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Abstract
OBJECTIVE—MicroRNAs (miRNAs) are a class of noncoding small RNAs that act as negative
regulators of gene expression. The miRNAs exhibit tissue-specific expression patterns and
changes in their expression may contribute to pathogenesis. The objectives of this study were to
identify miRNAs expressed in articular chondrocytes, determine changes in osteoarthritic cartilage
and address the function of miR-140.

METHODS—To identify miRNAs specifically expressed in chondrocytes, we performed gene
expression profiling using miRNA microarrays and quantitative PCR with human articular
chondrocytes compared to human mesenchymal stem cells (MSC). The expression pattern of
miR-140 was monitored during chondrogenic differentiation of hMSC in pellet cultures and in
human articular cartilage from normal and osteoarthritic knee joints. We tested effects of IL-1β on
miR-140 expression. Double-strand (ds) miR-140 was transfected into chondrocytes to analyze
changes in the expression of genes associated with osteoarthritis.

RESULTS—Microarray analysis showed that miR-140 has the largest difference in expression
between chondrocytes and MSC. During chondrogenesis cultures of MSC miR-140 expression
increased in parallel with Sox9 and Col2a1. Normal human articular cartilage expressed miR-140
and this was significantly reduced in OA tissue. In vitro treatment of chondrocytes with IL-1β
suppressed miR-140 expression. Transfection of chondrocytes with ds-miR-140 downregulated
IL-1β-induced ADAMTS-5 expression and rescued the IL-1β –dependent repression of Aggrecan
gene expression.

CONCLUSION—This study shows that miR-140 has a chondrocyte differentiation-related
expression pattern. The reduction in miR-140 expression in OA cartilage and in response to IL-1β
may contribute to the abnormal gene expression pattern characteristic of OA.
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INTRODUCTION
Osteoarthritis (OA) is a chronic and highly prevalent degenerative joint disease.
Approximately 40 million Americans are currently affected and this number is predicted to
increase to 60 million within the next twenty years as a result of population aging and an
increase in life expectancy (1,2). Current treatment is limited to pain management and
disease-modifying therapies are not available and in the late phase of the disease process
where joint replacement surgery is often indicated. OA has been associated with age-related
loss of the homeostatic balance between degradation and repair mechanisms. Cartilage
cellularity in OA is reduced by chondrocyte death, and remaining chondrocytes are activated
by cytokines and growth factors to a catabolic and abnormal differentiation that leads to
degradation of extracellular matrix (3–6). Molecular mechanisms that govern articular
chondrocyte differentiation during development and maintenance of articular cartilage are
being characterized and this has the potential to lead to new therapeutic interventions.

MicroRNA (miRNAs) are a class of non-coding small RNAs that play roles in biological
processes as negative regulators of gene expression by promoting mRNA degradation and/or
repressing translation through sequence-specific interactions with the 3′ untranslated regions
(UTRs) of specific mRNA targets (7–10). Hundreds of miRNAs have been found in various
organisms, and many miRNAs are evolutionarily conserved. Moreover, one third of all
mammalian mRNAs seem to be under miRNA regulation suggesting an essential role in
regulating gene expression (11). Several miRNAs exhibit a tissue- or developmental stage-
specific expression pattern and have been associated with diseases such as cancer, heart
disease, diabetes and rheumatoid arthritis (12–16). Mice with limb or cartilage specific
deletion of the miRNA processing enzyme Dicer showed a severe phenotype with reduced
limb size but normal patterning (17,18). As Dicer is indispensable for producing a
functional, mature type of miRNA, this finding suggests that the presence of specific
miRNAs plays a critical role in skeletal development. Although Tuddenham et al showed
cartilage specific expression of miR-140 in mouse embryos (19), the role of tissue-specific
miRNAs in articular cartilage has not been reported.

We hypothesized that miRNAs are novel regulators of cartilage homeostasis and changes in
their expression and function play an important role in diseases affecting articular cartilage.
The objectives of this study were to identify miRNAs expressed in articular chondrocytes,
determine changes in osteoarthritic cartilage and address the function of the chondrocyte-
specific miR-140.

MATERIALS AND METHODS
Human tissue samples, cell isolation and culture

Human articular cartilages from knee joints were obtained from 8 normal donors (38.22 ±
5.31 years of age, mean ± SD) and from 11 OA patients (79.36 ± 9.72 years of age, mean ±
SD) undergoing total knee arthroplasty. Tissue collection was approved by the Scripps
Human Subjects Committee. All samples were examined by Safranin O staining and graded
according to a modified Mankin scale, with a score of less than 2 points being normal and a
score of greater than 5 representing OA. RNA was isolated from fresh frozen cartilage by
homogenizing the tissue in a freezer mill (Spex CertiPrep, Inc., Metuchen, NJ) and
extracting the homogenate in Trizol (Invitrogen Corporation, Carlsbad, CA). Human
chondrocytes were isolated and cultured as described previously (20). Experiments with
chondrocytes were performed in passage 1–2. Human bone marrow-derived mesenchymal
stem cells (MSCs) were isolated from iliac crest bone marrow obtained from normal adult
donors (with the approval of Human Subjects Committee) and cultured as described
previously (20,21). Experiments with MSCs were performed in passage 3–6.
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Microarray analysis
Small RNAs of less than 200 nucleotides in length were extracted from MSCs and
chondrocytes with mirVana miRNA isolation kit (Ambion, Austin, TX) according to the
manufacturer’s protocol. Purified RNA was then labeled with Cy3 or Cy5 by mirVana
miRNA labeling kit (Ambion). In brief, RNA was subjected to a tailing reaction with amine-
modified nucleotide triphosphates by poly (A) polymerase, followed by amide formation
using Cy dye ester. Labeled RNA was hybridized on slides, on which oligonucleotides
against human miRNA had been arrayed (Hokkaido-System Science, Japan), and detected
by a scanner (Agilent Technologies, Santa Clara, CA).

Chondrogenesis in human mesenchymal stem cells
Human bone marrow mesenchymal stem cells (MSC) were used to prepare pellets (5.0×105

cells/pellet) by centrifuging the cells at 500g in 15ml conical polypropylene tubes and
cultured in chondrogenic medium (Lonza, Walkersville, MD) supplemented with BMP-2
(500ng/ml) and TGFs3 (10 ng/ml). Medium was changed every 2–3 days. To monitor
miR-140 throughout chondrogenesis, MSCs were processed for RNA isolation on day 7 and
day 14. Chondrogenesis was monitored via Sox9, Aggrecan and Col2a1 expression and
Safranin O staining.

Treatment with IL-1β
Chondrocytes were maintained in 12-well plates, containing DMEM plus 10% calf serum
and 1% penicillin/streptomycin. Following treatment with recombinant human IL-1β (5 ng/
ml; PeproTech, Rocky Hill, NJ). Cells were washed with cold PBS, and total RNA was
isolated with Trizol reagent. Quantitative PCR was performed with the TaqMan microRNA
assay kit for mature miR-140 or Taqman Gene Expression Assay.

Transfection of double-stranded miR-140 into human articular chondrocytes
Double-strand (ds) RNA oligos representing mature sequences that mimic endogenous
miR-140 were transfected into human chondrocytes at 80–90% confluence at 4nM
concentration with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Synthesized RNA oligos 5′-CAGUGGUUUUACCCUAUGGUAG and 5′-
ACCACAGGGUAGAACCACGGAC were annealed to obtain ds-miR-140. Silencer
Negative Control siRNA #1 (Ambion, Austin, TX) at the same concentration as the specific
miR-140 ds RNA was included in each experiment.

Quantitative real-time polymerase chain reaction (PCR)
Total RNA was isolated from cartilage tissues, monolayer or pellet cultures using Trizol
(Invitrogen). Quantitative real time PCR (qPCR) for miRNAs was performed using the
TaqMan MicroRNA reverse Transcription kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s protocol. Complementary DNA (cDNA) was produced
using Ready To- GO You-Prime First-Strand Beads (GE Healthcare UK, UK) with total
RNA 1μg and oligo (dT)18 primers. Quantitative real time PCR was performed using
TaqMan Gene Expression Assay probe for Col2a1 (Hs00164004_m1), Aggecan
Hs00202971_m1), ADAMTS-5 (Hs00199841_m1), MMP-13 (Hs00233992_m1), and
GAPDH (Hs99999905_m1) (Applied Biosystems). The U18 and GAPDH genes were used
as an internal control to normalize differences in each sample. Expression levels for each
gene were assessed relative to U18 or GAPDH expression.

Statistical analysis
Statistically significant differences between two groups were determined with t tests. The
results are reported as mean ± SEM. P values of less than 0.05 were considered significant.
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RESULTS
miR-140 expression in articular chondrocytes and mesenchymal stem cells

Chondrogenic differentiation of MSCs involves dynamic changes of various gene
expression patterns including induced expression of chondrocytes specific genes, including
Sox9 and Col2. In order to screen miRNAs specifically expressed in chondrocytes, we
performed gene expression profiling using miRNA microarrays comparing primary
chondrocytes from articular cartilage to MSCs. In primary articular chondrocytes, several
miRNAs were more abundant as compared with undifferentiated MSCs. The largest
difference was observed for miR-140 (Table 1). The high expression miR-140 in
chondrocytes compared to MSCs was confirmed by qPCR (Figure 1).

Expression of miR-140 during chondrogenesis of MSCs
In vitro chondrogenesis assay using MSCs reflects, in part, in vivo skeletal formation. To
examine dynamic expression pattern of miR140 during in vitro chondrogenesis, we
performed Taqman-qPCR assay to analyze expression patterns of miR-140. Pellets of MSCs
were strongly stained by safranin O after chondrogenesis induction for 14 day (data not
shown). In this model, miR-140 expression gradually increased during chondrogenesis in
parallel with Sox9, Aggrecan and Col2a1 expression (Figure 2). These data indicate that
miR140 increases during chondrocytic differentiation of MSC and this is consistent with its
high expression in chondrocytes.

Expression of miR-140 in normal and OA cartilage
In OA pathogenesis, several chondrocyte specific genes, including Col2a1 and Sox9, are
downregulated (22). On the other hand, cartilage degrading enzymes, including ADAMTS5
and MMP-13, are upregulated (23–25). To examine changes in miR-140 expression in OA
articular cartilage, qPCR of miR-140 together with OA related marker genes was performed
on 19 samples prepared from human knee articular cartilage (normal=8, OA=11). As
expected, the expression of ADAMTS-5 was significantly increased in OA cartilage while
the expression of Col2a1 was significantly lower than in normal cartilage (Figure 3).
MiR-140 expression in articular cartilage from OA donors (65 to 93 years old; Mankin
score: 5–10) was significantly lower than in normal cartilage (30 to 44 years old; Mankin
score: 0–2) (Figure 3). These data demonstrate abnormally reduced miR-140 expression in
OA cartilage, appears to correlate with increased ADAMTS-5 expression and reduced
Col2a1 expression in the same samples.

Effect of IL-1β on miR-140 expression in articular chondrocytes
IL-1β is one of the critical mediators of osteoarthritis and IL-1β stimulation on chondrocytes
causes similar gene expression patterns with OA cartilage (26,27). To analyze effects of
IL-1β on the expression of miR-140 in articular chondrocytes, we performed qPCR for
miR-140 and Col2a1, Aggrecan, MMP-13 and ADAMTS-5. In response to IL-1β stimulation
the expression of miR-140 was markedly decreased, while MMP-13 and ADAMTS-5
expression were significantly increased (Figure 4). Under the same experimental conditions
expression of Col2a1 did not significantly change. Taken together, these results show
reduced mi-R140 expression in the context of IL-1β induced OA-like changes in
chondrocyte gene expression.

miR-140 modulates ADAMTS-5 and Aggrecan expression in articular chondrocytes
To investigate miR-140 function in chondrocytes, we examined whether expression of the
above osteoarthritis related genes; ADAMTS-5, MMP-13, Col2a1 and Aggrecan, can be
regulated by miR-140, when chondrocytes were stimulated with IL-1β with and without
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transfection of ds-miR-140. The ds-miR-140 significantly reduced ADAMTS-5 expression
with IL-1β stimulation and conversely, Aggrecan expression with IL-1β stimulation was
significantly increased by ds-miR-140 (Figure 5). In the absence of IL-1β, ds140 miRNA
did not change the basal levels of aggrecan and we observed an increase in ADAMTS-5
mRNA with the ds140 miRNA as well as with the non-specific dsRNA. The expression of
MMP-13 and Col2a1 were not significantly changed by ds-miR-140 (data not shown). These
results demonstrated that miR-140 regulates genes encoding ADAMTS-5 and Aggrecan
suggesting that miR-140 plays an important role in regulating the balance between
extracellular matrix formation and degradation.

DISCUSSION
This is the first study to identify miRs that are expressed in a differentiation-dependent
pattern in mesenchymal stem cells and articular chondrocytes. We also show changes in
expression of the selected miR-140 in OA cartilage and in response to IL-1β. Moreover, we
demonstrate that ADAMTS-5, a critical proteinase in OA pathogenesis, is regulated by
miR-140.

Previous studies using systematic whole mount in situ hybridization analysis for miRs in
zebrafish revealed that many miRs are expressed in a tissue-specific pattern (28). From this
database annotation, miR-140 was the only miR with a cartilage specific expression pattern.
Zebrafish embryos injected with miR-140 duplex RNA had a profound facial phenotype,
including cranial hemorrhaging and a hypoplastic roof of the mouth (29). Our miR-array
screen detected several miRs that show large difference in expression in articular
chondrocytes versus MSCs and this includes miR-140 with the largest expression difference
between the two cell types. We also showed that during chondrogenesis, miR-140
expression increased in differentiated hMSC cells compared to undifferentiated MSC in
parallel with Sox9 and Col2a1 expression. These findings suggest that miR-140 is a marker
and possibly a regulator of chondrocytic differentiation.

The unique differentiation-related expression pattern of miR-140 is highlighted by our
findings on miR-146 which is also expressed in chondrocytes. In contrast to miR-140,
miR-146 has a broader tissue distribution, it is increased in response to IL-1, it is
upregulated in OA and does not show changes related to chondrocyte differentiation
(Arthritis Rheum, in press).

The ability of the chondrocytes to remodel and repair the cartilage ECM declines with aging
and in OA and this is related to a decline in the anabolic activity of chondrocytes (30,31).
MiR-140 expression was reduced in OA cartilage and in the same samples expression of
proteinases ADAMTS-5 increased and Col2a1 expression decreased. Thus, the abnormal
expression pattern of miR-140 correlates with the imbalance of anabolic-catabolic responses
in OA. Our observations of abnormal miR-140 expression in OA are consistent with one
recent publication (32). IL-1β is one of the most prominent mediators of cartilage
degradation and joint inflammation (33,34). IL-1β induces a cascade of inflammatory and
catabolic events in chondrocytes. It also changes chondrocyte anabolism by suppressing the
synthesis of proteoglycans and collagens and by enhancing the production of matrix
metalloproteinases (MMPs) (26,27). miR-140 expression was down-regulated by IL-1β
stimulation of chondrocytes in vitro. These data suggest that IL-1β may be at least one
mechanism that is involved in the suppression of miR-140 in OA.

Our studies using dsRNA mimicking miR-140 suggest that miR-140 suppresses ADAMTS-5
mRNA levels. This observation is supported by preliminary observations of increased
ADAMTS-5 expression in miR-140 knock out mice (in preparation).
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The pathogenesis of osteoarthritis is associated with abnormal activation and differentiation
of chondrocytes which overexpress inflammatory mediators and matrix degrading enzymes
(3–6). Previous mechanisms examined in these abnormal cellular responses include
chondrocyte stimulation by extracellular stimuli such as cytokines, growth factors,
mechanical stress and matrix degradation products. Intracellularly these stimuli activate
signaling cascades that lead to changes in gene expression (22,35). This represents a new
mechanism by which IL-1 changes gene expression in chondrocytes. MiR-140 represents
novel additional control mechanism that is involved in the chondrocyte response to IL-1.

The present study is focused on miR-140 as it is the most cartilage specific miR. We
performed searches in three databases (“TargetScan” http://www.targetscan.org/vert_50/,
“ PicTar” http://pictar.mdc-berlin.de/, “miRanda” http://microrna.sanger.ac.uk/) and this
yielded 223–975 potential miR-140 targets. Only 9 potential targets were identified in all
three databases, and notably, this did not include ADAMTS-5. There remains uncertainty in
regards to the rules for in silico miR target identification (36). At present the most
conclusive target validation is the demonstration of changes in protein expression, cell
function or phenotype in knock out or transgenic mice. Future studies are needed to
determine the consequences of changes in the compete set of miR-140 targets for cartilage
development and homeostasis. Currently ongoing studies with miR-140 knock out mice and
miR-140 transgenic mice will provide information in this regard.

In conclusion, our study suggests that miR-140 is a chondrocyte differentiation-related miR.
It may be novel regulator of cartilage homeostasis and changes in its expression and
function play an important role in diseases affecting articular cartilage. Further studies on
miR-140 have the potential to reveal important new regulatory pathways that control
cartilage development and homeostasis and open a new insight on disease mechanisms and
therapeutic interventions for OA.
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Figure 1. The expression of miR-140 in articular chondrocytes and MSCs
Array data for miR-140 were validated by qPCR on MSCs (n=3, different preparations from
2 different donors) and articular chondrocytes (n=8, different preparations from 8 different
donors). miR-140 expression was significantly higher in chondrocytes compared to MSCs
(*P=0.015). Values are mean ± SEM expressed as fold difference relative to expression
level in MSCs.
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Figure 2. Changes in miR-140 expression during chondrogenesis
RNA was isolated from undifferentiated MSCs (cont) and from MSCs pellets cultures in
chondrogenesis medium after 7 and 14 days. miR-140, Sox9 and Col2a1expression were
analyzed by qPCR. The expression of miR-140 increased during chondrogenesis along with
increased Sox9 and Col2a1. Results are shown as relative expression where expression in
undifferentiated MSCs (cont) is defined as 1.
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Figure 3. miR-140 expression in normal and OA articular cartilage
Full thickness cartilage was collected from normal (n=8) and OA (n=11) knee joints for
RNA isolation. miR-140, Col2a1, ADAMTS-5, and Sox9 expression were determined by
qPCR. miR140 (P=0.017) and Col2a1 (P=0.005) expression was significantly decreased and
ADAMTS-5 (P=0.002) was significantly increased in OA cartilage compared with normal
cartilage. Values are mean ± SEM expressed as fold difference relative to normal cartilage
expression level.
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Figure 4. IL-1β suppresses miR-140 in vitro
Articular chondrocytes (n=8 different preparations from 8 different donors) were treated
with IL-1β (5 ng/ml) for 5 hours. miR-140, Col2a1, MMP-13 and ADAMTS-5 were analyzed
by qPCR. IL-1β stimulation significantly decreased miR-140 expression and increased
MMP-13 and ADAMTS-5 expression. Col2a1 expression did not significantly change.
Values are mean ± SEM expressed as fold difference relative to control expression level.
*Significant difference (p<0.05).
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Figure 5. ADAMTS-5 and Aggrecan expression in articular chondrocytes by ds-miR-140
Articular chondrocytes (n=3) were transfected with ds-miR-140. ADAMTS-5 and Aggrecan
expression were analyzed by qPCR. (A) The ds-miR-140 significantly reduced ADAMTS-5
expression with and without IL-1β (5 ng/ml) stimulation for 5 hours. (B) The decreased
Aggrecan expression with IL-1β stimulation was significantly increased by ds-miR-140.
Values are mean ± SEM expressed as fold difference relative to siNegative control
expression level. Significant difference (**=p<0.01, *= p<0.05).
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