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ABSTRACT
Osteomyelitis is a debilitating infectious disease of the bone which is predominantly caused by Staphylococcus aureus (S. aureus). MicroRNAs
(miRNAs) have been shown to play a regulatory role in osteogenesis. In the present study, the expression levels of miRNAs proposed to
potentially play a regulatory role in bone formation or differentiation (miR-24, miR-29b, miR-200a, miR-208, miR-322) were analyzed in the
whole blood of patients with bacterial osteomyelitis or healthy controls, and in MC3T3-E1 cells infected with S. aureus by qRT-PCR. The
expression of miR-24 was significantly down-regulated in osteomyelitis patients and S. aureus-infected MC3T3-E1 cells compared with the
healthy controls or untreated control cells. Moreover, our results showed that S. aureus inhibited MC3T3-E1 cell proliferation, induced
osteoblast apoptosis and prohibited bone formation and mineralization. We found that overexpression of miR-24 could reduce the effects of
S. aureus, while inhibition of miR-24 intensified the effects. We also demonstrated that miR-24 suppressed the expression of chitinase 3-like 1
(CHI3L1) mRNA, thought tomediatemultiple signaling pathways, by directly binding to the 30-untranslated region. J. Cell. Biochem. 116: 2804–
2813, 2015. © 2015 Wiley Periodicals, Inc.
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Osteomyelitis is an acute or chronic infection of the bone or
bone marrow. Invasion of pathogenic bacteria into the

usually sterile bone can lead to progressive bone destruction, severe
inflammation and bone neoformation. In patients, osteomyelitis
may lead to significant morbidity and mortality. There are several
types of osteomyelitis based on the source of infection: a contiguous
focus of infection (i.e., after trauma, surgery, or insertion of a joint
prosthesis), vascular insufficiency (e.g., diabetic foot infections),
hematogenous spread, or direct inoculation. Staphylococcus aureus,
a member of the normal flora found on the skin and mucous
membranes, is the causative agent inmany cases of infection leading
to osteomyelitis [Zuluaga et al., 2006]. In one study, S. aureus was
reported in 38–67% of culture-positive cases of osteomyelitis
[Wright and Nair, 2010].

MicroRNAs (miRNAs) are small endogenous non-coding RNAs
(18–25 nucleotides in length) that negatively regulate gene
expression through incomplete base-pairing to the 30 untranslated
region (30-UTR) of target mRNAs [Ambros, 2004; Bartel, 2004, 2009;
Rana, 2007]. More recently, it has been demonstrated that miRNAs
can regulate target mRNAs by binding to the amino acid coding
sequence [Forman et al., 2008; Tay et al., 2008; Ko et al., 2009].
Evidence suggests that miRNAs play a role in the regulation of
diverse biological and pathological processes, such as developmental
timing, organogenesis, apoptosis, cell proliferation, and differ-
entiation [Filipowicz et al., 2008; Stefani and Slack, 2008]. Several
miRNAs (miR-26a, miR-125b, miR-133, and miR-135) have been
shown to play a role in osteogenesis by regulating osteoblast cell
growth or differentiation in human or mouse cell lines
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[Luzi et’al., 2008; Mizuno et al., 2008]. More recent studies have
implicated a range of other miRNAs in mesenchymal stem cell
differentiation toward osteoblasts (miR-24, miR-29b, miR-200a,
miR-208, and miR-322) and some of these studies have started to
elucidate the regulatory networks involved [Itoh et al., 2009, 2010;
Eguchi et al., 2013; Suh et al., 2013; Vimalraj and Selvamurugan,
2014]. For example, miR-208 and miR-200a modulate bone
morphogenetic protein-2-stimulated mouse preosteoblast differ-
entiation by directly targeting V-ets erythroblastosis virus E26
oncogene homolog 1 and distal-less homeobox 5, respectively [Itoh
et al., 2009, 2010]. However, much is still unknown about the role of
miRNAs in bone formation.

The chitinase 3-like 1 (CHI3L1) gene, also known as YKL-40, a
member of the “mammalian chitinase-like proteins,” which encodes a
secretory glycoprotein, is upregulated in a variety of inflammatory
conditions and cancers [Hakala et al., 1993; Morrison and Leder, 1994;
Shackelton et al., 1995]. CHI3L1 is thought to mediate multiple
signaling pathways and is considered a biomarker for a variety of
diseases. Overexpression of CHI3L1 is associated with increased patient
mortality, although the mechanism for this has not been proven. It has
been suggested that the specific receptors/binding partners of CHI3L1
may exist on the cell surface, due to its role in cell signaling, and are
likely to be carbohydrate structures [Prakash et al., 2013].

In this study, we performed gene expression analysis of patients
with osteomyelitis caused by S. aureus. Our findings indicate that
the regulation of CHI3L1mediated bymiR-24may play an important
role in the process of osteogenesis.

MATERIALS AND METHODS

ETHICS STATEMENT
This study was approved by the Institutional Ethical Committee of
Southwest Hospital andwritten informed consent was obtained from
patients before blood samples were taken.

COLLECTION OF BLOOD SAMPLES
Blood samples were obtained from patients with bacterial
osteomyelitis (n¼ 27, 11 females and 16 males, mean age
42.51� 11.08 years). All patients were confirmed to have
S. aureus-induced osteomyelitis by a positive bacteremia result
from one of the following samplingmethods: percutaneous puncture
aspiration, surgical sample, and/or blood culture. Blood samples
were also obtained from 15 healthy volunteers comparable for age,
hospitalized for minor surgical procedures. Blood samples were
collected before they underwent surgery and they did not show any
evidence of bacterial infection at the time of blood sampling. All
blood samples were stored at �80°C.

BACTERIAL STRAIN AND CULTURE CONDITIONS
S. aureus strain 6,850 (ATCC 53,657; ATCC,Middlesex, UK) was used
in this study. It was cultured in tryptic soy broth (TSB) at 37°C with
shaking. S. aureus strain 6,850 suspensions were prepared. The
multiplicity of infection (MOI), the average number of phage per
bacterium,was determined by dividing the number of phage (PFU/ml)
by the number of bacteria (cells/ml) added to the suspension.

CELL CULTURE AND INFECTION
The mouse clonal MC3T3-E1 pre-osteoblastic cell line (ATCC),
commonly used to analyze osteoblast function [Murphy et al., 2010;
Plunkett et al., 2010], was used in this study. The cells were
maintained in Dulbecco0s Modified Eagle0s Medium (DMEM, Lonza,
Basel, Switzerland) supplemented with 10% (v/v) fetal bovine serum
(FBS, Invitrogen, Carlsbad, CA), 2% penicillin-streptomycin solution
and 1% L-glutamine (Sigma–Aldrich, St. Louis, MO) in 5% CO2 at
37°C. The media was refreshed every 3–4 days and after confluency.
Cells were harvested using trypsin-EDTA (Sigma–Aldrich) and
resuspended in DMEM.

MC3T3-E1 cells were infected with S. aureus as previously
described [Tuchscherr et al., 2010, 2011]. Briefly, MC3T3-E1 cells
were infected with S. aureus at a MOI of 100. After incubation at
37°C (times varied depending on the experiment), cells were washed
and treated with lysostaphin (20mg/ml) for 30min to lyse
extracellular staphylococci. Then fresh medium was added to the
cells. This process was repeated every 2–3 days to remove any
extracellular staphylococci that may have been released from
infected cells.

TRANSFECTION OF MC3T3-E1 CELLS WITH miR-24
MC3T3-E1 cells, at 30–50% confluence were transfected with
miR-24 RNA, miR-NC, anti-miR-24, or anti-miR-NC at a concen-
tration of 50 nM with oligofectamine (Invitrogen) following the
manufacturer0s instructions. After 24 h, the cells were infected with
S. aureus (as described above) and were then harvested for mRNA
and protein analysis.

CHI3L1 GENE KNOCKDOWN
An RNA interference (RNAi) target sequence within the mouse
CHI3L1 gene was designed, short hairpin RNA (shRNA)-CHI3L1:
50-CTGCGTTCTTATGGCTTTGAT-30, along with a shRNA negative
control, shRNA-NC: 50-TCTCCGAACGACTCAGACCGTG-30. Then
pShuttle vectors containing the CHI3L1 RNAi sequences were
constructed. A lentivirus was produced by co-transduction of the
shRNA expression pShuttle vectors into 293T cells. MC3T3-E1 cells
were then transfected with lentivirus expression shRNA-CHI3L1 or
shRNA-NC for 24h. Then, transfected andnon-transfectedMC3T3-E1
cells were infected with S. aureus at a MOI of 100 for 72h and cells
were then harvested for CHI3L1 mRNA and protein analysis.

QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION
Total RNA was extracted from MC3T3-E1 cells using Trizol reagent
(Invitrogen) according to the manufacturer0s instructions. Total RNA
was extracted from whole blood using the RNeasy Mini kit (Qiagen,
Hilden, Germany). Purified RNA was quantified by measuring the
absorbance at 260 nm using a spectrophotometer.

For miRNA analysis, quantitative real-time PCR (qRT-PCR) was
performed using the TaqMan

1

MicroRNA Reverse Transcription Kit,
TaqMan

1

Universal PCR Master Mix (Applied Biosystems, Foster
City, CA) and the corresponding primers. Expression levels were
normalized against RNU6B levels (internal control). MicroRNA
analysis was performed to analyze the expression levels of miR-24,
miR-29b, miR-200a, miR-208, and miR-322 in whole blood and in
MC3T3-E1 cells.
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For mRNA analysis, qRT-PCR was performed using the TaqMan
1

High-Capacity cDNA Reverse Transcription Kit, TaqMan
1

Fast PCR
Master Mix (Applied Biosystems) and the corresponding primers.
Expression levels were normalized against GAPDH levels (internal
control). Messenger RNA analysis was performed to analyze the
expression levels of CHI3L1 in whole blood and in MC3T3-E1 cells.
The sequences of primers used in PCR are shown in Table I.

Quantitative RT-PCR reactions were performed in triplicate on a
RealPlex4 real-time PCR detection system (Eppendorf Co. Ltd.,
Germany). PCR parameters were as follows: 95°C for 10min, then 40
amplification cycles of 95°C for 15 s and 60°C for 1min (formiRNAs),
and 95°C for 10 s and 72°C for 30 s (for mRNAs). The threshold cycle
(Ct) was defined as the fractional cycle number at which the
fluorescence passes the fixed threshold and the relative miRNA and
mRNA expression levels were calculated using the 2�DDCt method
[Livak and Schmittgen, 2001].

MTT ASSAY
Cell viability was quantitated by a colorimetric assay using 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
Briefly, MC3T3-E1 transfected cells (and non-transfected cells as a
control) were infected with S. aureus at a MOI of 100 for 0, 1, 2, 3, or
4 days. Then, cells were seeded into 96-well plates (6� 103 cells/ml)
and maintained in growth media for 24 h at 37°C and 5% CO2. At
60% confluence, the cells were treated with H2O2 (0–1mmol/L) for
24, 48, and 72 h. Then, 10ml of MTT solution (5mg/ml) was added to
each well, and the cells were incubated for 4 h at 37°C. Once the
formation of formazan crystals was observed, the MTT medium was
replaced with 150ml of solubilization solution dimethyl sulfoxide
(DMSO) to dissolve the crystals. The plates were shaken for 5min.
The absorbance of each well was recorded on a microplate
spectrophotometer at 570 nm. Relative cell growth was calculated
as a ratio of the average absorbance of treated cells versus the
average absorbance of control cells. Cell viability was calculated as
the ratio of optical densities.

ANALYSIS OF APOPTOSIS
Analysis of cellular apoptosis was performed using the Annexin V-PI
Apoptosis Detection Kit (Clonetech Laboratories Inc.). Briefly, MC3T3-
E1 transfected cells (and non-transfected cells as a control) were
infected with S. aureus at a MOI of 100 for 24h. The cells were then
inoculated into six-well plates (4� 106 cells/ml), harvested by
trypsinization, then washed twice with cold PBS and centrifuged at
110�g. Approximately 1� 105–1� 106 cells/ml were resuspended in
300ml of 1� binding buffer, centrifuged at 110�g for 5min and the
supernatant was removed. Cells were then resuspended again in 300ml

of 1� binding buffer and transferred to a sterile flow cytometry glass
tube. Then, 10ml of Annexin V-PI was added and the cells were
incubated in the dark for 30min at room temperature. After further
incubation in the dark with 5ml of propidium iodide, cells were
analyzed by flow cytometry using a FACSCalibur (Benton–Dickinson).

ALIZARIN RED STAINING
MC3T3-E1 transfected cells (and non-transfected cells as a control)
were infected with S. aureus at a MOI of 100 for 21 days. The cells
were then inoculated into 24-well plates (1� 105 cells/ml), washed
twice with PBS, then fixed with 500ml of ice-cold 70% ethanol for
10min. The fixed cells were stained with 500ml of Alizarin red
solution (Sigma–Aldrich) for the detection of calcification. Cells
were analyzed using 200� bright field microscopy. Staining was
quantified by measuring the OD at an absorbance of 540 nm.

ALKALINE PHOSPHATASE (ALP) ACTIVITY
MC3T3-E1 transfectedcells (andnon-transfectedcells as acontrol)were
infectedwith S. aureus at aMOI of 100 for 7 days and thenALP activity
was assayed. Briefly, treated cells, seeded into 24-well plates (1� 105

cells/ml), were washed twice with PBS. Then, 200ml of lysis buffer was
added and the cells were incubated on ice for 5min. The cell lysate was
sonicated for 1min, then centrifuged at 1,000�g for 10min at 4°C. ALP
activity was assayed using an ALP kit (Wako Pure Chemical Industries
Ltd., Osaka, Japan). The absorbance of each well at 405nm was
measured with a microplate reader (Immuno-Mini NJ-2300; Nalge
Nunc InternationalK.K., Tokyo, Japan).ALPactivitywas thenestimated
using the TRAP and ALP double-staining kit (Takara Bio Inc., Shiga,
Japan) according to the manufacturer0s instructions.

WESTERN BLOTTING
To prepare cell lysates, MC3T3-E1 cells were washed twice with PBS
and harvested by centrifugation. The cell pellet was resuspended in
RIPA buffer containing 25� Complete and Phosphatase Inhibitor
Mixture (Roche Applied Science, IN). The protein content was
measured with a DC protein assay kit (Bio-Rad, Richmond, CA). Each
whole cell lysate was resuspended in SDS-PAGE buffer containing
2% 2-mercaptoethanol and boiled for 5min. The proteins in the cell
lysates were then separated by SDS-PAGE on 12% polyacrylamide
gels. Beta-actin protein was included as a loading control. Proteins
were then blotted onto PVDF membrane (PerkinElmer Life Sciences,
Boston, MA). Non-specific binding sites were blocked by incubation
of the membrane with 5% non-fat milk in TPBS (PBS and 0.1%
Tween-20) for 1 h. Themembranewas then incubated overnight with
anti-CHI3L1 (1:1,000; Abcam, Cambridge, MA) or anti-b-actin
(1:2,500; Abcam) primary antibody at 4°C. After three washes with

TABLE I. Sequences of Primers Used in qRT-PCR

Forward Reverse

miRNA miR-24 50-TTCTCCGGGCTGTCGATTGG-30 50-CAAGGGCTCGACTCCTGTTC-30
miR-29b 50-CTTCTTCAGGAAGCTGGTTTCA-30 50-GGTCTCCCCCAAGAACACTG-30
miR-200a 50-GCCCCTGTGAGCATCTTACC-30 50-GCGGGTCACCTTTGAACATC-30
miR-208 50-TGACGGGCGAGCTTTTG-30 50-AACAAGCTTTTTGCTCGTCTTA-30
miR-322 50-CTCGTTGACTCCGAAGGGC -30 50-TGTTGCAGCGCTTCATGTTT -30
RNU6B 50-CTCGCTTCGGCAGCACA-30 50-AACGCTTCACGAATTTGCGT-30

mRNA CHI3L1 50-CGGAGGATGGAACTTTGGGT-30 50-TTCGGCCTTCATTTCCTTGA-30
GAPDH 50-GGGAGCCAAAAGGGTCATCA -30 50-TGGTCATGAGTCCTTCCACG -30
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TPBS, the membrane was incubated with goat polyclonal anti-rabbit
IgG–H&L-pre-adsorbed (HRP) at 1:2,000 dilution (Abcam) at room
temperature. After another three washes, proteins were detected
using an enhanced ECL kit and a chemiluminescence detector
(miR-24.AS-1000, Fuji, Japan). b-actin served as a loading control.

LUCIFERASE ASSAY
To confirm the interaction between the 30-UTR of CHI3L1 mRNA and
miR-24, MC3T3-E1 cells were inoculated into 12-well plates
(1� 105 cells/ml) and co-transfected with the wild-type or mutant
pGL3-CHI3L1 30-UTR and RNA oligonucleotides of miR-24 or miR-
NC. Luciferase activity was calculated as a ratio of firefly to Renilla
luciferase activity using a luciferase assay system (Promega,
Madison, WI) according to the manufacturer0s instructions. The
relative luciferase activity was expressed as the ratio of themeasured
luciferase activity to the control.

STATISTICAL ANALYSIS
Statistical analysis was performed by one-way ANOVA using the
SPSS 17.0 software (SPSS Inc., Chicago, IL). Data were interpreted
using the GraphPad Prism 5 software (GraphPad Software Inc., San
Diego, CA). All results are presented as themean� standard deviation
(SD). P values of <0.05 were considered statistically significant.

RESULTS

MIRNA LEVELS SIGNIFICANTLY DIFFER BETWEEN PATIENTS WITH
S. aureus-INDUCED OSTEOMYELITIS AND HEALTHY CONTROLS AND
BETWEEN MC3T3-E1 CELLS INFECTED WITH S. aureus AND
UNTREATED CONTROL CELLS
To determine whether any differences exist in the miRNA expression
levels in the whole blood of patients with osteomyelitis compared
with healthy controls, qRT-PCR was performed on a range of
miRNAs previously implicated in osteoblast cell growth and
differentiation (miR-24, miR-29b, miR-200a, miR-208, and
miR-322). A statistically significant difference was observed in
the expression levels of miR-24 (P< 0.01), miR-29b (P< 0.05), and
miR-200a (P< 0.05) in the whole blood of osteomyelitis patients
compared with the healthy controls (Fig. 1A). To confirm this
finding, expression levels were compared between MC3T3-E1 cells
infected with S. aureus (MOI¼ 100) for 21 days, cells treated with
the same volume of TSB for 21 days and untreated cells, by qRT-PCR.
Again, a statistically significant difference was observed in the
expression levels of miR-24 (P< 0.01), miR-29b (P< 0.05),
miR-200a (P< 0.05), and this time, miR-208 (P< 0.05) in the
S. aureus-infected MC3T3-E1 cells compared with the TSB-treated
and the untreated cells (Fig. 1B).

MIR-24 EXPRESSION LEVELSAREDECREASED INS. aureus-INFECTED
CELLS COMPARED WITH CONTROL CELLS, CORRELATING WITH AN
INCREASE IN OSTEOGENIC MARKERS IN miR-24-TRANSFECTED
CELLS COMPARED WITH INFECTED ONLY CELLS
To analyze the difference in miR-24 expression levels further, the
relative miRNA levels in S. aureus-infected MC3T3-E1 cells
compared with untreated cells were analyzed by qRT-PCR every

three days over a time course of 21 days. A statistically significant
difference was detected in the relative miR-24 levels between days 9
and 21 (days 9 and 12, P< 0.05; days 15, 18, and 21, P< 0.01) in
S. aureus-infected MC3T3-E1 cells compared with untreated cells
(Fig. 1C). This indicated that miR-24 levels were decreasing steadily
in S. aureus-infected MC3T3-E1 cells over this time course.

Next, the expression of two specific biomarkers of osteogenesis,
osteopontin (OPN), and Runx2, in MC3T3-E1 cells transfected with
RNA oligonucleotides of miR-24 or miR-NC, then infected with
S. aureus at a MOI of 100 for 7 days, was analyzed as an indicator
of bone formation. The western blotting results indicated that both
OPN and Runx2 protein expression levels were decreased in all of
the treated cells compared with the untreated control cells,
indicative of the inhibition of bone formation in patients with
S. aureus-induced osteomyelitis. Furthermore, protein expression
levels for both OPN and Runx2 showed a statistically significant
increase in miR-24-transfected cells compared with the infected
only (non-transfected) control cells (P< 0.05) (Fig. 1D), indicating
partial restoration of osteogenesis with the overexpression of
miR-24.

MIR-24 AFFECTS CELL VIABILITY, APOPTOSIS, AND
MINERALIZATION IN MC3T3-E1 cELLS INFECTED WITH S. aureus
The effect of miR-24 expression on the growth, proliferation and
differentiation of MC3T3-E1 cells was next examined. MC3T3-E1
cells were transfected with RNA oligonucleotides of miR-24 or
miRNA negative control (miR-NC) (Fig. 2A), or anti-miR-24 or
anti-miR-NC (Fig. 2B), for 24 h, and were then infected with
S. aureus at a MOI of 100 for 0, 1, 2, 3, or 4 days. Firstly, cell
viability was analyzed by an MTT assay. Untreated cells and
infected only cells (not transfected) served as controls. A
statistically significant decrease was observed in cell viability of
S. aureus-infected cells compared with untreated cells (P< 0.01),
and cell proliferation was partially restored in miR-24-transfected
cells compared with untreated cells (P< 0.05), indicating that
expression of miR-24 increases proliferation (Fig. 2A). When cell
viability was analyzed in MC3T3-E1 cells transfected with anti-
miR-24 or anti-miR-NC, again a statistically significant decrease
was observed in cell viability of S. aureus-infected cells compared
with untreated cells (P< 0.01). However, anti-miR-24-transfected
cells showed a further decrease in cell proliferation compared with
untreated cells (P< 0.01), indicating that silencing of miR-24
negatively affected cell viability (Fig. 2B). These findings
confirmed the potential role for miR-24 in promoting proliferation
of MC3T3-E1 cells.

Secondly, the four groups of transfected cells (miR-24, miR-NC,
anti-miR-24, and anti-miR-NC) were infected with S. aureus at a
MOI of 100 for 24 h, and apoptosis was determined by flow
cytometry followed by Annexin V–PI double staining. As shown in
Figure 2C, the percentage of apoptotic cells was increased in all of the
S. aureus-infected cells compared with the untreated cells (P< 0.01).
Furthermore, the number of apoptotic cells was decreased in
miR-24-transfected cells and increased in anti-miR-24-transfected
cells compared with the S. aureus-infected only cells (P< 0.05)
(Fig. 2C), indicating a potential role for miR-24 in inhibiting
apoptosis of MC3T3-E1 cells.
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Thirdly, the four groups of transfected cells (miR-24,miR-NC, anti-
miR-24, and anti-miR-NC) were infected with S. aureus at a MOI of
100 for 21 days and were then observed by Alizarin red staining (Fig.
2D). Mineralization was observed in all of the treated MC3T3-E1 cells
compared with the untreated control cells. The highest degree of
mineralizationwas observedwith the cells transfectedwith anti-miR-
24. Alizarin red staining was quantified by measuring the optical
density of cells at an absorbance of 540 nm (Fig. 2E). Alizarin red
staining was highest in untreated cells. In cells treated with S. aureus,
a significant increase in stainingwas seen inmiR-24-transfected cells
(P< 0.05) compared with the negative control, and a significant
decrease was seen in anti-miR-24-transfected cells (P< 0.01)

compared with the negative control. These findings suggest that
miR-24 plays a role in differentiation and bone formation in
MC3T3-E1 cells.

Finally, the four groups of transfected cells (miR-24, miR-NC,
anti-miR-24, and anti-miR-NC) were infected with S. aureus at a
MOI of 100 for 7 days, and human bone alkaline phosphatase (ALP)
activity was assayed, as another measure of bone mineralization,
using an ALP kit. As shown in Figure 2F, the trends were the same as
those observed for quantification of Alizarin red staining, with
increased activity in miR-24-transfected cells compared with
S. aureus-infected only cells (P< 0.05) and decreased activity in
anti-miR-24-transfected cells compared with S. aureus-infected

Fig. 1. MiR-24 expression levels significantly differ between MC3T3-E1 cells infected with S. aureus and untreated control cells. MiRNA expression levels were analyzed in
MC3T3-E1 cells infected with S. aureus and in the whole blood of patients with osteomyelitis compared with healthy controls, by qRT-PCR. Expression levels of miR-24, miR-29b,
miR-200a, miR-208, and miR-322 were analyzed. A: Differential miRNA levels in the whole blood of patients with bacterial osteomyelitis compared with healthy controls were
analyzed by qRT-PCR. Expression levels were normalized against RNU6B. *P< 0.05, **P< 0.01 versus healthy controls. B and C: MC3T3-E1 cells were infected with S. aureus at a
MOI of 100 or treated with the same volume of tryptic soy broth (TSB), as a control, for 21 days. B: Differential miRNA levels in the cells were analyzed by qRT-PCR. Expression
levels were normalized against RNU6B. *P< 0.05, **P< 0.01 versus untreated group. C: Changes inmiR-24 expression levels inMC3T3-E1 cells were analyzed further by qRT-PCR
every three days. *P< 0.05, **P< 0.01 versus untreated group. D: MC3T3-E1 cells were transfected with 50 nM RNA oligonucleotides of miR-24 or miR-NC for 24 h, and
transfected or non-transfectedMC3T3-E1 cells were infected with S. aureus at a MOI of 100 for 7 days. Untreated cells served as a control. Protein levels of OPN and Runx2 were
assessed by western blotting. b-actin was used as a loading control. The western blotting results were normalized to b-actin. *P< 0.05, **P< 0.01 versus untreated cells.
#P<<0.05.
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only cells (P< 0.05). These findings confirmed the potential role of
miR-24 in differentiation and bone formation in MC3T3-E1 cells.

MIR-24 BINDS TO THE 30-UTR OF CHI3L1 mRNA AND AFFECTS
CHI3L1 EXPRESSION DURING S. aureus-INFECTION OF MC3T3-E1
CELLS
To investigate the miR-24 binding site in the 30-UTR of CHI3L1
mRNA, the miR-24 sequence and the 30-UTR of CHI3L1 mRNA were
aligned (Fig. 3A). Within these sequences, a conserved 9-bp “seed”
sequence predicted as the miR-24 binding site was clearly observed.
The sequence of an RNA mutant of the 30-UTR of CHI3L1 was also
included in the alignment. The mutant sequence contains four single
base substitutions, disrupting the putative miR-24 binding site. To
confirm the interaction between the 30-UTR of CHI3L1 mRNA and
miR-24, MC3T3-E1 cells were co-transfected with the wild-type or
mutant pGL3-CHI3L1 30-UTR and RNA oligonucleotides of miR-24
or miR-NC. Firefly and Renilla luciferases were used as bioreporters
and the ratio of firefly to Renilla luciferase activity was calculated.
The results indicated a significant decrease in luciferase activity of
cells co-transfected with wild-type pGL3-CHI3L1 30-UTR and miR-
24 compared with those co-transfected with wild-type pGL3-CHI3L1
30-UTR and miR-NC (P< 0.05) (Fig. 3B). There was no statistically
significant difference between the cells co-transfected with mutant
pGL3-CHI3L1 30-UTR and miR-24 or miR-NC (Fig. 3B). These

findings confirmed the interaction between the 30-UTR of CHI3L1
mRNA and miR-24.

Next, the relative mRNA (Fig. 3C) and protein (Fig. 3D) expression
levels of CHI3L1 were examined in MC3T3-E1 cells transfected with
miR-24, miR-NC, anti-miR-24, or anti-miR-NC for 24 h, then
infected with S. aureus at a MOI of 100 for 72 h. The results of qRT-
PCR indicated that all of the transfected cells and the infected only
cells (not transfected) showed increased expression of CHI3L1mRNA
compared with the untreated control. Furthermore, a significant
decrease in CHI3L1 mRNA levels of miR-24-transfected cells and a
significant increase in CHI3L1 mRNA levels of anti-miR-24-
transfected cells was observed compared with the S. aureus-infected
only cells (P< 0.05) (Fig. 3C). The same trends were observed for the
relative protein expression levels of CHI3L1, as analyzed by western
blotting, in this set of cells (Fig. 3D). These findings further confirm
the interaction between CHI3L1mRNA andmiR-24, and suggest that
miR-24 negatively affects CHI3L1 expression.

CHI3L1 EXPRESSION LEVELS INCREASE DURING S. aureus-
INFECTION OF MC3T3-E1 CELLS OR THE WHOLE BLOOD OF
OSTEOMYELITIS PATIENTS
Next, CHI3L1 mRNA levels were analyzed in the whole blood of
patients with bacterial osteomyelitis by qRT-PCR and were found to
be significantly increased compared with healthy controls (P< 0.05)

Fig. 2. MiR-24 affects cell viability, apoptosis, and mineralization of MC3T3-E1 cells infected with S. aureus. MC3T3-E1 cells transfected with oligonucleotides miR-24 or
anti-miR-24 and infected with S. aureus were analyzed byMTT assay, apoptosis assay, ALP assay, and Alizarin red staining. MC3T3-E1 cells were transfected with: (A) 50 nMRNA
oligonucleotides of miR-24 or miRNA negative control (miR-NC), (B) anti-miR-24 or anti-miR-NC, for 24 h, and then infected with S. aureus at a MOI of 100 for 0, 1, 2, 3, or 4
days. Cell viability was then analyzed by an MTT assay. Untreated cells and infected only cells (not transfected) served as controls. *P< 0.05, **P< 0.01 versus untreated group.
#P< 0.05. C: The four groups of transfected cells (miR-24, miR-NC, anti-miR-24, anti-miR-NC) were infected with S. aureus at a MOI of 100 for 24 h, and apoptosis was
determined by flow cytometry followed by Annexin V–PI double staining. **P< 0.01 versus untreated group. #P< 0.05. D: The four groups of transfected cells were infected with
S. aureus at a MOI of 100 for 21 days and were then observed by Alizarin red staining, magnification 200�. E: Alizarin red staining was quantified by measuring the OD at an
absorbance of 540 nm. *P< 0.05, **P< 0.01 versus untreated group. #P< 0.05. F: The four groups of transfected cells were infectedwith S. aureus at aMOI of 100 for 7 days, ALP
activity was assayed using an ALP kit. *P< 0.05, **P< 0.01 versus untreated group. #P< 0.05.
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(Fig. 4A). Then, CHI3L1 mRNA (Fig. 4B) and protein (Fig. 4C)
expression levels were analyzed in S. aureus-infected MC3T3-E1
cells by qRT-PCR and western blotting, respectively, over a time
course of 72 h. CHI3L1 mRNA and protein expression levels
increased steadily in MC3T3-E1 cells over the 72 h time course of
infection. All time points showed a statistically significant difference
in CHI3L1 mRNA levels compared with the untreated cells.

CHI3L1 EXPRESSION LEVELS AFFECT MINERALIZATION OF
MC3T3-E1 CELLS INFECTED WITH S. aureus
To analyze the effects of CHI3L1 expression levels on S. aureus
infection of MC3T3-E1 cells, cells were transfected with lentivirus
expression CHI3L1 short hairpin RNA (shRNA) (shRNA-CHI3L1) or
negative control shRNA (shRNA-NC) for 24 h. Then, transfected and
non-transfected MC3T3-E1 cells were infected with S. aureus at a
MOI of 100 for 72 h and CHI3L1 mRNA (Fig. 5A) and protein (Fig.5B)
levels were analyzed by qRT-PCR and western blotting, respectively.
CHI3L1 mRNA expression was significantly increased in S. aureus-
infected cells compared with uninfected cells (P< 0.01). However,
transfection with shRNA-CHI3L1 dramatically reduced CHI3L1
mRNA expression in both infected and uninfected cells compared
with the non-transfected control (P< 0.01). The results of western
blotting showed the same trends as for mRNA expression. These
findings confirmed that transfection of cells with shRNA-CHI3L1
effectively silenced CHI3L1 mRNA and protein expression.

Next we used the shRNA-CHI3L1 construct to analyze the effects
of CHI3L1 silencing in MC3T3-E1 cells. Relative miR-24 levels were
investigated and transfection with shRNA-CHI3L1 resulted in a
significant increase in miR-24 levels compared with the negative
control in untreated cells (P< 0.01) and in S. aureus-infected cells

(P< 0.01) (Fig. 5C), confirming the interaction between miR-24 and
CHI3L1.

Then, cells transfected with shRNA-CHI3L1 or shRNA-NC were
infected with S. aureus at a MOI of 100 for 21 days and observed by
Alizarin red staining (Fig. 5D). Mineralization was observed in all of
the treated MC3T3-E1 cells compared with the untreated control
cells. However, low levels of mineralization were observed in the
shRNA-CHI3L1-transfected cells compared with the control cells.
Alizarin red stainingwas quantified bymeasuring the optical density
of cells at an absorbance of 540 nm (Fig. 5E). Alizarin red staining
was highest in untreated cells. In cells treated with S. aureus, a
significant increase in staining was seen in shRNA-CHI3L1-trans-
fected cells (P< 0.05) compared with the negative control. To
confirm the effect of CHI3L1 on mineralization of MC3T3-E1 cells,
cells transfected with shRNA-CHI3L1 or shRNA-NC for 24 h were
infected with S. aureus at a MOI of 100 for 7 days and ALP activity
was assayed using an ALP kit. As shown in Figure 5F, a statistically
significant increase was detected between the infection only
(non-transfected) cells and shRNA-CHI3L1-transfected cells
(P< 0.05), confirming the potential involvement of CHI3L1 in
differentiation and osteogenesis in this pre-osteoblastic cell line.

DISCUSSION

Osteomyelitis is a debilitating infectious disease of the bone,
predominantly caused by S. aureus. In previous studies, several
miRNAs have been shown to play a role in osteogenesis by regulating
osteoblast cell growth or differentiation in human or mouse cell lines
[Luzi et al., 2008; Mizuno et al., 2008]. However, the specific role of

Fig. 3. MiR-24 binds to the 30-UTR of CHI3L1 mRNA and affects CHI3L1 expression. A: Sequence alignment of the miR-24 RNA sequence and the 30-UTR of CHI3L1 mRNA
containing the conserved 9-bp “seed” sequence predicted as the miR-24 binding site. The paired miR-24 seed sequence and the seed-recognizing site in the wild-type (wt) and
mutant (mut) 30-UTR of CHI3L1 are indicated. B: MC3T3-E1 cells were co-transfected with the wt or mut pGL3-CHI3L1 30-UTR and RNA oligonucleotides of miR-24 or miR-NC.
The activities were calculated as a ratio of firefly to Renilla luciferase activity. *P< 0.05. C and D: MC3T3-E1 cells were transfected with 50 nM RNA oligonucleotides of miR-24,
miR-NC, anti-miR-24, or anti-miR-NC for 24 h, and the transfected and non-transfected MC3T3-E1 cells were infected with S. aureus at a MOI of 100 for 72 h. Untreated and
infected only cells (not transfected) served as controls. C: CHI3L1 mRNA levels were analyzed by qRT-PCR. Expression levels were normalized to GAPDH. *P< 0.05, **P< 0.01
versus untreated cells. #P< 0.05. D: CHI3L1 protein levels were assessed by western blotting.b-actin was used as a loading control. The western blotting results were normalized
to b-actin. *P< 0.05, **P< 0.01 versus untreated cells. #P< 0.05.
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miRNAs in bone formation remains to be determined. In the present
study, the expression levels of miRNAs proposed to potentially play a
regulatory role in osteogenesis (miR-24, miR-29b, miR-200a,
miR-208, miR-322) [Itoh et al., 2009 2010; Eguchi et al., 2013; Suh
et al., 2013; Vimalraj and Selvamurugan, 2014] were analyzed in the
whole blood of patients with bacterial osteomyelitis or healthy
controls, and inMC3T3-E1 cells infected with S. aureus, by qRT-PCR.
The expression of miR-24 was significantly down-regulated in
osteomyelitis patients and S. aureus-infected MC3T3-E1 cells
compared with the healthy controls or untreated control cells.

Our findings suggest that miR-24 plays a regulatory role in the
process of osteogenesis. We demonstrated that CHI3L1 is a target
gene of miR-24 using a luciferase reporter assay. MicroRNA miR-24
suppressed the expression of CHI3L1 mRNA, thought to mediate
multiple signaling pathways, by directly binding to the 30-UTR
region. Therefore, downregulation of miR-24 expression during
osteomyelitis would remove the repression of CHI3L1 expression, as
confirmed by our findings. CHI3L1, a member of the ‘mammalian
chitinase-like proteins’, encodes a 40 kD secretory glycoprotein that
is not expressed under physiological conditions but induced in a
variety of inflammatory conditions and cancers, and during tissue
remodeling [Hakala et al., 1993; Morrison and Leder, 1994;
Shackelton et al., 1995]. The role of CHI3L1 in osteogenesis is
indicated by its increased expression during osteomyelitis but the
mechanism involved remains to be elucidated. Chitin is the most
abundant polysaccharide in microorganisms. CHI3L1 does not
possess any catalytic activity but interacts with chitin potentially

affecting bacterial adherence and invasion. It is therefore proposed
that CHI3L1 also plays a role in antibacterial responses. In a previous
report, CHI3L1 was shown to play a central role in promoting
bacterial clearance and mediating host tolerance during
Streptococcus pneumoniae infection (Dela Cruz et al., 2012). Our
findings indicate that the regulation of CHI3L1 mediated by miR-24
may play an important role in the process of osteogenesis and/or in
antibacterial responses. Previous studies have reported other targets
of miR-24, including FAF1 involved in cell survival [Qin et al., 2010],
H2AX involved in DNA repair [Lal et al., 2009], and ALK4 involved
in erythroid differentiation [Wang et al., 2008], demonstrating the
wide range of regulatory roles played by miRNAs.

MC3T3-E1 cells were used in this study to investigate osteoblast
function. Osteoblasts are the main functional cells in bone formation
and are responsible for the synthesis, secretion andmineralization of
the bone matrix. Our findings showed that S. aureus inhibited
MC3T3-E1 cell proliferation, induced osteoblast apoptosis and
prohibited bone formation and mineralization. CHI3L1 expression
levels were found to be increased during S. aureus infection of
MC3T3-E1 cells, negatively affecting ALP activity and bone
mineralization. OPN and Runx2 protein levels were found to be
decreased during S. aureus infection of MC3T3-E1 cells. OPN and
Runx2 are specific biomarkers of osteogenesis and their decreased
expression in S. aureus-infected MC3T3-E1 cells indicated inhib-
ition of bone formation. CHI3L1 therefore plays a role in
osteogenesis but further investigations are required to fully elucidate
its role in S. aureus-induced osteomyelitis.

Fig. 4. CHI3L1 expression levels increase during S. aureus-infection ofMC3T3-E1 cells or the whole blood of osteomyelitis patients. CHI3L1 expression was analyzed at the RNA
and protein level in S. aureus-infected MC3T3-E1 cells, and at the mRNA level in the whole blood of patients with bacterial osteomyelitis. A: CHI3L1 mRNA levels in the whole
blood of patients with bacterial osteomyelitis or healthy controls were analyzed by qRT-PCR. Expression levels were normalized with GAPDH. *P< 0.05 versus healthy controls. B
and C: MC3T3-E1 cells were infected with S. aureus at a MOI of 100 for 12, 24, 48, or 72 h. B: CHI3L1 mRNA levels were analyzed in S. aureus-infected MC3T3-E1 cells by qRT-
PCR. Expression levels were normalized with GAPDH. *P< 0.05, **P< 0.01 versus untreated. C: CHI3L1 protein levels were assessed in S. aureus-infected MC3T3-E1 cells by
western blotting. b-actin was used as a loading control. The western blotting results were normalized to b-actin. *P< 0.05, **P< 0.01 versus untreated.
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Fig. 5. CHI3L1 expression levels affect mineralization inMC3T3-E1 cells infected with S. aureus. Interference RNAs were used to analyze the effect of CHI3L1 expression levels on
S. aureus infection of MC3T3-E1 cells. A–C: MC3T3-E1 cells were transfected with lentivirus expression CHI3L1 short hairpin RNA (shRNA) (shRNA-CHI3L1) or negative control
shRNA (shRNA-NC) for 24h. Then, transfected and non-transfectedMC3T3-E1 cells were infected with S. aureus at aMOI of 100 for 72h. A: CHI3L1mRNA levels were analyzed by
qRT-PCR. Expression levels were normalized to GAPDH. **P< 0.01. B: CHI3L1 protein levels were assessed by western blotting. b-actin was used as a loading control. The western
blotting results were normalized tob-actin. **P< 0.01. C: RelativemiR-24 levelswere assessed by qRT-PCR. **P< 0.01. D–F:MC3T3-E1 cellswere transfected with 50nM lentivirus
expression shRNA-CHI3L1or shRNA-NC for 24h.D: Following21days of infectionwithS. aureus at aMOIof 100,mineralization in transfected andnon-transfectedMC3T3-E1 cells
was observed byAlizarin red staining,magnification200�. E: Alizarin red stainingwas quantifiedbymeasuring theODat an absorbance of 540 nm. *P< 0.05versusuntreated group.
#P< 0.05. F: Following 7 days of infection with S. aureus at a MOI of 100, ALP activity was assayed using an ALP kit. *P< 0.05 vs untreated group. #P< 0.05.
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We also found that overexpression of miR-24 could reduce the
effects of S. aureus on MC3T3-E1 cells, while inhibition of miR-24
intensified the effects. It is therefore possible that new therapies for
osteomyelitis could exploit miR-24 as a drug target.

In summary, our findings provide new insight into the pathogenic
mechanism behind S. aureus-induced osteomyelitis and the role of
miRNAs in osteogenesis. An increased understanding of this disease
is vital for the development of new treatments.
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