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Abstract

Skeletal myogenesis is a regulated process in which mononucleated cells, the myoblasts,

undergo proliferation and differentiation. Upon differentiation, the cells align with each other,

and subsequently fuse to form terminally differentiated multinucleated myotubes. Previous

reports have identified the protein osteoglycin (Ogn) as an important component of the

skeletal muscle secretome, which is expressed differentially during muscle development.

However, the posttranscriptional regulation of Ogn by microRNAs during myogenesis is

unknown. Bioinformatic analysis showed that miR-155 potentially targeted the Ogn tran-

script at the 3´-untranslated region (3´ UTR). In this study, we tested the hypothesis that

miR-155 inhibits the expression of the Ogn to regulate skeletal myogenesis. C2C12 myo-

blast cells were cultured and miR-155 overexpression or Ogn knockdown was induced by

transfection with miR-155 mimic, siRNA-Ogn, and negative controls with lipofectamine for

15 hours. Near confluence (80–90%), myoblasts were induced to differentiate myotubes in

a differentiation medium. Luciferase assay was used to confirm the interaction between

miR-155 and Ogn 3’UTR. RT-qPCR andWestern blot analyses were used to confirm that

the differential expression of miR-155 correlates with the differential expression of myogenic

molecular markers (Myh2, MyoD, and MyoG) and inhibits Ogn protein and gene expression

in myoblasts and myotubes. Myoblast migration and proliferation were assessed using

Wound Healing and MTT assays. Our results show that miR-155 interacts with the 3’UTR

Ogn region and decrease the levels of Ogn in myotubes. The overexpression of miR-155

increased MyoG expression, decreased myoblasts wound closure rate, and decreased

Myh2 expression in myotubes. Moreover, Ogn knockdown reduced the expression levels of

MyoD, MyoG, and Myh2 in myotubes. These results reveal a novel pathway in which miR-

155 inhibits Ogn expression to regulate proliferation and differentiation of C2C12 myoblast

cells.
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Introduction

Skeletal myogenesis is a multistep process in which myoblasts are withdrawn from the normal

cell cycle to subsequently fuse and terminally differentiate into multinucleated myotubes [1].

This process is highly regulated by the myogenic transcription factors MyoD, Myf5, myogenin,

MRF4, and Mef2 that coordinate the expression of muscle-specific genes (reviewed in [2,3]).

Several studies have demonstrated that skeletal myogenesis is also regulated by microRNAs

(miRNAs) [4], a class of short non-coding RNAs that post-transcriptionally regulate gene

expression by translational repression or the degradation of protein-coding mRNAs (reviewed

in [5,6]).

Muscle-specific miRNAs (miR-1, -133, -206, -208, -208b, and -499) have been demon-

strated to participate in relevant physiological and pathological skeletal muscle processes, such

as myogenesis, regeneration, hypertrophy, and muscular dystrophy [7–13]. Moreover, miR-

208b and miR-499 are a part of a myomiR network that controls Myh2C expression, fiber-type

and muscle performance [12]. Emerging evidence also supports the involvement of non-mus-

cle miRNAs in muscle hypertrophy [14], atrophy [15–17], and myogenesis [18,19]. Among

these non-muscle-specific miRNAs, miR-155 has a distinctive expression pattern associated

with different types of primary muscle disorders [7] and facilitates skeletal muscle regeneration

by balancing pro- and anti-inflammatory macrophages [20,21]. It has also been demonstrated

that miR-155 controls myoblast differentiation by post-transcriptionally inhibition of the

Mef2a expression [22]. However, the fact that a single miRNA has the capacity to repress mul-

tiple target transcripts [23,24], in a coordinated manner, raises the need to unveil novel and

potential miR-155 target transcripts and their functions during skeletal myogenesis. Interest-

ingly, a previously integrative miRNA-mRNA analysis predicted several target mRNAs in skel-

etal myocyte differentiation and identified osteoglycin (Ogn) among the potential miR-155

target transcripts [25]. These results further reinforce the hypothesis that miR-155 may repress

additional target transcripts, including Ogn, during myogenesis.

Ogn is an extracellular matrix component belonging to a small leucine-rich proteoglycan

gene family [26–28]. This protein is abundant in connective tissues [27,29] and it was first

described as involved in bone formation [30,31]. In the left ventricle, this protein is an impor-

tant regulator of cardiomyocyte hypertrophy with a prominent role in collagen fibrillogenesis

[32,33]. Ogn is also produced by skeletal muscle cells and induces bone anabolic effects [31].

Most importantly, Ogn is considered a crucial component of the secretome for skeletal muscle

cells because Ogn siRNA mediated knockdown decreases myoblast differentiation as indicated

by the Muscle Creatine Kinase MCK-Luc reporter gene system [34]. Moreover, data from

GEO Profiles (Profile GDS233 / 99549_at) shows an increase in Ogn expression during muscle

regeneration (S1 Fig). However, the post-transcriptional regulatory mechanisms of Ogn that

may affect migration, proliferation, and differentiation during myogenesis need to be clarified

further. Thus, in this study, we tested the hypothesis that miR-155 inhibits Ogn expression to

regulate skeletal myogenesis.

Material andmethods

Cell culture and muscle differentiation

C2C12 mouse myoblasts (ATCC1 CRL-1772TM) were cultured in a growth medium (GM)

consisting of Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific, USA)

supplemented with 1% Penicillin–Streptomycin (Thermo Fisher Scientific, USA) and 10%

fetal bovine serum (Thermo Fisher Scientific, USA) at 37˚C and 5% CO2. After transfection,

near-confluent cells (80% to 90%) were induced to differentiate in a differentiation medium
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(DM), consisting of DMEM plus 2% horse serum (Thermo Fisher Scientific, USA) and 1%

Penicillin–Streptomycin solution for 5 days. All the experiments were carried out using at least

three independent replicates per group.

Oligonucleotides and transfection

The miR-155 mimic (Thermo Fisher, mirVanaTMmiRNAMimic, code: 4464066; MC13058

—MC10203), the small interfering RNA siRNA against Ogn (Thermo Fisher, Silencer1 Select

siRNA s70945 and s70947), the respective negative controls (Thermo Fisher, mirVanaTM

miRNAMimic Negative Control, code: 4464058 and Silencer1 Select Negative Control No. 1

siRNA) formed a complex with Opti-MEM reduced serummedium (Thermo Fisher Scientific,

USA) before transfection. C2C12 myoblasts transfections were performed with RNAiMAX

lipofectamine (Thermo Fisher Scientific, USA) combined with 30 nM of each oligonucleotide

for 15 hours, when the cells were approximately 80% confluent (day 0). Differentiation was

induced 24 hours post-transfection and is shown as day 1 (S2 Fig). For all experiments, the

cells were analyzed from day 0 up to day 5, then described in the following topics.

RNA isolation

The total RNA was extracted from C2C12 cells using a TRIzol reagent (Thermo Fisher Scien-

tific, USA), as recommended by the manufacturer. RNA concentration and quality were

assessed using a NanoVue Plus Spectrophotometer (GE Healthcare, USA). RNA quality was

also assured by the RNA integrity number (RIN) obtained from an analysis of ribosomal

RNAs based on microfluidics using the 2100 Bioanalyzer system (Agilent, USA). Only RNA

samples with a A260/280 ratio of 1.8–2.0, a A260/230 ratio> 2.0, and a RIN> 9 was used for

subsequent analysis.

RT-qPCR

MicroRNA cDNA was synthesized from 1μg total RNA samples using specific miRNA

stem-loop primers and TaqMan MicroRNA reverse Transcription Kit (Thermo Fisher

Scientific, USA). Total RNA samples were also reverse transcribed into cDNA using the

High Capacity RNA-to-cDNA Master Mix (Thermo Fisher Scientific, USA). miRNA and

mRNAs qPCR analysis were performed in a 15 μl reaction (TaqMan™ Gene Expression

Master Mix for miRNAs, and Power SYBR™ Green Master Mix for mRNAs; Thermo Fisher

Scientific, USA), as described by the manufacturer, and run on a QuantStudio™ 12K Flex

System (Thermo Fisher Scientific, USA) using the following cycle conditions: 95˚C for 10

mins followed by 40 cycles of 95˚C for 15 secs and 60˚C for 1 min. The oligonucleotides for

mRNAs are listed in S1 Table, and the miRNAs TaqMan Assays (Thermo Fisher Scientific,

USA) used were: miR-155 (Assay ID #002571), and U6 (Assay ID #001973). Finally, the

raw data was retrieved and imported into the Expression Suite Software v1.0.3 (Thermo

Fisher Scientific, USA). Small RNA MammU6 and Rpl13a were used as reference genes to

normalize the miRNA and mRNA data, respectively. These reference genes were selected

based on geNorm calculations [35], and the relative expression levels of these reference

genes were similar between control and miR-155 mimic treated samples as indicated by the

Ct value reported after analysis of raw qPCR data (S2 Table). Relative quantification of

miRNA and mRNA expression was evaluated using the 2-ΔΔCTmethod [36]. Cutoffs for sig-

nificant changes were set at fold-change >1.5 and p-value � 0.05.
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DNA constructs

Using a TargetScan algorithm (http://www.targetscan.org), the segment containing a miR-155

binding site on Ogn 3’UTR was generated. The oligonucleotides sequence Ogn-Fw-wt and

Ogn-Rev-wt were flanked by XhoI and XbaI restriction enzymes sites (S3 Fig). Similarly, the

miR-155 binding site with a mutated seed region was generated by annealing of Ogn-Fw-Mut

and Ogn-Rev-Mut sequences. To form the plasmids pmiRGlo-OGN-3’UTR-wt and–Mut,

both segments were cloned downstream from the luciferase reporter gene in the pmirGLO

Dual-Luciferase miRNA Target Expression Vector (Promega, USA).

Luciferase reporter assays

Using 12-well plates with C2C12 (ATCC1 CRL-1772TM) and NIH/3T3 (ATCC1 CRL-

1658™) cells at a density of 105 cells/well, the plasmids pmiRGlo-OGN-3’UTR-wt or–Mut, and

miR-155 mimic were transfected using a RNAiMAX lipofectamine (Thermo Fisher Scientific,

USA). As a control, the co-transfections of anti-miR-155 or a negative control was used. The

cells were transfected for 10 hours, washed with phosphate- buffered saline (PBS) 48 hours

after transfection, lysed with Passive Lyses buffer (Promega, USA), and the luciferase activity

was obtained using DualGlo Luciferase Assay System (Promega, USA) according the manufac-

turer’s instructions.

Cell proliferation assay

The viability of the proliferating C2C12 myoblasts, after transfections, was determined using a

3-(4.5-dimethylthiazol-2-yl)-2.5- diphenyltetrazolium bromide (MTT) assay (Sigma, USA).

The cells were seeded into 96-well plates, and at 0 hours, 12 hours, 24 hours, 36 hours, and 48

hours, 180 uL of MTT solution (0.5 mg/mL) in phosphate- buffered saline (PBS) was added to

each well. After each time-point, the plates were incubated for 4 hours at 37˚C. The reaction

product, precipitated formazan, was solubilized in 100% dimethyl sulfoxide (100 mL/well) and

the absorbance was measured using an Infinite 200 PRO Teca multidetection micro plate

reader (TECAN) at a wavelength of 570 nm.

Wound healing assay

Wound healing assay was used in several studies with the C2C12 lineage [37–41]. C2C12 cells

were plated in 6-well plates and cultured in DMEM and, after transfection, were cultivated at

37˚C and 5% CO2 until they reached 90–100% confluence. Subsequently, a vertical single-line

scratch was mechanically generated at the highest diameter of each well-plate, in the same

position for all replicates, using a 200-μl plastic tip [scratch wound length: 784 ± 107 μm

(mean ± SD, n = 36)]. Cell debris was removed using two PBS washes, and 2mL of DMEM

supplemented with 2% fetal bovine serum was added to each well, following the protocol pre-

viously described [42]. The wound open area was photographed and analyzed at 0 hours, 12

hours, 24 hours and 48 hours, and the data was reported as percentage wound healing with the

following equation: % wound healing = [100 − (wound area at Tnh/wound area at T0h)] × 100,

where T0h is the time point immediately after the scratch. The wound closure rate was also cal-

culated by averaging out the difference in the normalized area between the first four time

points and then normalized to the controls.

Western blot analysis

C2C12 cells were harvested in PBS after transfections, and whole-cell lysates were prepared by

re-suspending cell pellets in ice-cold RIPA buffer (Radio-Immunoprecipitation Assay, Sigma,
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USA) containing 1% PMSF (protease inhibitor), and incubating the suspension on ice for 30

mins. Supernatant lysates were collected following centrifugation (8.000 x g) for 10 mins at

4˚C. Supernatant lysates protein concentration was determined using a Bradford protein assay

kit according to the manufacturer’s instructions (Bradford3, Bio-Rad Laboratories, USA). Sub-

sequently, Lammeli buffer (Sigma, USA) was added to each sample and boiled at 100˚C for 10

mins. Proteins were subjected to SDS-PAGE in 10% polyacrylamide gels, according the pro-

tein molecular weight. After electrophoresis, proteins were electrotransferred to nitrocellulose

membranes (Bio-Rad, USA). The blotted membranes were blocked with 5% non-fat dry milk

in TBS buffer containing 0.5% Tween 20 (TBST) for 2 hours at room temperature, and then

incubated overnight at 4–8˚C with specific antibodies against Ogn (Santa Cruz Biotechnology,

USA; 1:1000 dilution), MYH2 (Santa Cruz Biotechnology, USA; 1:500 dilution), α-tubulin
(Santa Cruz Biotechnology, USA; 1:200 dilution), and GAPDH (ABR, Affinity BioReagents,

USA; 1:2500 dilution). Primary antibody binding was detected with peroxidase conjugated

secondary antibodies (rabbit or mouse, depending on the protein, for 2 hours at room temper-

ature), developed using enhanced chemiluminescence (Amersham Biosciences, USA), and

detected by autoradiography in ImageQuant™ LAS 4000 (GE Healthcare, USA). Quantification

analyses of blots were performed by ImageJ software. Targeted bands were normalized to

GAPDH or α-tubulin expressions.

Immunostaining

C2C12 myotubes cultured in 6-well plates were fixed in 4% paraformaldehyde for 15 mins,

washed with PBS and 0.1% TritonX-100 (Sigma, USA), and blocked with 3% BSA, 1% glycine,

8% fetal bovine serum in PBS and 0.1% TritonX-100 for 1 hour at room temperature. Subse-

quently, the cells were incubated with primary (Myh2 and Ogn) antibodies overnight at 4˚C

and, after washing, the cells were incubated with secondary antibodies for 1 hour at room tem-

perature and counter stained with DAPI. All images were acquired at room temperature from

scanning confocal microscope TCS SP5 (Leica Microsystems, UK). Myh2 pixels were counted

using TCS SP5 (software Leica Microsystems, UK). Total nuclei, myotubes nuclei, and the

myotubes area were measured using ImageJ software. The fusion index was determined as

(total myotube nuclei/total nuclei) x 100.

Statistical analysis

The normality test was performed using the software GraphPad Instat Demo. All experimental

data was normally distributed and expressed as the mean ± standard deviation (SD). Data was

analyzed using the Student’s t-test (using GraphPad Prism 6) to establish a significant value

between data points. The values of P<0.05 were considered statistically significant.

Results

Identification of osteoglycin (Ogn) as a novel transcriptional target of
miR-155

We identified Ogn transcript (NM_008760.4) as a potential target for the miR-155 target

site on its 3‘UTR through five different established miRNA prediction programs (miRanda

[43], TargetScan [44], RNAhybrid [45], miRWalk [44], and RNA22 [46]). Among the differ-

ent algorithms, the miRanda prediction presented a good miRSVR score (-0.5421), which is

a regression model that calculates the weighted sum of a number of sequences and the con-

text features of the predicted miRNA-mRNA duplex [47]. Interestingly, a minimum free

energy −23.6 kcal/mol was found in a miR-155 binding site in Ogn using the software
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RNAhybrid, which means that it has a stable structure and may be a potential target site for

miR-155 in Ogn mRNA. According to TargetScan, the matched region of the miRNA-

mRNA interaction is conserved in different species, such as human, chimpanzee, rat, dog,

cat, and horse (Fig 1A). Moreover, the miR-155 sequence is highly conserved in various spe-

cies based on the alignment of a combined set of all previously reported mature miRNAs

from miRBase database (S4 Fig). Together, this data suggests that Ogn is a putative regula-

tory target of miR-155.

To test whether miR-155 can regulate the Ogn expression through the binding to its 3’UTR,

a wild type and a mutated binding site of miR-155 on Ogn 3’UTR were cloned into a luciferase

reporter plasmid, generating the plasmids pmiRGlo-Ogn-3’UTR-wt and -Mut, respectively

(Fig 1B). The co-transfection of pmiRGlo-Ogn-wt with miR 155-mimic led to a reduction in

the luciferase activity in both the C2C12 and NIH/3T3 cell lines (Fig 1C). In contrast, miR-155

was not able to bind on to the mutated construct in these same cells.

miR-155 represses Ogn and alters the expression levels of myogenesis
molecular markers

Firstly, we detected that miR-155 expression levels are inversely associated with Ogn tran-

script and protein levels in C2C12 myoblasts (0 hours) and myotubes (24 hours and 120

hours, post differentiation) (Fig 2A and 2B). Next, we asked whether miR-155 mediates the

repression of Ogn expression with a functional consequence in skeletal muscle cells. To test

this, we transfected a synthetic miR-155 mimic into C2C12 myoblasts. The miR-155 overex-

pression repressed Ogn transcript levels and increased Myog mRNA expression levels with

no effect on Myod mRNA in myoblasts (Fig 2C). Moreover, miR-155 overexpression decr-

eased Ogn transcript and protein levels in myotubes (Fig 2D and 2E). The transcript and

protein levels of the myogenic differentiation marker Myh2 decreased in differentiating

myoblasts suggesting that miR-155 represses myoblast differentiation (Fig 2D and 2F).

Ogn alters the expression levels of myogenesis molecular markers

To test the functional relevance of Ogn in myogenesis, we knocked-down Ogn in C2C12

cells with a siRNA oligo. The Ogn knockdown was confirmed in both Ogn mRNA and pro-

tein levels in myoblast and myotubes (Fig 3A, 3B and 3C), although Ogn knockdown in

myoblasts had no effect on Myod and Myog mRNA expression levels. In myotubes, siR-

NA-Ogn repressed myoblast differentiation as indicated by the reduced transcript levels of

the myogenesis molecular markers Myog, Myod, and Myh2 (Fig 3B). These results indicate

that Ogn alters the expression levels of myogenesis molecular markers that contribute to the

differentiation of C2C12 cells.

miR-155 and Ogn decreases C2C12 myoblasts proliferation

To study the effects of miR-155 overexpression and Ogn-Knockdown on the C2C12 cells pro-

liferation, miR-155 mimic or siRNA-Ogn were transfected into C2C12 cells. The C2C12 cell

proliferation rate was measured using an MTT assay. The miR-155 overexpression in myoblast

significantly decreased the proliferation rate at 36 and 48 hours (Fig 4A), while Ogn knocked-

down in these cells induced a decreased proliferation rate at 12 and 24 hours. (Fig 4B). These

results show that C2C12 cell proliferation rate is reduced by miR-155 overexpression and Ogn

knockdown.
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Fig 1. Identification of osteoglycin (Ogn) as a novel transcriptional target of miR-155. (A) Conserved
seed-matched sequences in the Ogn 3´UTR are shown in red in the TargetScan. (B) The predicted binding
site of miR-155 on Ogn 3’UTR was cloned in pmiRGlo plasmid, generating pmiRGlo-Ogn-3’UTR-wt plasmid.
A plasmid containing the mutated binding site, shown as asterisks, was used as a control. (C) The respective
luciferase reporter plasmid was transfected alone (Ogn-wt, Ogn-Mut); co-transfected with miR155-mimic
(Ogn-wt + miR-155, Ogn-Mut + miR-155) in both C2C12 and NIH/3T3 cells. The data represents the average
of three independent experiments, and bars represent the standard deviation. The statistical significance was
analyzed using the Student’s t-tests. *P < 0.05.

https://doi.org/10.1371/journal.pone.0188464.g001
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Fig 2. miR-155 represses Ogn and alters the expression levels of myogenesis molecular markers. (A) mRNA levels of Ogn and
miR-155 in C2C12myoblasts (0 hours) and myotubes (24 hours and 120 hours, post differentiation). (B) Protein levels of Ogn and
mRNA levels of miR-155 in C2C12myoblasts (0 hours) and myotubes (24 hours and 120 hours, post differentiation). (C) mRNA levels
of Ogn, Myog, and Myod in myoblasts after miR155-mimic transfection. (D) mRNA levels of Ogn, Myog, Myod, and Myh2 in myotubes
after miR155-mimic transfection. Protein levels of Ogn (E) and Myh2 (F) normalized by Gapdh in myotubes transfected with
miR155-mimic. mRNA and miRNA RT-qPCR data is presented as fold change (2-ΔΔCt) relative to Rpl13a or U6, respectively. Data
represents the average of three independent experiments, and bars represent the standard deviation. The statistical significance was
analyzed using the Student’s t-tests. *P < 0.05. Ogn: osteoglycin; Rpl13a: ribosomal protein L13A; Myog: myogenin; Myod: myogenic
differentiation 1; Myh2: Myosin heavy chain II; Gapdh: glyceraldehydes-3-phosphate dehydrogenase.

https://doi.org/10.1371/journal.pone.0188464.g002
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miR-155 decreases C2C12 myoblasts wound closure rate

After transferring miR-155 mimic and siRNA-Ogn, the distance between edges of the injured

monolayer was measured at 0 hours, 12 hours, 24 hours and 48 hours after wounding (Fig

5A). C2C12 myoblasts exposed to miR-155 mimic showed a significant decrease in percentage

of wound closure as demonstrated by the reduced at 24 hours and 48 hours with respect to

controls (Fig 5B). This data was also confirmed by the wound closure rate per hour over the

first 24 hours in the C2C12 myoblasts overexpression miR-155 (Fig 5C). The Ogn knockdown

had no effect on C2C12 myoblasts wound closure (Fig 5B).

miR-155 mimic and siRNA-Ogn inhibits C2C12 myotubes formation

As a final step, the ability of miR-155 and Ogn to regulate myotube formation was investigated.

C2C12 cells transfected with miR-155 mimic and with siRNA-Ogn had a lower ability to form

myotubes compared to the controls (Figs 6 and 7). This analysis also revealed that both miR-

155 and siRNA-Ogn transfections induced a significant reduction in number, area, fusion

index, and Myh2 pixel count of multinucleated myotubes.

Fig 3. Ogn alters the expression levels of myogenesis molecular markers. (A) mRNA levels of Ogn, Myog, and Myod in myoblasts after
Ogn knockdown. (B) mRNA levels of Ogn, Myog, Myod and Myh2 in myotubes after Ogn knockdown. (C) Protein levels of Ogn in C2C12
myoblasts (0 hours) and myotubes (120 hours, post differentiation). (D) Representatives blots. mRNA RT-qPCR data are presented as fold
change (2-ΔΔCt) relative to Rpl13a. Western blot data was normalized by α-tubulin. Data represents the average of three independent
experiments, and bars represent the standard deviation. Statistical significance was analyzed by the Student’s t-tests. *P < 0.05. Ogn:
osteoglycin; Rpl13a: ribosomal protein L13A; Myog: myogenin; Myod: myogenic differentiation 1; Myh2: Myosin heavy chain II.

https://doi.org/10.1371/journal.pone.0188464.g003
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Discussion

The main finding from our study was the identification and validation of a novel pathway in

which miR-155 directly inhibits Ogn expression to regulate proliferation and differentiation of

C2C12 cells during in vitro myogenesis. Firstly, we identified Ogn transcript as a putative

miR-155 target on its 3‘UTR using five well-established miRNA-target prediction bioinformat-

ics algorithms. Next, we evaluated the expression profile of Ogn and miR-155 in C2C12 cells

during myogenesis (myoblasts and myotubes). Interestingly, Ogn protein levels inversely cor-

related with miR-155; decreased Ogn levels were concomitant with an increased miR-155

expression in myoblasts, and this pattern was inversely proportional in myotubes. This analysis

strongly suggested that miR-155 represses the expression of Ogn by directly targeting its

3‘UTR region, which was further confirmed using a luciferase reporter gene assay. We also

verified that miR-155 transfection in C2C12 cells induces a depletion in the Ogn mRNA and

Fig 4. miR-155 and Ogn decreases C2C12 cell proliferation.Cellular proliferation rate analyzed by MTT
assay after the transfection of C2C12myoblasts with miR155-mimic (A) and siRNA-Ogn (B). Cellular
proliferation rate was calculated considering the absorbance variation per hour between 12 hours, 24 hours,
36 hours, and 48 hours related to the initial absorbance (time 0 hours). The data represents the average of
three independent experiments, and the bars represent the standard deviation. Statistical significance was
analyzed by the Student’s t-tests. *P < 0.05.

https://doi.org/10.1371/journal.pone.0188464.g004
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protein levels. To the best of our knowledge, there are no studies that have validated this miR-

155/Ogn interaction, and this miR-155-induced Ogn depletion reduced the myoblast

Fig 5. miR-155 decreases C2C12 cells wound closure.Cellular wound closure analyzed after the transfection of C2C12myoblasts with
miR155-mimic and siRNA-Ogn after 0 hours, 12 hours, 24 hours, and 48 hours post-wound (A and B). Wound closure was quantified by measuring the
remaining unmigrated area and is expressed as a relative percentage (%).(C) Data was also expressed as wound closure rate per hour over the first 24
hours. The data represents the average of three independent experiments, and the bars represent the standard deviation. The statistical significance
was analyzed using the Student’s t-tests. *P < 0.05.

https://doi.org/10.1371/journal.pone.0188464.g005
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Fig 6. miR-155 inhibits C2C12myotube formation. (A) Immunofluorescence of C2C12myotubes transfected with miR
155-mimic stained with antibodies that recognize myosin heavy chain Myh2 (red) and osteoglycin Ogn (green). DAPI-
stained nuclei. (B) Number of total nuclei. (C) Number of total myotube nuclei (three or more nuclei) (D) Quantitative
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proliferation and differentiation. These effects were confirmed by knocking-down the Ogn

expression which mimicked the effects of the miR-155 overexpression.

To examine whether miR-155 participates in the early processes of myogenesis, we trans-

fected a mimetic miR-155 oligonucleotide into C2C12 myoblasts, which decreased myoblast

proliferation after 36 and 48 hours of miR-155 transfection. Consistent with these results, we

also found an increased myogenin gene expression in C2C12 myoblasts transfected with miR-

155. Myogenin is a myogenic factor which increases its expression in the later stages of myo-

genesis [3,48], suggesting that miR-155 transfected myoblast cease proliferation prematurely

to advance to the next steps of the myogenesis. This is different to Seok et al., 2009 [22], who

showed that C2C12 myoblasts overexpressing miR-155 does not alter myogenin expression;

however, these authors did not assess the proliferation rate of C2C12 myoblasts overexpressing

miR-155. Moreover, genetic deletion of miR-155 also does not appear to directly regulate the

proliferation or differentiation of miR-155-KO myoblasts, as supported by the expression of

myogenic factors [20]. What could account for the disparities in the role of miR-155 in skeletal

muscle cells proliferation? Firstly, these discrepancies may be associated with different gain-

and loss-of-function experiments in myoblasts, which induce distinct phenotypes in these

cells. Another possible explanation is the effect of the different experimental conditions under

which miR-155 was transfected to myoblast, or how myogenin expression was assessed.

Interestingly, our results showing that miR-155 transfected myoblast reduces proliferation

are supported further by an Ogn-siRNA induced Ogn gene silencing, which clearly reduced

myoblast proliferation after 12–24 hours. This data is consistent with Hamajima, et al. 2003

[49], who showed that the increased expression of Ogn is associated with other effectors or

extracellular matrix molecules that have important effects in proliferation and differentiation

of MC3T3-E1 cells. This is different to Cui X et al. 2008 [50] who showed that Ogn did not

influence the proliferative ability of mouse hepatoma Hca-F cells.

We also investigated whether myoblasts transfected with miR-155 have alterations in

wound closure rate as an undirected measure of cellular migration and/or proliferation. These

analyses revealed that miR-155 transfected myoblasts decrease wound closure after 24 hours

and 48 hours compared to the respective control groups. Interestingly, miR-155 has been caus-

ally linked to cellular migration and proliferation in different cellular models. Previous in vitro

analyses showed that miR-155 inhibited cell migration of human cardiomyocyte progenitor

cells via targeting of MMP-16 [51] and, in pancreatic cancer cell, miR-155 plays an important

role in the regulation of cell migration by modulating the STAT3 signaling pathway [52].

Importantly, the Ogn-siRNA induced gene silencing did not mimic the effects of the miR-155

overexpression in myoblast wound closure rate. Thus, it is important to consider the global

impact of the miR-155-mediated regulation by targeting different mRNAs, which challenge

the conceptualization of how cellular changes emerge from the effects of the miR-155 at the

transcript level in skeletal muscle cells.

Lastly, to test whether miR-155/Ogn is involved in regulating the myoblast differentiation

to myotubes, we evaluated the myogenesis molecular markers in myotubes transfected with

miR-155 or silencing Ogn by siRNA. Our results showed a decrease in Myh2 transcript and

protein expression levels after miR-155 mimic transfection, and the Ogn knockdown triggered

a decrease in gene expression of Myog, Myod and Myh2, suggesting that Ogn is an important

analyses of myotube cell size in miR-155 overexpressed C2C12, by measuring the fiber area using ImageJ. (E) Myotube
development is shown as fusion index (%) = (number of nuclei in myotubes)/(total number of nuclei in myoblasts and
myotubes) x 100. (F) Myosin pixel count. (G) Distribution of myotube size. The data represents the mean ± standard
deviation from at least three independent experiments. The statistical significance was analyzed using the Student’s t-
test.

https://doi.org/10.1371/journal.pone.0188464.g006
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Fig 7. siRNA-Ogn inhibits C2C12myotubes formation. (A) Immunofluorescence of C2C12myotubes transfected
with siRNA-Ogn stained with antibodies that recognize myosin heavy chain Myh2 (red) and osteoglycin Ogn (green).
DAPI-stained nuclei. (B) Number of total nuclei. (C) Number of total myotube nuclei (three or more nuclei) (D)
Quantitative analyses of myotube cell size in Ogn knockdown C2C12, by measuring the fiber area using ImageJ. (E)
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factor for skeletal muscle development. These results are coherent with those presented by

Chan et al. 2011 [34] which found that Ogn knockdown inhibited myoblast differentiation,

demonstrated by lower Muscle Creatine Kinase transcriptional activity. Our results expand

these findings by showing an alteration in important myogenesis molecular markers such as

Myod, Myog, and Myh2. These results are also supported by morphometric data demonstrat-

ing that miR-155 overexpression reduces myotube formation and size. Our results are similar

to those obtained by Seok et al. 2011 [22] which demonstrated an inhibition of myoblast differ-

entiation after miR-155 overexpression decrease the size and number of myotubes.

Conclusion

In conclusion, we show that miR-155 directly targeted Ogn mRNA at the translational level to

regulate proliferation and differentiation of C2C12 muscle cells during in vitro myogenesis.

Supporting information

S1 Fig. Geoprofile dataset.

(PDF)

S2 Fig. Experimental design and lipofectamine treatment.

(PDF)

S3 Fig. Oligonucleotides segment containing the miR-155 binding site on Ogn 3’UTR pre-

dicted by TargetScan algorithm.

(PDF)

S4 Fig. miR-155 alignment sequence in different species.

(PDF)

S1 Table. Genes and primer sequences used in RT-qPCR.

(PDF)

S2 Table. Reference genes used in RT-qPCR.

(PDF)

Acknowledgments

We would like to thank Dr. William Fernando Zambuzzi (IBB/UNESP) for providing the

fibroblasts NIH3T3, and a special acknowledgment for all the contributions of Shelly Favorito

de Carvalho (Electron Microscopy Center–IBB/UNESP) for helping us with the immunofluo-

rescence analysis.

Author Contributions

Conceptualization: Paula Paccielli Freire, Sarah Santiloni Cury, Geysson Javier Fernandez,

Juarez Henrique Ferreira, Maeli Dal-Pai-Silva, Robson Francisco Carvalho.

Data curation: Paula Paccielli Freire, Sarah Santiloni Cury, Grasieli de Oliveira, Robson Fran-

cisco Carvalho.

Myotube development is shown as fusion index (%) = (number of nuclei in myotubes) / (total number of nuclei in
myoblasts and myotubes) x 100. (F) Myosin pixel count. (G) Distribution of myotube size. The data represents the
mean ± standard deviation from at least three independent experiments. The statistical significance was analyzed using
the Student’s t-test.

https://doi.org/10.1371/journal.pone.0188464.g007

miR-155/osteoglycin inhibits myogenesis

PLOSONE | https://doi.org/10.1371/journal.pone.0188464 November 21, 2017 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188464.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188464.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188464.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188464.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188464.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188464.s006
https://doi.org/10.1371/journal.pone.0188464.g007
https://doi.org/10.1371/journal.pone.0188464


Formal analysis: Paula Paccielli Freire, Sarah Santiloni Cury, Geysson Javier Fernandez, Leo-

nardo Nazario Moraes, Bruno Oliveira da Silva Duran, César Seigi Fuziwara, Edna Teruko

Kimura, Robson Francisco Carvalho.

Funding acquisition:Maeli Dal-Pai-Silva, Robson Francisco Carvalho.

Investigation: Paula Paccielli Freire, Sarah Santiloni Cury, Robson Francisco Carvalho.

Methodology: Paula Paccielli Freire, Sarah Santiloni Cury, Grasieli de Oliveira, Bruno Oliveira

da Silva Duran, César Seigi Fuziwara, Edna Teruko Kimura, Robson Francisco Carvalho.

Project administration:Maeli Dal-Pai-Silva, Robson Francisco Carvalho.

Resources: Edna Teruko Kimura, Maeli Dal-Pai-Silva, Robson Francisco Carvalho.

Software:Maeli Dal-Pai-Silva, Robson Francisco Carvalho.

Supervision: Robson Francisco Carvalho.

Validation: Paula Paccielli Freire, Sarah Santiloni Cury, César Seigi Fuziwara, Edna Teruko

Kimura, Robson Francisco Carvalho.

Visualization: Paula Paccielli Freire, Sarah Santiloni Cury, Robson Francisco Carvalho.

Writing – original draft: Paula Paccielli Freire, Robson Francisco Carvalho.

Writing – review & editing: Paula Paccielli Freire, Sarah Santiloni Cury, Grasieli de Oliveira,

Geysson Javier Fernandez, Leonardo Nazario Moraes, Bruno Oliveira da Silva Duran, Jua-

rez Henrique Ferreira, César Seigi Fuziwara, Edna Teruko Kimura, Maeli Dal-Pai-Silva,

Robson Francisco Carvalho.

References
1. Sabourin LA, Rudnicki MA. The molecular regulation of myogenesis. Clin Genet. 2000 Jan; 57(1):16–

25. PMID: 10733231

2. BuckinghamM. Myogenic progenitor cells and skeletal myogenesis in vertebrates. Curr Opin Genet
Dev. 2006 Oct; 16(5):525–32. https://doi.org/10.1016/j.gde.2006.08.008 PMID: 16930987

3. Bentzinger CF, Wang YX, Rudnicki MA. Building muscle: molecular regulation of myogenesis. Cold
Spring Harb Perspect Biol [Internet]. 2012 Feb [cited 2014 Mar 20]; 4(2).

4. Ge Y, Chen J. MicroRNAs in skeletal myogenesis. Cell Cycle. 2011 Feb 1; 10(3):441–8. https://doi.org/
10.4161/cc.10.3.14710 PMID: 21270519

5. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell [Internet]. 2004 Jan 23
[cited 2011 Jul 5]; 116(2):281–97. PMID: 14744438

6. Carrington J, Ambros V. Role of microRNAs in plant and animal development. Sci (New York, NY).
2003; 301(5631):336–8.

7. Eisenberg I, Eran A, Nishino I, Moggio M, Lamperti C, Amato A a, et al. Distinctive patterns of microRNA
expression in primary muscular disorders. Proc Natl Acad Sci U S A [Internet]. 2007 Oct; 104
(43):17016–21. https://doi.org/10.1073/pnas.0708115104 PMID: 17942673

8. McCarthy JJ, Esser K a, Andrade FH. MicroRNA-206 is overexpressed in the diaphragm but not the hin-
dlimb muscle of mdx mouse. Am J Physiol Cell Physiol [Internet]. 2007 Jul [cited 2011 Jul 30]; 293(1):
C451–7. https://doi.org/10.1152/ajpcell.00077.2007 PMID: 17459947

9. McCarthy JJ, Esser K a, Peterson C a, Dupont-Versteegden EE. Evidence of MyomiR network regula-
tion of beta-myosin heavy chain gene expression during skeletal muscle atrophy. Physiol Genomics
[Internet]. 2009 Nov [cited 2011 Mar 4]; 39(3):219–26. https://doi.org/10.1152/physiolgenomics.00042.
2009 PMID: 19690046

10. McCarthy JJ, Esser K a. MicroRNA-1 and microRNA-133a expression are decreased during skeletal
muscle hypertrophy. J Appl Physiol [Internet]. 2007 Jan [cited 2013 Mar 11]; 102(1):306–13. https://doi.
org/10.1152/japplphysiol.00932.2006 PMID: 17008435

miR-155/osteoglycin inhibits myogenesis

PLOSONE | https://doi.org/10.1371/journal.pone.0188464 November 21, 2017 16 / 19

http://www.ncbi.nlm.nih.gov/pubmed/10733231
https://doi.org/10.1016/j.gde.2006.08.008
http://www.ncbi.nlm.nih.gov/pubmed/16930987
https://doi.org/10.4161/cc.10.3.14710
https://doi.org/10.4161/cc.10.3.14710
http://www.ncbi.nlm.nih.gov/pubmed/21270519
http://www.ncbi.nlm.nih.gov/pubmed/14744438
https://doi.org/10.1073/pnas.0708115104
http://www.ncbi.nlm.nih.gov/pubmed/17942673
https://doi.org/10.1152/ajpcell.00077.2007
http://www.ncbi.nlm.nih.gov/pubmed/17459947
https://doi.org/10.1152/physiolgenomics.00042.2009
https://doi.org/10.1152/physiolgenomics.00042.2009
http://www.ncbi.nlm.nih.gov/pubmed/19690046
https://doi.org/10.1152/japplphysiol.00932.2006
https://doi.org/10.1152/japplphysiol.00932.2006
http://www.ncbi.nlm.nih.gov/pubmed/17008435
https://doi.org/10.1371/journal.pone.0188464


11. Chen J-F, Mandel EM, Thomson JM,Wu Q, Callis TE, Hammond SM, et al. The role of microRNA-1
and microRNA-133 in skeletal muscle proliferation and differentiation. Nat Genet. 2006 Feb; 38(2):228–
33. https://doi.org/10.1038/ng1725 PMID: 16380711

12. van Rooij E, Quiat D, Johnson B a, Sutherland LB, Qi X, Richardson J a, et al. A family of microRNAs
encoded by myosin genes governs myosin expression and muscle performance. Dev Cell [Internet].
Elsevier Ltd; 2009 Nov; 17(5):662–73. https://doi.org/10.1016/j.devcel.2009.10.013 PMID: 19922871

13. Chen J-F, Tao Y, Li J, Deng Z, Yan Z, Xiao X, et al. microRNA-1 and microRNA-206 regulate skeletal
muscle satellite cell proliferation and differentiation by repressing Pax7. J Cell Biol [Internet]. 2010 Sep
6 [cited 2011 Jul 28]; 190(5):867–79. https://doi.org/10.1083/jcb.200911036 PMID: 20819939

14. Hitachi K, Nakatani M, Tsuchida K. Myostatin signaling regulates Akt activity via the regulation of miR-
486 expression. Int J BiochemCell Biol [Internet]. 2014 Feb; 47:93–103. https://doi.org/10.1016/j.
biocel.2013.12.003 PMID: 24342526

15. Shen H, Liu T, Fu L, Zhao S, Fan B, Cao J, et al. Identification of microRNAs involved in dexametha-
sone-induced muscle atrophy. Mol Cell Biochem. 2013; 381(1–2):105–13. https://doi.org/10.1007/
s11010-013-1692-9 PMID: 23716137

16. Agarwal P, Srivastava R, Srivastava AK, Ali S, Datta M. miR-135a targets IRS2 and regulates insulin
signaling and glucose uptake in the diabetic gastrocnemius skeletal muscle. Biochim Biophys Acta
[Internet]. Elsevier B.V.; 2013 Aug [cited 2014 Jan 9]; 1832(8):1294–303. https://doi.org/10.1016/j.
bbadis.2013.03.021 PMID: 23579070

17. Soares RJ, Cagnin S, Chemello F, Silvestrin M, Musaro A, De Pitta C, et al. Involvement of microRNAs
in the regulation of muscle wasting during catabolic conditions. J Biol Chem. 2014 Aug; 289(32):21909–
25. https://doi.org/10.1074/jbc.M114.561845 PMID: 24891504

18. Wang L, Zhou L, Jiang P, Lu L, Chen X, Lan H, et al. Loss of miR-29 in Myoblasts Contributes to Dystro-
phic Muscle Pathogenesis. Mol Ther. Nature Publishing Group; 2012; 20(6):1222–33. https://doi.org/
10.1038/mt.2012.35 PMID: 22434133

19. Antoniou A, Mastroyiannopoulos NP, Uney JB, Phylactou LA. miR-186 inhibits muscle cell differentia-
tion through myogenin regulation. J Biol Chem. 2014 Feb 14; 289(7):3923–35. https://doi.org/10.1074/
jbc.M113.507343 PMID: 24385428

20. Nie M, Liu J, Yang Q, Seok HY, Hu X, Deng Z-L, et al. MicroRNA-155 facilitates skeletal muscle regen-
eration by balancing pro- and anti-inflammatory macrophages. Cell Death Dis. 2016; 7(6):e2261.
https://doi.org/10.1038/cddis.2016.165 PMID: 27277683

21. Faraoni I, Antonetti FR, Cardone J, Bonmassar E. miR-155 gene: a typical multifunctional microRNA.
Biochim Biophys Acta. Elsevier B.V.; 2009 Jun; 1792(6):497–505. https://doi.org/10.1016/j.bbadis.
2009.02.013 PMID: 19268705

22. Seok HY, Tatsuguchi M, Callis TE, He A, PuWT,Wang D-Z. miR-155 inhibits expression of the MEF2A
protein to repress skeletal muscle differentiation. J Biol Chem. 2011 Oct 14; 286(41):35339–46. https://
doi.org/10.1074/jbc.M111.273276 PMID: 21868385

23. Doench JG, Sharp PA. Specificity of microRNA target selection in translational repression. Genes Dev
[Internet]. 2004 Mar 1 [cited 2011 Jul 19]; 18(5):504–11. https://doi.org/10.1101/gad.1184404 PMID:
15014042

24. Pasquinelli AE. MicroRNAs and their targets: recognition, regulation and an emerging reciprocal rela-
tionship. Nat Rev Genet. Nature Publishing Group; 2012 Apr; 13(4):271–82. https://doi.org/10.1038/
nrg3162 PMID: 22411466

25. Meyer SU, Sass S, Mueller NS, Krebs S, Bauersachs S, Kaiser S, et al. Integrative Analysis of Micro-
RNA and mRNAData Reveals an Orchestrated Function of MicroRNAs in Skeletal Myocyte Differentia-
tion in Response to TNF-α or IGF1. PLoSOne. 2015 Jan; 10(8):e0135284. https://doi.org/10.1371/
journal.pone.0135284 PMID: 26270642

26. Hu S-M, Li F, Yu H-M, Li R-Y, Ma Q-Y, Ye T-J, et al. The mimecan gene expressed in human pituitary
and regulated by pituitary transcription factor-1 as a marker for diagnosing pituitary tumors. J Clin Endo-
crinol Metab. 2005 Dec; 90(12):6657–64. https://doi.org/10.1210/jc.2005-0322 PMID: 16189248

27. Funderburgh JL, Corpuz LM, Roth MR, Funderburgh ML, Tasheva ES, Conrad GW. Mimecan, the 25-
kDa corneal keratan sulfate proteoglycan, is a product of the gene producing osteoglycin. J Biol Chem.
1997 Oct 31; 272(44):28089–95. PMID: 9346963

28. Tasheva ES, Pettenati M, Von Kap-Her C, Conrad GW. Assignment of mimecan gene (OGN) to human
chromosome band 9q22 by in situ hybridization. Cytogenet Cell Genet. 2000 Jan; 88(3–4):326–7.
https://doi.org/10.1159/000015521 PMID: 10828622

29. Tasheva ES, Koester A, Paulsen AQ, Garrett AS, Boyle DL, Davidson HJ, et al. Mimecan/osteoglycin-
deficient mice have collagen fibril abnormalities. Mol Vis. 2002 Oct; 8(October):407–15.

miR-155/osteoglycin inhibits myogenesis

PLOSONE | https://doi.org/10.1371/journal.pone.0188464 November 21, 2017 17 / 19

https://doi.org/10.1038/ng1725
http://www.ncbi.nlm.nih.gov/pubmed/16380711
https://doi.org/10.1016/j.devcel.2009.10.013
http://www.ncbi.nlm.nih.gov/pubmed/19922871
https://doi.org/10.1083/jcb.200911036
http://www.ncbi.nlm.nih.gov/pubmed/20819939
https://doi.org/10.1016/j.biocel.2013.12.003
https://doi.org/10.1016/j.biocel.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24342526
https://doi.org/10.1007/s11010-013-1692-9
https://doi.org/10.1007/s11010-013-1692-9
http://www.ncbi.nlm.nih.gov/pubmed/23716137
https://doi.org/10.1016/j.bbadis.2013.03.021
https://doi.org/10.1016/j.bbadis.2013.03.021
http://www.ncbi.nlm.nih.gov/pubmed/23579070
https://doi.org/10.1074/jbc.M114.561845
http://www.ncbi.nlm.nih.gov/pubmed/24891504
https://doi.org/10.1038/mt.2012.35
https://doi.org/10.1038/mt.2012.35
http://www.ncbi.nlm.nih.gov/pubmed/22434133
https://doi.org/10.1074/jbc.M113.507343
https://doi.org/10.1074/jbc.M113.507343
http://www.ncbi.nlm.nih.gov/pubmed/24385428
https://doi.org/10.1038/cddis.2016.165
http://www.ncbi.nlm.nih.gov/pubmed/27277683
https://doi.org/10.1016/j.bbadis.2009.02.013
https://doi.org/10.1016/j.bbadis.2009.02.013
http://www.ncbi.nlm.nih.gov/pubmed/19268705
https://doi.org/10.1074/jbc.M111.273276
https://doi.org/10.1074/jbc.M111.273276
http://www.ncbi.nlm.nih.gov/pubmed/21868385
https://doi.org/10.1101/gad.1184404
http://www.ncbi.nlm.nih.gov/pubmed/15014042
https://doi.org/10.1038/nrg3162
https://doi.org/10.1038/nrg3162
http://www.ncbi.nlm.nih.gov/pubmed/22411466
https://doi.org/10.1371/journal.pone.0135284
https://doi.org/10.1371/journal.pone.0135284
http://www.ncbi.nlm.nih.gov/pubmed/26270642
https://doi.org/10.1210/jc.2005-0322
http://www.ncbi.nlm.nih.gov/pubmed/16189248
http://www.ncbi.nlm.nih.gov/pubmed/9346963
https://doi.org/10.1159/000015521
http://www.ncbi.nlm.nih.gov/pubmed/10828622
https://doi.org/10.1371/journal.pone.0188464


30. Madisen L, Neubauer M, PlowmanG, Rosen D, Segarini P, Dasch J, et al. Molecular cloning of a novel
bone-forming compound: osteoinductive factor. DNA Cell Biol. 1990 Jun; 9(5):303–9. https://doi.org/10.
1089/dna.1990.9.303 PMID: 2372374

31. Tanaka K, Matsumoto E, Higashimaki Y, Katagiri T, Sugimoto T, Seino S, et al. Role of osteoglycin in
the linkage between muscle and bone. J Biol Chem. 2012 Apr 6; 287(15):11616–28. https://doi.org/10.
1074/jbc.M111.292193 PMID: 22351757

32. Van Aelst LNL, Voss S, Carai P, Van Leeuwen R, Vanhoutte D, Sanders-vanWijk S, et al. Osteoglycin
prevents cardiac dilatation and dysfunction after myocardial infarction through infarct collagen strength-
ening. Circ Res. 2015 Jan; 116(3):425–36. https://doi.org/10.1161/CIRCRESAHA.116.304599 PMID:
25520363

33. Jazbutyte V, Fiedler J, Kneitz S, Galuppo P, Just A, Holzmann A, et al. MicroRNA-22 increases senes-
cence and activates cardiac fibroblasts in the aging heart. Age (Dordr) [Internet]. 2013 Jun [cited 2016
Jan 20]; 35(3):747–62.

34. Chan CYX, Masui O, Krakovska O, Belozerov VE, Voisin S, Ghanny S, et al. Identification of differen-
tially regulated secretome components during skeletal myogenesis. Mol Cell Proteomics. 2011 May; 10
(5):1–20.

35. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, et al. Accurate normaliza-
tion of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes.
Genome Biol [Internet]. 2002 Jun 18 [cited 2011 Jul 10]; 3(7):RESEARCH0034. PMID: 12184808

36. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001 Dec; 25(4):402–8. https://doi.org/10.1006/meth.
2001.1262 PMID: 11846609

37. Bizzarro V, Belvedere R, Dal Piaz F, Parente L, Petrella A. Annexin A1 Induces Skeletal Muscle Cell
Migration Acting through Formyl Peptide Receptors. Hotchin NA, editor. PLoS One [Internet]. 2012 Oct
29; 7(10):e48246. https://doi.org/10.1371/journal.pone.0048246 PMID: 23144744

38. Bizzarro V, Fontanella B, Franceschelli S, Pirozzi M, Christian H, Parente L, et al. Role of Annexin A1 in
mousemyoblast cell differentiation. J Cell Physiol [Internet]. 2010 Sep; 224(3):757–65. https://doi.org/
10.1002/jcp.22178 PMID: 20578244

39. Dimchev GA, Al-Shanti N, Stewart CE. Phospho-tyrosine phosphatase inhibitor Bpv(Hopic) enhances
C2C12myoblast migration in vitro. Requirement of PI3K/AKT and MAPK/ERK pathways. J Muscle Res
Cell Motil [Internet]. 2013 May; 34(2):125–36. https://doi.org/10.1007/s10974-013-9340-2 PMID:
23553034

40. Owens DJ, Sharples AP, Polydorou I, Alwan N, Donovan T, Tang J, et al. A systems-based investiga-
tion into vitamin D and skeletal muscle repair, regeneration, and hypertrophy. Am J Physiol Endocrinol
Metab [Internet]. 2015 Dec 15; 309(12):E1019–31. https://doi.org/10.1152/ajpendo.00375.2015 PMID:
26506852

41. Grzelkowska-Kowalczyk K, Wicik Z, Majewska A, Tokarska J, Grabiec K, Kozłowski M, et al. Transcrip-
tional regulation of important cellular processes in skeletal myogenesis through interferon-γ. J Interferon
Cytokine Res. 2015 Feb; 35(2):89–99. https://doi.org/10.1089/jir.2014.0018 PMID: 25237846

42. Harfouche R, Hussain SNA. Signaling and regulation of endothelial cell survival by angiopoietin-2. Am J
Physiol Heart Circ Physiol [Internet]. 2006 Oct; 291(4):H1635–45. https://doi.org/10.1152/ajpheart.
01318.2005 PMID: 16714355

43. Betel D, Wilson M, Gabow A, Marks DS, Sander C. The microRNA.org resource: targets and expres-
sion. Nucleic Acids Res. 2008 Jan;36.

44. Agarwal V, Bell GW, Nam J-W, Bartel DP. Predicting effective microRNA target sites in mammalian
mRNAs. Elife [Internet]. 2015 Aug 12;4.

45. Rehmsmeier M, Steffen P, Hochsmann M, Giegerich R. Fast and effective prediction of microRNA/tar-
get duplexes. RNA [Internet]. 2004 Oct; 10(10):1507–17. https://doi.org/10.1261/rna.5248604 PMID:
15383676

46. Miranda KC, Huynh T, Tay Y, Ang Y-S, TamW-L, Thomson AM, et al. A pattern-basedmethod for the
identification of MicroRNA binding sites and their corresponding heteroduplexes. Cell [Internet]. 2006
Sep 22; 126(6):1203–17. https://doi.org/10.1016/j.cell.2006.07.031 PMID: 16990141

47. Betel D, Koppal A, Agius P, Sander C, Leslie C. Comprehensive modeling of microRNA targets predicts
functional non-conserved and non-canonical sites. Genome Biol [Internet]. 2010; 11(8):R90. https://doi.
org/10.1186/gb-2010-11-8-r90 PMID: 20799968

48. Venuti JM, Morris JH, Vivian JL, Olson EN, KleinWH. Myogenin is required for late but not early aspects
of myogenesis during mouse development. J Cell Biol. 1995 Feb; 128(4):563–76. PMID: 7532173

miR-155/osteoglycin inhibits myogenesis

PLOSONE | https://doi.org/10.1371/journal.pone.0188464 November 21, 2017 18 / 19

https://doi.org/10.1089/dna.1990.9.303
https://doi.org/10.1089/dna.1990.9.303
http://www.ncbi.nlm.nih.gov/pubmed/2372374
https://doi.org/10.1074/jbc.M111.292193
https://doi.org/10.1074/jbc.M111.292193
http://www.ncbi.nlm.nih.gov/pubmed/22351757
https://doi.org/10.1161/CIRCRESAHA.116.304599
http://www.ncbi.nlm.nih.gov/pubmed/25520363
http://www.ncbi.nlm.nih.gov/pubmed/12184808
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1371/journal.pone.0048246
http://www.ncbi.nlm.nih.gov/pubmed/23144744
https://doi.org/10.1002/jcp.22178
https://doi.org/10.1002/jcp.22178
http://www.ncbi.nlm.nih.gov/pubmed/20578244
https://doi.org/10.1007/s10974-013-9340-2
http://www.ncbi.nlm.nih.gov/pubmed/23553034
https://doi.org/10.1152/ajpendo.00375.2015
http://www.ncbi.nlm.nih.gov/pubmed/26506852
https://doi.org/10.1089/jir.2014.0018
http://www.ncbi.nlm.nih.gov/pubmed/25237846
https://doi.org/10.1152/ajpheart.01318.2005
https://doi.org/10.1152/ajpheart.01318.2005
http://www.ncbi.nlm.nih.gov/pubmed/16714355
http://microRNA.org
https://doi.org/10.1261/rna.5248604
http://www.ncbi.nlm.nih.gov/pubmed/15383676
https://doi.org/10.1016/j.cell.2006.07.031
http://www.ncbi.nlm.nih.gov/pubmed/16990141
https://doi.org/10.1186/gb-2010-11-8-r90
https://doi.org/10.1186/gb-2010-11-8-r90
http://www.ncbi.nlm.nih.gov/pubmed/20799968
http://www.ncbi.nlm.nih.gov/pubmed/7532173
https://doi.org/10.1371/journal.pone.0188464


49. Hamajima S, Hiratsuka K, Kiyama-KishikawaM, Tagawa T, Kawahara M, Ohta M, et al. Effect of low-
level laser irradiation on osteoglycin gene expression in osteoblasts. Lasers Med Sci [Internet]. 2003;
18(2):78–82. https://doi.org/10.1007/s10103-003-0255-9 PMID: 12928816

50. Cui X, Song B, Hou L, Wei Z, Tang J. High expression of osteoglycin decreases the metastatic capabil-
ity of mouse hepatocarcinoma Hca-F cells to lymph nodes. Acta Biochim Biophys Sin (Shanghai) [Inter-
net]. 2008 Apr; 40(4):349–55.

51. Liu J, van Mil A, Aguor ENE, Siddiqi S, Vrijsen K, Jaksani S, et al. MiR-155 inhibits cell migration of
human cardiomyocyte progenitor cells (hCMPCs) via targeting of MMP-16. J Cell Mol Med [Internet].
2012 Oct; 16(10):2379–86. https://doi.org/10.1111/j.1582-4934.2012.01551.x PMID: 22348515

52. Huang C, Li H, WuW, Jiang T, Qiu Z. Regulation of miR-155 affects pancreatic cancer cell invasiveness
and migration by modulating the STAT3 signaling pathway through SOCS1. Oncol Rep [Internet]. 2013
Sep; 30(3):1223–30. https://doi.org/10.3892/or.2013.2576 PMID: 23817566

miR-155/osteoglycin inhibits myogenesis

PLOSONE | https://doi.org/10.1371/journal.pone.0188464 November 21, 2017 19 / 19

https://doi.org/10.1007/s10103-003-0255-9
http://www.ncbi.nlm.nih.gov/pubmed/12928816
https://doi.org/10.1111/j.1582-4934.2012.01551.x
http://www.ncbi.nlm.nih.gov/pubmed/22348515
https://doi.org/10.3892/or.2013.2576
http://www.ncbi.nlm.nih.gov/pubmed/23817566
https://doi.org/10.1371/journal.pone.0188464

