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MicroRNAs play critical roles in skeletal muscle development as well as in regulation of muscle cell
proliferation and differentiation. Previous study in our laboratory showed that the expression level of
miR-2400, a novel and unique miRNA from bovine, had significantly changed in skeletal muscle-derived
satellite cells (MDSCs) during differentiation, however, the function and expression pattern for miR-2400
in MDSCs has not been fully understood. In this report, we firstly identified that the expression levels of
miR-2400 were down-regulated during MDSCs differentiation by stem-loop RT-PCR. Over-expression
and inhibition studies demonstrated that miR-2400 promoted MDSCs proliferation by EdU (5-ethynyl-
2’ deoxyuridine) incorporation assay and immunofluorescence staining of Proliferating cell nuclear an-
tigen (PCNA). Luciferase reporter assays showed that miR-2400 directly targeted the 3’ untranslated
regions (UTRs) of myogenin (MYOG) mRNA. These data suggested that miR-2400 could promote MDSCs
proliferation through targeting MYOG. Furthermore, we found that miR-2400, which was located within
the eighth intron of the Wolf-Hirschhorn syndrome candidate 1-like 1 (WHSC1L1) gene, was down-
regulated in MDSCs in a direct correlation with the WHSCI1L1 transcript by Clustered regularly inter-
spaced palindromic repeats interference (CRISPRi). In addition, these observations not only provided
supporting evidence for the codependent expression of intronic miRNAs and their host genes in vitro, but

also gave insight into the role of miR-2400 in MDSCs proliferation.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

MicroRNAs are a family of non-coding small RNAs, approxi-
mately 22 nucleotides in length, that mainly repress the translation
and accelerate the decay of mRNAs through pairing of their seed
sequences with the 3’ UTRs of target genes [1]| and may regulate up
to 30% of gene expressions [2]. MicroRNAs have been shown to play
critical roles in skeletal muscle development and in the regulation
of muscle cell proliferation and differentiation [3,4]. Wang et al. [5]
and Motohashi et al. [6] had Identified the miRNAs which involved
in bovine skeletal muscle satellite cell myogenic differentiation.
Some studies indicate that miRNA-1 and miR-206 promote the
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differentiation of myoblasts, whereas miR-133 promotes prolifer-
ation [7—9]; miR-27 modulates the entry of cells into the myogenic
differentiation program [10]; miR-214 promotes myogenic differ-
entiation by facilitating the exit of myoblasts from the cell cycle
[11]; and miR-181 promotes myogenesis [12]. MicroRNA-139-5p
regulates C2C12 cell myogenesis through blocking Wnt/B-catenin
signaling pathway [13]. MicroRNA-128 targets myostatin at coding
domain sequence to regulate myoblasts in skeletal muscle devel-
opment [14]. Although an increasing body of evidence shows that
miRNAs play important roles in the regulation of skeletal muscle
proliferation, the functional role and molecular mechanism are not
fully understood.

MicroRNA-2400, one of miRNA, is a novel and unique miRNA
from bovine according to Glazov et al. [15]. It located at BTA27 and
within introns 8 of WHSCIL1 gene. It has showed that the
expression level of miR-2400 had significantly changed in MDSCs
during differentiation by Deep Sequencing, however, the function
and expression pattern for miR-2400 in myoblast proliferation has
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not been reported. In the present study, we investigated the role of
miR-2400 in bovine MDSCs proliferation and demonstrated that
miR-2400 targeted the 3’UTR of MYOG transcript and down-
regulate MYOG expression, thereby promoted MDSCs prolifera-
tion. CRISPRi and dual-luciferase reporter assay showed that miR-
2400 was processed from the host gene WHSCIL1 and co-
expressed with its host gene.

2. Materials and methods
2.1. Cell culture

Sample collection from animals was approved by the Animal
Care Commission of the Northeast Agricultural University and
Heilongjiang, P.R. China. Cells were isolated from hindlimb muscles
of newborn Chinese Simmental calves according to a method
described previously [16]. MDSCs were maintained in growth me-
dium (GM) (containing DMEM (Gibco Invitrogen, Carlsbad, CA,
USA), 20% FBS, 100 U/ml penicillin and 100 pg/mL streptomycin
(Invitrogen)) at 37 °C in the 5% CO, humidified atmosphere. The
cells were transfected with plasmid DNA, or miR-2400 inhibitor
(RiboBio, Guangzhou, China) by using Lipofectamine 2000 (Invi-
trogen) according to the manufacturer's instruction.

2.2. Plasmid construction

For bta-miR-2400 over-expression, the pre-miR-2400 was PCR-
amplified from bovine genomic DNA and cloned into pcDNA3.1 (+)
plasmid (Promega, Madison, WI, USA) to generate pcDNA3.1
(+)-miR-2400. For MYOG 3’UTR reporter assay, the entire 3’ UTR of
bovine MYOG was PCR-amplified from bovine genomic DNA and
cloned into psiCHECK-2 dual-luciferase reporter plasmid (Promega)
to generate psiCHECK-2-MYOG-wt. The mutant bovine MYOG
3'UTR reporter, designated as psiCHECK-2-MYOG-mu, was created
by mutating the seed region of the predicted bta-miR-2400 site
(TGTGCTGA to ACACGTGA) by nested PCR. For bta-miR-2400 pro-
moter reporter assay, the intron 8 of WHSC1L1 gene which con-
tained the pre-miR-2400 was PCR-amplified from bovine genomic
DNA and cloned into pGL3-Basic plasmid (Promega) to generate
pGL3-intro-miR-2400. The primers used in plasmid construction
were shown in Table 1.

2.3. Cell proliferation assay

MDSCs were seeded and transfected with pcDNA3.1 (+),
pcDNA3.1 (+)-miR-2400, miR-2400 inhibitor Negative Control
(miR-2400-NC) or miR-2400 inhibitor (miR-2400-I). Then, the cells
were maintained in growth medium for 24 h. For EdU incorpora-
tion assay, proliferating cells were determined by using the Cell-
Light™ EdU Apollo®488 In Vitro Imaging Kit (RiboBio) according to
the manufacturer's protocol. For general immunofluorescence (IF)
staining assay of PCNA, The cells were fixed with 4% para-
formaldehyde (PFA) for 20 min and treated with 1% Triton X-100 in
PBS (PBST) for 10 min at room temperature, then blocked with 5%
BSA in PBST for 1 h. After incubation with primary antibodies
against PCNA for 1 h at 37 °C, the cells were incubated against FITC-

Table 1
Primers used in plasmid construction.
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conjugated second antibodies. The slides were co-stained with 4,6-
diamidino-2-phenylindole (DAPI) to visualize the nuclei. The rela-
tive area of positive staining was evaluated using Image ] software.
For quantification analysis, each data point represents the positive
fluorescence area calculated from a minimum of five randomly
chosen fields from three individual experiments.

2.4. Luciferase reporter assay

To explore the mechanisms of miR-2400-induced cell prolifer-
ation, we searched for the target genes of miR-2400 by luciferase
reporter assay. HeLa cells (2.0 x 104 cells per well) were plated in a
24-well plate (Corning, NY, USA) 24 h before transfection. Cells
were co-transfected with 0.5 pg of either the psiCHECK-2-MYOG-
wt, psiCHECK-2-MYOG-mu or empty vector psiCHECK-2, and
pcDNA3.1(+), pcDNA3.1(+)-miR-2400, miR-2400-NC or miR-2400-
I. After transfection of 48 h, cells were lysed in Passive Lysis Buffer
(Promega) and activities of Firefly and Renilla luciferase were
measured with a GloMax 20/20 Luminometer (Promega) using the
Dual-Luciferase Reporter Assay System according to the manufac-
turer's protocols.

2.5. Real-time PCR of MYOG and miR-2400

Total RNA was extracted from the transfected cells using TRIzol
Reagent (Invitrogen) according to the manufacturer's instructions.
The concentrations of total RNA were determined spectrophoto-
metrically using a NanoDrop 2000C Spectrophotometer (Thermo,
USA). A first-strand cDNA was prepared from 1 pg of total RNA from
each sample using a TransScript® One-Step gDNA Removal and
cDNA Synthesis Super Mix (Beijing TransGen Biotech Co., Ltd) ac-
cording to the protocols of the manufacturer. The cDNA was then
used for real-time PCR of miR-2400 and MYOG. The bovine 18S
ribosomal RNA (18S) gene and B-actin were used as endogenous
control respectively. Real-time quantitative PCR was performed
using an ABI7300 Real Time Detection System. The PCR mix
included 100 ng cDNA for each miRNA, 0.4 uM forward and reverse
primers, and 10 pL 2 x SYBR Real-time PCR Premix. The cycle
conditions were as follows: 95 °C for 2 min, followed by 40 cycles of
95 °C for 15 s, and 60 °C for 30 s. Relative expression level was
analyzed using the comparative Ct method [17]. All reactions were
performed in triplicate, the quantification of miR-2400 and MYOG
relative to endogenous control gene was calculated by the formula:
N = 2748Ct The primers for miRNAs and the control gene were
shown in Table 2.

2.6. Western blot analysis

Protein samples were prepared from MDSCs. Briefly, the cells
were rinsed twice with ice cold PBS and put in lysis buffer and then
incubated for 30 min on ice. The cell lysates were centrifuged
(12,000 rpm) at 4 °C for 15 min. The resultant samples were
resolved by electrophoresis on a 12% SDS-polyacrylamide gel and
then transferred to a PVDF membrane (Millipore Corporation, USA).
The membrane was incubated with a primary antibody (anti-MYOG
(5FD), anti-GAPDH (6C5, Santa Cruz, USA)) followed by the addition

Gene Forward primer Reverse primer

pre-miR-2400 CGGGGTACCAACCCTGGGGCTGCTTGT CCGGAATTCCATGGTCCCG TTTTCTGG
Myog-3UTR CCGCTCGAGatctgaccaaggtctctgtgctgaagttge ATAAGAATGCGGCCGCCTAGCACCCAGTCTTTATIT
T-Myog-3UTR CCGCTCGAGatctgaccaaggtctcacacgtgaagttge ATAAGAATGCGGCCGCCTAGCACCCAGTCTTTATTT

miR-2400-intron TGAAGTTGCGACTTTGCC

AATCTGGACATGGTCCCGTTT
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Table 2
Primers used in semi-quantitative RT-PCR.

Gene Forward primer Reverse primer
miR-2400 ACACTCCAGCTGGGCCAGCACAGGCAGCTCGGA CTCAACTGGTGTCGTGGA
185 GGACATCTAAGGGCATCACAG AATTCCGATAACGAACGAGACT
MYOG GACTCAAGAAGGTGAATGAAGCC TATTATAGTGCGCTGCCCCAC
B-actin GACCTCTACGCCAACACG GCAGCTAACAGTCCGCCTA
miR-2400-RT CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCAGTCCG
of a secondary antibody (HRP-labeled goat anti-mouse or rabbit IgG c
(Santa Cruz, USA)). The proteins were visualized by Super ECL Plus 2
detection kit (Applygen Technologies Inc., Beijing, China) according 3 1.57
to the manufacture's instruction. The membranes were exposed to e
Kodak X-Omat film for various times. %
@ 1.0
2.7. CRISPRi interference WHSC1L1 transcription § —_ 5
To demonstrate the relationship between the expression of miR- E 1
2400 and WHSCI1L1, Four sgRNAs targeting different sites of E 0.5+ *k
WHSC1L1 (ID: 513054) promoter were designed following & *% —
Matthew H L et al. [18,19]. Each sgRNA contaied 20 nt target 2 I=|
sequence and 4 nt Bbs I restriction site at the 5’ ends. N1 : ® 0.0
CACCGGCCTGGCACGTGATGGGCG; N2 : CACCGGCTGAAGATTTGGC © Ped (M o'\ o"\, o‘b
GG; N3: CACCGCGGCGGCGGCGGGGGCGCC; N4: CACCGGCCAG- o foc’ %0' 60‘ %0' %0'
GACGGAGGCGG. These oligonucleotides were synthesized, \Q & & & §\\°

annealed and ligated into the Bbs I sites under hU6 Promoter of
pSPgRNA expression vector (Addgene, UK). The ligation products
were transformed into E. coli DH5q,; positive transformed clones
were selected, and sequenced. For functional assay, MDSCs were
plated in a 6-well plate 24 h before transfection. Cells were co-
transfected with 2 pg of the dCas9 expression plasmid and 2 pg
of the sgRNA expression plasmid. Total RNA was extracted after
transfected 48 h, and real-time RT-PCR was used to detect the
expression of WHSC1L1 and miR-2400.

2.8. Statistical analysis

For all data expressed as mean + SEM were compared using
ANOVA followed by Tukey's tests (SPSS Inc., USA). Differences were
regarded as significant at a level of P < 0.05.

3. Results
3.1. MiR-2400 was downregulated in MDSCs during differentiation

Previous study in our laboratory showed that the expression
level of miR-2400 was down-regulated in MDSCs during differen-
tiation. To further investigate whether miR-2400 is involved in
proliferation, we firstly determined the expression levels of miR-
2400 in MDSCs during differentiation by stem-loop RT-PCR. The
results showed that the expression levels of miR-2400 were down-
regulated during MDSCs differentiation (Fig. 1).

3.2. MiR-2400 promoted MDSCs proliferation

We demonstrated that the expression level of miR-2400 in
pcDNA3.1 (+)-miR-2400 transfected MDSCs was higher than thatin
control by qRT-PCR(Fig. 2a). To verify whether miR-2400 promote
MDSCs proliferation, we performed an EdU incorporation assay and
IF staining of PCNA. After transfected with pcDNA3.1 (+), pcDNA3.1
(+)-miR-2400, miR-2400-NC or miR-2400-1, EdU incorporation
experiments and IF staining of PCNA were performed to assess its
proliferation. As shown in Fig. 2b, compared with control, the cell
proliferation rate was significantly increased by 33.3% in MDSCs

Fig. 1. Expression of miR-2400 in MDSCs during differentiation. (*p < 0.05, **p < 0.01).

transfected with pcDNA3.1 (+)-miR-2400 (Fig. 2c). However, miR-
2400 inhibitors blocked the proliferation rate of MDSCs (Fig. 2 b
and 2c¢). The IF staining assays demonstrated that transient over-
expression of miR-2400 resulted in the promotion of proliferation
in MDSCs, while miR-2400-I significantly attenuated the prolifer-
ation (Fig. 2d, e). Thus, our data indicated that miR-2400 was able to
promote MDSCs proliferation.

3.3. MiR-2400 suppressed MYOG expression through directly
targeting 3'UTR of mRNA

To explore the mechanisms of miR-2400-induced cell prolifer-
ation, we searched for the target genes of miR-2400. Bioinformatics
prediction (TargetScan and PicTar) showed that the 3'UTR of the
MYOG mRNA contained a conserved binding site (position of
590—597) for the seed sequence of miR-2400 (Fig. 3a). To validate
whether MYOG was the direct target genes of miR-2400, a dual-
luciferase reporter system was employed. We cloned 3'UTR se-
quences containing the predicted target site of miR-2400 or
mutated sequences into the psiCHECK-2, respectively. Co-
transfection of pcDNA3.1 (+)-miR-2400 with psiCHECK-2-MYOG-
wt in HeLa cells showed that luciferase activity was significantly
lower than those of controls (p < 0.05). Co-transfection pcDNA3.1
(+)-miR-2400 with psiCHECK-2- MYOG-mu did not change the
luciferase activities (p > 0.05) (Fig. 3¢). Compared with miR-2400-
NC, miR-2400 inhibitors abolished the targeting 3’UTR of MYOG
(Fig. 3d).

To verify whether miR-2400 affected the endogenous MYOG
level, we analyzed the effects of ectopic alteration of miR-2400 in
MDSCs. qRT-PCR and western blot analysis further demonstrated
that over-expression of miR-2400 dramatically suppressed the
endogenous mRNA and protein levels of MYOG (Fig. 3b, e, f).
Furthermore, silencing of miR-2400 with its inhibitor could up-
regulate the endogenous mRNA and protein levels of MYOG
(Fig. 3g, h).
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Fig. 2. MiR-2400 promotes MDSCs proliferation. (

a) The expression of miR-2400 in MDSCs cells during proliferation. (b) Proliferation MDSCs cells were labeled with EdU. EdU

positive cells (green). Cell nuclei (blue). (c) The percentage of EdU-positive cells. n = 6. (d) Immunofluorescence analysis of PCNA expression in MDSCs. PCNA positive cells (green).
Cell nuclei (blue). (e) The percentage of PCNA-positive cells, n = 6. (NS: no significant difference, *p < 0.05, **p < 0.01). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

3.4. MiR-2400 was an intronic microRNA and co-expressed with its
host gene

MiR-2400 is located within introns 8 of WHSC1L1 gene (Fig. 4a),
it is an intronic microRNA. Bioinformatics analyses have predicted
that some of intronic miRNAs are transcriptionally linked to the
expression of their host gene [20], some have their own tran-
scription regulatory elements, including promoters and terminator
signals. To monitor the expression relationship between miR-2400
and WHSCIL1, their relative expression levels were first confirmed
in the MDSCs and in the heart, liver, skeletal muscle and small in-
testine of cattle. These analyses clearly revealed that MDSCs
expressed synchronous amounts of WHSC1L1 mRNA and miR-2400

(Fig. 4b). In addition, most bovine tissues showed the concordance
between the expression levels of WHSC1L1 mRNA and miR-2400
(Fig. 4c).

To demonstrate the relationship between the expression of miR-
2400 and WHSC1L1, the transcription of WHSC1L1 was repression
by CRISPR interference (CRISPRi), which can efficiently silence
transcription initiation and elongation of targeted genes. Four
sgRNAs targeting different sites of WHSC1L1 promoter were
designed and cloned into the pSPgRNA expression vector (pSPgRNA
-N1, pSPgRNA-N2, pSPgRNA-N3 and pSPgRNA-N4) (Fig. 4d). After
co-transfected with the dCas9 expression plasmid separately into
MDSCs, a significantly decrease of WHSC1L1 mRNA was detected
(Fig. 4e), and pSPgRNA-N2 was decreased by 88.89% compared with
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Fig. 4. MiR-2400 is coexpressed with its host gene. (a) miR-2400 is located in intron 8 of WHSC1L1 gene. Mature miR-2400 sequence comes from the 3’ arm of the precursor.
Positions 2—8 of the mature miRNA are the seed region (red). (b) and (c). Expression of miR-2400 and WHSC1L1. (d) Four sgRNAs targeted different sites of WHSC1L1 promoter. (e)
Expression of WHSC1L1 in MDSCs cells after co-transfected with the dCas9 expression plasmid and pSPgRNA-Nn. (f) Expression of WHSC1L1 and miR-2400 in MDSCs cells after co-
transfected with the dCas9 expression plasmid and pSPgRNA-N2. (g) Luciferase activity comparison in MDSCs cells. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

control. Meanwhile, the expression level of miR-2400 was syn-

chronously decreased (Fig. 4f).

To verify whether miR-2400 have its own transcriptional regu-
latory elements for independent expression from the intron, we

performed a dual-luciferase reporter assay. Co-transfection of the

pGL3-intro-miR-2400 with phRL-TK (Promega) in MDSCs showed

that luciferase activity was similar with pGL3-basic (p > 0.05), but
was significantly lower than the pGL3-CMV (p < 0.01) (Fig. 4g).
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Together, these results showed that miR-2400 was processed
from the WHSCI1L1 intron rather than being transcribed as a
separate RNA.

4. Discussion

The aim of this study was to explore the role and expression
pattern of miR-2400 in MDSCs proliferation. More recently, studies
have shown that specific miRNAs play fundamental roles during
muscle proliferation and differentiation by modulating a number of
transcription factors and signaling molecules [8,21—23]. By use of
deep sequencing technology we found that the expression level of
miR-2400 had significantly changed in MDSCs during differentia-
tion. miR-2400 is first discovered by Glazov et al. [15] and is not
identifiable in other mammalian genomes. Thus it is specific to the
bovine. However, the function and expression pattern for miR-2400
in MDSCs has not been fully understood. Here, we identified that
miR-2400 were down-regulated during MDSCs differentiation
(Fig. 1). This result made us to speculate that miR-2400 could
promote MDSCs proliferation. As expected, over-expression and
inhibition studies demonstrated that miR-2400 promoted MDSCs
proliferation by EdU incorporation assay and immunofluorescence
staining of PCNA (Fig. 2). The precise regulatory mechanism of miR-
2400 was detected by luciferase reporter assays, the results showed
that miR-2400 directly targeted the 3'UTR of MYOG mRNA. Over-
expression of miR-2400 in MDSCs derepressed MYOG expression
and increased proliferation, whereas inhibition of miR-2400 caused
persistence of MYOG protein and inhibited proliferation (Fig. 3).
These data suggested that miR-2400 negatively regulated MYOG by
directly targeting the 3’'UTR of MYOG mRNA.

MicroRNAs are known to repress the expression of their target
genes primarily by binding to the 3'UTRs of their target mRNAs [1].
Myogenin was one of target genes regulated by miR-2400. Myo-
genin, as a differentiation factor, is implicated in the subsequent
activation of muscle-specific genes during myogenic differentia-
tion. In the absence of myogenin, muscle differentiation does not
occur either in vivo or in cell culture. Down-regulation of myogenin
significantly inhibited the fusion of myoblasts [24]. Nikolaos P
studies have shown that down-regulation of endogenous myogenin
gene expression in terminally differentiated mouse muscle cells
caused cleavage of myotubes into mononucleated cells and entered
to the cell cycle [25]. MiR-186 was shown to regulate muscle dif-
ferentiation and regeneration by directly targeting myogenin [26].
Our experiments showed that miR-2400 plays an important role in
down-regulating the MYOG expression during MDSCs proliferation.
In addition to MyoG, bioinformatics prediction showed that there
are seven target genes regulated by miR-2400, such as MAGED]1,
MOAP1, CDKS5, IFRD2, IL15 and PRDM11. It is possible that miR-2400
could promote MDSCs proliferation by targeting multiple genes,
next we would go on to study the other target genes which 3'UTR
contained a conserved binding site for the seed sequence of miR-
2400.

MiR-2400 located at BTA27 and within introns 8 of WHSC1L1
gene. However, expression and functional aspects of intronic miR-
NAs are still largely unknown. It is generally believed that both host
gene and miRNA share regulatory control [27—29]. miR-33 and
sterol-regulatory element-binding factor-2 expression were coor-
dinately down-regulated by cholesterol loading [30], miR-483-5p
and insulin-like growth factor (Igf2) gene expression were down-
regulated in mouse Hepal-6 cells in a direct correlation by chro-
meceptin [31], suggesting that these gene regulatory elements are
co-transcribed. We therefore compared the expression levels of
miR-2400 with WHSC1L1 in MDSCs and heart, liver, skeletal muscle
and small intestine of cattle, and observed that the pattern was
highly similar. Then, we employed a CRISPRi system, which can

efficiently repress expression of targeted genes. CRISPRi is an RNA-
based method for targeted silencing of transcription in bacteria and
human cells [32—34]. CRISPRIi targeting is largely based on Watson-
Crick base-pairing between the sgRNA and the target DNA
sequence. In E. coli, the dCas9, when co-expressed with a sgRNA
designed with a 20 bp complementary region to any gene of in-
terest, can efficiently silence a target gene with up to 99.9%
repression [19]. Using a specifically designed sgRNA, the dCas9-
sgRNA complex binds to elements of WHSC1L1 promoter comple-
mentary to the sgRNA and causes a steric block that halts transcript
initiation by RNA polymerase, resulting in the repression tran-
scription of the WHSC1L1 gene. This method allowed us to exper-
imentally show that miR-2400 is mainly processed from the
WHSCI1L1 intron (Fig. 4). WHSCI1LI, also known as NSD3, is a
member of the NSD histone methyltransferase family. Daechun K
et al. studies have shown that WHSC1L1 could promote prolifera-
tion of bladder and lung cancer cell lines [35]. But the role of
WHSC1L1 in regulating MDSCs proliferation is not known, it will be
interesting to further investigate.

Our study provided for the first time evidence that miR-2400
gene was a novel regulator in skeletal muscle satellite cells prolif-
eration. MyoG, as a differentiation factor during myogenic differ-
entiation, was one of target genes of miR-2400, and possibly other
target genes are regulated in order to maintain the balance be-
tween the proliferation and differentiation of MDSCs.
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