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Reduced miR-26a and miR-26b expression
contributes to the pathogenesis of osteoarthritis
via the promotion of p65 translocation
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Abstract. Osteoarthritis (OA) is a common chronic joint
disease, the etiology of which is complex. Disturbance to
proinflammatory and anti-inflammatory signaling pathways is
a major cause of OA. MicroRNAs (miRNAs/miR) are a group
of endogenous, short, non-coding RNAs, the expression profile
of which is disturbed in the cartilage of patients with OA. To
determine the function of miRNAs during the progression of
OA, the present study detected the expression levels of nine
candidate miRNAs in cartilage samples from 33 patients
with OA. The results demonstrated that miR-26a, miR-26b,
miR-138 and miR-140 were downregulated in patients with
OA. As predicted by a bioinformatics analysis and confirmed
by luciferase assay and western blotting, the present study
revealed that miR-26a and miR-26b are able to suppress karyo-
pherin subunit alpha 3 (KPNA3) expression by targeting its
3'-untranslated region. Since KPNA3 is an important mediator
that modulates nuclear factor (NF)-kB p65 translocation, the
present study examined the impact of miR-26a and miR-26b
on NF-kB signaling. The results indicated that transfection
of cells with a miR-26a or miR-26b inhibitor may promote
NF-kB p65 translocation from the cytoplasm to the nucleus via
the upregulation of KPNA3. Furthermore, the expression levels
of matrix metalloproteinase-3, -9, -13 and cyclooxygenase-2
were upregulated following transfection with a miR-26a or
miR-26b inhibitor. These results indicate that downregulation
of miR-26a and miR-26b may contribute to the pathogenesis
of OA via promotion of the NF-kB signaling pathway. The
present study sheds light on the pathogenesis of OA and may
provide a target for the development of therapeutic methods
for the treatment of OA.
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Introduction

Osteoarthritis (OA) is a multifactorial disease, which is
characterized by degeneration of articular cartilage, limited
intra-articular inflammation with synovitis, and alterations
in periarticular and subchondral bone (1). The majority of
individuals >65 years old exhibit radiographic and/or clinical
evidence of OA (2,3). It is widely accepted that the patho-
genesis of OA is complex, and is associated with mechanical
influences, genetic disposition and epigenetic factors.

MicroRNAs (miRNAs/miR) are a group of endogenous,
short, non-coding RNAs, which regulate gene expression
by targeting the 3'-untranslated region (3'UTR) of mRNA.
miRNAs have been found in various organisms, and several of
them are evolutionary conserved. Furthermore, it is estimated
that >50% of all human protein-coding genes are potentially
regulated by miRNAs (4). miRNAs have previously been
demonstrated to exist in cartilage and have essential roles
during cartilage development (5). Appropriate miRNA expres-
sion is important for maintaining cartilage homeostasis, and
abnormal miRNA profiles have been shown to be associated
with cartilage diseases (5,6).

A previous study demonstrated that several aberrantly
expressed miRNAs in cartilage are associated with the patho-
genesis of OA (7). In addition, numerous studies have indicated
that miR-140 exhibits a chondrocyte differentiation-related
expression pattern, the downregulation of which is associated
with an enhanced interleukin (IL)-1p response, which may
contribute to the pathogenesis of OA (6,8,9). Furthermore,
miR-146a is an IL-1B-responsive miRNA, which contributes
to OA pathogenesis by increasing vascular endothelial growth
factor levels (10).

To explore the function of miRNAs during the pathogen-
esis of OA and find a target for clinical treatment, the present
study detected the expression levels of nine miRNAs in carti-
lage tissue samples from patients with OA, and investigated
the role of candidate miRNAs during the progression of OA.

Materials and methods

Tissue sample collection. Human cartilage was obtained from
femoral condyles and tibial plateaus. OA cartilage samples
were obtained from female patients with OA that underwent
total knee arthroplasty (n=33; age, 62+11 years), and normal
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human cartilage samples were obtained from individuals
within 12 h of death (n=15; age, 60+16 years old). The normal
individuals had no history of joint disease and succumbed to
causes unrelated to arthritic diseases. The cartilage was exam-
ined macroscopically and microscopically to ensure that only
normal tissue was used. All patients with OA were evaluated
by a certified rheumatologist and were diagnosed as having
OA according to the American College of Rheumatology
criteria (11). The Ethics Committee Board of the People's
Hospital of Dongying (Dongying, China) approved the use
of human articular tissues. Patients with OA provided written
informed consent, and post-mortem tissues were obtained with
the consent of a family member or authorized individual.

Chondrocyte isolation and culture. Human knee articular
chondrocytes were isolated from 9 patients (age, 55-67 years)
that underwent joint replacement surgery for OA. Briefly,
cartilage slices (~0.5 cm?) were initially digested with 0.25%
trypsin for 1 h at 37°C, and were subsequently incubated with
0.04% collagenase type 11 overnight in a 37°C water bath and
filtered a 20 pm-pore strainer. Primary cell cultures were
maintained at 37°C in a 5% CO, atmosphere in Dulbecco's
modified Eagle's medium (DMEM)/F12 (Hyclone; GE
Healthcare Life Sciences, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS; Hyclone; GE Healthcare
Life Sciences), 100 U/ml penicillin and 100 U/ml strep-
tomycin. Chondrocytes at the third passage were used for
subsequent experiments.

The SW1353 chondrosarcoma cell line was purchased
from the China Infrastructure of Cell Line Resources (Beijing,
China). The cells were cultured in DMEM supplemented with
10% FBS, 100 U/ml penicillin and 100 U/ml streptomycin at
37°C in a humidified atmosphere.

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was extracted
from tissues and cells using TRIzol® reagent (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA)
according to the manufacturer's protocol. Single-stranded
cDNA was synthesized by using TagMan MicroRNA
Reverse Transcription kit (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and then amplified by using TagMan
Universal PCR Master Mix (Applied Biosystems; Thermo
Fisher Scientific, Inc.) together with miRNA-specific TagMan
MGB probes (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The PCR cycling conditions were 95°C for 10 min,
followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min.
Primers were supplied by Applied Biosystems (Thermo Fisher
Scientific, Inc.). The expression levels of candidate miRNAs
were measured using stem-loop qPCR with U6 small nuclear
RNA as an internal control. The primers used were purchased
from Thermo Fisher Scientific, Inc. (miR-26a, cat. no. 000405;
miR-26b, cat. no. 000407; miR-27b, cat. no. 002174;
miR-125a, cat. no. 002198; miR-138, cat. no. 02284; miR-140,
cat. no. 002234; miR-146a, cat. no. 000468; miR-181a,
cat. no. 000480; miR-199a, cat. no. 002304; and U6,
cat. no. 4451372). Each sample was measured in triplicate and
the experiment was repeated at least three times. The relative
expression levels of the candidate genes were calculated using
the 244 method (12).
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For mRNA quantification, first strand cDNA synthesis was
achieved using a Primescript RT reagent kit (Takara Bio, Inc.,
Otsu, Japan). Amplification of cDNA was performed using
SYBR Premix Ex Taq (Takara Bio, Inc.). The primers were
synthesized by BGI (Shenzhen, China) and sequences were as
follows: Matrix metalloproteinase (MMP)-3, forward 5'-CTC
GTTGCTGCTCATGAAATTG-3, reverse 5-TCAGGTCTG
TGAGTGAGTGATA-3'; MMP-9, forward 5'-GAACTTTGA
CAGCGACAAGAAG-3, reverse 5-CGGCACTGAGGA
ATGATCTAA-3'; MMP-13, forward 5-AGCATCTGGAGT
AACCGTATTG-3', reverse 5-CCCGCACTTCTGGAA
GTATT-3'; cyclooxygenase (COX)2, forward 5'-TCAGTA
GGTGCATTGGAATCAA-3', reverse 5'-GGAGAAACG
AAGTGATGAGAAGA-3"; and GAPDH, forward 5'-GAC
CACTTTGTCAAGCTCATTTC-3', reverse 5-CTCTCT
TCCTCTTGTGCTCTTG-3'". The PCR cycling condition
were 95°C for 10 min, followed by 40 cycles of 95°C for
15 sec and 60°C for 1 min. The expression levels of GAPDH
were used to normalize the levels of target mRNA, and the
relative expression levels of genes were calculated using the
244 method (12).

Dual luciferase assay. miRNA mimics, inhibitors and
controls were purchased from Shanghai GenePharma Co., Ltd.
(Shanghai, China). The sequences for miRNAs mimics were as
follows: miR-26a, 5-UUCAAGUAAUCCAGGAUAGGCU-3,
miR-26b, 5'-UUCAAGUAAUUCAGGAUAGGU-3'; and
miR-138, 5" AGCUGGUGUUGUGAAUCAGGCCG-3'. The
sequences for miRNAs inhibitors were as follows: miR-26a,
5'-AGCCUAUCCUGGAUUACUUGAA-3"; miR-26b, 5'-ACC
UAUCCUGAAUUACUUGAA-3'; and miR-138, 5-CGGCCU
GAUUCACAACACCAGCU-3'. The full-length karyopherin
subunit a 3 (KPNA3) 3'UTR was amplified from cDNA of
HEK?293T cells and cloned downstream of the firefly luciferase
coding region in the pmirGLO vector (Promega Corporation,
Madison, WI, USA) in order to generate a luciferase reporter
vector.

For the luciferase reporter assays, 1x10° SW1353 cells were
seeded in 48-well plates. Subsequently, 20 xM miRNA mimics
or inhibitors were transfected into the cells alongside 100 ng
of the reporter vector, using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. Scrambled short single-stranded RNA or
double-stranded RNA sequences were used as a control for
the miRNA mimics or inhibitors. Briefly, miRNA mimics or
inhibitors were diluted in DMEM, and Lipofectamine 2000
was also diluted in DMEM. The mimics, inhibitors and
Lipofectamine 2000 dilutions were then incubated at room
temperature for 5 min, before being combined for 20 min at
room temperature. The complex (200 ul) was added to each
well of the cell-containing plates, and the plates were incu-
bated for 4 h. A total of 48 h post-transfection, the cells were
harvested, lysed and assessed using the Dual-Luciferase Assay
kit (Promega Corporation). Each treatment was performed
in triplicate in three independent experiments. The results
are expressed as relative luciferase activity (firefly luciferase
activity/Renilla luciferase activity).

Western blotting. Protein was extracted from the cells using
M-PER™ Mammalian Protein Extraction Reagent (Thermo
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Figure 1. Aberrant expression of miRNAs detected in cartilage samples from patients with OA. The expression levels of nine candidate miRNAs were detected
in cartilage samples from patients with OA and normal controls using reverse transcription-quantitative polymerase chain reaction. Results were analyzed
using a t-test. ‘P<0.05, “P<0.01. miRNA/miR, microRNA; OA, osteoarthritis; Con, controls.

Fisher Scientific, Inc.); protein samples were quantified
using the bicinchoninic acid method. Protein extracts were
subsequently boiled in SDS/B-mercaptoethanol sample
buffer, and 10 pug samples were loaded into each lane of 10%
polyacrylamide gels. The proteins were then separated by
electrophoresis and were blotted onto polyvinylidene fluoride
membranes (Amersham; GE Healthcare Life Sciences, Little
Chalfont, UK) by electrophoretic transfer. The membranes
were blocked in 5% bovine serum albumin in TBS-Tween 20
for 1 h at room temperature. The membranes were incu-
bated with rabbit anti-KPNA3 polyclonal antibody (1:500;
cat. no. abl117578; Abcam, Cambridge, MA, USA), rabbit
anti-NF-kB p65 monoclonal antibody (1:500; cat. no. ab32536;
Abcam), mouse anti-GAPDH monoclonal antibody (1:5,000;
cat. no. sc-32233; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), rabbit anti-a-tubulin polyclonal antibody (1:1,000;
cat. no. abl8251; Abcam), rabbit anti-lamin B1 monoclonal
antibody (1:1,000; cat. no. ab13374; Abcam) and mouse
anti-B-actin monoclonal antibody (1:5,000; cat. no. sc-47778,;

Santa Cruz Biotechnology Inc.) at 4°C overnight. The specific
protein-antibody complexes were subsequently detected
following incubation with horseradish peroxidase-conjugated
goat anti-rabbit (1:5,000) or rabbit anti-mouse (1:5,000)
immunoglobulin G antibodies (cat. nos ab6721 and ab6728,
respectively; Abcam) for 2 h at 37°C. The blots were visualized
using an enhanced chemiluminescence kit (Pierce; Thermo
Fisher Scientific, Inc.). The B-actin or GAPDH signals were
used as loading controls for the total cell lysate. The a-tubulin
and lamin B1 signals were used as loading controls for the
cytosolic and nuclear lysates, respectively. The band density
was analyzed using Quantity One software (version 4.6.2;
Bio-Rad Laboratories, Inc., Hercules, CA, USA). The experi-
ment was conducted in triplicate and results were analyzed
using Student's t-test.

miRNA transfection and IL-1f treatment. Chondrocytes were
transfected with miRNA mimics, inhibitors or scrambled
control RNA using Lipofectamine 2000. A total of 48 h
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Figure 2. miR-26a and miR-26b suppress KPNA3 expression by targeting its 3'UTR. (A) Schematic diagram of the predicted interaction between miRNAs
and the 3'UTR of KPNA3. (B) Dual luciferase assay. A reporter vector containing the 3'UTR of KPNA3 was transfected into SW1353 cells alongside miRNA
mimics or inhibitors. A total of 48 h post-transfection, the cells were lysed and luciferase activity was detected. Results were analyzed by Student's t-test.
"P<0.05, “P<0.01. (C) miRNA mimics or inhibitors were transfected into SW1353 cells. A total of 48 h post-transfection, cells were lysed and the protein
expression levels of KPNA3 were determined by western blotting. GAPDH was used as a loading control. "P<0.05, “P<0.01. miR/miRNA, microRNA; 3'UTR,

3'-untranslated region; KPNA3, karyopherin subunit alpha 3.

post-transfection, the cells were washed three times with PBS
and were incubated for 1 h in serum-starved media (0.5%
FBS). Serum-starved chondrocytes were then stimulated with
10 ng/ml IL-1p (R&D Systems, Inc., Minneapolis, MN, USA)
for 1 h, and were collected for mRNA and protein expression
detection.

NF-kB nuclear translocation. Following various transfections
and treatments, cells were harvested for preparation of the
cytoplasmic and nuclear extracts using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific,
Inc.). The NF-kB p65 expression levels in the extracts were
then examined by western blotting.
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Figure 3. Downregulation of miR-26a or miR-26b promotes p65 cytoplasmic-nuclear translocation by upregulating KPNA3 expression. (A) Chondrocytes
were isolated from cartilage samples from patients with osteoarthritis and were transfected with miR-26a and miR-26b mimics or inhibitors. A total of 48 h
post-transfection, miR-26a and miR-26b expression levels were detected. The results were analyzed by Student's t-test. ‘P<0.05, “P<0.01. (B) Chondrocytes
were transfected with miRNA mimics or inhibitors for 48 h. The cells were then treated with IL-1f for 1 h, and the expression levels of p65 were detected in
the cytoplasm, nucleus and total lysate by western blotting."P<0.05, “P<0.01. miR/miRNA, microRNA; KPNA3, KPNA3, karyopherin subunit alpha 3; IL-1f,

interleukin-1; IN, inhibitor; NC, negative control.

Statistical analysis. Data were analyzed using SPSS

Statistical Package version 16 (SPSS Inc., Chicago, IL,

USA) and are presented as the mean + standard deviation.
Analyses of two independent groups were conducted using
Welch's unpaired t-test. For multiple comparisons, one-way
analysis of variance was conducted with the Newman-Keuls
method. P<0.05 was considered to indicate a statistically
significant difference.

Results

miR-26a, miR-26b, miR-138 and miR-140 are downregulated
in patients with OA. To explore the function of aberrantly
expressed miRNAs during the pathogenesis of OA, the
present study detected the expression levels of nine candidate
miRNAs in cartilage samples from patients with OA and
normal controls. These candidate miRNAs have previously
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Figure 4. MMPs and COX-2 expression was modulated by miR-26a and miR-26b. Chondrocytes were transfected with miRNA mimics or inhibitors for
48 h and were then treated with IL-13 for 1 h. Total RNA was extracted and the expression levels of MMP-3, -9, -13 and COX-2 were detected by reverse
transcription-quantitative polymerase chain reaction. The experiment was carried out in triplicate and the results between multiple groups were analyzed by
one-way analysis of variance. 'P<0.03, “P<0.01. miR/miRNA, microRNA; MMP, matrix metalloproteinase; COX-2, cyclooxygenase-2.

been reported to be aberrantly expressed in cartilage samples
from patients with OA, or have been shown to have a role
during chondrogenesis (7,13). As shown in Fig. 1, miR-26a,
miR-26b, miR-138 and miR-140 exhibited significantly
reduced expression in cartilage samples from patients with
OA. Since the function of miR-140 during the pathogenesis
of OA is well understood (6,14-16), the present study focused
on investigating the biological functions of miR-26a, miR-26b
and miR-138.

miR-26a and miR-26b suppress KPNA3 expression by
targeting its 3'UTR. To investigate the biological function of
aberrant miRNAs during the pathogenesis of OA, the present
study predicted the target genes of miR-26a, miR-26b and
miR-138 using the online bioinformatics tool TargetScan
(http://www.targetscan.org/). The predicted interactions
between miRNAs and the 3'UTR of KPNA3 are presented in
Fig. 2A.

To examine whether miR-26a, miR-26b and miR-138 are
able to suppress KPNA3 expression by targeting its 3'UTR,
the present study constructed a luciferase reporter vector by

cloning the full-length KPNA3 3'UTR into the pmirGLO
plasmid, downstream of the firefly luciferase coding region.
Dual luciferase assays were then conducted in SW1353 cells.
As presented in Fig. 2B, luciferase activity was significantly
reduced by 51.1 or 57.8% in cells overexpressing miR-26a
or miR-26b. Conversely, luciferase activity was increased
by 35.0 or 51.2% in cells in which miR-26a or miR-26b
expression was suppressed. There was no significant change
in luciferase activity in cells with miR-138 overexpression
or downregulation. These results indicate that miR-26a
and miR-26b may suppress luciferase activity by targeting
KPNA3 3'UTR.

To further examine whether endogenous KPNA3 expres-
sion was suppressed by miR-26a and miR-26b, SW1353 cells
were transfected with miR-26a and miR-26b mimics or inhibi-
tors. A total of 48 h post-transfection, the cells were lysed
and KPNA3 expression was detected by western blotting. As
shown in Fig. 2C, the protein expression levels of KPNA3
were downregulated following transfection with miR-26a or
miR-26b mimics, whereas KPNA3 expression was upregu-
lated in cells transfected with miR-26a or miR-26b inhibitors.
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These results suggest that endogenous KPNA3 expression may
be directly regulated by miR-26a and miR-26b.

miR-26a and miR-26b modulate NF-xB p65 translocation,
and the expression of MMP-3, -9, -13 and COX-2. Previous
studies have indicated that KPNA3 is able to bind to the nuclear
localization sequence region of NF-xB p65 and mediate
translocation between the cytoplasm and nucleus (17,18). To
determine whether miR-26a and miR-26b are able to regulate
NF-kB signaling by modulating p65 translocation, chondro-
cytes were transfected with miR-26a and miR-26b mimics
or inhibitors. A total of 48 h post-transfection, the cells were
stimulated with 10 ng/ml IL-1f for 1 h and were collected for
protein expression detection.

As shown in Fig. 3A, the expression levels of miR-26a
or miR-26b were significantly upregulated by miR-26a or
miR-26b mimics, and were reduced by miR-26a or miR-26b
inhibitors. Following IL-1f stimulation, the process of p65
cytoplasmic-nuclear translocation was arrested following
transfection with miR-26a or miR-26b mimics, and p65 was
detained in the cytoplasm (Fig. 3B, left panel). However, the
p65 translocation process was promoted following transfec-
tion with miR-26a or miR-26b inhibitors, and increased p65
expression was detected in the nucleus (Fig. 3B, right panel).

To explore the function of miR-26a and miR-26b on modu-
lating NF-«B signaling, the present study examined the mRNA
expression levels of MMP-3, -9, -13 and COX-2. As presented
in Fig. 4, the expression levels of MMP-3, -9, -13 and COX-2
were significantly downregulated by miR-26a or miR-26b
mimics, and were upregulated by miR-26a or miR-26b inhibi-
tors. These results indicate that reduced miR-26a and miR-26b
expression may contribute to the pathogenesis and progression
of OA by upregulating NF-«B signaling.

Discussion

miRNAs are a group of endogenous, short, non-coding RNAs,
the function of which was demonstrated to be associated
with the development and homeostasis of articular cartilage.
Recently, increasing reports indicated that an altered miRNA
expression profile is associated with the pathogenesis of OA,
however, the mechanisms were not well understood. The
current study examined the level of nine selected miRNAs in
the cartilage samples of 33 patients with OA. In contrast with
other reports, upregulation of miR-146a in cartilage samples
from patients with OA was not detected (19). The expression
of miR-27b and miR-125a was also not altered, in contrast
with what was reported by other researchers, which may be
caused by the differences of samples collection and the genetic
background of the patients in the study (14,20). However, the
current study observed that the levels of miR-26a, miR-26b,
miR-138 and miR-140 were downregulated in the patients with
OA. It was also confirmed that miR-26a and miR-26a func-
tion as an immune response modulators that regulate NF-kB
p65 translocation by targeting KPNA3. To the best of our
knowledge, this is the first report to demonstrate the role of
miR-26a and miR-26b as NF-«kB signaling regulators during
OA pathogenesis.

The nucleocytoplasmic traffic of large molecules (>25 nm
in diameter) in eukaryotic cells is regulated by specific nuclear
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import and export systems. Proteins that contain classical
nuclear localization sequences are imported into the nucleus
by importin a/f heterodimers (21). Although eight importin o
members were found in human cells KPNA3 was confirmed
to be the most important mediator of p5S0/p65 heterodimer and
p50 homodimer translocation (17). The present study confirmed
that KPNA3 is a direct target of miR-26a and miR-26b for the
first time. Furthermore, upregulation of MMPs and COX-2
induced by IL-1f in chondrocytes are predominantly modu-
lated by NF-kB signaling (22,23). The reduction of MMP-3, -9,
-13 and COX-2 mRNA level by miR-26a/b mimics and upreg-
ulation by miR-26a/b inhibitors indicates the functional role
of miR-26a/b in regulating NF-«B signaling. Thus, the current
study successfully demonstrated an association between
miR-26a/b reduction and OA pathogenesis, which may shed
light on the mechanism of why altered miRNA expression is
associated with OA.

In conclusion, the present study demonstrated that
miR-26a, miR-26b, miR-138 and miR-140 are downregulated
in cartilage samples from patients with OA. Furthermore,
reduced miR-26a and miR-26b expression induced upregula-
tion of MMPs and COX-2 by upregulating KPNA3 expression
and promoting p65 cytoplasmic-nuclear translocation.
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