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Abstract: By analyzing the hairpin structure of miR-486, it was found that the mature sequences of miR-486-5p and
miR-486-3p are complementary. For this reason, it is probably the greatest challenge to express miR-486-5p using a lenti-
viral expression vector in C2C12 cells. Thus, we constructed shRNA/SIRNA lentiviral expression vectors for mi-
croRNA-486-5p based on miR-30/451 and miRNA sponges. Oligonucleotide sequences (miR-486-5p TuD (tough decoy
RNASs), miR-486-5p sponge, miR-486-5p-shRNA30 and miR-486-5p-shRNA451) were digested and cloned into the
PLV-U6-MCS vector to generate U6-driven expression cassettes for mmu-miR-486-5p, and these vectors, including an-
ti-miR-486-5p TuD, anti-miR-486-5p sponge, miR-486-5p-shRNA30 and miR-486-5p-shRNA451, were assessed by se-
quencing. The lentivirus vector was packaged in 293T cells according to the manufacturer’s instructions. Subsequently,
C2C12 cells were infected using a lentivirus for the expression of miR-486-5p, and this lentivirus of PLV-U6-MCS served
as a control. qRT-PCR analysis showed that anti-miR-486-5p TuD and the anti-miR-486-5p sponge decreased the expres-
sion level of miR-486-5p in C2C12 cells by 0.5-fold and 0.7-fold, respectively. Additionally, miR-486-5p-shRNA30 and
miR-486-5p-shRNA451 upregulated the expression level of miR-486-5p in C2C12 cells by 15-fold and 3-fold, respectively.
However, the expression level of miR-486-3p was increased up to 1000-fold in C2C12 cells containing the
mMiR-486-5p-shRNA30 lentivirus, while other lentiviruses only led to 3-fold increases compared with the miR-486—
5p-shRNA30 lentivirus in C2C12 cells. Additionally, western blot and gray density analysis demonstrated that the expres-
sion levels of AKT, and pAKT, ERK1/2 and pERK1/2, and Snail were upregulated (approximately 1.20-fold to 1.33-fold
and 1.05-fold to 1.20-fold, respectively) in C2C12 cells infected with the anti-miR-486-5p TuD lentivirus and an-
ti-miR-486-5p sponge lentivirus and downregulated (approximately 0.63-0.96 times and 0.72-0.92 times, respectively) in
C2C12 cells infected with the miR-486-5p-shRNA30 lentivirus and miR-486-5p-shRNA451 lentivirus. In summary, an-
ti-miR-486-5p TuD, which dramatically reduced the expression level of miR-486-5p and upregulated endogenous protein
levels in C2C12 cells, was superior to the anti-miR-486-5p sponge in terms of interference expression of miR-486-5p.
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miR-486-5p-shRNA451, which did not lead to substantial expression of miR-486-3p and remarkably downregulated en-
dogenous protein levels in C2C12 cells, was better than miR-486-5p-shRNA30 for overexpression of miR-486-5p. These
results suggested that anti-miR-486-5p TuD and miR-486-5p-shRNA451 provide a simple way to build long-term effective
overexpression or interference of miR-486-5p, to study miRNA function in C2C12 and mice, and to create a potential di-
agnostic method based on materials for diseases caused by miRNA deregulation.
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1 Introduction

microRNAs (miRNAs) comprise a large family of 20—
22 nt nucleotide-long noncoding RNAs that have emerged
as major posttranscriptional regulators of gene expression
in animals and plants [1, 2]. Canonical miRNA function
carefully regulates gene expression by sponging specific
MRNA targets in the 3' untranslated region (3'UTR),
promoting their degradation and/or translational inhibition
in cells, and participating in the progression of cell fate
and origin development, such as cell apoptosis, cell pro-
liferation, and cell differentiation [3, 4]. In addition, there
are 7 categories of unconventional miRNA functions [5]:
pri-miRNAs coding for peptides, miRNAs interacting
with non-AGO proteins, miRNAs activating Toll-like re-
ceptors, miRNAs upregulating protein expression, miR-
NAs targeting mitochondrial transcripts, miRNAs directly
activating transcription, and miRNAs targeting nuclear
ncRNAs. However, one known miRNA, which may mod-
ulate the expression of thousands of target genes in a
broad range of cells or organisms and may have substan-
tial effects on regulatory networks of gene expression,
exhibits multiple biological functions in cell development
[6]. Therefore, overexpression or inhibition of MiRNA is
one of the most promising means by which to investigate
its biological function in cells or animals.

miRNA-486 is a 20-22-nucleotide noncoding RNA

ca - =Caa auc u g

0
-
=

(I

(0 —

[#]

ca dadacaa dde i L g

sequence localized to chromosome 8g11.42 in mice or
8g11.21 in humans and is a muscle-enriched miRNA [7-9].
miR-486, which is directly regulated by MyoD, myogenin,
MYF5, SRF (serum response factor) and MRTF-A (myo-
cardin-related transcription factor-A), is encoded by in-
tron 40 of the ankyrin-1 gene and is conserved in mam-
mals [9, 10]. Currently, miR-486 negatively modulates the
expression of PTEN (phosphatase and tensin homolog),
FOXOL1 (forkhead boxO1), DOCKS3 (dedicator of cytoki-
nesis 3), KIAA1199 and TENM1 (teneurin transmem-
brane protein 1), in turn positively enhancing the
PI3K/Akt and ERK (extracellular-signal-regulated kinase)
signaling pathways in cardiac, skeletal muscle cells and
carcinoma cells [9, 11-13]. Furthermore, miR-486-5p
suppresses cancer migration and invasion and regulates
EMT (epithelial-mesenchymal transition) in prostate
cancer by targeting Snail to inversely facilitate its expres-
sion [14]. However, accumulating evidence [7, 9] and the
NCBI database have demonstrated that the mature se-
quence of miR-486-5p is complementarily paired with
miR-486-3p (Figure 1). For this reason, it is very chal-
lenging to study the function of miR-486-5p in cells and
animals. The question remains not only can miR-486-5p
be overexpressed using a lentivirus vector but also wheth-
er it induces the significant expression of miR-486-3p,
which is particularly important for establishing stable ex-
pression of miR-486-5p shRNA or siRNA cell lines.
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Figure 1 The sequence of the stem-loop structure of miR-486.
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In recent years, numerous miRNA overexpression vectors
have been constructed based on the hairpin structure of
miR-30, which depends on the miRNA canonical pathway to
yield a mature miRNA [15-17], such as miR-30 [16, 17] and
miR-489 [18]. With an increased understanding of miRNA
structure and biological function, it has been observed that
noncanonical pathways of mIiRNA biogenesis contain
Drosha-independent pathways (Mirtont, snoRNA-derived,
tRNA-derived, shRNA-derived, pre-siRNA-derived) and
Dicer-independent  pathways  (AGO-dependent  and
tRNaseZ-dependent  pathways)  [19-21]. In  the
AGO-dependent pathway, the hairpin structure of miR-451
is cleaved by Drosha to produce the pre-miR-451 hairpin,
which is too short to be cleaved by Dicer and instead directly
enters Ago2 (Argonaute2), and the latter cleaves the 3’ arm
of the hairpin to generate a product that is further resected by
the PARN exonuclease to produce the mature miRNA
(miR-451) [21-24]. With increasing recognition of an ap-
proach that constructs miRNA overexpression vectors, re-
searchers have designed and developed a set structure of
pre-miRNA-like shRNA based on miR-451,
AGO-dependent pathways and PARA to express miRNAS in
cells, such as miR-451 [25-31]. In addition, a miRNA siR-
NA expression vector was established based on the sponge
mechanisms. The siRNA expression vector of miRNA was
constructed by a commonly used method that clones multi-
ple oligonucleotide sequences containing tandem ‘bulged”
miRNA binding motifs (at least six repeats) into a target
plasmid [32] to achieve knockdown of miRNA expression in
cells, such as miR-486. Additionally, it has been shown that
TuD RNA (tough decoy RNA) [33] adenovirus and lentivi-
rus vectors also interfere with miRNA expression in cells,
such as miR-140-3p and miR-140-5p [34], miR-17-92 [35],
miR-203 [36], miR-122 and let-7 [37]. Taken together,
overexpression and knockdown lentivirus vectors of
mmu-miR-486-5p were established based on miR-30/451
and miRNA sponges, respectively, and then simultaneously,
the expression level of mmu-miR-486-5p was assessed and
its effects on the expression levels of Snail, ERK1/2, phos-
phorylation of ERK1/2 (p-ERK1/2), AKT and phosphoryla-
tion of Akt (p-Akt) were validated in C2C1 cells.

2 Materials and Methods

2.1 Cell Culture
HEK-293T and C2C12 cells were purchased from Ameri-

can Type Culture Collection (ATCC) and conserved in our
laboratory. HEK-293T and C2C12 were cultured in growth
Medium (containing Dulbecco’s modified Eagle’s medium
(DMEM, Hyclone, Thermo Fisher Scientific), 10% fetal
bovine serum (FBS, Gibco, Grand Island, NY, USA),
100 IU/mL P/S (penicillin/streptomycin)). To induce C2C12
differentiation, cell growth medium was replaced with Dif-
ferentiation ~ medium  (containing DMEM, 2%
heat-inactivated horse serum (Gibco, Grand Island, NY,
USA), 100IU /mL P/S (penicillin/streptomycin)) when
C2C12 cell confluence reached 90%. All those were cultured
at 37T with 5% CO, in a humid atmosphere.

2.2 Plasmid Construction, Lentivirus
Production and Infection of Target
Cells

Plasmid construction: Plasmid construction was per-
formed according to standard methods as described pre-
viously [16, 38-40]. We briefly described this process in
the paper (Figure 2). The PLV-U6-MCS (Multiple cloning
site include Xbal and Pstl sites) are both a lentiviral emp-
ty vector with GFP, U6 were constructed as previously
describe [40, 41], and were purchased from VectorBuilder
and preserved in our laboratory. Oligonucleotide se-
quences, listed in Supplementary Table 1, were synthe-
sized by General Biological System (Anhui) Co., Ltd. and
cloned into the PLV-U6-MCS vector to generate
U6-driven expression cassettes for expression of
miR-486-5p shRNA or siRNA. siRNA miR-486-5p se-
quences of oligonucleotides was designed based on
mMiRNA sponge, TuD RNAs (tough decoy RNAS,) sponge
which contains two single-stranded miRNA-binding sites
(here, for miR-486-5p) [34, 37, 42] and 6 repeated spong-
es target sites for miR-486-5p which includes six tandem
“bulged” miR-486-5p-binding motifs [32], respectively.
siRNA miR-486-5p sequences was digested, purified and
ligated into Xbal and Pstl sites of PLV-U6-MCS to make
Anti-miR-486-5p TuD and Anti-miR-486-5p sponge
plasmid. shRNA miR-486-5p sequences of oligonucleo-
tides was designed based on miR-30/451 short hairpin
RNA (shRNA) cassettes which contains mature
miR-486-5p sequences [15, 25, 26, 43]. shRNA
miR-486-5p sequences was acquired by digesting, puri-
fying and inserted into Xbal and Pstl sites of
PLV-U6-MCS to generate miR-486-5p-shRNA30 and
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miR-486-5p-shRNA451 vector.

Table 1 Complete synthesized oligonucleotide sequences used in this paper

Oligonucleotides

Sequence (5" to 3Y)

miR-486-5p TuD

miR-486-5p sponge

miR-486-5p -shRNA30

miR-486-5p -shRNA451

GCTCTAGAGACGGCGCTAGGATCATCAACCTCGGGGCAGCTAGCTCAGTACAG-
GACAAGTATTCTGGTCACAGAATACAACCTCGGGGCAGCTAGCTCAGTACAGGACAA-
GATGATCCTAGCGCCGTCTTTTTTCTGCAGAACG
GCTCTAGACTCGGGGCGACCAGTACAGGAatccgtaCTCGGGGCGACCAGTACAGGAatecy-
taCTCGGGGCGACCAGTACAGGAatccgtaCTCGGGGCGACCAGTACAGGAatccy-
taCTCGGGGCGACCAGTACAGGAatccgtaCTCGGGGCGACCAGTACAGGAatccy-
taCTCGGGGCGACCAGTACAGGATTTTTTCTGCAGAACG
GCTCTAGAGAAGGTATATTGCTGTTGACAGTGAGCGTCCTGTACTGAGCTGCCCCGAGTAG-
TGAAGCCACAGATGTACTCGGGGCAGCTCAGTACAGGATGCCTACTGCCTCGGTTTTTCTG-
CAGAACG
GCTCTAGAGCACTTGGGAATGGCAAGGTCCTGTACTGAGCTGCCCCGAGAGGGG-
CAGCTCAGTACAGGCTCTTGCTATACCCAGAAAATTTTTCTGCAGAACG

Restriction sites are underlined, such as Xbal site is TCTAGA, Pstl site is CTGCAG.

++=U6Pro>= MCS = WPRE -CMV Pro - o Protein RNA and Cell ' Gene or base
i S expression mRNA prohferation  |diff editing
I Enzyme digestion analysis analysis analysis analysis et.al,

Lentiviral vector=X ug

or

nonesn|

"

o SR o1 A0 9L S a1 -

®

00005

surduods dg-ggp-yru jo 2ouanbas apnoapnN

uw -
% -1 For puromycin resistance and GFP screening, incubate the cells

a & 5-8 days, replace the medium with the 10ml of DMEM/10%
Q 2 FBS/2.5-8.0 (5-8ug/ml) puromycin after 2days to remove dead cells.
2 z

& =

3 n

Q 2 Cell density 25-30%

MXDBNDVDANANN sy

9

8
0
4
)
a

ISEVNRIYS dg-ggp-ymu Jo asuanbas apnoapnN

o
=
=
o]
»

£ VOOVIVNO

Cell density 25-30%

amkzug
uonesi|
amAzug

=~ uonesy
e Sl

Collect
supernatant C2C12
containing
| lentivirus 6 2
W lat sa ] 22
"4 rom plates ll‘:g\no ,g_
> sm 0| 32
== 2 5
Cell density 20-25%
incubate at 5% CO2,

37°C after 48h and 72h

C2C12

Cell density 85%-90%

.. G- o' AN - THdA =91 ~(GAL)= 01a 90 = -+

Growth medium
culture after12h.

PMD2G=1 1-1 35X 2
[’.\‘pv\‘“ 1.5-2.0X Replacing DMEM
n(Lentiviral vector) g "\. culture 2h
WPMD2G) buffer
WPSPXA2) =1:1:1 Standing Smin
¥ itv 60%-70°
1-5ml DMEM(Dulbeceo's — Cell density 60%-70%
Madificd Eagle’s Medium) s
Mixing A and B
B
PEI(Polvethylenimine): vector 4
1x.5x =P [buffer

Figure 2 The process of Plasmid construction, lentivirus production and infection of target cells
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Lentivirus production and purification: A detailed de-
scription of the Lentivirus production is beyond the scope
of this article, and more detail is given in reference
[44-47]. We briefly described this process in the paper
(Figure 2). For lentivirus production, 2.5 <106 HEK293T
cells plated 10-cmd dishes in 10ml of growth medium.
After 12-24h, cells were transfected with plasmid DNA
transfection mix (30 pg of total DNA; psPAX2 packaging
plasmid: pMD2.G envelope plasmid: target plasmid ratio
= 1:1:1 (wt/wt/wt)) and 10ug of miR-486-5p ShRNA,
siRNA or control plasmid using PEI (polyethyleneimine,
Roche, (1:2.5-5 (wt/wt) = total plasmid DNA:PEI ratio).
8-12h later media was switched with 10ml/plate of fresh
medium. Supernatants were collected 48-72h after trans-
fection, and passed through 0.45 pm filter and centrifuged
at 3000g for 5min at 4<C in RT (Thermo fisher). To con-
centrate virus, 40ml of supernatant was centrifuged at 26
000 r.p.m. for 2 h at 4<C in RC6 Plus (Thermo fisher).
Pellets were resuspended in 100 pul of DMEM at 4<C
overnight.

Infection of the C2C12 cells: A detailed description of
the Lentivirus production is beyond the scope of this arti-
cle, and more detail is given in reference [44, 48-50]. We
briefly described this process in the paper (Figure 2).
Adding ~0.5-1x 105 C2C12 cells in 2.5ml of growth me-
dium to a new 6-well tissue culture dish at 25-35% con-
fluence, and place the dish in a humidified 5% CO, incu-
bator overnight. And then, the growth medium was re-
placed with 2.5 ml transduction medium mixture per well
containing 30ul lentivirus (calculated MOI=10), 2ul
polybrene ((from a 10-mg/mL 1,000 stock solution) and
2.468ml fresh medium, and centrifuge the 6-well plate at
3000 r.p.m for 30min at 37 <C. After 24-48h, the medium

was switched with 2.5ml growth medium including
Puromycin (2-5ug/ml) and return the 6-well plate to the
incubator for 24-48h. The stable expression of
miR-486-5p shRNA or siRNA cell lines were established
and selected in our laborious using GFP and Puromycin,
and were used to analyze the expression level of
miR-486-5p and cell function in C2C12 cells.

2.3 RNA Extraction and Quantitative
Real-time PCR (qRT-PCR)

Total RNA was isolated from cultured cells (C2C12)
using TRIzol Reagent (Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. RNA concentration
was evaluated with Nanodrop. After subsequently DNAse
treatment, complementary DNA (cDNA) was generated
using miRNA 1st Stand cDNA Synthesis Kit (by
stem-loop) and HiScript 11 1st Strand cDNA Synthesis
Kit according to the manufacturer (Vazyme, China).

Expression of mature miRNAs was determined by
SYBR gPCR Master Mix Kit (ChamQ Universal SYBR
gPCR Master Mix) using miRNA-specific looped
RT-primers as recommended by the manufacturer
(Vazyme, China), and U6 snRNA was used as an internal
control. cDNA was then used for quantitative PCR (QPCR)
done with LightCycler 480 (Roche) and run in LC480 for
50 cycles. Stem-loop primer sequence for gRT-PCR was
performed according to standard methods as described
previously [51]. All primer was listed in Supplementary
Table 2, and synthesized by General Biological System
(Anhui) Co., Ltd. All samples were duplicated.

Table 2 designed RT stem-loop, primer and probe sequences used for RT-PCR detection.

Gene Sequence (5" t0 3")

U6 (RT) GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAAATATG
u6 (F) CTCGCTTCGGCAGCACA

U6 (R) AACGCTTCACGAATTTGCGT

miR-486-5p (RT)
miR-486-5p (F)
miR-486-5p(R)
miR-486-3p(RT)
miR-486-3p(F)
miR-486-3p(R) CAGTGCAGGGTCCGAGGTA
miRNA complementary specific sequences are underlined

CACGCATCCTGTACTGAGCTG
CAGTGCAGGGTCCGAGGTA

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTCGGG

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTATCCTGT
GATCACACGGGGCAGCTCAGTA

2.4 \Western Blot

Western blotting was performed according to standard

methods as described previously [52, 53]. Cells were
lysed with RIPA buffer (Sigma-Aldrich) supplemented
with Protease and Phosphatase Inhibitor (Roche). If
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needed, cytoplasmic and nuclear proteins were separated
using the NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher Scientific). Protein quantifica-
tion was performed using BCA Protein Assay Kit (Be-
yotime, China) and later was denatured and reduced in-
cubating the samples with 5% Dual Color SDS-PAGE
Protein Sample Loading Buffer (Beyotime, China) for
30min at room temperature (15 min at 65<C). Equal
amounts of proteins were loaded in SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gel)
NuPAGE™ 10% Bis-Tris Protein Gels (Thermo Fisher
Scientific) along with molecular weight marker. Sixty to
eighty micrograms of total protein were loaded and trans-
ferred onto nitrocellulose membranes (Bio-Rad Laborato-
ries). After blocking in 5% milk and 0.01%
Tween-20/PBS for 2 h, membranes were incubated with
primary antibodies (Supplementary Table 3) overnight
and then with horseradish peroxidase-conjugated (ZS-BIO)
secondary antibodies for 2h. Specific signals of the
membranes were analyzed using an ECL detection system
(Millipore, Billerica, MA, USA). Actin or Gapdh
(Glyceraldehyde-3-phosphate dehydrogenase) was used as
a loading control. All experiments were repeated for three
times. For quantification, the grey density of the target
bands in the immunoblot was analyzed by Image J soft-
ware (National Institutes of Health, Bethesda, Maryland,
U.S.) and normalized to the grey density of B-actin or
Gapdh. The following antibodies were used: rabbit an-
ti-B-actin (sc-1616-R; Santa Cruz Biotechnology, Inc.);
rabbit anti-phospho-Akt (Ser473) (#4060, Cell Signaling
Technology); rabbit anti-Akt (#4691, Cell Signaling
Technology); rabbit anti-phospho-P44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (#4370, Cell Signaling Technology);
rabbit anti- MAPK (Erk1/2) (#4369, Cell Signaling Tech-
nology); Secondary antibodies were Horseradish peroxi-

dase (HRP)-conjugated anti-mouse 1gG (ZB-2305,
ZSGB-Bio) or anti-Rabbit 1gG(Fc) (ZB-2301,
ZSGB-Bio).

2.5 Statistical Analysis

All statistical analyses were performed using GraphPad
Prism 8.3.0 (GraphPad Software). All p values were cal-
culated by a two-tailed Student’s t test to test the null hy-
pothesis of no difference between the two compared
groups. The assumption of equal variances was tested by
an F test. p < 0.05 was considered statistically significant.
Data are presented as mean =SEM.
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3 Results and Analysis

3.1 Construction of Overexpression and
Interference Vectors for
mmu-miR-486-5p

We designed oligonucleotide sequence overexpression
and interference vectors for mmu-miR-486-5p, which
were synthesized by General Biological System (Anhui)
Co., Ltd., based on miR-30, miR-451 and miRNA sponge
(Table 1). The vector for anti-miR-486-5p TuD (Figure 3B)
was established using the oligonucleotide sequence of
TuD RNAs (tough decoy RNAS) cloned into the lentivirus
plasmid backbone (Figure 3A). Subsequently, the an-
ti-miR-486-5p TuD vector was acquired and analyzed by
PCR and DNA sequencing (Figure 3B and 3F). The vector
for the anti-miR-486-5p sponge (Figure 3C) was estab-
lished using the oligonucleotide sequence of six tandem
“bulged” miR-486-5p-binding motifs cloned into the len-
tivirus plasmid backbone (Figure 3A), and then the vector
of the anti-miR-486-5p sponge was analyzed by PCR and
DNA sequencing (Figure 3C and 3F). Similarly, the vector
of miR-486-5p-shRNA30 (Figure 3D) created through the
oligonucleotide sequence of miR-30 short hairpin RNA
(shRNA) cassettes containing mature miR-486-5p se-
quences was cloned into the lentivirus plasmid backbone
(Figure 3A). Consequently, the miR-486-5p-shRNA30
vector was analyzed by PCR and DNA sequencing (Fig-
ure 3D and 3F). Additionally, the wvector of
mMiR-486-5p-shRNA451 (Figure 3E) created through the
oligonucleotide sequence of miR-451 short hairpin RNA
(shRNA) cassettes containing mature miR-486-5p se-
quences was cloned into the lentivirus plasmid backbone
(Figure 3A). Afterward, the miR-486-5p-shRNA451 vec-
tor was acquired and analyzed by PCR and DNA se-
quencing (Figure 3E and 3F). The lentivirus plasmid
backbone (PLV-U6-MCS) was used as a control vector.
All vectors that were determined to be DNA fragments
longer than 300 bp (Figure 3F) containing the target gene
sequences, assessed by PCR analysis, were deemed posi-
tive clone vectors, and the positive clone vectors were
further validated through DNA sequencing (Figure 3B to
3D) to confirm that they were correctly acquired. In
summary, these results show that all vectors were con-
structed successfully, which were then used for all subse-
quent experiments in this study.
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Figure 3 The depiction of the structures of the overexpression and interference vectors of mmu-miR-486-5p and the PCR detection and DNA
sequencing results of the constructed vectors.

A The original structure diagram of lentivirus vector backbone. B The main structure and sequencing results of the anti-miR-486-5p TuD
vector. C The main structure and sequencing results of the anti-miR-486-5p sponge vector. D The main structure and sequencing results of
the anti-miR-486-5p-shRNA30 vector. E The main structure and sequencing results of the anti-miR-486-5p-shRNA451 vector. F The posi-
tive clones of all vectors were confirmed by PCR analysis in Escherichia coli DH5a. Lane 1: Marker, lane 2-3: positive clone of the an-
ti-miR-486-5p TuD vector, lane 4-5: positive clone of the anti-miR-486-5p sponge vector, lane 6-7: positive clone of the an-
ti-miR-486-5p-shRNA30 vector, lane 8-9: positive clone of the anti-miR-486-5p-shRNA451 vector, lane 10: negative control.
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Figure 4 mmu-miR-486-5p and mmu-miR-486-3p expression were assessed by qRT-PCR.

A The C2C12 cells were transduced with anti-miR-486-5p TuD, anti-miR-486-5p sponge, miR-486-5p-shRNA30, miR-486-5p-shRNA45
and PLV-U6-MCS, after which total RNA was harvested, and randomly selected mmu-miR-486-5p expression was analyzed by RT-PCR
using stem loop PCR primers (N=3). mmu-miR-486-5p expression was calculated as AACT after normalization to control. B The C2C12
cells were transduced with anti-miR-486-5p TuD, anti-miR-486-5p sponge, mMIiR-486-5p-shRNA30, miR-486-5p-shRNA45 and
PLV-U6-MCS, after which total RNA harvested, and randomly selected mmu-miR-486-3p expression was analyzed by RT-PCR using stem
loop PCR primers (N=3). mmu-miR-486-3p expression was calculated as AACT after normalization to control. miR-486-5p RNA levels are
expressed as the mean +SEM of at least three independent experiments normalized to U6 abundance. The P-values were calculated using
unpaired Student’s t-tests. No, no significance; *P<0.05; **P<0.01; ***P<0.001.

3.2 Relative Expression Levels of
mmu-miR-486-5p Were Detected
Using Stem Loop PCR Primers and
RT-gPCR in C2C12 Cells

Anti-miR-486-5p  TuD, anti-miR-486-5p  sponge,
miR-486-5p-shRNA30, miR-486-5p-shRNA45 and
PLV-U6-MCS were packaged into lentiviruses and trans-
fected into C2C12 cells. Following three weeks of puromy-
cin (Puro) selective pressure, stable cell lines were acquired,
and consequently, the cells were collected after 72 h to
measure mmu-miR-486-5p and mmu-miR-486-3p expres-
sion levels using stem loop PCR primers (Table 2) and
RT-gPCR. These results were normalized with the internal
reference U6 in this section. Compared to that in the control,
anti-miR-486-5p TuD and anti-miR-486-5p sponging not
only significantly decreased mmu-miR-486-5p expression
levels (Figure 4A) by approximately 0.5- and 0.7-fold in
C2C12 cells, respectively, but also did not induce high ex-
pression of mmu-miR-486-3p (approximately 3-fold, Figure
4B) in C2C12 cells. Comparing the two results, it can be
seen that anti-miR-486-5p TuD could exert the best interfer-
ence effect for mmu-miR-486-5p expression in C2C12 cells.
Further analysis showed that miR-486-5p-shRNA30 and
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miR-486-5p-shRNA451 led to  overexpression  of
mmu-miR-486-3p in C2C12 cells compared with the control
group (Figure 4A). We found that miR-486-5p-shRNA30
upregulated mmu-miR-486-5p expression almost 15-fold
(Figure 4A) compared to the control group and that
miR-486-5p-shRNA451 only increased mmu-miR-486-5p
expression approximately 3-fold (Figure 4A) versus the con-
trol group in C2C12 cells. However, miR-486-5p-shRNA30
significantly  increased the relative expression of
mmu-miR-486-3p to approximately 1000-fold (Figure 4B) in
C2C12 cells, and miR-486-5p-shRNA451 only upregulated
its expression 3-fold (Figure 4B). miR-486-5p-shRNA451
showed a better result in upregulating mmu-miR-486-5p
expression in C2C12 cells when comparing these two sets of
data. Overall, these results indicate that we successfully con-
structed overexpression and interference vectors of
mmu-miR-486-5p.

3.3 Validation of mmu-miR-486-5p
Function in C2C12 Cells

It is well documented that the expression of p-ERK and
p-AKT was remarkably downregulated by overexpression
of mmu-miR-486-5p and was notably upregulated
through knockdown of mmu-miR-486-5p in a human
thyroid epithelial cell line [12]. Additionally, a negative
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correlation between mmu-miR-486-5p and its target gene
expression, such as Snail, has been demonstrated in cells
[14]. Cells that stably expressed miR-486-5p shRNA or
SiRNA were collected after 72 h to assess protein expres-
sion levels via western blots. To further explore the mo-
lecular mechanisms of miR-486-5p and prove whether the
overexpression and interference vectors of
mmu-miR-486-5p were successfully constructed com-
pared with the control group transfected with the
PLV-U6-MCS lentivirus, we evaluated the possibility that
miR-486-5p contributes to the expression level of Snail,
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ERK1/2, p-ERK1/2, AKT and p-Akt in C2C12 cells. The
western blot results (Figure 5 and Figure 6A) suggested
that Snail, p-Akt and p-ERK1/2 were decreased in
miR-486-5p-overexpressing C2C12 cells and increased in
miR-486-5p-knockdown C2C12 cells. These results are
similar to those reported previously in the literature. In-
terestingly, we also found that ERK1/2 and AKT were
nearly downregulated (Figure 5 and Figure 6A) in
miR-486-5p-overexpressing C2C12 cells and practically
upregulated (Figure 5 and Figure 6A) in
miR-486-5p-knockdown C2C12 cells.
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Figure 5 mmu-miR-486-5p regulated protein expression level was analyzed using western blot

cells which could stably express of miR-486-5p shRNA or
SiRNA were collected after 72h, and lysed to extract total
proteins, and then western blot assay was performed to
detect changes protein expression of AKT, p-Akt, ERK1/2,
p-ERK1/2, Snail and Gapdh, and Gapdh was used as in-
ternal reference gene. A and B western blot detected
changes protein expression of AKT, p-Akt, ERK1/2,
p-ERK1/2, Snail and Gapdh.

To further confirm our results outlined above, statistical
grayscale analysis of the western blot bands was performed
by ImageJ, using normalization to Gapdh expression in this
section. AKT protein expression level was upregulated ap-
proximately 1.235-fold and 1.043-fold (Figure 6B) in an-
ti-miR-486-5p TuD and anti-miR-486-5p sponge cells
compared with the control group, respectively. The AKT
protein expression level was downregulated approximately
0.964-fold and 0.922-fold (Figure 6B) in an-
ti-miR-486-5p-shRNA30 and anti-miR-486-5p-shRNA451
cells compared with the control group, respectively. In ad-

dition, the p-AKT protein expression level was upregulated
approximately 1.331-fold and 1.098-fold (Figure 6C) in
anti-miR-486-5p TuD and anti-miR-486-5p sponge cells
compared with the control group, respectively. The p-AKT
protein expression level was downregulated approximately
0.775-fold and 0.724-fold (Figure 6C) in an-
ti-miR-486-5p-shRNA30 and anti-miR-486-5p-shRNA451
cells compared with the control group, respectively. Con-
sistently, the ERK1/2 protein expression level was upregu-
lated approximately 1.203-fold and 1.201-fold (Figure 6D)
in anti-miR-486-5p TuD and anti-miR-486-5p sponge cells
compared with the control group, respectively. The
ERK1/2 protein expression level was downregulated ap-
proximately 0.788-fold and 0.748-fold (Figure 6D) in an-
ti-miR-486-5p-shRNA30 and anti-miR-486-5p-shRNA451
cells compared with the control group, respectively. Addi-
tionally, the p-ERK1/2 protein expression level was upreg-
ulated approximately 1.295-fold and 1.186-fold (Figure 6E)
in anti-miR-486-5p TuD and anti-miR-486-5p sponge cells
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compared with the control group, respectively. The
p-ERKZ1/2 protein expression level was downregulated ap-
proximately 0.631-fold and 0.752-fold (Figure 6E) in an-
ti-miR-486-5p-shRNA30 and anti-miR-486-5p-shRNA451
cells compared with the control group, respectively. Sub-
sequently, the Snail protein expression level was upregu-
lated approximately 1.304-fold and 1.181-fold (Figure 6F)
in anti-miR-486-5p TuD and anti-miR-486-5p sponge cells
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compared with the control group, respectively. Snail pro-
tein expression level was downregulated approximately
0.848-fold and 0.792-fold (Figure 6F) in an-
ti-miR-486-5p-shRNA30 and anti-miR-486-5p-shRNA451
cells compared with the control group, respectively. Taken
together, these results indicated that we successfully con-
structed shRNAJ/SIRNA lentiviral expression vectors for
microRNA-486-5p.
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Figure 6 mmu-miR-486-5p-regulated protein expression levels were analyzed using western blotting and ImageJ

Cells that could stably express miR-486-5p shRNA or siRNA were collected after 72 h and lysed to extract total proteins, after which a west-
ern blot assay was performed to detect changes in the protein expression of AKT, p-Akt, ERK1/2, p-ERK1/2, Snail and Gapdh, with Gapdh
used as the internal reference gene. A Western blot results demonstrated changes in the protein expression of AKT, p-Akt, ERK1/2,
p-ERK1/2, Snail and Gapdh. All western blot results underwent gray level analysis of the western blot bands by ImageJ software, with
Gapdh expression used for normalization. B Relative protein expression level of AKT was calculated by comparing to the control group. C
Relative protein expression level of p-AKT was calculated by comparing to the control group. D Relative protein expression level of ERK1/2
was calculated by comparing to the control group. E Relative protein expression level of p-ERK1/2 was calculated by comparing to the con-
trol group. F Relative protein expression level of Snail was calculated by comparing to the control group. All data are shown as the means +
S.D. of at least three independent experiments. The P-values were calculated using unpaired Student’s t-tests. No, no significance; *P<0.05;

**P<0.01; ***P<0.005.
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4 Discussion

Growing evidence has recently revealed that miRNA
mimics (agomiR) and miRNA inhibitors (antagomiR)
[54-56], which have the disadvantages of a short induc-
tion time, low transfection efficiency, high cost and unfa-
vorability for building stable cell lines compared with
lentivirus expression vectors, have been used to study the
biological functions of miRNA. The rare phenomenon
was found that the mature 5p sequence of miRNA had
complementary pairing with the mature 3p sequences of
miRNA, such as in miR-486 (Figure 1) [7, 9], which pre-
sents an issue for establishing lentiviral vectors expressing
mmu-miR-486-5p. Based on the development of the ca-
nonical and noncanonical biogenesis pathways of miR-
NAs, it has been shown that the Dicer-independent miR-
NA biogenesis pathway involves the unusually short hair-
pin of miR-451 [22-24] and that the canonical miRNA
biogenesis pathway contains the commonly short hairpin
of miR-30 [15, 25], providing a method to construct lenti-
viral vectors overexpressing mmu-miR-486-5p. Currently,
short hairpin RNA (shRNA) molecule cassettes contain-
ing MiRNA mature sequences have been designed based
on the structure of miR-30 and miR-451 [15, 25, 26] for
overexpression of mMiRNA, such as miR-451 [26], miR-30
[15], and miR-130a-3p [57]. Based on these principles,
we successfully constructed lentiviral overexpression
vectors of mmu-miR-486-5p, miR-486-5p-shRNA30 and
miR-486-5p-shRNA45. Both lentiviral overexpression
vectors could increase mmu-miR-486-5p expression
(Figure 4A) in C2C12 cells, but mmu-miR-486-3p was
increased  almost  1000-fold  (Figure 4B) in
miR-486-5p-shRNA30 C2C12 cells, and there was an
approximately  3-fold increase (Figure 4B) in
miR-486-5p-shRNA451 C2C12 cells. In addition, based
on developments in the inhibition of miRNA function,
sponges (such as six repeated binding sites) and decoy
RNA molecules (TuD RNAs (tough decoy RNAs)), which
contain miRNA antisense oligonucleotide sequences, were
also constructed as lentiviral overexpression vectors for
interference or knockdown of miRNA expression in vivo
[32-35, 40]. Jun Xie et al [37] showed that recombinant
adeno-associated virus vectors combined with TuDs are
more effective than sponges or miRZips at inhibiting
miR-122 or specific miRNA expression and function in
vivo. Based on this fundamental idea, we successfully
constructed  lentiviral  interference  vectors  for

mmu-miR-486-5p, anti-miR-486-5p TuD and an-
ti-miR-486-5p sponge. Both lentiviral interference vectors
not only downregulated mmu-miR-486-5p expression
(Figure 4A) but also did not induce high expression of
mmu-miR-486-3p (Figure 4B) in C2C12 cells. The results,
which were consistent with previous research, showed
that anti-miR-486-5p TuD was more effective than the
anti-miR-486-5p sponge at reducing mmu-miR-486-5p
expression (Figure 4A) in vivo. Overall, the above results
showed that the lentivirus expression vector
mmu-miR-486-5p was successfully constructed.

The canonical miRNA function is to repress the expres-
sion of target genes at the transcriptional and/or posttran-
scriptional levels by directly binding the 3’UTR of target
MRNAs [58-60], especially for negatively modulating
protein expression levels in vivo. Recent literature [12]
has indicated that in papillary thyroid carcinoma cells,
mMiR-486-5p mimics significantly downregulate p-AKT
and p-ERK expression and miR-486-5p inhibition notably
upregulates p-AKT and p-ERK expression. We also ob-
tained similar results (Figure 6A, 6C, 6E and Figure 5)
using western blots and ImageJ, which showed that
p-AKT and p-ERK expression was diminished in C2C12
cells that were treated with miR-486-5p-shRNA30 and
miR-486-5p-shRNA45 and enhanced in C2C12 cells that
were treated with anti-miR-486-5p TuD and an-
ti-miR-486-5p sponge. Moreover, Xiaoguang Zhang et al
[14] demonstrated that miR-486-5p inhibits prostate can-
cer (PCa) cell migration, invasion and epithelial-
mesenchymal transition by negatively regulating Snail
protein expression and that Snail expression is decreased
or increased, respectively, in miR-486-5p-overexpressing
or miR-486-5p-inhibited PCa cells. In our western blot
and ImageJ analyses, Snail expression (Figure 6A, 6F and
Figure 5) was also attenuated in miR-486-5p-shRNA30-
and miR-486-5p-shRNA45-infected C2C12 cells and
augmented in anti-miR-486-5p TuD- and anti-miR-486-5p
sponge-infected C2C12 cells. Moreover, we further ex-
plored AKT and ERK expression in C2CI2 cells infected
with all lentivirus expression vectors. AKT and ERK ex-
pression (Figure 6A, 6B, 6D and Figure 5) was amelio-
rated in anti-miR-486-5p TuD- and anti-miR-486-5p
sponge-infected C2C12 cells and restrained in
mMiR-486-5p-shRNA30- and
miR-486-5p-shRNA45-infected C2C12 cells. On the basis
of these results, we hypothesize that mmu-miR-486-5p
can directly regulate the AKT and ERKZL/2 signaling
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pathways to affect C2C12 cell development. Of course,
this conjecture needs to be confirmed by further experi-
mental data or results in the future. Based on these results,
the biological function of mmu-miR-486-5p remains con-
stant, with canonical miRNA functions that negatively
regulate protein expression levels in vivo. In terms of
functional aspects of miRNA, we further proved that the
mmu-miR-486-5p lentivirus expression vector can exert
the canonical miRNA function of inversely modulating
protein expression levels in C2C12 cells.

In summary, we successfully established shRNA
(miR-486-5p-shRNA30 and miR-486-5p-shRNA45) and
SiRNA (anti-miR-486-5p TuD and anti-miR-486-5p
sponge) lentiviral  expression vectors for mi-
croRNA-486-5p based on miR-30/451 and miRNA
sponges. These results proved that anti-miR-486-5p TuD
and miR-486-5p-shRNA451, which did not cause the
substantial expression of miR-486-3p and remarkably
upregulated and downregulated protein expression levels
(AKT and pAKT, ERK1/2 and pERK1/2, and Snail) in
C2C12 cells, were superior to the anti-miR-486-5p
sponge and miR-486-5p-shRNA30. Anti-miR-486-5p
TuD and miR-486-5p-shRNA451 provide simple ways to
build long-term effective overexpression or interference
of mmu-miR-486-5p in C2C12 and mice, to study miRNA
function in C2C12 or mice, and to serve as a potential
new diagnostic method for diseases caused by miRNA
deregulation.
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