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The Role of miRNAs in Cartilage Homeostasis
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Abstract: Osteoarthritis (OA) is an age-related disease with poorly understood pathogenesis. Recent
studies have demonstrated that miRNA might play a key role in OA initiation and development. We
reviewed recent publications and elucidated the connection between miRNA and OA cartilage ana-
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bolic and catabolic signals, including four signaling pathways: TGF-/Smads and BMPs signaling, as-

sociated with cartilage anabolism; and MAPK and NF-KB signaling, associated with cartilage catabolism. We also ex-
plored the relationships with MMP, ADAMTS and NOS (NitricOxide Synthases) families, as well as with the catabolic
cytokines IL-1 and TNF-a. The potential role of miRNAs in biological processes such as cartilage degeneration, chondro-
cyte proliferation, and differentiation is discussed. Collective evidence indicates that miRNAs play a critical role in carti-
lage degeneration. These findings will aid in understanding the molecular network that governs articular cartilage homeo-
stasis and in to elucidate the role of miRNA in the pathogenesis of OA.
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INTRODUCTION

Osteoarthritis (OA) is the most common joint disorder in
the elderly and places a significant financial burden on
healthcare providers and governments [1-4]. Despite its high
prevalence and substantial public health impact, the disease’s
etiology is not fully understood. OA is a multifactorial dis-
ease with a strong genetic component and heritability esti-
mates ranging from 40% to 65%, depending on the joint site

[5].

Recent reports have demonstrated that microNAs (miR-
NAs) might play an important role in OA development.
These small non-coding ~22 nucleotides (nt) long RNAs
originate by a multistep process from miRNA genes local-
ized in the genomic DNA. miRNAs are post-transcriptional
regulators that bind to 3’-untranslated sequences on target
messenger RNAs (mRNAs), usually resulting in translational
repression or target degradation and gene silencing [6-8].
The human genome may encode thousands of miRNAs [9],
which may target about one third of human protein-coding
genes [10-13].

To date, more than 2588 mature miRNAs have been
identified in humans (miRBase v21, available at http://
www.miRbase.org/cgi-bin/browse.pl?org=hsa). Transla-
tional inhibition with little or no influence on mRNA levels
has been also reported [13]. Because each miRNA may
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suppress multiple mRNA targets (average ~200), and, at the
same time, one mRNA can be targeted by many miRNAs,
miRNAs constitute a complex network able to control a wide
spectrum of cellular processes [13].

miRNAs participate in the regulation of almost every
aspect of cell physiology [14-17]. Although the roles of
miRNAs in cartilage development, bone regeneration, im-
mune system, rheumatoid arthritis, and osteoarthritis have
been described, there is no comprehensive and detailed re-
view associated with the role of miRNA in the articular carti-
lage homeostasis. This review focuses on recent studies that
shed light on the role of miRNAs in the maintenance of
chondrocytes and the homeostasis of cartilage’s extra-
cellular matrix (ECM) (Table 1). We reviewed recent publi-
cations and elucidated the connection between miRNA and
OA cartilage anabolic and catabolic signals, including sev-
eral signaling pathways: TGF-/Smad, IGF, FGF and BMPs
signaling, associated with cartilage anabolism; and MAPK
and NF-KB signaling, associated with cartilage catabolism.
We also explored the relationships with MMPs, ADAMTS
(a disintegrin and metalloproteinase domain with throm-
bospondin motifs) and NOS (Nitric Oxide Synthases) fami-
lies, as well as with the catabolic cytokines IL-1 and TNF-a
[18].

miRNAs AND TRANSFORMING GROWTH FACTOR
(TGF)-BETA SIGNALING

Transforming growth factor (TGF)-B is a secreted ho-
modimeric pleiotropic protein and has three isoforms: TGF-
B1, TGF-B2, and TGF-B3 [18, 19]. TGF-B plays a dual role
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Table 1. Summary of miRNAs potentially involved in cartilage homeostasis.
miRNAs Target Gene(s) Metabolic Type Function Specimens
miR-140 SMAD3 catabolism Suppressing the Smad 2/3 pathway Human chondrocytes [31]
MMP13 anabolism Inhibition of the matrix metalloprotease Human cartilage C28/12 cells [89]
adamts5 anabolism Reduces cartilage matrix degradation Mouse chondrocytes [39]
dnpep anabolism Increases BMP signaling Mouse chondrocytes [33]
RALA anabolism Upregulates SOX9, ACAN, Col2a Human mesenchymal stem cells [123]
miR-146 smad4 catabolism Reduces cellular responsiveness to TGF-B and Primary chondrocytes from Sprague-
increases apoptosis rate in chondrocytes Dawley rats [41]
IL-14, COLL3al anabolism Inhibits (IL-1B)-induced signaling Human knee synovial fibroblasts
[106]
miR-145 SMAD3 catabolism Down-regulates type II collagen and glycosamino- Human knee OA cartilage [45]
SOX9 glycans concentration while up-regulating of MMP-
13 expression
miR-29 COL3al, 0s- anabolism Promotes osteogenesis, inhibits osteoblast differen- | hMSCs [72-74]
TEONECTIN tiation
miR-455 SMAD2 ACVR2B | catabolism Promotes a degradative chondrocyte response Human hip articular cartilage [30]
miR-337 tgf-pr2 catabolism Promotes anabolism, prevents cartilage degradation | Femoral head cartilage tissues from
SD rats [59]
miR-483 mmp13 bmp7 anabolism Promotes anabolic processes Mouse knee OA cartilage [61]
miR-92a noggin3 catabolism Has pro-catabolic and anti- anabolic activities Zebrafish embryo cartilages [62]
miR-302 BMP 2R anabolism Shows pro- anabolic activities The hADSCs [66]
TGF-BR2 catabolism Shows pro- catabolic activities The hADSCs [66]
miR-199a smadl anabolism Shows pro- anabolic activities C3H10T1/2 murine mesenchymal
stem cells [55]
miR-26 smadl anabolism Shows pro- anabolic activities Mouse C2C12 [54]
miR-135 smad5 anabolism Shows pro- anabolic activities Mouse premyogenic C2C12 cells [53]
miR-24 pl16INK4a catabolism Reduces production of the two matrix remodeling Mouse primary OA chondrocytes
(Cdkn2a) enzymes, MMP1 and MMP13 [112]
miR-155 MMP1 catabolism Inhibits production of MMP1 and MMP13 Human joint synovial tissue [91]
MMP3
miR-127 MMP13 catabolism Surpresses production of MMP1 and MMP13 Human knee OA cartilage and
chondrocytes [111]
miR-148 MMP13, catabolism Shows pro-anabolic and anti- catabolic activities Human OA articular cartilage and
COL10A1 chondrocytes [104]
ADAMTS5
miR-602 SHH MMP13 catabolism Negatively regulattes the expression of SHH and Human OA articular cartilage and
MMP-13 chondrocytes [136]
miR-608 SHH MMP13 catabolism Negatively regulates the expression of SHH and Human OA articular cartilage and
MMP-13 chondrocytes [136]
miR-125 ADAMTS4 catabolism Negatively regulates the expression of ADAMTS4 Human OA articular cartilage and
MMP13 and MMP-13 chondrocytes [109, 110]
miR-27 MMP13 catabolism Negatively regulates the expression of MMP-13 Human OA articular cartilage and

chondrocytes [40]




The Role of miRNAs in Cartilage Homeostasis

Current Genomics, 2015, Vol. 16, No. 6 395

(Table 1) contd....

miRNAs Target Gene(s) Metabolic Type Function Specimens
miR-22 PPAR4, BMP7 anabolism Negatively regulates the expression of PPARA and Human articular cartilage and chon-
BMP7, blocked inflammatory and catabolic drocytes [76]
changes
miR-9 MMP13 (indi- catabolism Negatively regulates the expression of MMP-13 Rabbit articular chondrocytes and
rect) Human knee OA cartilage [92]
PRTG
miR-558 COX-2 catabolism Negatively regulates the expression of MMP-13, Human knee OA cartilage and chon-
MMP-1 MMP-13 MMP-1, COX-2 drocytes [43]
miR-488 ZIP8 MMP-13 catabolism Reduces cartilage degradation Human OA cartilage and chondro-
cytes [100]
miR-320 ADAMTS5 catabolism Negatively regulates the expression of ADAMTS5 Human knee OA cartilage and
chondrocytes [99]
miR-18 IGF-1 anabolism Inhibits proliferation of cartilage cells. Deer antler tip cartilage
And chondrocytes [130]
miR-203 MMP-1 and IL-6 | catabolism Increases secretion of MMP-1 and IL-6 via the NF- | Human articular synovial tissue ang
(indirect) kB pathway cell [113]
miR-181 MMP13 (indi- catabolism Increases production of MMP13 Human knee OA cartilage [95]
rect)
miR-193 CoL2, catabolism Downregulates anabolic factors such as type 2 Human knee OA cartilage and chon-
AGGRECAN, collagen, aggrecan, and SOX9 drocytes [99]
AND SOX9

of regulating matrix catabolism by modifying gene expres-
sion in cartilage homeostasis [16]. Activated TGF-B binds to
the TGF-B type I receptor ALK, resulting in phosphoryla-
tion of Smadl, Smad5, or Smad8, which form a complex
with the co-Smad Smad4 and translocate to the nucleus to
promote cartilage matrix catabolism [16]. Meanwhile, the
activated TGF- type II receptor ALKS results in phosphory-
lation of Smad2 or Smad3 which form a complex with the
co-Smad Smad4 and translocate to the nucleus to promote
cartilage matrix anabolism (Fig. 1) [16, 18, 20]. (Fig. 1)
summarizes miRNAs that regulate the TGF-f signaling
pathway.

During OA pathogenesis, chondrocytes become metab-
olically active and disrupt the equilibrium between anabo-
lism and catabolism, such that synthesis of aggrecan and
type Il collagen is reduced and production of matrix-
degrading enzyme matrix metalloproteinase 13 (MMP-13) is
enhanced [21]. In the multiple molecular events involved in
OA cartilage destruction TGF-f signaling not only acts as a
principal inducer of cartilage ECM synthesis [22, 23] but
also counteracts catabolic effectors [24]. Disruption of TGF-
B signaling in chondrocytes apparently leads to the degrada-
tion of cartilage ECM due to changing smad3 and elevated
mmp-13 [25-29]. These data indicate an essential role of
smad3 in maintaining the balance between cartilage matrix
synthesis and degradation.

miRNAs play an integral part in regulating the expres-
sion of several TGF-f signaling molecules and, in turn,
Smad proteins play a role in the regulation of miRNA ex-

pression and activity [20] miR-455-3p directly targets trans-
lation of smad2 and the activin type-2B receptor gene
(ACVR2B), which signals through the Smad 2/3 pathway
[30]. Studies by the same group [31] had previously shown
that miR-140 targets smad3 expression and suggest that the
increased miR-455 and -140 expression promotes the TGF-3
Smad 1/5/8 pathway by suppressing the Smad 2/3 pathway,
thereby promoting a degradative chondrocyte response (Fig.
1) [30]. miR-145 is up-regulated in response to TGF-B1 in
rat mesenchymal stem cells [32]. The finding implied that
miR-145 is probably involved in TGF- signaling. Dnpep is
a target of miR140. As expected, Dnpep expression was in-
creased in miR140-null chondrocytes. Dnpep overexpression
had a mild antagonistic effect on bone morphogenetic pro-
tein (BMP) signaling at a position downstream of smad acti-
vation. miR-140 null chondrocytes showed lower-than- nor-
mal basal BMP signaling, which was reversed by Dnpep
knockdown [33].

miRNAs ARE ASSOCIATED WITH THE BALANCE
BETWEEN TGF-BETA AND IL-1§

It is well known that interleukin-1 beta (IL-1B) contrib-
utes to the progression of OA [18, 34-38]. Interestingly, the
balance between TGF-B signaling and IL-1p is also crucial
for chondrocyte homeostasis. Recent studies demonstrated
that miRNAs are implicated in the processes of OA cartilage
breakdown triggered by IL-1pB, including miR-140 [39],
miR-27b [40], miR-146a [41], miR-9, miR-98 [42] and miR-
558 [43].
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Fig. (1). Cartilage matrix homeostasis is regulated dynamically by the TGF-f signaling pathway. The diagram shows the effect of miRNAs
on the TGF-p signaling pathway. miR-199, and miR-26 target smadl and miR-135 target smad5, and further promote the TGF-B Smad 2/3
pathway by suppressing the Smad 1/5/8 pathway from promoting an anabolic chondrocyte response. Similarly, miR-140, 145, 29 target
Smad3 and then promote the TGF-$ Smad 1/5/8 pathway by suppressing the Smad 2/3 pathway from promoting a degradative chondrocyte
response. miR-146a regulates cartilage matrix homeostasis by targeting smad4. miR-483, and miR-337 influence cartilage matrix homeosta-
sis via their effects on BMP7 and TGF-f2R, respectively. Conversely, miR-155 and miR-24 are negatively and positively regulated by TGF-

B, respectively.

For example, TGF-B counteracts IL-1p up-regulation of
MMP-13 and down-regulation of ECM-related genes [24].
On the other hand, TGF-B-stimulated expression of type II
collagen and aggrecan was abrogated by IL-1B [44]. miR-
145 expression is significantly up-regulated in OA chondro-
cytes and also in response to IL-1p stimulation. These find-
ings implied that miR-145 is possibly involved in OA patho-
genesis [45]. Modulation of miR-145 efficiently affected the
IL-1B-induced ECM degradation in OA chondrocytes. Over-
expression of miR-145 aggravated IL-1B-induced down-
regulation of aggrecan and type II collagen, and further de-
creased IL-1B-induced production of MMP-13. Conversely,
inhibition of miR-145 reversed the catabolic effect resulting
from IL-1p treatment. Moreover, SMAD3, an essential factor
for chondrocyte homeostasis, was directly regulated by miR-

145 [45] (Fig. 1). Smad3 is regulated by miR-145 via bind-
ing one of the predicted seed sites, which results in the sup-
pression of smad3 expression at both mRNA and protein
levels (Fig. 1). Additionally, researchers observed an inverse
correlation between miR-145 and smad3 expression in OA
chondrocytes stimulated with IL-1f [45].

Several miRNAs have been identified as participating in
the processes of disrupted cartilage homeostasis in response
to IL-1B. Treatment of human chondrocytes with IL-1p sup-
presses expression of miR-140 [39]. Two Smad3 target
genes associated to OA cartilage degradation, PAI-1 and
TIMP-3, can be regulated by miR-145 in OA chondrocytes
stimulated with IL-13. Both PAI-1 and TIMP-3 are impor-
tant cartilage endogenous inhibitors of catabolic proteases,
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including plasmin, MMPs and ADAMs. Moreover, the ef-
fects of a miR-145 inhibitor in preventing IL-1f induced
down-regulation of COL2A1, PAI-1, TIMP-3 and up-
regulation of MMP-13 mRNA expression were abrogated by
the addition of SMAD3 siRNA [46, 47].

miRNAs AND SMADS

A recent study [48] revealed that a selective group of
miRNAs are directly regulated by signal transducers of the
TGF-B/BMP pathway, the Smads. The majority of miRNAs
in this group contain a consensus sequence (R-SBE) in the
stem region of their primary transcripts that is similar to the
Smad binding element (SBE). miR-140 was identified as a
miRNA containing a putative R-SBE. Receptor-regulated
Smads (R-Smads) bind directly to R-SBE in pri-miRNAs in
response to TGF-B or BMP-4 stimulation to provide a plat-
form for the recruitment of miRNA-processing enzymes,
Drosha and DGCRS, thus facilitating pri-miRNA cleavage
by Drosha. miR-140 can also suppress the TGF-f pathway
through repressing the expression of smad3 at the protein
level (Fig. 1) [31, 49]. Interestingly, a recent study identifies
Smad3 as a repressor that regulates the expression of miR-
140 by binding to this miRNA in OA chondrocytes [49].
These results indicate that the interaction between miR-140
and smad3 may form a negative feedback loop in OA chon-
drocytes.

Several target genes of miR-140 have been identified
recently, including histone deacetylase 4 [50], platelet-
derived growth factor receptor [51], CXC group of
chemokine ligand 12 [52], and smad3. Other Smad proteins
were also shown to be regulated by miRNAs during os-
teogenic differentiation. Smad5 is targeted by miR-135,
which itself is down-regulated by bone morphogenic protein
2 [53], and smadl is targeted by miR-26 during late os-
teoblast differentiation [54] (Fig. 1). miR-146a targets
Smad4 through both mRNA degradation and translational
repression. And miR-146a regulates chondrocytes and OA
pathogenesis by inhibiting Smad4, a pivotal mediator of the
TGF-B signaling pathway [41]. miR-199a significantly in-
hibited early chondrogenesis, as revealed by the reduced
expression of early marker genes for chondrogenesis such as
type Il collagen and Sox9, whereas anti-miR-199a increased
the expression of these chondrogenic marker genes [55].
miR-199a also inhibits Smad1/Smad4- mediated transactiva-
tion of target genes, and the over-expression of smadl com-
pletely corrects miR-199a-mediated repression of early
chondrogenesis [55]. Taking these findings together, miR-
199a is the first BMP2 responsive miRNA found to ad-
versely regulate early chondrocyte differentiation via direct
targeting of the smad1l transcription factor [55].

miR-24 was repressed by TGF-p and it was demonstrated
that this repression was Smad3-dependent during skeletal
muscle differentiation [56] (Fig. 1). miR-155 is required for
TGF-B-induced epithelial-mesenchymal transition, and is
upregulated by TGF-f [57]. Two miRNA clusters (miR-
106b-25 and miR-17-92) were also shown to modulate TGF-
B signaling in different tumors [58] (Fig. 1). miR-337 sig-
nificantly down-regulated the accumulation of TGF-fR2
protein as a target of miR-337 [59] (Fig. 1). Augmented
miR-337 activity can promote anabolism of cartilaginous
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tissues. Furthermore, miR-337 can inhibit the activity of
mmp3 to prevent cartilage degradation [59].

MicroRNAs 221 and 483-5p respond to the loss of chon-
drocyte matrix interaction by stimulating proliferation (by
suppression of inhibitors of cell division) and suppression of
matrix production (possibly by release of inhibition of the
MAPK pathway), respectively [60]. The expression of miR-
483 was negatively correlated with the expression of
(mRNA) BMP7 and TGFP and positively correlated with
MMP13, while miR-483* was positively correlated with IL-
1B. Surprisingly, there was no correlation between the ex-
pression of either miR-483 or miR-483* and IGF2. miR-483
expression is correlated with both anabolic (BMP7) and
catabolic factors (MMP13) [61] (Fig. 1).

miR-92a is a component of the miR-17-92 cluster. Inac-
tivation of miR-92a activity results in loss of cartilage due to
a significant reduction in cell proliferation, differentiation,
and survival of chondrogenic progenitors [62]. The BMP
antagonist gene noggin3 (nog3) is a direct target of miR-92a
(Fig. 1). Knockdown of miR-92a reduces p-Smad1/5/8 lev-
els, but increases N0g3 mRNA levels in the cartilage, result-
ing in severe cartilage loss due to impaired proliferation and
differentiation as well as apoptosis of chondrogenic progeni-
tors [62]. miR-302 targets type II BMP receptor and leads to
the down-regulation of BMP signaling [63] (Fig. 1). Recent
studies have shown that miR-302 targets epigenetic regula-
tors (AOF1/2, MECP1- p66, MECP2 and MBD2) [64], cell-
cycle regulators (Cyclin D1/D2, CDK2, BMI-1 and PTEN)
[65], TGF-B regulators (Leftyl/2 and TGF-BR2) [66], BMP
inhibitors (DAZAP2, SLAIN1, and TOB2) [65] and NR2F2
[67]. miR-302 increases the proliferation of hADSCs and
inhibits their oxidant-induced cell death, which may be me-
diated by targeting CDKN1A and CCL5 [68].

miR-29 members (miR-29a, -b, -c)contribute to os-
teogenic differentiation by targeting fibrosis-associated
markers (collagens I, 11l and osteonectin), histone deacety-
lase 4 (HDAC4), and TGF-$3 [69-71]. Up-regulation of
miR-29b and -29c¢ also plays important roles by inhibiting
the expression of hdac4 and smad3 [72-74] (Fig. 1). Fur-
thermore, FOXO3A was identified as another direct target of
miR-29a. miR-29a can suppress chondrogenic differentiation
of hMSCs likely by repressing FoxO3a and its downstream
signaling [75]. miR-22 regulated the expressions of PPAR«
and BMP?7 as its direct target genes, subsequently inhibiting
the inflammatory and catabolic changes in OA chondrocytes
[76].

miRNAs AND COL2 /AGGREACAN

miR-675 was shown to up-regulate the essential cartilage
matrix component COL2A1 [77]. Decreased miR-221 in-
duced an increase in collagen type II (Col2A1) [78]. miR-
18a could significantly repress the expression of Col2al and
aggrecan by gene transfection in HCS-2/8 cells [79]. miR-
34a can induce up-regulation of Col2al and iNOS mediated
by IL-1p in chondrocytes, and conversely, silencing miRNA -
34a can prevent chondrocyte apoptosis [80]. miR-210 can
promote collagen type 2 production from meniscus cells
through upregulation of VEGF and FGF2 in synovial cells
[81]. miR-21 represses the expression of GDF-5 (as the di-
rect target of miR-21) by inducing GDF-5 mRNA decay
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during the regulation of chondrogenesis [82]. GDF-5 is
closely related to the bone morphogenetic protein family and
is a member of the TGF-B superfamily. Overexpression of
GDF-5 increases chondrocyte cell growth and differentiation
in chondrogenesis, while down-regulation of GDF-5 attenu-
ates these processes [83, 84]. miR-21 promotes high prolif-
eration and matrix synthesis (Col2al and aggrecan) of chon-
drocytes embedded in atelocollagen gel [85].

miR-1 plays an important role in the regulation of chon-
drocyte phenotype during growth plate development via di-
rect targeting of histone deacetylase 4 (HDAC4). HDAC4
negatively regulates chondrocyte hypertrophy by inhibiting
Runx2, a critical transcription factor for chondrocyte hyper-
trophy [86]. miR-1 also plays a role during the late stage of
the differentiation process, maintaining the integrity of carti-
lage tissue [87].

miRNA AND CARTILAGE DEGRADING ENZYMES

miR-146a is significantly upregulated in human periph-
eral knee OA joint tissues [88]. Transfection of synthetic
miR-146a significantly suppresses extracellular matrix-
associated proteins (e.g., Aggrecan, MMP-13, ADAMTS-5,
collagen II) in human knee joint chondrocytes and regulates
inflammatory cytokines in synovial cells from human knee
joints [88]. Exogenous supplementation of synthetic miR-
146a significantly modulates inflammatory cytokines and
pain-related molecules (e.g., TNFa, COX-2, iNOS, IL-6,
IL8, RANTS and ion channel, TRPV1) [88]. miR-146a con-
trols knee joint homeostasis and OA-associated algesia by
balancing inflammatory responses in cartilage [88]. Expres-
sion of MMP-13 is inhibited by miRNA-140 in C28/12 cells
[89]. miR-140-/- mice showed age-related OA-like changes,
characterized by proteoglycan loss and fibrillation of articu-
lar cartilage [90]. miR-140 plays dual roles in both cartilage
development and homeostasis, in part via by regulating
ADAMTSS in OA [90].

Enforced expression of miR-155 in RASFs was found to
repress the levels of MMP-3 [91]. Levels of miR-203 did not
change upon stimulation with IL-1p, TNFa, or LPS. How-
ever, DNA demethylation with 5-AZAC increased the ex-
pression of miR-203. Enforced expression of miR-203 led to
significantly increased levels of MMP-1 and IL-6. miR-9
negatively regulates the expression of MMP-13 [92] (Fig. 2),
while another group observed that miR-22 blocks cartilage
degradation by indirectly inhibiting MMP-13 expression via
regulation of BMP-7 production [76]. 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 [93, 94].

miR-181b was significantly up-regulated in chondrocytes
isolated from the cartilage of OA patients [95]. The use of a
mimic or an inhibitor to alter miR-181b levels in chondro-
blasts and articular chondrocytes showed that attenuation of
miR-181b reduced MMP-13 expression while inducing type
II collagen expression. Furthermore, over-expression of anti-
miR-181b significantly reduced the cartilage destruction
caused by DMM surgery in mice [95].

Over-expression of miR-21 could attenuate the process of
chondrogenesis by regulating chondrocyte proliferation and
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the expression of type II collagen and aggrecan. Further-
more, miR-21 significantly increased the levels of MMP1,
MMP2, MMP3 and MMP9 [82] (Fig. 2). The differential
expression of miR-142-3p alters ADAM9 expression and is
partially responsible for the limb-type specific effects in-
duced by TGF-B3 [96] (Fig. 2). Various studies have exam-
ined the influence of specific miRNAs on cartilage homeo-
stasis and OA pathogenesis [76, 97]. Several reports have
identified miRNA—gene target pairs that appear to be in-
volved in cartilage homeostasis. These include miR-140-
ADAMTS5, miR-483-ACAN, miR-509- SOX9, and miR-223-
GDF5 [42, 76, 97, 98]. HOXA10, which is regulated by miR-
320c, may regulate MMP13 through RUNX2 [99]. miR-
199a-3p and miR- 193b may be involved in chondrocyte
aging by regulating aggrecan, type 2 collagen, and SOX9
[99]. miRNA-320c may be involved in the juvenile proper-
ties of chondrocytes by regulating ADAMTSS [99].

miR-203 miR-9, miR—ZZ,miR-27b,

miR-18a miR-181, miR-488 )
%\ I

miR-146a
miR-140
miR-125
miR-148a
miR-602
miR-608

miR-24
miR-558
miR-127
miR-1

miR-320

miR-142-3p

Fig. (2). miRNAs and cartilage degenerating enzymes (MMP1,
MMP3, MMP13 and ADAMTS). miR-9, 22, 27b, 181, 488 sup-
press cartilage matrix catabolism mainly by their effect on MMP13.
miR-320 and 142-3p target ADAMTS; miR-203, miR-155, and
miR-18a suppress the activation of MMP1. miR-146a, 140, 125,
148a, 602, 608 can regulate cartilage matrix homeostasis by acting
on MMP13 and ADAMTS. Similarly, miR-24, 558, 127, 1 can
suppress both MMP1 and MMP3. In addition, miR-21 increases the
expression of MMP1 and MMP3.

miR-488 acts as a positive role for chondrocyte differen-
tiation/ cartilage development by inhibiting MMP-13 activity
through targeting ZIP-8 [100] (Fig. 2). miR-365 is the first
identified mechanically responsive miRNA that regulates
chondrocyte differentiation via directly targeting HDAC4
[101]. Over-expression of HDAC4 reverses miR-365 stimu-
lation of chondrocyte differentiation markers including Ihh,
Col X, and Runx2. Moreover, inhibition of miR-365 abol-
ishes mechanical stimulation of chondrocyte differentiation
[101]. In addition, two other targets of miR-365, IL-6 and
Bcl-2, have been identified [102, 103]. Overexpression of
hsa-miR-148a increased COL2A1 and decreased COL10A1,
MMP13 and ADAMTSS5 gene expression [104].
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miRNAs AND IL-1 IN CARTILAGE DEGENERATION

miR-146a functions in an anti-catabolic manner in articu-
lar cartilage by antagonizing the IL-1B-induced expression of
cartilage degrading enzymes MMP13 [105] and ADAMTSS
[106, 107] (Fig. 2). miR-146 might regulate cytokine signal-
ing by a negative feedback regulation loop involving down-
regulation of IL-1 receptor associated kinase 1 (IRAK1) and
TNF receptor associated factor 6 (TRAF6) [108]. Reduced
miR-140 expression was observed in human OA cartilage
[39, 76]. In vitro treatment of chondrocytes with IL-1f sup-
pressed miR-140 expression. Transfection of chondrocytes
with ds-miR-140 down-regulated IL-1$ induced ADAMTSS
expression and rescued the IL-1B-dependent repression of
AGGRECAN gene expression [39] (Fig. 2). Overexpression
of miR-27b led to a significant reduction in IL-1- induced
MMP-13 production, while inhibition of miR-27b in IL-1
stimulated chondrocytes increased MMP-13 protein expres-
sion in the culture supernatants [40] (Fig. 2).

miR-125 suppressed ADAMTS-4 mRNA expression by
72% and protein production by 62% following IL-1f stimu-
lation [109]. In addition, miR-125b also suppressed MMP-13
[110] (Fig. 2). The expression of miR-127-5p was signifi-
cantly reduced in OA cartilage [111]. miRNA- 127-5p sup-
pressed IL-1-induced MMP-13 production as well as the
activity of a reporter construct containing the 3-UTR of hu-
man MMP-13 mRNA. Interestingly, the IL-1 induced activa-
tion of INK, p38, and NF-kB and expression of MMP-1 and
cyclooxygenase 2 were significantly inhibited by miR-127-
S5p [111] (Fig. 2). When overexpressed in chondrocytes,
pl6INK4a induces the production of MMP1 and MMP13.
miR-24 has been identified as anegative regulator of
pl6INK4a. p16INK4a expression was increased when miR-
24 level was repressed upon IL-1Beta addition in OA carti-
lage [112] (Fig. 2).

Normal human articular cartilage expressed miR-558,
and its expression was significantly lower in OA cartilage.
Stimulation with IL-1f led to a significant reduction in miR-
558 expression in normal and OA chondrocytes. IL-1B-
induced activation of MAP kinase (MAPK) and nuclear fac-
tor-kB (NF-kB) decreased miR-558 expression and induced
COX-2 expression in chondrocytes. Interestingly, IL-1B-
induced activation of NF-kB and expression of matrix metal-
loproteinase (MMP)-1 and MMP-13 was significantly inhib-
ited by miR-558 overexpression. miR-558 directly targets
COX-2 and regulates IL-1pB-stimulated catabolic effects in
human chondrocytes [43] (Fig. 2). Elevated levels of miR-
203 lead to increased secretion of MMP-1 and IL-6, indicat-
ing that miR-203 might be a proinflammatory and joint-
destructive factor in RA [113] (Fig. 2). Over-expression of
miR-203 resulted in increased secretion of NO, which was
one of the major pro-inflammatory factors in OA via target-
ing TRPV4 in MCCs [114]. miR-221 is a negative modulator
of chondrogenesis in chick limb mesenchymal cells and this
occurs via Mdm?2 down-regulation and subsequent inhibition
of slug degradation [115]. The slug overexpression-induced
apoptosis could be reversed by co-treatment with the miR-
221 inhibitor, which decreased slug levels and enhanced cell
migration [115]. miR-488 was significantly decreased in
OA chondrocytes [100]. Exposure of IL-1p suppressed
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whereas exposure of TGF-f3 induced miR-488 in human
articular chondrocytes isolated from biopsy samples of nor-
mal cartilages [100].

miRNAs AND SOX9 IN CARTILAGE HOMEOSTASIS

SOXO9 inhibits the expression of its own repressor, miR-
1247 in human chondrocytes, thus representing a negative
feedback loop form of regulation [116]. The expression of
SOX9 is tightly regulated during joint development [117] and
is thought to be altered in joint disease [118]. SOX9 regu-
lates the expression of several key genes required for normal
cartilage function and maintenance [119, 120] and is also
necessary for regulation of genes associated with cartilage
hypertrophy [121, 122]. In addition to targeting cartilage
matrix genes, SOX9 has more recently been shown to regu-
late expression of two miRNAs important for cartilage ho-
meostasis, namely miR-140 [90, 123] and miR-675 [77].
Furthermore, SOX9 expression can be regulated by other
miRNAs in different tissues; for example, brain-enriched
miR-124 targets SOX9 during adult neurogenesis [124], and
miR-145 also targets SOX9 in cartilage [125]. Transcription
of miR-29a was negatively regulated by Sox9 and subse-
quent analyses demonstrated that overexpression of miR-29a
inhibited the differentiation of hMSCs towards chondrocytes
both in vitro and in vivo [75]. Over-expression of miR-675
can rescue COL2A1 levels in SOX9-depleted cells [77].

Sox9 is a master regulator for chondrocytes metabolism
and it is a target gene of miR-145 [125, 126]. Overexpres-
sion of SOX9 could restore the expression levels of proteo-
glycans and type II collagen in OA articular cartilage [127].
It is perfectly reasonable to assume that the positive effect of
miR-145 on IL-1B-induced catabolic events should be medi-
ated by Sox9 [45]. miR-145 regulation of ACAN expression
is not mediated by Smad3, but rather by Sox9 [46, 47]. miR-
199a significantly inhibited early chondrogenesis, as re-
vealed by the reduced expression of early marker genes for
chondrogenesis such as type II collagen and SOX9, whereas
anti-miR-199a increased the expression of these chondro-
genic marker genes [55]. Decreased miR-221 induced in-
creases in Sox9 and TRPS1 [78]. Sox5 and Sox6 activate
COL2A1 and aggrecan genes in coordination with SOX9 [10,
33]. miR-194 suppresses the chondrogenic differentiation of
ASCs by directly targeting Sox5 [128].

miRNAs AND NF-kB

Taganov et al. [108] reported that miR-146a is induced in
response to lipopolysaccharide (LPS) and proinflammatory
mediators in THP-1 cells by NF-kB. miR-18a is involved in
the upregulation of TNFa-induced secretion of MMP-1, in-
flammatory cytokines, and chemokines [129] (Fig. 2).
Moreover, using reporter gene assays, researchers identified
TNFAIP-3 (tumor necrosis factor, alpha-induced protein 3)
as a novel direct target of miR-18a, and they demonstrated
that by repressing TNFAIP-3 expression, miR-18a enhances
NF-kB signaling in RASFs [129]. miR-19b targets not only
TNFAIP-3, but also other negative regulators of NF-kB sig-
naling such as CYLD. miR-18a targets an inhibitor of
STAT-3 signaling, the protein inhibitor of activated STAT-3
(PIAS-3) [130]. Interestingly, it has been shown that knock-
out of TNFAIP-3 in myeloid cells triggers the development
of an erosive polyarthritis [131]; conversely, adenoviral de-
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livery of TNFAIP-3 was shown to improve inflammation and
bone destruction in collagen-induced arthritis [132]. These
data show that the NF-kB signaling pathway is a crucial me-
diator of arthritis, and they imply that controlling NF-kB
activity (directly via TNFAIP-3 or indirectly through miR-
18a) in the different cell types involved in the pathogenesis
of RA may be a promising therapeutic approach. Induction
of IL-6 by miR-203 was inhibited by blocking of the NF-kB
pathway. Basal expression levels of IL-6 correlated with
basal expression levels of miR- 203 [114].

miRNAs AND HEDGEHOG (HH)

Activated hedgehog (HH) signaling can up-regulate the
expression of MMP-13 and ADAMTS-5 in OA chondrocytes
via transcription factor RUNX-2 [133-135] (Fig. 2). Activa-
tion of NF-kB or MAPK signaling negatively regulates the
expression of SHH in OA chondrocytes. miR-602 and miR-
608 bind the target sites present in the coding region of SHH
mRNA and inhibit its expression in human chondrocytes in
vitro [136]. These data provide an explanation for recent
findings suggesting that expression of miR-602 and miR-608
is low and expression of SHH is high in damaged cartilage,
while expression of miR-602 and miR-608 is high and ex-
pression of SHH is low in smooth cartilage [136].

miRNA AND OTHER METABOLIC CYTOKINES

Protogenin (PRTGQ) inhibits cell proliferation and sur-
vival in chondrogenic progenitors and articular chondro-
cytes. The abbrogation of miR-9 induction, which results in
increased PRTG levels in OA pathogenesis, may be respon-
sible for chondrocyte apoptosis [92]. Jones et al. suggested
the involvement of miR-9 in OA bone and cartilage by me-
diating the IL-1B-induced production of TNF-a [42]. Over-
expression of miR-203 resulted in increased secretion of NO,
which was one of the major pro-inflammatory factors in OA
via targeting TRPV4 in MCCs [114]. miRNA-23b and the
small molecule PKA inhibitor H-89 induced differentiation
into chondrocyte of hMSCs through down-regulation of pro-
tein kinase A (PKA) signaling [137]. H-89 induces the ex-
pression of aggrecan and miR-23b and inhibits MMP-2 and
MMP-9 [138]. Thus, inhibiting PKA signaling using H-89
and/or miRNA-23b may be a useful tool for developing
treatments for patients with degenerative arthritis [137].
miR-149 is down-regulated in OA chondrocytes, and this
decrease may correlate with an increased expression of pro-
inflammatory cytokines such as TNFa, IL-1f and IL-6 [139].

Controversial results and discrepancies have been found
in studies of miRNA expression in human OA cartilage
[140-142]. They may be due to the subpopulation of OA
patients or the different stage of OA. Furthermore, there are
several methods used to study miRNA profiles in the field,
such as the Tagman MicroRNA array (Applied Biosystems,
Thermo Fisher Scientific, Grand Island, NY) and pParaﬂ0®
Microarray (LC Sciences, Houston, TX). The correlation
between the results obtained with different methods has not
been fully explored.

SUMMARY

OA is a common disease with unclear pathogenesis.
miRNAs are emerging as important modulators in human

Lietal.

diseases. Recent findings indicate that miRNAs may also
play a critical role in maintaining normal and OA cartilage
homeostasis.
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