of
its downstream messenger cascade (Davalos et al., 2011).
Therefore, miR-33a may regulate the AMP-activated pro-
tein kinase (AMPK) pathway, cholesterol transport, fatty acid
oxidation and insulin-signalling pathways, suggesting that
miR-33a plays a crucial role in regulating lipid metabolism
(Davalos et al., 2011).
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Despite much research on miRNAs and their role in milk
fat metabolism in dairy cattle, bta-miR-33a and its target
genes have not been studied to date. Thus, this study focused
on miR-33a in order to better understand the involvement of
bta-miR-33a in the milk fat metabolism of Chinese Holstein
cows. Through bioinformatic analysis, we predicted ELOVL6
as a target gene of bta-miR-33a. By altering the expression of
bta-miR-33a in BMECs, ELOVL6 and the functions of bta-
miR-33a in triglyceride metabolism were examined. The re-
sults revealed the regulatory roles and molecular mechanisms
between bta-miR-33a and ELOVL6 in milk fat synthesis.

2 Materials and methods

2.1 Cell source

BMECs from Chinese Holstein dairy cows were maintained
at the Animal Genetics and Breeding Laboratory, College
of Animal Science, Jilin University (Lu et al., 2012). Chi-
nese Holstein cows with a low-milk-fat content were utilised
to obtain the BMECs used in this investigation. The mam-
mary gland tissue from freshly slaughtered cows was put
into a 5 % (v/v) penicillin—streptomycin phosphate-buffered
saline (PBS) solution (Shanghai Yuanye Bio-Technology
Co., Ltd.), and the temperature was maintained at 37 °C
following immediate transfer of the sample to the labora-
tory. The tissue was washed many times with PBS, in or-
der to remove debris and lipids, until the tissue solution
was no longer turbid. The tissue was cut into 1 mm?> pieces
and washed with PBS. A tiny bit of tissue was cut and put
into a Petri dish. The basal medium of Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, 1:1;
HyClone, Logan, USA), which comprised 10 % (v/v) fe-
tal bovine serum (FBS; Tian hang, Zhejiang, China), 1%
penicillin—streptomycin (Shanghai Yuanye Bio-Technology
Co., Ltd.) and 1% (v/v) epithelial growth factor (Thermo
Fisher Scientific Shanghai Instruments, China), was added
to boost cell proliferation. Between one and three drops
of basal media were applied to the surrounding tissue to
protect the cells from drying out, and the Petri dish was
placed in an incubator at 37 °C with 5% CO, for 6h. Af-
ter 6h, 5-6 mL of basal medium was added, ensuring that
the cells remained on the substrate and did not float on the
upper part of the Petri dish. After 48 h, the medium was re-
placed again until the plate was confluent with cells. Finally,
the cells were harvested, using 0.02 % ethylenediaminete-
traacetic acid (EDTA) and 0.25 % trypsin, and placed onto
a fresh culture plate in order to eliminate the other cell types.
After three to five passages, the pure mammary gland cells
were attained (Lu et al., 2012). All of the experiments were
performed according to the guidelines for the care and use of
laboratory animals of Guangdong Ocean University.

https://doi.org/10.5194/aab-65-357-2022



P. Jiang et al.: Role of bta-miR-33a in bovine milk fat metabolism 359

2.2 Bioinformatic prediction of the bta-miR-33a target
gene

An in silico analysis was performed to procure the ma-
ture sequence of bta-miR-33a using miRBase (http://www.
mirbase.org, last access: 12 September 2021). TargetScan
(http://www.targetscan.org, last access: 12 September 2021)
was consulted to predict its target genes with binding sites
for miR-33a and to obtain the 3’UTR sequence of target
genes from the GenBank database (https://www.ncbi.nlm.
nih.gov/, last access: 12 September 2021). The mining of
functional attributes of ELOVL6 protein was accomplished
using STRING version 11.0 (https://string-db.org/, last ac-
cess: 12 September 2021). The primers for target genes were
designed using Primer Premier 6.0 (PREMIER Biosoft Inter-
national, Canada). The bta-miR-33a mimic (GTGCATTG-
TAGTTGCATTGCA), bta-miR-33a inhibitor (TGCAATG-
CAACTACAATGCAC) and miRNA-shNC (AAATGTACT-
GCGCGTGGAGAC) used were synthesised by Shanghai
GenePharma Co., Ltd. The plasmids were verified by se-
quencing (Fig. Al). Each experimental step/reaction was re-
peated three times using S-actin and U6 as the reference
genes. Primers were designed according to the 3'UTR se-
quence information (Table 1).

2.3 Cell culture and transfection reagents

BMECs were cultured in a basic culture medium contain-
ing DMEM/F12 (1:1) (HyClone, Logan, USA), 10% fe-
tal bovine serum (Tian hang, Zhejiang, China) and 1%
penicillin—streptomycin (Shanghai Yuanye Bio-Technology
Co., Ltd.) in cell culture dishes at 37° in an atmosphere
of 5% CO,. BMECs were seeded into six-well cell cul-
ture plates (Corning, USA) with 1 x 10° cells per well for
transfection. When the confluency of BMECs reached ap-
proximately 70 %, the cell culture medium was changed to a
fresh growth medium without antibiotics. Briefly, the trans-
fection mixture of 150yl of Opti-MEM serum-free me-
dia, containing 3 pg of the bta-miR-33a-mimic, negative-
control or bta-miR-33a-inhibitor plasmids as well as 7puL
of FuGENE HD transfection reagent (Promega Biotechnol-
ogy Co., Ltd., Beijing), was incubated at room tempera-
ture for 15min according to the instructions provided by
the supplier, transferred into six-well cell culture plates with
BMECs, and incubated at 37° in an atmosphere of 5 % CO»
for 24 h. The transfection efficiency after 24 h was evalu-
ated by green fluorescent protein (GFP) expression under
a fluorescence microscope (TE2000, Nikon, Tokyo, Japan).
Three replicates of the experiments were carried out us-
ing the identical plasmids by transfecting equal numbers of
cells in the various wells. The bta-miR-33a-mimic, negative-
control and bta-miR-33a-inhibitor plasmids were constructed
by GenePharma (Suzhou, China).
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2.4 Extraction of RNA and gRT-PCR

The cells transfected with the bta-miR-33a-mimic, negative-
control or bta-miR-33a-inhibitor plasmids were harvested
24 h post-transfection. Total RNA was then extracted using
TRIzol reagent (catalogue no. 15596-026, Invitrogen, USA),
following the manufacturer’s protocol. The integrity and pu-
rity of the RNA were confirmed using 1.5 % agarose gel
electrophoresis (80 V for 15 min) and a spectrophotometer
(optical density, OD, values from 1.8 to 2.2) respectively.
Then, 1pug of total RNA was reverse transcribed to cDNA
using the PrimeScript™ RT reagent kit with genomic DNA
(gDNA) eraser (Takara Biological Company, Japan). The
qRT-PCR was performed using Mx3005P (Agilent Strata-
gene, USA) in a 20 puL reaction volume, including 10.0 uL
of 2x SYBR® Premix Ex Taq (Tli RNaseH Plus, Takara Bio
Inc., Dalian, China), 0.5 pL of forward and reverse primers
(10 uM), 2.0 pL of template cDNA, and 7 pL of nuclease-free
water. The real-time PCR conditions were 95 °C for 5 min,
40 cycles of 95°C for 10s and 59 °C for 30s. The relative
expression levels were calculated using the 2722¢7 cycle.
GADPH was used as the internal reference gene in the exper-
iments, as our previous studies have shown that GADPH is
stably expressed in bovine mammary epithelial cells (Igbal
et al., 2022). Each experimental step/reaction was repeated
three times.

2.5 Luciferase reporter assay

The bta-miR-33a sequence was cloned into the pmiR-
RB-REPORT™ Juciferase reporter plasmid using restric-
tion enzymes Xhol and Notl (New England Biolabs, Bei-
jing, China), and the plasmid was named “pmiR-RB-
REPORT™-ELOVL6-3'UTR-WT”. To construct the mutated
reporter plasmid, the bta-miR-33a putative seed binding
site 5CAATGCAG3’ in pmiR-RB-REPORT™-ELOVL6-
3’'UTR-WT was mutated to the sequence 5’CATGTAGC 3’
by site-directed mutagenesis, which resulted in the plas-
mid pmiR-RB-REPORT™-ELOVL6-3'UTR-MUT. The tar-
get fragment connected to the pmiR-RB-REPORT™ vec-
tor was transformed into competent cells to obtain a re-
combinant plasmid. After double-digestion and sequencing
identification, luciferase activity was detected using a Spec-
traMax M5 microplate reader (Molecular Devices, USA).
Normalised relative light units (RLUs) were determined us-
ing a dual-luciferase reporter assay system (Promega Corp,
USA), following the manufacturer’s instructions, and the rel-
ative luciferase activity of the firefly (hluc+) and Renilla
(hRluc) luciferase were detected. The hluc+ luciferase was
used as the reference to correct for variations in transfec-
tion efficiency, and the relative luciferase activity was cal-
culated with the following equation: relative luciferase ac-
tivity = hRluc / hluc+. Three replicates of the experiments
were carried out by transfecting equal numbers of cells using
the same vectors in various wells.
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£
@
S Table 1. Primer sequences of bta-miR-33a and candidate target genes for qPCR.
[
m Symbol Primer Sequence (5'-3")
8 bta-miRNA-33a RT primer GTCGTATCCAGTGCAGGGTCCGAGGGTGCACTGGATACGACTGCAATGC
= F primer TGCGGTGTGCATTGTAGTTGC
nmv R primer CCAGTGCAGGGTCCGAGGT
.m U6 RT primer AACGCTTCACGAATTTGCGT
el F primer CTCGCTTCGGCAGCACA
£ R primer AACGCTTCACGAATTTGCGT
©
%_ ELOVL6 F primer TGGTCGGCACCTAATGAACAAG
o R primer CCCTGGTCACAAACTGAATGCT
E
o) CPTIA F primer CGACCCCTCTTTGGGAATAAT
..hlu R primer CACCTTCAGGGAGTAACGCAT
e}
o MSMO1 F primer CTGGGTGACTGTTCGTTTGATAG
£ R primer GGAAATCGTGATGCCGAGAAC
© HACD2 F primer CAAACTGGAGCCTTATTGGAGAT
© R primer CATTCTGGACCTCTTTGACACTATG
(o)
.m ELOVLS F primer GTGGAGGAGAAGCGGACA
Mru. R primer TTGCGGAGGATGAAGAAGA
ALOX15 F primer TTTCCCGTCACCCTACAGTCCAA
R primer TGTCACATCCTTGGTGGTCGGT
GADPH F primer GTTTGTGATGGGCGTGAAC
R primer ATGGACCTGGGTCATGAGT
ELOVLG6 F-UTR primer CCGCTCGAGAGGACTGCTGCTGGAAGACC
R-UTR primer GAATGCGGCCGCGTTCATGGTTCAGACCATTCC
ELOVL6 F-WT primer CCTTTGCTCCCTAAAGCAATGCAGAGGTGTTTAAAGTGC
R-Mut primer GCACTTTAAACACCTCCATGTAGCCTTTAGGGAGCAAAGG

miR-33a mimic shDNA F primer
R primer

AATTCGTGCATTGTAGTTGCATTGCAGTTTTGGCCACTGACTGACTGCAATGCCTACAATGCACA
CCGGTGTGCATTGTAGGCATTGCAGTCAGTCAGTGGCCAAAACTGCAATGCAACTACAATGCACG

miR-33a inhibitor shDNA  F primer

AATTCGTGCAATGCAACTACAATGCACGTTTTGGCCACTGACTGACGTGCATTGGTTGCATTGCACA

R primer CCGGTGTGCAATGCAACCAATGCACGTCAGTCAGTGGCCAAAACGTGCATTGTAGTTGCATTGCACG
miRNA-ShNC F primer AATTCGAAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGACGTCTCCACGCAGTACATTTCA
R primer CCGGTGAAATGTACTGCGTGGAGACGTCAGTCAGTGGCCAAAACGTCTCCACGCGCAGTACATTTCG

Bold font represents the enzyme cleavage site, and underlined text represents an miRNA binding sequence or mutation sequence. The abbreviations used in the primer column are as follows: F primer — forward
primer, R primer — reverse primer, and RT primer — reversed transcript primer.
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2.6 Western blot analysis

The bta-miR-33a mimic, bta-miR-33a inhibitor and bta-miR-
33a negative control were transfected into BMECs, and the
effect of the transfections on protein expression was anal-
ysed. Total protein was extracted at 24 h post-transfection
using radioimmunoprecipitation assay (RIPA) buffer (Boster,
Wuhan, China), and the supernatant was collected in a cen-
trifuge tube. Protein concentration was determined with a
bicinchoninic acid (BCA) protein quantitation assay (Nan-
jing KeyGen Biotech. Co. Ltd.) using a spectrophotometer
(UNIC2802H, Shanghai, China), according to the given pro-
tocol. For western blotting, equal amounts of protein were re-
solved by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto a polyvinyli-
dene fluoride (PVDF) membrane (Bio-Rad Laboratories,
USA). Immunoblotting was performed with primary poly-
clonal ELOVL6 antibody (ab69857, Abcam, USA) and mon-
oclonal anti-B-actin (B-actin, ab8227, Abcam, USA) at a
1:500 dilution and a 1:1000 dilution respectively. The
horseradish peroxidase (HRP) conjugated anti-rabbit sec-
ondary antibody was used at a 1:2000 dilution (BS13271,
BioWorld, USA). The immunoblots were developed using
an ECL advance western blotting detection kit (Thermo,
USA), and the signal intensities were captured by a Tanon
5200 chemiluminescence/fluorescence image analysis sys-
tem (Tanon, China).

2.7 Detection of the intracellular triglyceride level

For triglyceride extraction, the transfection of plasmids of
miR-33a mimic, inhibitor and negative control was carried
out in BMEC:s in six-well cell culture plates. The intracellu-
lar triglyceride level of BMECs was extracted and detected
using a tissue and cell triglyceride assay kit (APPLYGEN,
Beijing, China), following the manufacturer’s protocols. A
total of 10 uL of sample was used to estimate the protein
concentration. The sample was diluted 10 times, and protein
(BCA, protein quantitation assay, Nanjing KeyGen Biotech.
Co. Ltd.) was measured at 562 nm using Gen5 CHS soft-
ware according to the protocol. The quantity of total protein
was used to adjust the triglyceride level. Each sample was
repeated three times, and the average values were used to
calculate the final results.

2.8 Statistical analysis

The results were analysed using unpaired ¢ tests between
groups in GraphPad Prism 6 software (San Diego, CA,
USA). All results are presented as the means =+ standard error
of the mean (SEM) of separate experiments (N > 3). Statis-
tical significance is presented as * p<0.05, ** p<0.01 and
% p<0.001.
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3 Results

3.1 Expression of bta-miR-33a in BMECs

After 24 h of transfection of plasmids of bta-miR-33a mimic,
bta-miR-33a inhibitor and negative control into BMECs,
the BMECs were observed under a fluorescent microscope
to determine the transfection efficiency (Fig. la). The re-
sults indicated transfection success, and the transfection ef-
ficiency was up to 50 %. The relative expression level of
bta-miR-33a was analysed in bta-miR-33a mimic cells, bta-
miR-33a inhibitor cells, and bta-miR-33a negative-control
cells using qRT-PCR (Fig. 1b). The results showed that
the relative expression of miR-33a in bta-miR-33a-mimic-
transfected BMECs was significantly higher compared with
that of the negative-control cells (Fig. 1b), whereas the rela-
tive expression of bta-miR-33a-inhibitor-transfected BMECs
was significantly lower compared with that of the negative-
control cells (Fig. 1b). These bta-miR-33a relative expres-
sion results of transfected BMECs in three experimental
groups confirmed the successful transfection of plasmids of
the bta-miR-33a mimic, bta-miR-33a inhibitor and bta-miR-
33a negative control.

3.2 Effect of bta-miR-33a on triglyceride level in BMECs

The triglyceride metabolism in BMECs of Chinese Holstein
cattle directly affects the milk fat composition. The analy-
sis of triglyceride levels in the transfected BMECs showed
that the triglyceride level in BMECs of the bta-miR-33a-
mimic group was significantly higher than the cells in the
negative-control group. In comparison, significantly lower
levels of triglycerides were observed in the bta-miR-33a-
inhibitor-transfected BMECs compared with the negative-
control cells (Fig. 2). These results strongly suggested that
bta-miR-33a positively regulated triglyceride synthesis in the
BMECs.

3.3 Expression of bta-miR-33a target genes related to
lipid metabolism

Through bioinformatical prediction, more than a dozen tar-
get genes related to lipid metabolism were screened in addi-
tion to ELOVL6. From these target genes predicted in sil-
ico, we selected five candidate target genes that have a
role in milk fat metabolism in the BMECs of Chinese Hol-
stein cattle. The relative expression of these selected genes
showed that the expression of the CPTIA, ELOVLS5, MSMO1
and HACD?2 genes was significantly down-regulated in the
bta-miR-33a-mimic-transfected BMECs compared with the
negative-control BMECs (Fig. 3a, b, ¢, d), whereas ALOX15
gene expression was significantly up-regulated (Fig. 3e).
In addition, the expression of CPTIA, ELOVLS5, MSMOI
and HACD?2 was up-regulated in the bta-miR-33a-inhibitor-
transfected BMECs compared with the negative-control
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Figure 1. Transfection of bovine mammary epithelial cells (BMECs) with plasmids of the bta-miR-33a mimic, bta-miR-33a inhibitor and
bta-miR-33a negative control: (a) microscopy of cultured BMECs showing transfection efficiency (left panels) and cell morphology (right
panels); (b) post-transfection relative expression of bta-miR-33a in the three different experimental groups of BMECs. Experimental data are

shown as mean &= SEM. “*” represents p<0.05 (N = 3).
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Figure 2. Relative level of triglycerides in BMECs of three exper-
imental groups. Experimental data are shown as mean £ SEM. “*”
represents p<0.05 (N = 3).

BMECs (Fig. 3a, b, ¢, d), whereas ALOX15 gene expres-
sion was down-regulated (Fig. 3e). Thus, overall, bta-miR-
33a was shown to positively regulate the gene expression
of ALOX15 and negatively regulate the gene expression of
CPTIA, ELOVLS5, MSMO1 and HACD?.
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3.4 Sequence bta-miR-33a regulates the mRNA
expression of ELOVL6 by specifically binding to its
3'UTR

The mature sequence of bta-miR-33a was identified from
miRBase (http://www.mirbase.org, last access: 12 Septem-
ber 2021), and the binding sites for bta-miR-33a in
3’'UTR of ELOVL6 were found using TargetScan (http:
/Iwww.targetscan.org, last access: 12 September 2021)
(Fig. 4a). Amplified fragments that included the 3'UTR
target sites (Fig. 4b) were double-digested with restric-
tion enzymes (Fig. 4c) and sequenced (Fig. 4e) to iden-
tify the construction of wild-type and mutant-type vec-
tors based the original vector backbone of pmiR-RB-
REPORT™ (Fig. 4d). A luciferase reporter assay was
used to verify the bta-miR-33a binding site in the
3'UTR of ELOVL6 mRNA. The bta-miR-33a-mimic plasmid
with pmiR-RB-REPORT™-ELOVL6-3'UTR-WT and pmiR-
RB-REPORT™-ELOVL6-3'UTR-MUT plasmids were tran-
siently co-transfected into BMECs respectively. The rel-
ative luciferase activity suggests that the luciferase ac-
tivity of the pmiR-RB-REPORT™-ELOVL6-3'UTR-WT
group was significantly decreased (p<0.01) compared with
the pmiR-RB-REPORT™-ELOVL6-3'UTR-MUT and the
negative-control cells. The luciferase activity in pmiR-
RB-REPORT™-ELOVL6-3'UTR-MUT cells was signifi-
cantly increased (p<0.01) compared with the pmiR-RB-
REPORT™-ELOVL6-3'UTR-WT cells (Fig. 4f). The com-
bined bioinformatic and luciferase activity results suggest
that bta-miR-33a specifically targets the 3’'UTR sequence of
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Figure 3. Relative expression of bta-miR-33a target genes in transfected BMECs experimental groups for (a) CPTAI, (b) HACD?2,
(¢) MSMOI, (d) ELVOL5 and (e) ALOX15. Experimental data are shown as mean =+ SEM. “*” represents p<0.05, and “**” repre-

sents p<0.01 (N =3).

ELOVL6 mRNA, although some off-target activity was seen
in the sequence of mutated 3'UTR.

3.5 Effects of bta-miR-33a on mRNA and protein levels
of ELOVL6

After verifying ELOVLG as a target gene of bta-miR-33a in
the BMECs of Chinese Holstein cows, we investigated the
mRNA and protein expression of ELOVL6 in BMECs trans-
fected with bta-miR-33a-mimic, bta-miR-33a-inhibitor and
negative-control plasmids. The qRT-PCR results showed that
the mRNA expression of ELOVL6 was significantly down-
regulated (p<0.05) in BMECs of the bta-miR-33a-mimic-
transfected group compared with the bta-miR-33a-inhibitor
and negative-control cells (Fig. 5a). Moreover, the expres-
sion of ELOVL6 was significantly up-regulated in BMECs of
the bta-miR-33a-inhibitor-transfected group compared with
the bta-miR-33a-mimic and negative-control cells (p<0.05).
The comparison of bta-miR-33a-inhibitor and negative-
control cells showed that the expression ELOVL6 was sig-
nificantly higher in bta-miR-33a-inhibitor BMECs compared
with the negative-control BMECs (p<0.05, Fig. 5a). To fur-
ther verify the effect of transfection of bta-miR-33a mimic
and bta-miR-33a inhibitor on the protein levels of ELOVL6,
western blotting was conducted (Fig. 5b). The results were
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similar to the mRNA levels of ELOVL6 for the three ex-
perimental groups: the level of ELOVL6 protein was higher
in the BMECs transfected with the bta-miR-33a-inhibitor
group compared with the mimic and negative-control cells
(Fig. 5b). In addition to the luciferase reporter assay, these re-
sults further verify ELOVL6 as a target gene of bta-miR-33a
and reveal that bta-miR-33a negatively regulates ELOVL6
expression.

3.6 STRING interaction network of ELOVL6 in Bos
taurus

The STRING interaction network (https://string-db.org/cgi/
network.pl?taskld=JhI2SG3gdQo7, last access: 12 Septem-
ber 2021;  https://cn.string-db.org/cgi/network ?taskld=
bXbGtelvjFpC&sessionld=bavFa9mdqMHo, last access:
12 September 2021) shows that the ELOVL6 protein is
involved in many functions related to lipid metabolism,
including the fatty acid biosynthesis process, acyl-CoA
biosynthesis, acetyl-CoA metabolism and other related
processes. The main enriched Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways of ELOVL6 include fatty
acid metabolism, biosynthesis of unsaturated fatty acids,
fatty acid elongation, fatty acid biosynthesis and the AMPK
signalling pathway. These functions are carried out through
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Figure 5. The ELOVL6 level in BMECs from three experimental
cell transfection groups, showing (a) mRNA levels and (b) protein
levels. Experimental data are shown as mean+ SEM. “*” repre-
sents p<0.05 (N =3).

the interaction of ELOVL6 with other genes involved in
lipid metabolism (Fig. 6). A comparison of the ELOVL6
string interaction in Bos taurus and Homo sapiens showed
that the function of some genes, including HSDI7B12,
SREBFIA and HACD2(PTPLB), in the regulation of lipid
metabolism is conserved across these two species. Thus, the
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overexpression and repression of bta-miR-33a in BMECs
may drive lipid metabolism directly by regulating ELOVL6
expression or indirectly via the interlinked functions of other
genes related to the lipid metabolism.

4 Discussion

miRNAs play significant roles in the growth and develop-
ment of mammary glands and milk production in dairy cat-
tle (Shen et al., 2016). The miRNAs work together in the
same and different biological pathways to affect the target
genes (Xu et al., 2016). Regarding their function in lipid
metabolism, many miRNAs have been found to play es-
sential roles. For example, miR-22 can regulate fatty acid
metabolism by influencing cholesterol synthesis and fatty
acid B-oxidation (Esau et al., 2006), whereas miR-370 down-
regulates the expression of CPTIA, leading to reduced fatty
acid B-oxidation (Iliopoulos et al., 2010). Previous work on
lipid metabolism in BMECs has shown that bta-miR-124a
can also affect triglycerides and free fatty acids by regulat-
ing the peroxisomal trans-2-enoyl-CoA reductase (PECR)
gene (Shen et al., 2019). miR-21-3p can affect the forma-
tion of triglycerides in BMECs by targeting the ELOVLS5
gene (Li et al., 2019). The previous work of our laboratory
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Figure 6. The STRING interaction network of ELOVL6 in Bos Taurus (https://string-db.org/cgi/network.pl?taskId=JhI2SG3gdQo7, last
access: 12 September 2021) and Homo sapiens (https://cn.string-db.org/cgi/network ?taskld=bXbGtelvjFpCé&sessionld=bavFa9mdqMHo,
last access: 12 September 2021), showing 3-oxoacyl-ACP synthase, mitochondrial (OXSM); 3-hydroxyacyl-CoA dehydratase 2 (HACD?2,
PTPLB); acetyl-CoA carboxylase alpha (ACACA); acyl-CoA synthetase long-chain family member 1 (ACSLI); acyl-CoA synthetase long-
chain family member 3 (ACSL3); acyl-CoA synthetase long-chain family member 5 (ACSLS5); ATP citrate lyase (ACLY); ELOVL fatty acid
elongase 6 (ELOVLG); fatty acid synthase (FASN); hydroxysteroid 17-beta dehydrogenase 12 (HSD17B12); sterol regulatory element-binding
transcription factor 1 (SREBF1); sterol regulatory element-binding transcription factor 2 (SREBF2); stearoyl-CoA desaturase (SCD); solute
carrier family 27, member 2 (SLC27A2); thyroid hormone responsive (THRSP); and trans-2,3-enoyl-CoA reductase (TECR).

reported that miR-152 could significantly influence triglyc-
eride production by targeting the acetyl-CoA acyltransferase
2 (ACAA2) and hydroxysteroid 17-beta dehydrogenase 12
(HSD17B12) genes (Yang et al., 2018). miR-29 also influ-
ences triglyceride production by targeting the lipoprotein li-
pase (LPL) and thymine DNA glycosylase (TDG) genes, re-
sulting in mammary epithelial cell apoptosis and triglyceride
synthesis (Yang et al., 2016).

Our group has already performed miRNA sequencing on
the mammary epithelial cells of two Chinese Holstein cows:
one with a high milk fat percentage and another with low
milk fat percentage. Among differentially expressed miR-
NAs, bta-miR-33a was also found, hinting at its role in regu-
lating milk fat metabolism. Bioinformatical analysis showed
that the ELOVL6 gene contains a binding site for bta-miR-
33a in its 3’'UTR, which was verified in a luciferase re-
porter assay. To further explore the effects of bta-miR-33a
on lipid metabolism in BMECs, the BMECs were trans-
fected with bta-miR-33a-mimic, bta-miR-33a-inhibitor and
negative-control plasmids. The results show that bta-miR-
33a negatively regulates the expression of ELOVL6.

Additionally, bta-miR-33a positively regulates the expres-
sion of ALOX15, whereas it negatively regulates the expres-
sion of HACD2, CPTIA, ELOVLS5 and MSMOI. The effect
of bta-miR-33a transfection on triglyceride levels in three
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experimental cell groups indicated that the triglyceride level
was higher in the bta-miR-33a-mimic cells than in the in-
hibitor and negative-control cells. In contrast, the triglyceride
level in the inhibitor cells was low compared with the mimic
and negative-control cells. These results delineated the role
of bta-miR-33a in regulating the expression of ELOVL6 and
other genes related to milk fat metabolism, ultimately affect-
ing the triglyceride production in BMECs.

ELOVLG6 belongs to the elongation of very long chain fatty
acid gene family that encode enzymes to synthesise very
long chain fatty acids in mammals. The ELOVL6 protein con-
trols the rate-limiting step in long-chain fatty acid synthesis,
which promotes the extension of Cj3, C14 and Ci¢ fatty acids
(Bond et al., 2016) as well as being associated with various
pathophysiological functions related to fat metabolism, in-
cluding insulin resistance, atherosclerosis and non-alcoholic
steatohepatitis (Matsuzaka et al., 2007; Muir et al., 2013). In
ELOVL6~/~ mice, the liver accumulates significantly more
triglycerides than in wild-type mice when fed a fat-free/high-
carbohydrate diet, suggesting that the deletion of ELOVL6
can increase the levels of triglycerides in the liver (Matsuzaka
etal., 2007; Moon et al., 2015). This is consistent with the re-
sult in bta-miR-33a-mimic BMECs: the down-regulation of
ELOVLG increased the level of triglycerides in the BMECs.
However, knockdown of ELOVL6 negatively affected triglyc-
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eride level in goat mammary epithelial cells (Shi et al.,
2017). This is inconsistent with the results of bta-miR-33a
overexpression herein, which showed increased intracellu-
lar triglycerides through the down-regulation of ELOVL6 ex-
pression levels by directly targeting its 3’ untranslated region.
Thus, we speculate that bta-miR-33a also alters the expres-
sion of other genes related to fat metabolism to increase the
intracellular triglycerides.

The results of this work suggests that overexpression of
bta-miR-33a also up-regulates the expression of ALOXI15
and down-regulates ELOVLS5, HACD2, CPTIA and MSMO1,
consistent with our previous study in BMECs from high-
milk-fat and low-milk-fat Chinese Holstein cows (Shen et
al., 2016). ELOVLS, another member of the ELOVL family
of enzymes, regulates the elongation of polyunsaturated Cig
and Cy fatty acids (Green et al., 2010). Recently, ELOVLS5
was found to regulate the synthesis of long-chain unsaturated
fatty acids in goat mammary epithelial cells (Shi et al., 2017).
The down-regulation of ELOVLS and ELOVL6 in the bta-
miR-33a-mimic BMECs increased the triglyceride levels in
these cells in this study and may indicate the involvement of
ELOVLS in the regulation of triglyceride level in addition to
its role in fatty acid elongation.

The CPT1A protein is located in the mitochondrial outer
membrane and transports short-chain and long-chain fatty
acids into the mitochondria for B-oxidation (Lee et al.,
2011). This transport is the rate-limiting step for fatty acid
B-oxidation and directly affects triglyceride levels (Lee et
al., 2011). A recent study showed that bta-miR-33a down-
regulates target genes, resulting in the enhancement of the
mitochondrial oxidative capacity and ATP production in hu-
mans, which may activate triglyceride and fatty acids hydrol-
ysis, thereby decreasing triglyceride levels in cells (Kwon
et al., 2016). This is consistent with the results of this
work, which demonstrated that CPTIA is a target gene of
bta-miR-33a (D4valos et al., 2011). Interestingly, CPTIA
has been reported as a target gene of bta-miR-33a in hu-
mans as well. However, no other reports about the target
relationship between bta-miR-33a and CPTIA in cattle ex-
ist, so this needs further elucidation. ALOX15 mainly reg-
ulates lipid metabolism by being involved in the synthesis
of polyunsaturated fatty acids; it has been also found that
ALOX15 is required for efferocytosis of apoptotic adipocytes
by macrophages in vitro (Kwon et al., 2016). MSMOI1 is
another important gene in fatty acid biosynthesis, and also
functions in cholesterol biosynthesis (He et al., 2011, 2014).
These three genes were down-regulated by bta-miR-33a and
are all involved in the synthesis and oxidation fatty acids.
Therefore, the alteration in triglyceride level in the different
BMEC groups may be directly regulated by bta-miR-33a or
indirectly regulated via the regulation of other genes or path-
ways; this requires further validation.
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5 Conclusions

Sequence bta-miR-33a binds to a specific sequence on
3'UTR of ELOVL6 and directly inhibits the expression of
ELOVL6 in Chinese Holstein mammary epithelial cells. Se-
quence bta-miR-33a also affected the expression of five other
genes related to fat metabolism, namely ELOVLS5, HACD?2,
CPTIA, MSMOI1 and ALOXI5. Lastly, bta-miR-33a pro-
moted the production of triglycerides in these cells, most
likely as a result of these effects on gene expression. The
function of bta-miR-33a has a specific effect on milk fat lev-
els in the mammary epithelial cells of dairy cows, providing
a promising strategy for improving milk quality.
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Figure A1. GenePharma miRNA expression vector report: (a) sequencing results of miR-33a mimic; (b) sequencing results of miR-33a
inhibitor; (¢) sequencing results of miRNA negative-control plasmid; (d) the miRNA expression empty vector (backbone vector) used for
constructing expression plasmids by the GenePharma company; (e) sequencing peak map of miR-33a mimic; and (f) the sequencing peak
map of miR-33a inhibitor. The bta-miR-33a mimic, bta-miR-33a inhibitor and miRNA-shNC were synthesised by Shanghai GenePharma
Co., Ltd. The plasmids were verified though sequencing by Sangon Biotech Shanghai Co. Ltd.
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