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Abstract
Objective—Aberrant posttranscriptional regulation of matrix metalloproteinases (MMPs) by
microRNA has emerged as an important factor in human diseases. The aim of this study was to
determine whether the expression of MMP-13 in human osteoarthritis (OA) chondrocytes is
regulated by microRNA.

Methods—Chondrocytes were stimulated with interleukin-1β (IL-1β) in vitro. Total RNA was
prepared using TRIzol reagent. Polymerase chain reaction (PCR)–based arrays were used to
determine the expression profile of 352 human microRNA. Gene expression was quantified using
TaqMan assays, and microRNA targets were identified using bioinformatics. Transfection with
reporter construct and microRNA mimic was used to verify suppression of target messenger RNA
(mRNA). Gene expression of argonaute and Dicer was determined by reverse transcription–PCR,
and expression of protein was determined by immunoblotting. The role of activated MAP kinases
(MAPKs) and NF-κB was evaluated using specific inhibitors.

Results—In IL-1β–stimulated OA chondrocytes, 42 microRNA were down-regulated, 2
microRNA were up-regulated, and the expression of 308 microRNA remained unchanged. In
silico analysis identified a sequence in the 3′-untranslated region (3′-UTR) of MMP-13 mRNA
complementary to the seed sequence of microRNA-27b (miR-27b). Increased expression of
MMP-13 correlated with down-regulation of miR-27b. Overexpression of miR-27b suppressed the
activity of a reporter construct containing the 3′-UTR of human MMP-13 mRNA and inhibited the
IL-1β–induced expression of MMP-13 protein in chondrocytes. NF-κB and MAPK activation
down-regulated the expression of miR-27b.

Conclusion—Our data demonstrated the expression of miR-27b in both normal and OA
chondrocytes. Furthermore, IL-1β–induced activation of signal transduction pathways associated
with the expression of MMP-13 down-regulated the expression of miR-27b. Thus, miR-27b may
play a role in regulating the expression of MMP-13 in human chondrocytes.

Osteoarthritis (OA) is the most prevalent disease of the articulating joints and is
characterized by pain, tenderness, limitation of movement, crepitus, and a variable degree of
inflammation without systemic effects (1,2). The pathogenesis of OA is complex and
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involves the interaction of multiple factors ranging from genetic predisposition to altered
mechanical loading and changes in the gene expression repertoire of the articular
chondrocytes (3,4). In addition, symptoms of local inflammation and synovitis are present in
many patients with OA and are also seen in animal models of OA (for review, see refs. 3–5).
Proteolytic degradation of cartilage is a hallmark of OA, and activated chondrocytes are now
known to produce matrix-degrading enzymes such as collagenase 3 (matrix
metalloproteinase 13 [MMP-13]) in OA joints (5,6). MMP-13 has a broad substrate
specificity and can cleave types I, II, III, IV, X, and XIV collagen, aggrecan, and
fibronectin, with the highest activity toward type II collagen (7–9). The role of MMP-13 in
OA was shown using a transgenic mouse model in which induced expression of MMP-13
resulted in pathologic changes in the joints, similar to human OA (10). In addition, the
proinflammatory cytokine interleukin-1β (IL-1β) and MMP-13 localize to the site of
cartilage degradation in OA joints, providing evidence of their key roles in the pathogenesis
of OA (11; for review, see ref. 12). Furthermore, inhibition of IL-1 ameliorated OA-like
pathology in animal models, and the role of IL-1 in OA pathogenesis was further
substantiated by studies in IL-1–deficient mice (13,14).

Several recent studies demonstrated microRNA-mediated RNA interference as a novel
evolutionarily conserved mechanism for the regulation of gene expression at the
posttranscription level. The physiologic function of the majority of microRNA is unknown,
but their importance in maintaining cartilage homeostasis has become evident from studies
showing a progressive loss of proliferating chondrocytes leading to severe skeletal growth
defects and premature death in Dicer-null mice (15). In rheumatoid arthritis (RA),
microRNA-146 (miR-146) and miR-155 were found to be overexpressed, and this correlated
with the reduced expression of MMP-3 in synovial fibroblasts, suggesting involvement of
microRNA in RA (16,17). Altered expression of miR-203 has also been shown in psoriasis,
where it is thought to exert a proinflammatory effect by targeting suppressor of cytokine
signaling 3 (18). Peripheral blood leukocytes from patients with systemic lupus
erythematosus express high levels of miR-21 and miR-198, while the expression of miR-184
and miR-17-5p is low (19). Other studies have shown that miR-146a contributes to the
abnormal expression of type I interferon in lupus by targeting the signaling proteins (20).
Studies have also shown that microRNA are involved in the regulation of MMP-2
expression in heart and the invasion in glioma by targeting MMP regulators (21,22).

Recent studies showed the microRNA expression profile in human OA chondrocytes and
correlated the expression of MMP-13 with specific microRNA (23–25). No consensus on a
specific microRNA being the regulator of MMP-13 expression was reached, because one
group of investigators reported that miR-9 negatively regulates the expression of MMP-13
(24), while another group observed that miR-22 blocks cartilage degradation by inhibiting
MMP-13 expression indirectly by regulating the production of bone morphogenetic protein
7 (BMP-7) (23). Studies have shown that BMP-7 accelerates cartilage degradation via
induction of MMP-13 expression in chondrocytes; therefore, inhibition of BMP-7 may be
chondroprotective (26,27). Although we could not find the miR-9 seed sequence in the 3′-
untranslated region (3′-UTR) of human MMP-13 messenger RNA (mRNA) (results not
shown), we cannot rule out a role of miR-9 in regulating MMP-13 expression via a different
pathway. Intense expression of miR-146a in low-grade OA cartilage and its induction by
IL-1β in human chondrocytes has also been shown (25). In this study, we determined the
effect of IL-1β on the microRNA expression profile and determined whether the expression
of MMP-13 is regulated by specific microRNA in human OA chondrocytes.
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Materials and Methods
Patients

Permission to use discarded human tissue was obtained from the institutional review board
of the University of South Carolina, prior to initiation of the studies. OA cartilage samples
were obtained from 20 patients (mean ± SD age 61.12 ± 4.75 years) who underwent total
joint arthroplasty at Richland Hospital (Columbia, SC). OA was diagnosed according to the
American College of Rheumatology criteria (28,29). Normal cartilage samples were
obtained from trauma patients with no known history of OA or RA (n = 3).

Preparation of chondrocytes
Specimens that included full-thickness cartilage and subchondral bone were washed with
sterile phosphate buffered saline, and macroscopic cartilage degeneration was determined by
staining with India ink (30). Portions of cartilage with a smooth articular surface were used
to prepare chondrocytes by enzymatic digestion and were cultured as previously described
(31,32). Primary OA chondrocytes at 80% confluence were used for all of the experiments.

Chondrocyte treatment and preparation of microRNA
OA chondrocytes were serum starved overnight and then stimulated with IL-1β (5 ng/ml or
10 ng/ml; R&D Systems) for the indicated periods of time, and total RNA was prepared
using TRIzol reagent (Invitrogen). MicroRNA were purified using the mirVana Kit,
essentially according to the manufacturer's instructions (Applied Biosystems). For some
studies, microRNA were prepared directly from normal and OA cartilage samples. Briefly,
cartilage was ground to a fine powder in liquid nitrogen and then processed to purify the
microRNA, as described above.

MicroRNA expression analysis
MicroRNA isolated from OA chondrocytes, stimulated or not stimulated with IL-1β, were
poly(A) tailed and complementary DNA (cDNA) synthesized using the RT2 miRNA First
Strand Kit (SABiosciences). Poly(A)-tailed cDNA was mixed with RT2 SYBR Green qPCR
Master Mix (SABiosciences) in 96-well plates containing predispensed primers specific for
352 known human microRNA, 4 housekeeping genes (HKGs; hsa-SNORD48, hsa-
SNORD47, hsa-SNORD44, and hsa-U6), 2 RNA-quality, and 2 polymerase chain reaction
(PCR)–positive controls. Real-time PCR amplification and data capture were performed
using the StepOne Real-Time PCR System (Applied Biosystems).

Microarray data analyses
PCR array data were analyzed using the SA Biosciences Web site
(http://www.sabiosciences.com/pcrarraydataanalysis.php). The ΔΔCt method (33) was used
to calculate the relative expression of microRNA in control and IL-1β–stimulated
chondrocytes. Values are expressed as the fold change in gene expression and were derived
using the following formula: [(2−ΔCt(GOI) exp/2−ΔCt(HKG) exp)/(2−ΔCt(GOI) cont/2−ΔCt(HKG)

cont) = 2−ΔCt(GOI) − Ct(HKG) exp/2−ΔCt(GOI) − Ct(HKG) cont = 2−ΔΔCt exp/2−ΔΔCt cont],
where GOI = gene of interest, exp = experimental sample, and cont = control sample.
MicroRNA with fold changes of >2 were considered to be differentially expressed and were
chosen for further analysis.

Reverse transcription—PCR (RT-PCR) analysis of argonaute (AGO) and DICER1 gene
expression

Total RNA (1 μg) was reverse transcribed using random primers and the reagents provided
with the SuperScript cDNA Synthesis Kit (Invitrogen). The cDNA mixture was then diluted
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50-fold, and 5 μl was used in the PCR containing 2 μl 10× AmpliTaq buffer (Applied
Biosystems), 0.2 mM each dNTP, 1.5 mM MgCl2, 0.2 μM each primer, and 1 unit AmpliTaq
DNA polymerase. Reaction mixtures were heated at 95°C for 5 minutes, followed by 35
cycles of 95°C for 1 minute, 53°C for 30 seconds, and 72°C for 30 seconds and then stored
at 4°C until analyzed. Expression of the DICER1 and AGO1–4 genes was determined by
RT-PCR using the primers shown in Table 1. Amplified DNA fragments were resolved by
1.2% agarose gel electrophoresis, cloned using the TOPO-TA Cloning System (Invitrogen),
and sequenced; the sequences were compared with the catalogued sequences in the
GenBank/European Molecular Biology Laboratory DNA databases, using the BLASTN
program.

Quantitative RT-PCR analysis of MMP-13 and miR-27b expression
Expression of MMP-13 mRNA was quantified using the TaqMan Gene Expression Assay
according to the manufacturer's instructions (Applied Biosystems). Expression of mature
microRNA was quantified using TaqMan MicroRNA Assays (Applied Biosystems).
Purified microRNA from control and experimental samples were reverse transcribed using
50 nM miR-27b stem loop RT primer, 10× RT buffer, 10 mM each dNTP, 50 units
MultiScribe reverse transcriptase, and 20 units of RNase inhibitor. Quantitative PCR was
performed in 10-μl reactions containing 2 μl of RT product, 5 μl of 2× TaqMan Universal
Master Mix, 0.2 μM TaqMan probe, and 0.9 μM forward and reverse primers. Reaction
mixtures were incubated at 95°C for 10 minutes, followed by 40 cycles of 95°C for 30
seconds and 60°C for 1 minute. Expression of RNU6B and GAPDH was used as
endogenous control. A threshold cycle was observed in the exponential phase of
amplification, and quantification of relative expression levels was determined by the ΔΔCt
method (33). The value of each control sample was set at 1 and was used to calculate the
fold change in miR-27b expression.

Western blotting
Culture supernatants were concentrated using Microcon YM-10 centrifugal filters (10-kd
molecular cutoff; Amicon Bioseparations), and equal volumes of the concentrated samples
were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (10%
resolving gel with 4% stacking) and transferred to nitrocellulose membranes (Bio-Rad).
Membranes were blocked with nonfat dry milk powder in Tris buffered saline containing
0.1% Tween 20 and probed with diluted (1:1,000) polyclonal antibodies specific for
MMP-13 (SC-30073; Santa Cruz Biotechnology). For the analysis of Dicer-1 protein
expression, chondrocytes were lysed in radioimmunoprecipitation assay lysis buffer with
complete protease inhibitor cocktail (Roche), and the blot was probed using a diluted
(1:100) anti–Dicer-1 monoclonal antibody (ab14601; Abcam).

Immunoreactive proteins were visualized using horseradish peroxidase–linked secondary
antibodies and enhanced chemiluminescence (GE Healthcare). Images were captured using
the Mini-Medical series (AFP Imaging) and analyzed using Un-Scan-It software (Silk
Scientific). Each band was scanned 5 times with background correction, and the values
(pixels/band) were averaged and expressed as the mean ± SD.

MMP-13 enzyme-linked immunosorbent assay (ELISA)
OA chondrocytes were stimulated with IL-1β (5 ng/ml or 10 ng/ml) for 6 hours or 24 hours,
and the MMP-13 protein in the culture supernatants was quantified using an ELISA kit
according to the manufacturer's instruction (AnaSpec). Plates were read at 450 nm using a
Synergy HT Microplate Reader (BioTek Instruments), and the MMP-13 concentration in the
samples was calculated using a standard curve.
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Luciferase reporter assay
The pMIR-REPORT miRNA Expression Reporter Vector System (Applied Biosystems) was
used to construct the reporter plasmid containing 322 bp of the 3′-UTR of human MMP-13
mRNA encompassing the nucleotide sequence complementary to the miR-27b seed
sequence. Total RNA (1 μg) was reverse transcribed into cDNA as described above, and the
3′-UTR was amplified using the primers shown in Table 1 and purified using the QIAquick
PCR Purification Kit (Qiagen). Purified DNA was digested with Hind III and Spe I
restriction endonucleases (New England Biolabs) in buffer 4 overnight, gel purified, and
ligated 3′ to the luciferase reporter gene in the Hind III– and Spe I–digested vector to
generate pMIR-REPORT-Luc-MMP-13 plasmid (reporter plasmid). The pMIR-REPORT-
Luc-MMP-13 mutant plasmid contained the miR-27b seed sequence in reverse orientation.
Competent Escherichia coli cells were transformed, single colonies were picked from
ampicillin agar plates, and plasmid DNA was prepared using a Plasmid Miniprep kit
(Qiagen).

Transfection of HeLa cells with the reporter plasmid and microRNA mimic
HeLa cells were transfected with 150 ng of reporter plasmid, 10 nM and 100 nM pre–
miR-27b (Qiagen) or negative control microRNA (Applied Biosystems), and 3 ng of Renilla
luciferase control vector (Promega), using Lipofectamine 2000 (Invitrogen) in a 24-well
plate. The luciferase activity assay was performed 24 hours after transfection, using the
Dual-Luciferase Reporter Assay System (Promega) and an LB 7505 luminometer (Berthold)
equipped with double injectors. Firefly luciferase activity was normalized to Renilla
luciferase activity. Each experiment was performed 3 times in triplicate.

Modulation of miR-27b expression by microRNA mimics and inhibitors in human OA
chondrocytes

Human primary OA chondrocytes were transfected with mimic and inhibitor of miR-27b
(Qiagen) at a 100 nM concentration, using the calcium phosphate precipitation method (34).
Following transfection, cells were stimulated with IL-1β for 24 hours or were not stimulated,
cell supernatants were harvested, and MMP-13 production was quantified by ELISA. Total
RNA prepared from chondrocytes was used to check the expression of miR-27b.

Statistical analysis
Comparisons were performed using the Origin 6.1 software package (1 paired 2-tailed t-test
with one-way analysis of variance and Tukey's post hoc analysis). P values less than 0.05
were considered significant, and P values less than 0.001 were considered highly significant.

Results
Expression of DICER1 and AGO genes in human OA chondrocytes

Dicer-1 is an RNase III endonuclease that converts pre-microRNA to mature microRNA
after transport from the nucleus to the cytosol. Our results showed that human OA
chondrocytes express transcripts for the DICER1 and AGO2–4 genes, although the
expression of AGO4 was very weak (Figure 1A). Expression of AGO1 was not detected in
the samples analyzed but was detected easily by the same primers in the brain RNA used as
positive control (Figure 1B). Expression of Dicer-1 protein was detected in all of the
samples analyzed (Figure 1C, and results not shown). These results confirmed that the
proteins associated with the biogenesis of microRNA were expressed in human OA
chondrocytes.
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IL-1β–induced differential expression of microRNA in human OA chondrocytes
To identify the microRNA that are regulated by IL-1β, we determined the expression profile
of 352 human microRNA in IL-1β–stimulated OA chondrocytes and compared it with the
microRNA expression profile in unstimulated OA chondrocytes (n = 3), with each sample
analyzed independently. After 6 hours of stimulation of OA chondrocytes with IL-1β, we
identified 44 differentially expressed microRNA (Table 2). Our results also showed that
expression of 2 microRNA, miR-491_3p and miR-146a, was up-regulated and that of 42
microRNA was significantly down-regulated (P < 0.05), including miR-423_3p (∼13-fold),
miR-610 (∼6-fold), miR-637 (∼3-fold), miR-32 (∼3-fold), miR142_5p (∼3-fold), and
miR-27b (∼3-fold).

Presence of the miR-27b seed sequence in the 3′-UTR of human MMP-13 mRNA
We used the miRanda, TargetScanS, and PicTar algorithms to identify the mRNA targeted
by differentially expressed microRNA. The criteria for selecting targets were to choose a
gene that is expressed in chondrocytes, that is known to be present in OA, and that the
designated microRNA target mRNA pair must be common in 2 of 3 algorithms.
TargetScanS and PicTar both identified sequences conserved in the 3′-UTR of MMP-13
mRNA that were complementary to the miR-27b seed sequence (Figure 1D). The seed
sequence present in the 3′-UTR of human MMP-13 mRNA and the predicted duplex of
miR-27b are shown in Figure 1E. The free energy scores for miR-27b–MMP-13 mRNA
hybrids were −53.1 Kcal/mole (RNAhybrid; http://bibiserv.techfak.uni-bielefeld.de) and
−24.4 Kcal/mole (PicTar), suggesting that miR-27b was most likely to interact with the 3′-
UTR of MMP-13 mRNA and consequently down-regulate its expression
posttranscriptionally.

Correlation between IL-1β–stimulated MMP-13 production and miR-27b expression in
normal and OA chondrocytes

We treated OA chondrocytes with IL-1β and determined MMP-13 protein expression and
the fold change in miR-27b gene expression, by Western blotting or MMP-13 ELISA and
TaqMan assay, respectively. IL-1β stimulation of chondrocytes resulted in the secretion of
MMP-13 protein in the culture supernatant at 6 hours and 24 hours (Figures 2A and B,
respectively). Importantly, IL-1β stimulation resulted in a significant down-regulation of
miR-27b expression at 6 hours (P < 0.001) and 24 hours (P < 0.05) in primary OA
chondrocytes maintained in a G0 state of the cell cycle (n = 20). Expression of miR-27b was
found to be 67% lower in OA cartilage samples when compared with its expression level in
normal cartilage samples (n = 3 each; P < 0.05) (Figure 2C). An inverse correlation between
miR-27b expression and MMP-13 production was also observed when normal chondrocytes
were stimulated with IL-1β (P < 0.05) (Figures 2D and E, respectively). Kinetic analysis
showed a time-dependent increase in MMP-13 protein expression in IL-1β–stimulated OA
chondrocytes (P < 0.001 versus unstimulated control for all) (Figure 2F). A strong
correlation between the level of miR-27b expression and MMP-13 protein secretion was
observed at later time points (P < 0.001) (Figure 2G). However, no significant change in
miR-27b expression at 2 hours and 4 hours after stimulation with IL-1β was noted, possibly
due to slow degradation of the presynthesized microRNA pool.

Inhibition of pMIR-REPORT-Luc-MMP-13 reporter activity by overexpression of miR-27b
No high-throughput method is available to experimentally validate the function of
microRNA, and the major approach to validate microRNA–mRNA interactions uses in vitro
gain-of-function and loss-of-function analysis (35). We also used this strategy to determine
whether miR-27b interacts with its putative target sequence in the 3′-UTR of human
MMP-13 mRNA. Because HeLa cells do not express miR-27b (Haqqi TM, et al:
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unpublished observations), they were transiently cotransfected with the pMIR-REPORT-
Luc-MMP-13 plasmid, pMIR-REPORT-Luc-MMP-13 mutant, and miR-27b mimic or a
negative control microRNA (10 nM and 100 nM) and the internal control plasmid pRL-
SV-40. A marked reduction in luciferase activity levels in cells overexpressing miR-27b was
observed (P < 0.05 versus nontransfected control) (Figure 3A). In contrast, cotransfection of
the mutant reporter plasmid with miR-27b mimic or the reporter plasmid with the negative
control microRNA had no effect on luciferase activity in the transfected cells (Figure 3A).
These results demonstrated that miR-27b binds the seed sequence present in the 3′-UTR of
human MMP-13 mRNA.

Regulation of the expression of MMP-13 protein in human chondrocytes by miR-27b
For these studies, human OA chondrocytes were transfected with pre–miR-27b or anti–
miR-27b and were then either stimulated or not stimulated with IL-1β, and the amount of
secreted MMP-13 protein in culture supernatant was determined by ELISA. Significant
overexpression of miR-27b was observed in pre–miR-27b–transfected chondrocytes (P <
0.05 versus stimulation with IL-1β only) but not in chondrocytes transfected with miR-27b
inhibitor (Figure 3B). OA chondrocytes with overexpression of miR-27b produced ∼38%
less MMP-13 protein upon stimulation with IL-1β compared with nontransfected
chondrocytes (P < 0.05) (Figure 3C). Inhibition of miR-27b in IL-1β–stimulated
chondrocytes resulted in an increase of ∼13% in MMP-13 protein expression compared with
control OA chondrocytes (P < 0.05) (Figure 3C). OA chondrocytes transfected with
miR-27b inhibitor alone produced ∼51% more MMP-13 protein without stimulation with
IL-1β compared with nontransfected controls (Figure 3C).

Negative regulation of miR-27b expression by activation of NF-κB
In view of the published studies showing that expression of some of the microRNA are
regulated by NF-κB (36), we determined whether NF-κB regulates miR-27b expression in
OA chondrocytes. OA chondrocytes were pretreated for 2 hours with the NF-κB inhibitors
MG132 (37) or Bay 11-7082 (38) and then stimulated with IL-1β for 24 hours. The
expression levels of MMP-13 mRNA and miR-27b were determined using TaqMan assays.
Compared with the expression in unstimulated controls, the expression of miR-27b in
IL-1β–stimulated OA chondrocytes was down-regulated by ∼80% (P < 0.05) (Figure 4A),
but MMP-13 gene expression was enhanced ∼64-fold (P < 0.05) (Figure 4C), and high
levels of MMP-13 protein were detected in the culture supernatant (P < 0.05) (Figure 4E).
These results are interesting, because they indicated that activated NF-κB up-regulated the
expression of MMP-13 but acted as a negative regulator of miR-27b expression in OA
chondrocytes.

Regulation of miR-27b expression by JNK and p38 MAPKs
Previous studies have shown that the transcriptional response of the MMP-13 gene to IL-1β
is controlled by the p38 MAPK and JNK pathways but not by ERK (39). However, the role
of MAPKs in regulating the expression of microRNA in human chondrocytes has not yet
been reported. To determine the impact of IL-1β–induced activation of p38 MAPK and JNK
on the expression of miR-27b in OA chondrocytes, we pretreated chondrocytes for 2 hours
with the p38 MAPK inhibitor SB202190 or the JNK inhibitor SP600125 and then stimulated
the OA chondrocytes with IL-1β for 6 hours. In the chondrocytes pretreated with SP600125,
stimulation with IL-1β showed an ∼88% increase in miR-27b expression (P < 0.05) (Figure
4B) and an ∼14-fold increase in MMP-13 mRNA expression compared with controls (P <
0.05) (Figure 4D). OA chondrocytes pretreated with SB202190 and then stimulated with
IL-1β showed an ∼28% increase in miR-27b expression compared with chondrocytes not
treated with SB202190 but stimulated with IL-1β (P < 0.05) (Figure 4B). Pretreatment of
OA chondrocytes with SB202190 suppressed IL-1β–induced MMP-13 mRNA expression by
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∼90% (P < 0.05) (Figure 4D) compared with IL-1β–stimulated OA chondrocytes. These
data indicate that negative regulation of miR-27b expression upon activation of the signal
transduction pathways essential for optimum expression of MMP-13 apparently is necessary
for the unobstructed translation and release of MMP-13 protein from human OA
chondrocytes.

Discussion
MMPs are important regulators of tissue remodeling and repair, but their overexpression or
expression for too long in a joint can cause pathologic manifestations in chronic joint
diseases such as OA. Thus, cells that produce MMPs must employ a multilayered
mechanism to keep the production of MMPs under control. Here, we report the
identification of microRNA-27b as a potential regulator of MMP-13 expression in human
chondrocytes and provide the data linking it to OA, by demonstrating its presence and
modulation by IL-1β in human chondrocytes derived from normal and OA cartilage. Using
PCR-based expression profiling, we also identified several microRNA genes that were
modulated by IL-1β in OA chondrocytes. Dysregulation of microRNA has been linked to
many disease conditions, including cancer (40), cardiovascular disease (41), obesity (42),
OA (23–25), rheumatoid arthritis (16), and inflammation (43). MicroRNA have also been
shown to regulate the expression of proteins involved in pathways activated by the Toll-like
receptors and IL-1β (44).

The human genome contains 2 miR-27 genes [miR-27a and miR-27b] on chromosomes 19
and 9, respectively, and their mature products differ by only 1 nucleotide in the 3′ region.
Interestingly, no change in miR-27a expression was noted in this study (results not shown),
and we conclude that miR-27a is not an IL-1β–responsive gene. Genetic silencing of DICER
and DROSHA led to significantly reduced miR-27b expression in endothelial cells (45). The
gene for miR-27b (located at q22.32) is clustered with miR-23 and miR-24-1 on human
chromosome 9, indicating that they may share a similar regulatory mechanism. We did not
observe a significant change in the expression of miR-23b and miR-24-1 in OA
chondrocytes after IL-1β stimulation (data not shown), demonstrating that miR-27b
expression was independently regulated. Similar results have been reported for the
expression of murine miR-23b, miR-27b, and miR-24-1, which have the same organization
in the mouse genome (46).

Our results indicate that the expression of miR-27b was constitutively high in unstimulated
normal or OA chondrocytes that either did not produce MMP-13 or produced barely
detectable levels of MMP-13. However, when these cells were stimulated with IL-1β, the
expression of miR-27b was severely down-regulated, and enhanced production of MMP-13
protein was noted. We also compared the expression level of miR-27b using microRNA
prepared directly from normal and OA cartilage samples and observed that the expression of
miR-27b was low in OA cartilage samples (Figure 2C). In addition, IL-1β stimulation at
different time points also resulted in a time-dependent inverse correlation between the
expression of MMP-13 and miR-27b. In order to explore the mechanisms involved, we first
performed computer-based sequence analysis using miRanda, TargetScanS, and PicTar
algorithms.

We observed that the miR-27b seed sequence (the first 7 nucleotides) was complementary to
the 1547–1553 nucleotide sequence of human MMP-13 mRNA and is conserved,
operationally defined as present in orthologous locations in the 3′-UTR of human, mouse,
rat, rabbit, and dog MMP-13 mRNA (Figure 1D). In addition, the context scores of miR-27b
were low among most of the microRNA predicted to target the conserved sites in the 3′-
UTR of human MMP-13 mRNA. This indicated that miR-27b was most likely to interact
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(although not with perfect complementarity) with the 3′-UTR of MMP-13 mRNA and
down-regulate its expression at the posttranscriptional level. Most animal microRNA bind
with mismatches and bulges, but a key feature of target recognition involves Watson–Crick
base-pairing of microRNA nucleotides 2–8. This type of complementarity excludes AGO-
mediated cleavage of mRNA while promoting the repression of mRNA translation and is the
predominant mechanism for regulation by animal microRNA (47).

To determine the potential interaction between miR-27b and human MMP-13 mRNA, the
region of the MMP-13 3′-UTR mRNA containing the sequence complementary to the
miR-27b seed sequence was cloned downstream of the Renilla luciferase coding sequence
and cotransfected with miR-27b mimic into HeLa cells, which do not express miR-27b
(Haqqi TM, et al: unpublished observations). In HeLa cells cotransfected with pre–miR-27b
and the reporter vector, luciferase enzyme activity was decreased by 60% when compared
with cells cotransfected with the reporter vector and negative control microRNA (Figure
3A). In contrast, in HeLa cells cotransfected with mutant reporter vector and miR-27b
mimic, luciferase enzyme activity was not affected. These results indicate that miR-27b can
interact with the 3′-UTR of human MMP-13 mRNA and efficiently inhibit translation from
the chimeric transcript. This hypothesis is further supported by the results of transfection of
primary OA chondrocytes, in which overexpression of miR-27b led to a significant
reduction in IL-1β–induced MMP-13 production, while inhibition of miR-27b in IL-1β–
stimulated chondrocytes increased the MMP-13 protein expression in the culture
supernatants (Figure 3C). This is interesting, because such a direct inhibitory effect of a
microRNA on human MMP-13 expression has not been previously reported.

Because both MAPKs and NF-κB have been implicated in MMP-13 expression in IL-1β–
stimulated chondrocytes (39), we investigated the possible role of the NF-κB and MAPK
pathways in the regulation of miR-27b expression in OA chondrocytes. Previously, a role of
JNK in the regulation of the miR-155–mediated inflammatory response in macrophages was
reported (48). Furthermore, the role of MAPKs in regulating microRNA expression in
cardiac disease has recently been proposed (49). We observed that activation of NF-κB acts
as a negative regulator of miR-27b expression in OA chondrocytes. In OA chondrocytes
treated with 2 different NF-κB inhibitors, the expression of miR-27b was enhanced but that
of MMP-13 protein was reduced. This suggests that NF-κB activation may be necessary for
the suppressive effect of IL-1β on miR-27b expression. It is possible that inhibition of
MMP-13 expression in IL-1β–stimulated OA chondrocytes treated with NF-κB inhibitors
could be attributable to an earlier inhibitory effect on NF-κB–mediated transcriptional
induction of MMP-13 mRNA. However, this possibility could not be distinguished in the
present study, due to the limitations of the system employed. Similar results were obtained
with p38 MAPK and JNK inhibitors. Because these pathways are essential for the optimum
expression of MMP-13, negative regulation of miR-27b expression by activated MAPKs
and NF-κB may be necessary for the efficient production of MMP-13 in IL-1β–stimulated
OA chondrocytes.

In conclusion, these results identify a novel microRNA, miR-27b, as a posttranscriptional
regulator of MMP-13 expression in OA chondrocytes. Up-regulating the expression of
miR-27b or preventing its down-regulation in vivo may present a novel therapeutic and/or
preventive approach in OA.
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Figure 1.
A and B, Expression of the argonaute (AGO) and DICER1 genes by human osteoarthritis
(OA) chondrocytes, as determined by reverse transcription–polymerase chain reaction.
Expression of AGO1 was not detected in human OA chondrocytes (A) but was readily
detected in human brain mRNA that was used as positive control (B). C, Expression of
Dicer-1 protein (217 kd) in human OA chondrocytes. The expression of Dicer-1 was not
significantly affected by stimulation with interleukin-1β (IL-1β). D, Cross-species
conservation of the microRNA-27b (miR-27b) seed sequence in the 3′-untranslated region
(3′-UTR) of matrix metalloproteinase 13 (MMP-13) mRNA. E, TargetScanS-predicted
duplex of hsa-miR-27b with the seed sequence in the 3′-UTR of human MMP-13 mRNA.
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Figure 2.
Correlation between IL-1β–stimulated MMP-13 production and miR-27b expression in
normal and OA chondrocytes. A and B, IL-1β–induced production of MMP-13 (bottom)
and down-regulation of miR-27b expression (top) in human OA chondrocytes. Primary OA
chondrocytes were stimulated with IL-1β for 6 hours (n = 3) or 24 hours (n = 8). Expression
of miR-27b was determined using TaqMan assay and was compared with the expression
levels in controls. The immunoblot shown in B may be attributable to autocatalysis of
MMP-13. C and D, Relative expression of miR-27b in normal and OA cartilage (n = 3 each)
and in normal chondrocytes stimulated with IL-1β for 24 hours, respectively. E, MMP-13
production in normal chondrocytes stimulated with IL-1β for 24 hours. F, Kinetics of IL-1β–
induced MMP-13 production in OA chondrocytes. G, Time-dependent down-regulation of
miR-27b expression in OA chondrocytes stimulated with IL-1β for 2, 4, 8, 12, or 24 hours.
Bars show the mean and SEM results of 3 independent experiments, each of which was run
in duplicate. * = P < 0.05; ** = P < 0.001 versus control. See Figure 1 for definitions.
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Figure 3.
Validation of miR-27b binding with the putative binding site in the 3′-UTR of MMP-13
mRNA. A, Luciferase activity in HeLa cells transfected with pMIR-REPORT-Luc-MMP13,
pMIR-REPORT-Luc-MMP13 mutant, a negative control (NC) miRNA, and miR-27b
mimic. B, Relative expression level of miR-27b in human OA chondrocytes (n = 3)
transfected with miR-27b mimic or miR-27b inhibitor and then stimulated or not stimulated
with IL-1β for 24 hours. C, Expression of MMP-13 protein in culture supernatants after 24
hours of IL-1β stimulation, as estimated by enzyme-linked immunosorbent assay.
Chondrocytes were transfected with pre–miR-27b or miR-2b inhibitor. Bars show the mean
and SEM results of 3 independent experiments, each of which was run in triplicate. * = P <
0.05 versus control; # = P < 0.05 versus stimulation with IL-1β only; ⊙ = P > 0.05 versus
control. See Figure 1 for other definitions.
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Figure 4.
Role of NF-κB and MAPK pathways in the regulation of miR-27b expression. Primary OA
chondrocytes were pretreated for 2 hours with small molecule inhibitors of NF-κB MG132
or Bay 11-7082 and MAPK inhibitors SB202190 and SP600125 and then stimulated with
IL-1β as described in Materials and Methods. A and B, Expression of miR-27b in OA
chondrocytes treated with NF-κB inhibitors and in OA chondrocytes treated with MAPK
inhibitors, respectively. Bars show the mean and SEM results of 3 independent experiments
(n = 3), each of which was run in duplicate. C and D, MMP-13 mRNA expression in IL-1β–
stimulated OA chondrocytes treated with the inhibitors described in A and B (n = 3). Bars
show the mean and SEM. E and F, MMP-13 protein concentration in culture supernatants of
the chondrocytes used in C and D. Bars in E and F show the mean and SD. * = P < 0.05
versus unstimulated control; # = P < 0.05 versus chondrocytes stimulated with IL-1β only.
See Figure 1 for definitions.
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Table 1
Sequences of primers used for RT-PCR analysis of gene expression*

Gene name Primer sequences Accession number Location on transcript, bp Product size, bp

AGO1 F: 5′-ACCCCAAAAACAGTGTCGAG-3′ NM_012199 1,578–1,597 325

R: 5′-GAGGCAGAGGTTGGAAGAG-3′ 1,902–1,883

AGO2 F: 5′-ACAGTGCTGAAGGAAGCCATACCT-3′ NM_012154 2,508–2,531 152

R: 5′-AATCCCACTCGGTACACAATCGCT-3′ 2,659–2,636

AGO3 F: 5′-AGCTCCATGAATGGAAATCG-3′ NM_177422 247–266 212

R: 5-CAACCACCTCCCTGTTCACT-3′ 458–439

AGO4 F: 5′-GGATTCCACTCACAGGGAGA-3′ NM_017629 4,124–4,143 243

R: 5′-TTTATCCCCTTTTCCATCCC-3′ 4,366–4,347

DICER1 F: 5′-TATGAACGCTTTTGTGCTGC-3′ NM_030621 8,485–8,504 254

R: 5′-GCTTTTTCAAGACACGCCTC-3′ 8,738–8,719

GAPDH F: 5′-TCGACAGTCAGCCGCATCTTCTTT-3′ NM_002046 45–68 94

R: 5′-ACCAAATCCGTTGACTCCGACCTT-3′ 138–155

MMP-13 F: 5′-CGCGTCATGCCAGCAAATTCCATT-3′ NM_002427 1,409–1,432 322

R: 5′-TCCATGTGTCCCATTTGTGGTGTG-3′ 1,730–1,708

*
RT-PCR = reverse transcription–polymerase chain reaction; F = forward; R = reverse.
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Table 2
Differentially expressed microRNA after 6 hours of stimulation of OA chondrocytes with
IL-1β*

Expression profile, microRNA Fold change

Up-regulated

 hsa-miR-491_3p 2.02

 hsa-miR-146a 2.00

Down-regulated

 hsa-miR-187 −2.37

 hsa-miR-219_5p −2.60

 hsa-miR-127_5p −2.33

 hsa-miR-518_3p −2.60

 hsa-miR-520d_3p −2.13

 hsa-miR-550 −2.60

 hsa-miR-544 −3.97

 hsa-miR-502_5p −3.94

 hsa-miR-638 −2.28

 hsa-miR-643 −2.55

 hsa-miR-603 −2.69

 hsa-miR-602 −2.17

 hsa-miR-563 −2.46

 hsa-miR-558 −2.11

 hsa-miR-575 −2.88

 hsa-miR-181c −2.15

 hsa-miR-637 −3.44

 hsa-miR-564 −2.56

 hsa-miR-337_5p −2.00

 hsa-miR-298 −2.10

 hsa-miR-622 −2.81

 hsa-miR-659 −2.60

 hsa-miR-208 −2.09

 hsa-miR-142_5p −3.22

 hsa-miR-29b −2.39

 hsa-miR-144 −2.86

 hsa-miR-19b −2.06

 hsa-miR-32 −3.41

 hsa-miR-141 −2.17

 hsa-miR-27b −3.21

 hsa-miR-302a −2.20

 hsa-miR-423_3p −12.99

 hsa-miR-503 −2.84

 hsa-miR-130b −2.15
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Expression profile, microRNA Fold change

 hsa-miR-34a −2.92

 hsa-miR-33a −2.03

 hsa-miR-301b −2.26

 hsa-miR-138 −2.02

 hsa-miR-497 −2.33

 hsa-miR-545 −2.84

 hsa-miR-372 −2.53

 hsa-miR-610 −6.19

*
OA = osteoarthritis; IL-1β = interleukin-1β.
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