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and tissues,2 and miRNAs expressed
specifically in cartilaget8 have been
reported.

In this study, we explored the role of
miRNA expression in the age-dependent
changes in expression levels in
chondrocytes in collagenase-treated cells
from cartilage obtained during surgery
from patients with polydactylism (PD),
anterior cruciate ligament (ACL) injury,
and OA total

arthroplasty (TKA). We then isolated

undergoing knee
total RNA from each cartilage sample,
analyzed the gene expression and miRNA
expression by microarray and performed
pathway analysis to investigate the
association between genes regulated by
the isolated miRNAs and the OA-related
genes and cartilage-related genes. To
confirm the relationship between the
isolated miRNAs and cartilaginous tissue,
the results were evaluated by real-time
polymerase chain reaction (PCR) and
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl

tetrazolium bromide (MTT) assay in a
mimic group, in which expression was
upregulated by transfecting synthetic
double-stranded RNA from the sampled
miRNAs into chondrocytes, and an
inhibitor group, in which expression was
downregulated through specific binding
of miRNA. These

with each type

functional analyses provided information
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about the relationship between miRNA

expression and cartilage metabolism.

B. #FET5iE

Cartilaginous Tissue

The protocols were performed under the
approval and guidance of the Clinical
Research Review Committee of the Tokai
University School of  Medicine.
Cartilaginous tissue was obtained from
17 patients (age, 60-79 years; average
age, 73.4 years) who had been diagnosed
with OA and who had undergone TKA at
the Tokai University Hospital from April
2010 to June 2011; three patients (age,
15-31 years; average age, 22.3 years)
who had an ACL injury and who had
undergone surgery at the same hospital
during the same period; and six patients
(age, 11-16 months; average age: 13
months) who had been diagnosed with
polydactylism and who had undergone
plastic surgery at the National Center for

Child Health and Development during

January and February 2010.

Centrifugation and Incubation of
Chondrocytes

The harvested cartilaginous tissue of
each patient was sliced finely with
scissors and treated with enzymes in a
Petri dish for 4 h wusing Dulbecco’s
modified F12

Eagle medium
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(DMEM/F12; GIBCO, Invitrogen
Corporation, Carlsbad, CA) containing
0.05% collagenase type 1 (Washington
Corporation, NJ, USA). The
enzyme-treated cartilaginous tissue was
passed through a cell strainer (BD
Falcon™; BD Biosciences, Bedford, MA)
with a pore size of 100 um, and the cells
were retrieved by centrifugation. The
chondrocytes were seeded into a 1 x 104
cells/cm? plate and incubated in culture
medium of DMEM/F12 supplemented
with 20% fetal bovine serum (FBS; Gibco,
NY, USA) and 1% antibiotic—antimycotic
solution (Gibco). After 4 days, the culture
was maintained by adding a further 50
pg/ml ascorbic acid (Wako dJunyaku
Kougyou Corp, Kanagawa, Japan). All

incubations were performed at 37°C in

5% CO2 and 95% air.

Microarray

RNA was isolated from the chondrocytes
after they were seeded into 1 x 104
cells/cm? 24-well plates and incubated in
5% COz2 and 95% air. Using miRNA kits
(Qiagen, Tokyo, Japan), 10 pl of RNA was
isolated according to the manufacturer’s
instructions. The microarrays were
performed using Human GE Microarrays
kits (probes: 34,127) (Agilent) and
Human miRNA Microarray kits (probes:

939) (Agilent).

97

Target Scan

Target Gene Prediction
We used the GeneSpring GX11
TargetScan function (Agilent) to predict
the miRNA target genes. The context
percentile was set at 90.0, and conserved
nonconserved databases

and were

chosen.

Pathway Analysis

Pathway analysis of the association
between the miRNA-regulated genes and
the OA- and -cartilage-related genes,
which were detected using MetaCore,
using  GenMAPP

was  performed

(http://’www.genmapp.org/) pathway

analysis software.

cDNA Synthesis

The incubated chondrocytes were rinsed
twice in phosphate-buffered saline (PBS),
placed in 700 pl of QIAzol Lysis Reagent
(Qiagen Inc., Valencia, CA), and the RNA
was isolated using a miRNeasy Mini Kit
(Qiagen)

manufacturer’s protocols.

with the
RNA at a

in accordance
concentration of 1 pg/ul that was isolated
using the miScript Reverse Transcription
Kit (Qiagen) was mixed with 4 pl of
miScript RT | Buffer, 1 pl of miScript
Mix, and

Reverse  Transcriptase

RNase-free Water. The solution was

incubated for 60 min at 37°C and then 5
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min at 95°C, and the cDNA was

prepared.

Real-time PCR

In the PCR used to confirm the miRNA,
25 pl of QuantiTect SYBR Green PCR
Master Mix, 5 pl of miScript Universal
Primer, 5 pl of miScript Primer Assay, a
suitable quantity of RNase-free Water,
and template cDNA were mixed for 15
min at 95°C, 15 s at 94°C, 30 s at 55°C,
30 s at 70°C (40 cycles), 15 s at 95°C, 30 s
at 60°C, and 15 s at 95°C (dissociation
step) using a miScript Primer Assay kit
(Qiagen) and a miScript SYBR Green
PCR kit (Qiagen). In the calculations, the

values were standardized to
glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and the
expression level was calculated using the
2-4CT yalues.

In the PCR used to confirm the gene
expression, 12.5 pl of SYBR Green
Master Mix, 0.5 pl of Primer Front, 0.5 ul
of Primer Reverse, 1 ul of cDNA and 10.5
pl of distilled water were mixed for 2 min
at 50°C, 10 min at 95°C, 15 s at 95°C, 1
min at 60°C (60 cycles), 15 s at 95°C, 30 s
at 60°C, and 15 s at 95°C (dissociation
step). In the calculations, the values were
standardized to GAPDH, and the
expression level was calculated using the

2-24CT yalues. Real-time PCR was used to
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confirm the gene expression of aggrecan,
ADAMTSS5,
collagen, SOX9, MMP3, and MMP13.

type 1 collagen, type 2

The primer sequences used in the

real-time PCR are shown in Table 1.

Talel
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ArmecanR TCCAGEOTE TAGCGOGTOT AGA G4
ADSMTISF HH 0 GABCCAAGGGLACTEGLTACTA m
ADANTESE COTCACAGCCABTICTCACAGA
Trpel Gellagen? NUBE  AAGCOTGAGACACEOEAACAA 18
Trpe [ Collagm R TIGCCAGEAGAACCAGOAAGE
Trpel Collagen P Ry s GBALTTTIC ITC CCTOTCT 13
TypeICallzgn R GAO0BAAGCRT CTT ACA GRS
SOESF FH 02 AACECCLAGOTCASCAARA L
ISR GOGCRECTROTACIT CTAATC
LUDEF RU 02 ATTCCATGRAGCCARCCTTIC 1B
PSR CATTIGGRT CAS ACT CCA ACT BTG
MMPIST KU 0BT TCACCATEOUATTOCTEALA i
MPIFR AGEELT CATCAA ATGGET AR
GAFDEP HUMBE  COALCOTCAAGGLTRAGAAC ‘2
CAFDER ATGCICOTC AACACCORACT

MTT Assay

We made a 10x
dissolving 4 mg/ml in DMEM High
1x

stock solution by

Glucose (Invitrogen) and seeded
chondrocytes into 24-well plates at 4.0 x
10% cells/cm?. Before adding the MTT
solution, the DMEM medium was
removed completely and the cells were
washed with PBS once. To each 24-well
plate, 500 pl of MTT solution was added,
and the plate was incubated for 2 h at
37°C in the dark. After incubation, the
MTT solution was removed, 300 pl of

dimethyl sulfoxide was added to each
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well, 100 pl of the supernatant liquid was
transferred to each well of a 96-well plate,
and the absorbance was measured at 590

nm.

miRNA Overexpression

1 x105 chondrocytes were seeded in

24-well plates along with synthetic
double-stranded RNA
(Syn-rno-miR-199a-3pmi miScript

miRNA Mimic, Syn-hsa-miR-193bmi
miScript miRNA Mimic, and
Syn-hsa'miR-320c ~ miScript ~miRNA

Mimic), a 2 nM solution was added, and
the cells were incubated for 6 h at 37°C
in 5% CO2z and 95% air.

Repression of miRNA Expression

The chondrocytes were seeded at a
density of 1 x105 cells/cm? into 24-well
and anti-rno-miR-199a-3pmi
miRNA

anti-hsa-miR-193bmi

plates,

miScript inhibitor,
miScript miRNA
inhibitor, or anti-hsa-miR-320c miScript
miRNA inhibitor (Qiagen) was added. A 2
nM solution was made, and the cells

were incubated for 6 h at 37°C in 5% COz
and 95% air.

Statistical Analysis

Steel’s test, a nonparametric

multiple-comparison test, was used to

evaluate the real-time PCR and MTT

[TYNE =33
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assay data. One-way ANOVA was used to

evaluate microarray analysis.

C. W&

Microarray Analysis

Microarray analysis was performed to
isolate the miRNA whose expression
differs between PD, ACL, and TKA, and
with age. A test microarray to compare
the three groups (PD, ACL, and TKA)
showed a significant difference (p < 0.05)
by analysis of variance. Isolation of the
miRNAs whose expression varied
consistently showed that expression was
upregulated incrementally with age in
two types (miR-199a-3p and miR-193b)
and was downregulated incrementally
with age in one type (miR-320c). A target
scan was performed to investigate the
genes regulated by the identified
miRNAs: seven genes were regulated by
miR-199a-3p,
miR-193b, and 19 were regulated by

miR-320c (Table 2).

10 were regulated by
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Probemame miNA  Gene Symbol Probemame miBNA  Gene Symbol

425 P bawiRIEC OBFCHA
ASD PRI hemiRSHC BVES
AZIPGEOS  heamiRSHC ST
455 PII0MEY heamiRSHC Ctlorfdf
AP haawil-SHC OGN
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A 3PS heamiR-3C CREGE
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A2 PIEMY heamiR-320C RABUFIFZ
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AN P heawiR-3NC COXH
AZPHAIE heomBOHC ZNFHE
AT PSR bamiRINC Chrlf
435 FRMEE heemiBSAC THEMY
ABMTE  bauREC TR
ANIES  bamBJEC RKCF
AZIPHIG hamRINHC CCRT
A3 FOMISY heamiR-3HC THZ

A S PHRI kaniR08  FMAIRL
A NP bamiRl0edp IGFIBR
A PIME heemiRi00edp MAPHE
AL PR w193 PHLDA?
A PN heniB83y  ETVE
AP bamBi® BTV
ABPNGE henRlB 0DN
ASTPMONE beemiRBh  ETVL
AP hermiR-tSSedp DPFS
A 35 PHAOLE heamiR-109alp TRAM
A PUNN bamifi ENPR
ABPUAE hanRl® NPEE
A3 PS4 heymiR-60edp CEMFIR
AZPESH  hamiRi¥h IR
A3 PO beemiR-103b  LASH
AP hamiBifedp CYBSRY
AN PUNEND bR 003y MAPKKE
ASPIBY  heemiB8  EIN
A STEGOM heemiBf0b  ETVL
A 23 PRESH  haamiRA0B  ARIDIB
AGEPUHNE banil-i0aly NEDD4
AZPUSE) henmRB%  ENFR

Pathway Analysis

Analysis of differences in the pathways
between the isolated miRNAs and the

OA-related genes and cartilage-related

genes revealed that the
miRNA-regulated genes were those
involved in the metabolism of

cartilaginous tissue, such as type 1
collagen, MMP13, stromelysin 1(MMP3),
and aggrecanase 2 (ADAMTS5)(Fig. 1A,

B).
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Real-time PCR

Gene expression analysis was performed
using miRNAs that were isolated by
microarray (miR-199a-3p, miR-193b, and
miR-320c). MiR-199a-3p and miR-193b,
for which expression is upregulated with
age, regulated anabolic factors such as
aggrecan, type 2 collagen, and SOX9.
MiR-320c, in which expression is
downregulated with age, regulated the
catabolic factor ADAMTS5 (Table 3).
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MTT Assay
The MTT assay showed no significant
the cell
miR-199a-3p

difference in proliferation
and

cell

capacity between

miR-320c. By contrast, the
proliferation capacity was upregulated
significantly in miR-193b in the inhibitor

group on day 7 (Fig. 2).
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MiRNAs are noncoding RNAs of ~22 base
pairs that are involved in cell
proliferation, differentiation,
development, and tumorigenesis.
miRNAs bind to the 3'-end of the

untranslated region of mRNA (the target)
where they induce posttranscriptional
repression and mRNA degeneration, and
modulate gene expression.®-16 Since Lee
et al. reported the first miRNAs, several
hundred have been discovered in plants
and animals, and miRNAs specific to
certain animal species and tissues are

also known.l” Several types of miRNA

IIPYNE =5
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have been discovered in fetal skeletal
tissue, and it is believed that they play a
key role in cartilage development.18

In terms of the miR-199a, which was the
focus of this study, in experimental

models using articular chondrocytes from

mice, Lin et al. reported that Col2Al,

COMP, and SOX9 expression was
downregulated in  the miR-199a
expression-enhanced group and
upregulated in the miR199a
expression-repressed group compared

with the control group.!® Because the
expression of miR-199a after BMP2
induction declines initially and then
increases gradually for several days, it is
probably essential in the final stages of
including

cartilage development,

cartilage hypertrophy and cartilage
maturity.l® MiR-193b may also target
SOX5. In miRNA expression analysis on
dedifferentiated

differentiated and

chondrocytes, miR-193b expression is
about 7.6-fold higher in dedifferentiated
chondrocytes than in differentiated
chondrocytes.2® However, there is no
report on the functional analysis of
miR-193b. Our study is the first report
that miR-193b affects human cartilage

metabolism by regulating type 2 collagen,

aggrecan, and SOX9  expression.
Although an  association between
miR-320c expression and other
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abnormalities such as impaired glucose

tolerance?! has been reported, no
relationship with cartilage has been
reported.

The miRNAs identified by microarray
varied with age, and this pattern may
affect the juvenile properties and
senescence of chondrocytes. The results
of the real-time PCR analysis of the three
types of miRNA (Table 3) suggest that
miR-199a-3p and miR-193b expression is
upregulated with age and may be
involved in chondrocyte senescence by
downregulating anabolic factors such as
type 2 collagen, aggrecan, and SOX9.
Conversely, the results also suggest that
miR-320c expression is downregulated
with age and may be involved in the
juvenile properties of chondrocytes by
downregulating the expression of the
catabolic factor ADAMTSS. MiR-199a-3p
and miR-193b may be involved in
cartilage degeneration, and we found
nothing that contradicts previous
reports.1920  ADAMTS5 is an efficient
aggrecanase and induces cartilage
degeneration. Although miR-320c¢ has not
been reported in relation to cartilage, the
expression of ADAMTS5 was
downregulated in the miR-320c mimic
group and was upregulated in the

inhibitor group. This suggests that

miR-320c¢ is involved in the metabolism
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of chondrocytes by regulating ADAMTS5.
We used the TargetScan program to
investigate the genes regulated by the
three identified types of miRNA. ETV1
(ER81), which is regulated by miR-193b,
has also been reported as a transcription
factor unique to mesenchymal stem cells
(MSCs).22 In the study by Kubo et al.,
ETV1 expression was upregulated by
5-10 times in MSC compared with
fibroblasts, chondrocytes, synovial cells,
and adipose cells.22 Kubo et al. also
reported that cell differentiation and
juvenile properties are affected when
ETV1
interfering RNA;

is knocked down wusing short

for example, the

self-renewal capacity of MSCs was

repressed. Another study reported that
the expression of STAT4, which is

regulated by miR-320c, was upregulated

in cells in which  chondrocyte
differentiation = has been  induced
compared with a control group,23

suggesting that STAT4 affects cartilage
differentiation.

In the analysis of the pathways between
the OA-related genes and
cartilage-related detected by
MetaCore and the miRNAs we identified
in this study, ER81 (ETV1), which is

by miR-193b,

genes

produced
positive feedback on the OA-related
genes MMP1, stromelysin-1(MMP3), and

controlled
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MMP13 (Fig. 1A). Although the pathway
of the E2F6 gene, which is regulated by
miR-193b, is unclear, the pathway
analysis suggested that this gene is
involved feedback
aggrecanase-2(ADAMTS5)

transforming growth factor p1 (TGFB1)
(Fig. 1A). NEDD4, which is regulated by
miR-199a-3p,
feedback

OA-related gene (Fig. 1A). On the basis

in the on

and

produced negative

on connexin 43, another
of the comparison of pathway analysis
between genes regulated by miRNAs and
cartilage-related genes, we believe that
HOXA10, which
miR-320c, may regulate MMP13 through
RUNX2 (Fig. 1B).

Although there

is regulated by

is a great deal of
literature on miRNAs, there are few
reports on the relationship between

miRNAs and the cell proliferation
capacity of chondrocytes. The MTT assay
performed in this study (Fig. 2) suggests
although the cell
replication differ

between miR-199a-3p and miR-320c,

that, effects on

capacity did not

miR-193b was upregulated significantly
in the inhibitor group compared with the
control group on day 7. This suggests
that miR-193b can affect the cell
replication capacity of chondrocytes.
Our findings suggest that miR-199a-3p
and miR-193b may be

involved in
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chondrocyte aging by  regulating
aggrecan, type 2 collagen, and SOX9, and
that miRNA-320c¢ may be involved in the
juvenile properties of chondrocytes by
regulating ADAMTS5. Our

suggest that miR-199a-3p,

findings
miR-193b,
and miR-320c may be useful for a marker
of cartilage as donor tissue of cartilage
graft and tissue culture for cell therapy

(Fig. 3).

E. #&

In summary, three types of miRNA
whose expression correlates with age
were identified in chondrocytes. These
findings suggest that miR-199a-3p and
miR-193b are involved in chondrocyte
aging by regulating aggrecan and type 2
collagen, and that SOX9 and
miRNA-320c¢ are involved in the juvenile
properties of chondrocytes by regulating

ADAMTSS.
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