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miR-146a, an IL-1b responsive miRNA, induces
vascular endothelial growth factor and
chondrocyte apoptosis by targeting Smad4
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Abstract

Introduction: miR-146a is one of the first identified miRNAs expressed differentially in osteoarthritis (OA) cartilage.
However, the role it plays in OA pathogenesis is not clear. The aim of this study is to identify a molecular target of
miR-146a, thereby elucidating its function in chondrocytes during OA pathogenesis.

Methods: Primary chondrocytes from Sprague-Dawley rats were treated with IL-1b before the expression levels of
miR-146a, Smad4 and vascular endothelial growth factor (VEGF) were quantified by real-time PCR and/or western
blotting. The effect of miR-146a on cellular response to transforming growth factor (TGF)-b1 was quantified by a
luciferase reporter harboring TGF-b1 responsive elements and by extracellular signal-regulated kinase assay. The
effect of miR-146a on apoptosis was quantified by the TUNEL assay. OA pathogenesis was surgically induced with
joint instability in rats, evaluated by histopathological analysis with safranin O staining, and the expression levels of
miR-146a, Smad4, and VEGF were quantified using real-time PCR and/or immunohistochemistry.

Results: IL-1b treatment of chondrocytes increased the expression levels of miR-146a and VEGF and decreased the
levels of Smad4 in a time-dependent manner. miR-146a upregulated VEGF expression and downregulated Smad4
expression in chondrocytes, while a miR-146a inhibitor acted in a converse manner. Smad4, a common mediator
of the TGF-b pathway, is identified as a direct target of miR-146a by harboring a miR-146a binding sequence in the
3’-UTR region of its mRNA. Mutation of the binding sequence significantly relieved the inhibition of the Smad4
reporter activity by miR-146a. Furthermore, miR-146a upregulation of VEGF is mediated by Smad4. Expression of
miR-146a led to a reduction of cellular responsiveness to TGF-b and an increase of apoptosis rate in chondrocytes.
In vivo, cartilage from surgically induced OA rats displayed higher levels of miR-146a and VEGF compared with the
sham group. In contrast, Smad4 expression level was lower in the OA group than the sham group.

Conclusion: IL-1b responsive miR-146a is overexpressed in an experimentally induced OA model, accompanied by
upregulation of VEGF and downregulation of Smad4 in vivo. miR-146a may contribute to OA pathogenesis by
increasing VEGF levels and by impairing the TGF-b signaling pathway through targeted inhibition of Smad4 in
cartilage.

Introduction
miRNAs have emerged as a novel class of gene regula-
tors in both animals and plants that regulate the expres-
sion of more than one-third of human genes post-
transcriptionally [1]. There is accumulating evidence
that miRNAs are multifunctional mediators in regulating

physiological processes, including development, prolif-
eration, differentiation, and apoptosis [2,3]. Although
most of them are widely distributed, the expression of
some miRNAs exhibits cell-type-specific, tissue-specific,
and developmental-stage-specific patterns [2]. miRNAs
have also been reported to influence pathological pro-
cesses, such as cancer, diabetes, and cardiovascular dis-
eases [3]. miRNAs act as key regulators in various types
of diseases because dysregulation of specific miRNAs
occurs prevalently under disease conditions [4,5]. Several
miRNAs have been identified, showing differential

* Correspondence: xlzhang@sibs.ac.cn; krdai@sibs.ac.cn
1The Key Laboratory of Stem Cell Biology, Institute of Health Sciences,
Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences &
Shanghai Jiao Tong University School of Medicine, China, 200025
Full list of author information is available at the end of the article

Li et al. Arthritis Research & Therapy 2012, 14:R75
http://arthritis-research.com/content/14/2/R75

© 2012 Li et al.; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

mailto:xlzhang@sibs.ac.cn
mailto:krdai@sibs.ac.cn
http://creativecommons.org/licenses/by/2.0


expression patterns between osteoarthritis (OA) and
normal cartilage, and their postulated functions are
related to inflammatory and catabolic changes in OA
[6]. miR-146a is one of the first identified miRNAs asso-
ciated with OA cartilage [7]. miR-146a is expressed in
all layers of human articular cartilage, especially in the
superficial zone, and its expression is upregulated in OA
[7]. However, the exact etiological mechanism of miR-
146a in OA pathogenesis is not clear.
The imbalance of cartilage homeostasis between cata-

bolic and anabolic activities contributes to the etiology
of OA [8]. A number of cytokines take part in this pro-
cess. Proinflammatory cytokines such as IL-1b and
TNFa are catabolic factors that lead to the breakdown
of articular cartilage [9], while anabolic factors such as
transforming growth factor (TGF)-b superfamily mem-
bers have been shown to exert a protective effect in OA
[10]. Smad4, a common mediator of the TGF-b pathway
(co-Smad), plays an important role in transducing TGF-
b signals by forming intracellular signaling complexes
with phosphorylated receptor-regulated Smads (R-
Smads). The complexes then translocate into the
nucleus where they participate in the initiation or
repression of gene expression, thereby regulating the
transcription of target genes [11]. In contrast, IL-1b
functions as a main catabolic factor in the OA process
and the elevation of IL-1b causes degradation of the car-
tilage extracellular matrix [12].
In this study we present evidence that miR-146a is

upregulated in articular chondrocytes in response to IL-
1b treatment in vitro and by destabilization of the knee
joints in vivo, and that Smad4 is a direct target of miR-
146a. We find that the miR-146a inhibition of Smad4
results in upregulation of vascular endothelial growth
factor (VEGF) and apoptosis of chondrocytes. Conver-
sely, inhibiting miR-146a or overexpressing Smad4
reduces VEGF expression in chondrocytes. Furthermore,
we demonstrate that miR-146a upregulation in vivo is
accompanied by downregulation of Smad4 and upregu-
lation of VEGF in a surgically induced OA model of
Sprague-Dawley rats. Together, these findings suggest
that dysregulation of miR-146a may contribute to OA
pathogenesis by inhibiting Smad4, a key component in
the anabolic TGF-b pathway, by stimulating VEGF in
the angiogenesis, chondrocyte hypertrophy, and extra-
cellular matrix degradation pathways, and by inducing
chondrocyte death.

Materials and methods
Primary cell culture
Primary chondrocytes were isolated from the femoral
condyles and tibial plateau of male Sprague-Dawley rats
(160 to 180 g). Rat articular cartilage was cut into small
fragments, followed by digestion first with 0.25% trypsin

(Gibco Invitrogen, Carlsbad, CA, USA) for 30 minutes
at 37°C and then with 0.2% collagenase (Sigma-Aldrich,
St Louis, MO, USA) for 5 hours at 37°C. After dissocia-
tion, the cell suspension was filtered through a 40 μm
cell strainer (BD Falcon, Bedford, MA, USA), and cells
were collected by centrifugation at 800 × g for 10 min-
utes. Chondrocytes were then resuspended in DMEM/F-
12 medium (Gibco Invitrogen) supplemented with 10%
fetal bovine serum (Gibco Invitrogen). Primary chondro-
cytes were cultured according to a previous method
[13]. Briefly, chondrocytes were placed in monolayer
culture in six-well plates (for RNA) or 12-well plates
(for protein) in DMEM/F-12 medium containing 10%
fetal bovine serum. Transfection experiments were per-
formed 1 day after seeding. Primary chondrocytes used
in the experiments were either freshly isolated or were
at passage 1. Either freshly isolated or at passage 1,
these chondrocytes do not express Col I - a marker of
dedifferentiation - as determined by real-time RT-PCR.
The observed effects of miR-146a are identical in chon-
drocytes at the freshly isolated and passage 1 stage.

miRNA microarray
The miRNA expression profiles of the rat chondrocytes
treated with IL-1b (10 ng/ml; R&D Systems, Minneapo-
lis, MN, USA) at various time points were determined
by miRNA microarray analysis using the μParaflo™
microfluidic chips (LC Sciences, Houston, TX, USA),
which were based on Sanger miRBase Release 17.0 [14].
Total RNA was size-fractionated and the small RNAs (<
300 nucleotides) isolated were 3’-extended with a poly
(A) tail. Hybridization was performed overnight. Data
were analyzed by first subtracting the background and
then normalizing the signals using a LOWESS filter
(locally-weighted regression) [15]. Normalized data were
further analyzed by one-way analysis of variance fol-
lowed by a Student-Newman-Keuls multiple comparison
test. miRNAs with P < 0.01 were considered differen-
tially expressed.

Construction of plasmids and site-directed mutagenesis
For plasmid DNA and miRNA co-transfection, primary
chondrocytes were transfected using the Human Chon-
drocyte Nucleofector kit (Amaxa, Cologne, Germany)
following the manufacturer’s instructions [16]. The miR-
146a expression plasmid was created as previously
described [17]. Briefly, the precursor sequence for miR-
146a was amplified through PCR using genomic DNA
as the template, and the PCR products were cloned into
the pSuper vector (Oligoengine, Seattle, WA, USA).
Fragments harboring the 3’ UTR of Smad4 were cloned
into the XbaI site of the pGL3-control vector (Promega,
Madison, WI, USA) using the following primers: sense,
5’-CCGCTCGAGTGAAGGAATCATTCCAGTGCTAG-
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3’; and antisense, 5’-TGCTCTAGACTTGGTAAAAT-
TAACTCACCCACA-3’. The mutated 3’ UTR luciferase
reporter plasmid was generated by site-directed muta-
genesis using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA). The following
primers were used: sense, 5’-TTAAAGGCAGAGAA-
CAAGAGAAAGTTAATTCACC-3’; and antisense,
5’-GGTGAATTAACTTTCTCTTGTTCTCTGCCTT-
TAA-3’. All sequences of the amplified products were
confirmed by DNA sequencing.

Luciferase reporter assay
All plasmids for transfection were prepared using the
QIAGEN plasmid purification kit (QIAGEN, Hilden,
Germany). HEK293T cells were transiently transfected
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions, and
pRL-SV40 vector (Promega) was used as a control for
transfection efficiency. Twenty-four hours after transfec-
tion, cells were lysed, and Firefly and Renilla luciferase
activities were measured using the Dual-Luciferase
Reporter Assay System (Promega) according to the man-
ufacturer’s protocol. C5.18 cells were co-transfected with
miR-146a mimics (GenePharma, Shanghai, China) and
p3TP-lux using DharmaFECT Duo transfection reagent
(Dharmacon Inc., Lafayette, CO, USA). The p3TP-lux
plasmid was a kind gift from Dr Regis J. O’Keefe (Center
for Musculoskeletal Research, University of Rochester,
Rochester, New York, USA). Twelve hours after trans-
fection, the cells were serum starved for 12 hours fol-
lowed by 4 hours treatment with or without TGF-b1 (10
ng/ml, R&D Systems). Cell lysates were extracted and
luciferase activities were measured using the Dual-Luci-
ferase Reporter Assay System (Promega). Each experi-
ment was repeated at least three times.

RNA and quantitative real-time PCR
Total RNA, including miRNA, was extracted using the
miRNeasy Mini Kit (QIAGEN) according to the manu-
facturer’s instructions. Then 1 μg total RNA was
reverse-transcribed with a specific stem-loop primer for
miRNA and with a random primer for mRNA, respec-
tively. After RT reaction, real-time PCR was performed
by an ABI 7900HT system using SYBR Premix Ex
Taq™ (Takara, Madison,. WI, USA). b-actin and small
nuclear RNA U6 were used as internal controls for
cDNA and miRNA, respectively. Primer sequences used
for real-time PCR are presented in Table 1.

Western blotting
Whole-cell lysates were prepared with ice-cold lysis buf-
fer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-
40, and 0.1% sodium dodecyl sulfate) supplemented with

protease inhibitors (Complete Tablet; Roche, Mannheim,
Germany). Proteins were size-fractionated by SDS-PAGE
and transferred to a PVDF membrane (Hybond-P;
Amersham Biosciences, Amersham, UK). Membranes
were hybridized with antibodies against Smad4 (1:1,000;
Santa Cruz, Santa Cruz, CA, USA), VEGF (1:1,000;
Santa Cruz), extracellular signal-regulated kinase (ERK)
1/2 (1:1,000; Cell Signaling Technology, Danvers, MA,
USA), phospho-ERK1/2 (1:1,000; Cell Signaling Tech-
nology) and GAPDH (1:5,000; Kangcheng, Shanghai,
China). Densitometric analysis of immunoblots was per-
formed using the ImageJ software provided by the
National Institutes of Health (Developed by National
Institutes of Health, Bethesda, Maryland, USA).

Smad4 knockdown by siRNA
RNA interference was performed using siGENOME
SMARTpool siRNA (Dharmacon Inc.) targeting rat
Smad4. Transfection for primary chondrocytes was car-
ried out using Lipofectamine RNAiMAX reagent (Invi-
trogen) according to the manufacturer’s protocol.

TUNEL assay
Chondrocytes were fixed for 20 minutes at room tem-
perature with 4% paraformaldehyde in PBS 48 hours post
transfection, and apoptosis was assessed using the In Situ
Cell Death Detection Kit - Fluorescein (Roche) according
to the manufacturer’s instructions. The number of
TUNEL-positive cells (green) and the number of Hoechst
33342-positive cells (blue nuclear stain) were visually
counted. All samples were analyzed with at least three
independent replicates, and five fields from each replicate
were randomly selected for counting the TUNEL-positive
cells and the Hoechst 33342-positive cells. The observer
who performed the cell counts and immunofluorescence
quantitation was blinded to the types of the samples.

Surgical induction of osteoarthritis
Animal handling and experimental procedures were per-
formed following approval from the Institute of Health
Sciences Institutional Animal Care and Use Committee.
Eight-week-old male Sprague-Dawley rats (200 g) were
randomized into two groups of 20 rats each. OA was
induced by medial collateral ligament transection and
medial meniscal tear of the knee joints, as previously
described [18]. Briefly, animals were anesthetized and
surgery was performed to transect the medial collateral
ligament and to cut the medial meniscus through the
full thickness to induce joint destabilization of the right
knee. Sham animals underwent the same surgical proce-
dure without any ligament transection or meniscal tear.
After surgery, each rat was given penicillin once per day
for the first 3 days. Animals were sacrificed at 8 weeks

Li et al. Arthritis Research & Therapy 2012, 14:R75
http://arthritis-research.com/content/14/2/R75

Page 3 of 13



post surgery, and samples of the knee joints were col-
lected for further molecular and histological analyses.

Histology and immunohistochemistry
Knee joints from the model animals were fixed over-
night with 4% paraformaldhyde in PBS and then
embedded in paraffin. Tissue sections (5 μm) were
deparaffinized in xylene, serially rehydrated in ethanol,
and washed with PBS. Sections were stained with safra-
nin O/fast green to identify proteoglycan loss [19]. For
immunohistochemistry, sections in 10 mM sodium
citrate buffer (pH 6.0) were heated in a microwave oven
and kept at 95°C for 10 minutes. Slides were cooled for
30 minutes at room temperature after antigen unmask-
ing. Endogenous peroxidase activity was blocked with
3% hydrogen peroxide, followed by rinsing several times
in PBS. After blocking nonspecific protein binding with
5% BSA in PBS for 30 minutes at room temperature,
sections were incubated overnight at 4°C with primary
antibodies against Smad4 (Santa Cruz) and VEGF (Santa
Cruz). The slides were rinsed in PBS and then incubated
with secondary antibody (EnVision detection kit, Peroxi-
dase/DAB, Rabbit/mouse; Dako Cytomation, Carpin-
teria, CA, USA) according to the manufacturer’s
protocol. Sections were counterstained with Mayer’s
hematoxylin (Sigma, St. Louis, MO, USA). After wash-
ing, the slides were stained with 3,3’-diaminobenzidine
tetrahydrochloride (EnVision detection kit, Peroxidase/
DAB, Rabbit/mouse; Dako Cytomation). Staining with
normal IgG and staining without primary antibodies
were also performed as negative controls. For immuno-
histochemistry, sections were quantified using ImagePro
Plus version 5.0 (Media Cybernetics, Bethesda, MD,
USA). Three fields of view per section were analyzed
from each animal. Mean values and variances of Smad4-
positive and VEGF-positive cells in each group were cal-
culated from 20 animals per group.

Statistical analysis
Results are expressed as mean ± standard deviation. Sta-
tistical analysis was carried out using Student’s t test
between two groups or one-way analysis of variance fol-
lowed by Student-Newman-Kuels test for multiple com-
parisons. P < 0.05 were considered statistically
significant.

Results
IL-1b treatment increases expression of miR-146a and
VEGF and decreases Smad4 expression in chondrocytes
To identify the miRNAs involved in pathogenesis of OA,
we screened for miRNAs responsive to treatment of the
proinflammatory cytokine IL-1b (10 ng/ml) in primary
rat chondrocytes. This is an established cell culture
model to mimic inflammation and other molecular
events related to the progression of OA in chondrocytes
[20]. Expression of miRNAs in IL-1b-stimulated chon-
drocytes was investigated by microarray analysis [GEO:
GSE33310] [21]. A series of miRNAs changed their
expression levels in response to IL-1b treatment (Figure
S1 in Additional file 1). Of particular interest, miR-146a
was chosen for further investigation because previous
studies have revealed that miR-146a mediates inflamma-
tion response [22], and its expression is higher in OA
cartilage than in normal cartilage [7].
Treatment of IL-1b rapidly induced miR-146a within 6

hours in primary rat chondrocytes, and its expression
gradually increased over a 24-hour time course (Figure
1A), which is consistent with the microarray results. In
parallel with the increase of miR-146a level, IL-1b treat-
ment stimulated VEGF mRNA (Figure 1C) and protein
levels (Figure 1D) in a time-dependent manner. In con-
trast, IL-1b treatment inhibited Smad4 mRNA (Figure
1B) and protein levels (Figure 1D) in a time-dependent
manner.

miR-146a directly inhibits Smad4 expression through a
seed site in the 3’-UTR of Smad4 mRNA
To determine whether miR-146a regulates the expres-
sion of Smad4 and VEGF, we transfected miR-146a into
primary chondrocytes. Overexpression of miR-146a
inhibited Smad4 protein levels and stimulated VEGF
protein levels (Figure 2A). Conversely, transfection of a
miR-146a inhibitor stimulated Smad4 protein levels and
inhibited VEGF protein levels in chondrocytes (Figure
2D). miR-146a thus regulates the expression of Smad4
and VEGF in an opposite manner.
Using miRNA target prediction software [1], we iden-

tified a potential miR-146a binding sequence in the 3’
UTR of Smad4 (Figure 2G). To determine whether miR-
146a inhibits Smad4 expression through this seed
sequence, we constructed luciferase reporter plasmids

Table 1 Primer sequences used for real-time PCR

Sense primer Antisense primer

Rat b-actin [GenBank:NM_031144.2] 5’-CTCTTCCAGCCTTCCTTCCT-3’ 5’-TCATCGTACTCCTGCTTGCT-3’

Rat U6 [GenBank:K00784] 5’-CTCGCTTCGGCAGCACA-3’ 5’-AACGCTTCACGAATTTGCGT-3’

Rat Smad4 [GenBank:NM_019275.2] 5’-CCACCAACTTCCCCAACATT-3’ 5’-TGCAGTCCTACTTCCAGTCCAG-3’

Rat VEGF [GenBank:NM_031836.2] 5’-TTGAGACCCTGGTGGACATCT-3’ 5’-CTCCTATGTGCTGGCTTTGG-3’

VEGF, vascular endothelial growth factor.
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Figure 1 IL-1b stimulates miR-146a and vascular endothelial growth factor along with downregulation of Smad4. Primary rat
chondrocytes were treated with IL-1b (10 ng/ml) for the indicated time periods. Expression levels of miR-146a, Smad4, and vascular endothelial
growth factor (VEGF) were monitored by quantitative real-time PCR and western blotting. (A) miR-146a expression was significantly increased
over a 24-hour time course. (B) mRNA levels of Smad4 were reduced after treatment with IL-1b. (C) VEGF was upregulated by IL-1b. Values are
the mean ± standard deviation (SD) of three independent experiments. (D) Protein levels of Smad4 and VEGF were respectively decreased and
increased in chondrocytes stimulated with IL-1b. The relative expression levels of protein are shown at the bottom of the bands as normalized
by the GAPDH level. (E) Densitometric analysis of immunoblot band intensities for Smad4 normalized by GAPDH. Data are mean ± SD of three
independent experiments. (F) Densitometric analysis of immunoblot band intensities for VEGF normalized by GAPDH. Data are mean ± SD of
three independent experiments. Control samples (Con) were not treated with IL-1b.
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Figure 2 Smad4 is a direct target of miR-146a. (A) Overexpression of miR-146a inhibits Smad4 expression and increases vascular endothelial
growth factor (VEGF) expression in primary chondrocytes, as assayed by immunoblotting. NC, negative control. (B) Densitometric analysis of
immunoblot band intensities for Smad4 normalized by GAPDH. Data are mean ± standard deviation (SD) of three independent experiments. (C)
Densitometric analysis of immunoblot band intensities for VEGF normalized by GAPDH. Data are mean ± SD of three independent experiments.
(D) On the protein level, knockdown of miR-146a results in the upregulation of Smad4 and the downregulation of VEGF. Relative expression
levels of protein shown at the bottom of the bands as normalized by GAPDH level. (E) Densitometric analysis of immunoblot band intensities
for Smad4 normalized by GAPDH. Data are mean ± SD of three independent experiments. (F) Densitometric analysis of immunoblot band
intensities for VEGF normalized by GAPDH. Data are mean ± SD of three independent experiments. (G) Schematic representation of the Smad4
3’ UTR indicating the binding site of miR-146a. WT, wildtype; MT, mutant. (H) miR-146a inhibits Smad4 3’ UTR luciferase activity. HEK293T cells
were transfected with either pGL3 luciferase vector containing a fragment of Smad4 3’ UTR harbouring binding sites for miR-146a, or the
corresponding mutant constructs. Ectopic expression of miR-146a led to a remarkable reduction of the luciferase activity of reporter with the
wildtype 3’ UTR but not that of the mutant reporter. Values are mean ± SD of three independent experiments. *P < 0.05 versus vector. **P <
0.01 versus vector.
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harboring the wildtype 3’ UTR and the mutant 3’ UTR
in which the putative miR-146a binding site is mutated
(Figure 2G). While the reporter activity of the wildtype
3’ UTR is significantly inhibited by miR-146a, this inhi-
bition is greatly reduced in the mutant 3’ UTR (Figure
2H). Smad4 is thus a direct target of miR-146a.

IL-1b regulates Smad4 and VEGF expression
through miR-146a
To elucidate the role of miR-146a in mediating IL-1b
signaling, we used a specific miR-146a hairpin inhibitor
to block its expression. Chondrocytes were treated with
IL-1b for 24 hours in the presence or absence of the
miR-146a inhibitor. Knockdown of endogenous miR-
146a with the inhibitor significantly suppressed the IL-
1b upregulation of miR-146a expression (Figure 3A).
While IL-1b treatment inhibited Smad4 mRNA levels,
transfection of the miR-146a inhibitor markedly
increased Smad4 mRNA despite the presence of IL-1b
(Figure 3B). While IL-1b treatment greatly increased the
VEGF mRNA levels, the miR-146a inhibitor significantly
reduced this increase (Figure 3C). Knockdown of miR-
146a caused similar effects on the IL-1b regulation of
Smad4 and VEGF protein levels as on their mRNA
levels (Figure 3D). miR-146a is thus involved in IL-1b
regulation of Smad4 and VEGF expression.

Upregulation of VEGF by miR-146a is mediated by Smad4
To determine whether Smad4 mediates the upregulation
of VEGF by miR-146a, RNA interference with Smad4
siRNA was performed in rat chondrocytes. Chondro-
cytes were transfected with siRNA against Smad4. This
Smad4 siRNA transfection reduced the levels of both
Smad4 mRNA (Figure 4A) and protein (Figure 4B).
Knockdown of Smad4 increased VEGF protein levels
(Figure 4B), while overexpression of Smad4 significantly
reduced miR-146a stimulation of VEGF protein levels
(Figure 4E). Smad4 thus mediates upregulation of VEGF
by miR-146a.

miR-146a attenuates TGF-b signaling pathway
Because Smad4 is a common mediator of the TGF-b
signaling pathway, we next addressed the question of
whether miR-146a affects the cellular responses to TGF-
b. C5.18 cells were co-transfected with miR-146a and
p3TP-luciferase reporter plasmid (p3TP-lux, possessing
TGF-b response elements) followed by treatment with
TGF-b1 (10 ng/ml). As shown in Figure 5A, overexpres-
sion of miR-146a led to a decrease in both basal and
TGF-b1-stimulated activity of the p3TP-luciferase repor-
ter, suggesting that miR-146a significantly inhibits TGF-
b signaling transduction. To further investigate the role
of miR-146a in TGF-b signaling, we conducted a time-
course study of ERK activation by TGF-b1 in

chondrocytes transfected with miR-146a. Western blot
analysis revealed time-dependent activation of ERK with
maximal activation occurring at 30 minutes post treat-
ment (Figure 5B). Overexpression of miR-146a reduced
the levels of phospho-ERK 1/2 at all time points (Figure
5B), whereas the total ERK levels remained relatively
constant (Figure 5B).

miR-146a increases apoptosis in chondrocytes
Since IL-1b stimulates apoptosis in chondrocytes [23]
and the loss of cellularity is a hallmark of OA cartilage
[24], we examined whether the expression of miR-146a
affects chondrocyte apoptosis. Overexpression of miR-
146a in chondrocytes caused a significant increase of
the percentage of TUNEL-positive cells (Figure 6), indi-
cating that miR-146a takes part in mediating IL-1b-
induced apoptosis in chondrocytes.

Co-regulation of miR-146a with Smad4 and VEGF in OA
cartilage in vivo
To determine whether expression of miR-146a, Smad4
and VEGF is co-regulated in OA cartilage in vivo, we
surgically induced OA through joint instability in Spra-
gue-Dawley rats (Figure 7B, C). The expression of miR-
146a was significantly upregulated in OA cartilage com-
pared with normal cartilage (Figure 7A). Immunohisto-
chemical analysis showed a decrease of Smad4-positive
cells (Figure 7D, E) and an increase of VEGF-positive
cells (Figure 7F, G) in OA cartilage than in normal car-
tilage (sham). The percentage of chondrocytes positive
for Smad4 was substantially decreased in the OA group
(31.5 ± 5.1%) compared with the sham group (61.1 ±
4.6%), while the percentage of VEGF-positive cells in the
sham and OA groups (8.3 ± 2.1% and 63.7 ± 5.4%,
respectively) indicated a statistically significant increase
in OA cartilage (P < 0.01). The induction of miR-146a
expression in OA cartilage is thus correlated with the
upregulation of VEGF and the downregulation of Smad4
in rat joints with surgically induced OA.

Discussion
miR-146a is one of the first identified miRNAs upregu-
lated in human OA cartilage. However, it was not clear
whether this is a coincidence or miR-146a plays a role
in OA pathogenesis. We provide several lines of evi-
dence here to demonstrate that miR-146a may be an
important regulator in OA.
First, we demonstrate for the first time that miR-146a

is upregulated by experimentally induced OA pathogen-
esis in a well-established OA animal model of Sprague-
Dawley rats in vivo. The induction of miR-146a expres-
sion in articular cartilage is thus caused by OA. In addi-
tion to miR-146a, other miRNAs may also play
important roles in OA pathogenesis: miR-140, a
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Figure 3 miR-146a suppression impairs IL-1b downregulation of Smad4 and upregulation of vascular endothelial growth factor.
Chondrocytes were transfected with miR-146a inhibitors and treated with or without IL-1b for 24 hours. (A) miR-146a inhibitors decreased IL-1b-
induced upregulation of miR-146a. NC, negative control. (B) The inhibitory effect of IL-1b on Smad4 expression was counteracted by miR-146a
inhibitors. (C) Vascular endothelial growth factor (VEGF) expression was significantly reduced by miR-146a inhibitors with IL-1b treatment at the
RNA level. Values are the mean ± standard deviation (SD) of at least three independent experiments. **P < 0.01. (D) On the protein level, miR-
146a inhibitors counteracted IL-1b-induced downregulation of Smad4 and upregulation of VEGF. The relative expression levels of protein are
shown at the bottom of the bands as normalized by GAPDH level. (E) Densitometric analysis of immunoblot band intensities for Smad4
normalized by GAPDH. Data are mean ± SD of three independent experiments. (F) Densitometric analysis of immunoblot band intensities for
VEGF normalized by GAPDH. Data are mean ± SD of three independent experiments.
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cartilage-specific miRNA, regulates gene expression of
ADAMTS-5 in chondrocytes [25]; and miR-140-/- mice
display an OA-like phenotype [26]. miR-140 may also be
involved in the formation and maintenance of cartilage
through targeting HDAC4 [27]. In addition, miR-27a
affects the expression of matrix metalloproteinase
(MMP)-13 and IGFBP-5 [28], and miR-27b inhibits the
IL-1b-induced upregulation of MMP-13 in human
osteoarthritic chondrocytes [29].
Second, we demonstrate that miR-146a is induced by

IL-1b treatment of chondrocytes in a time-dependent
manner in vitro. We focused our study on miR-146a
after it came up in our screening for IL-1b upregulated
miRNAs in chondrocytes. Our observation and the pre-
vious literature suggest that the responsiveness to IL-1b
and/or other inflammatory cytokines is a hallmark of
miR-146a. The expression of miR-146a/b was elevated
after treatment with lipopolysaccharide and proinflam-
matory mediators [22]. Stanczyk and colleagues reported
that the expression of miR-146 is increased in rheuma-
toid arthritis synovial fibroblasts [30]. Nakasa and collea-
gues reported increased miR-146a/b expression in
synovial tissue from rheumatoid arthritis patients [31].

miR-146a operates as a negative regulator in innate
immunity by affecting IL-1R-associated kinase-1 and
TNF-receptor-associated factor 6. In human OA tissue
samples, miR-146a may be involved in both proinflam-
matory cytokine response and modulation [7,32].
Third, we demonstrate that miR-146a is induced by

joint instability resulting from medial collateral ligament
transection and medial meniscal tear of the knee joints
in vivo. The inductive factors for miR-146a may be
more complex in vivo. In addition to the proinflamma-
tory cytokines resulting from the medial collateral liga-
ment transection and medial meniscal tear, mechanical
instability is also a major cause of OA pathogenesis in
this animal model [18]. Mechano-responsive miRNAs
are beginning to be identified in chondrocytes. miR-365
is the first identified mechanically responsive miRNA in
chondrocytes, which regulates chondrocyte differentia-
tion through inhibiting HDAC4 [33]. In addition, miR-
222 was postulated as a potential regulator of the articu-
lar cartilage mechanotransduction pathway, since its
expression patterns in articular cartilage are higher in
the weight-bearing anterior medial condyle as compared
with the posterior nonweight-bearing medial condyle

Figure 4 Vascular endothelial growth factor production is regulated by Smad4. Knockdown of Smad4 by RNAi increased vascular
endothelial growth factor (VEGF) expression at the protein level. Chondrocytes were transfected with siRNA specific for Smad4 or with control
(Ctrl) siRNA. (A) siRNA targeting Smad4 efficiently reduced endogenous Smad4 expression at the RNA level. Values are the mean ± standard
deviation (SD) of at least three independent experiments. **P < 0.01. (B) Inhibition of Smad4 increased the protein level of VEGF. (C)
Densitometric analysis of immunoblot band intensities for Smad4 normalized by GAPDH. Data are mean ± SD of three independent
experiments. (D) Densitometric analysis of immunoblot band intensities for VEGF normalized by GAPDH. Data are mean ± SD of three
independent experiments. (E) Co-transfection of miR-146a and Smad4 expression plasmid reversed miR-146a-mediated upregulation of VEGF.
Relative expression levels of protein shown at the bottom of the bands as normalized by GAPDH level. NC, negative control. (F) Densitometric
analysis of immunoblot band intensities for Smad4 normalized by GAPDH. Data are mean ± SD of three independent experiments. (G)
Densitometric analysis of immunoblot band intensities for VEGF normalized by GAPDH. Data are mean ± SD of three independent experiments.
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[34]. It remains to be tested whether miR-146a is
responsive to alteration of mechanical load in addition
to proinflammatory cytokine.
Fourth, we have for the first time identified a direct

molecular target of miR-146a in chondrocytes. We show
that the expression levels of Smad4, a key transcription
factor mediating the TGF-b family member signaling
pathway, are inversely related to miR-146a levels both in
vitro and in vivo. Similar results were obtained from cul-
tured human chondrocytes (data not shown). Mutation
of the miR-146a binding site in the 3’ UTR of Smad4
mRNA unequivocally identified Smad4 as a direct target
of miR-146a for post-transcriptional regulation. Further-
more, miR-146a is critical for IL-1b downregulation of
Smad4 in chondrocytes.
Our data suggest that miR-146a regulates chondro-

cytes and OA pathogenesis by inhibiting Smad4, a pivo-
tal mediator of the TGF-b signaling pathway.
Interestingly, the extent of miR-146a inhibition of
Smad4 protein levels is more than the extent of miR-
146a inhibition of Smad4 mRNA levels. This indicates

that miR-146a targets Smad4 through both mRNA
degradation and translational repression. Smad4 plays
important roles in regulating chondrocyte differentiation
by inhibiting hypertrophy and cell apoptosis. In the car-
tilage-specific Smad4 knockout mice, chondrocyte prolif-
eration is reduced, hypertrophic differentiation is
accelerated, and apoptosis is increased [35]. Further-
more, IL-1b inhibits Smad4 in a chondrocytic cell line
(SW1353), indicating that the antagonistic effect of IL-
1b on TGF-b may be mediated by blocking the expres-
sion of Smad4 [36]. TGF-b may counteract some IL-1b-
induced effects on cartilage deterioration by preserving
chondrocyte phenotypes, suppressing the expression of
MMPs, such as MMP-1 and MMP-3, and promoting the
synthesis of extracellular matrix of cartilage [37-39].
Loss of TGF-b and its downstream signaling molecules
often corresponds with skeletal abnormalities and
destruction of articular cartilage. For example, overex-
pression of a functionless TGF-b type II receptor accel-
erates terminal chondrocyte differentiation [40].
Moreover, Smad3 mutant mice display a phenotype
resembling human OA, which is accompanied by the
extensive progression of chondrocyte hypertrophy and
osteophyte formation [41].
We demonstrate that miR-146a inhibits chondrocyte

response to TGF-b by suppressing transcriptional activ-
ity of a promoter harboring TGF-b responsive elements
and by suppressing TGF-b induction of ERK activity.
The activation of ERK mitogen-activated protein kinases
represents a downstream molecular event in response to
TGF-b in chondro-progenitor cells, which is required
for TGF-b-induced aggrecan expression [42]. ERK not
only directly promotes phosphorylation of R-Smads, but
also affects co-activators or co-repressors that mediate
Smad DNA binding [43]. It has been shown previously
that TGF-b stimulation of ERK activity is Smad4 depen-
dent [44]. Knockdown of Smad4 by miR-146a may
therefore inhibit ERK phosphorylation. Similar to miR-
146a, other miRNAs have been implicated in regulating
TGF-b pathways by targeting Smads in chondrocytes.
For example, miR-199a* was reported to inhibit
early chondrogenic differentiation by targeting Smad1
directly [45].
We demonstrate that miR-146a results in an increase

of the apoptosis rate in articular chondrocytes. Reduced
cellularity in articular cartilage contributes to the onset
and development of OA. A higher proportion of apopto-
tic cells was observed in the cartilage from OA patients
compared with that from normal people [46]. Expres-
sions of apoptotic molecular markers, such as caspase-3
and caspase-8, were elevated in human osteoarthritic
cartilage [47]. These are consistent with our hypothesis
that miR-164a contributes to OA pathogenesis by indu-
cing chondrocyte apoptosis.

Figure 5 miR-146a attenuates the transforming growth factor-
b signaling pathway. (A) C5.18 cells were co-transfected with miR-
146a and p3TP-lux reporter plasmid followed by treatment with or
without exogenous transforming growth factor (TGF)-b1 (10 ng/ml)
for 4 hours. The cell lysates were obtained to determine the
luciferase activity. Values are the mean ± standard deviation of at
least three independent experiments. **P < 0.01. NC, negative
control. (B) Overexpression of miR-146a blocked TGF-b1-stimulated
activation of extracellular signal-regulated kinase (ERK).
Chondrocytes were transfected with miR-146a mimics, and, after
serum starvation, cells were treated with TGF-b1 (10 ng/ml) for the
indicated periods. Cell lysates were analyzed for phosphorylated and
total ERK levels in chondrocytes.
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Lastly, our data indicate that at least some of the
effects of miR-146a on OA pathogenesis may be exerted
by VEGF. We demonstrate that VEGF expression is
upregulated by induction of OA pathogenesis with joint
instability, treatment of IL-1b, overexpression of miR-
146a, or knockdown of Smad4. Furthermore, induction

of VEGF by IL-1b at least partially depends on upregu-
lation of miR-146a; and its induction by miR-146a
depends on Smad4 downregulation. Smad4 has been
shown previously to inhibit VEGF expression and sup-
press tumorigenicity through inhibition of angiogenic
activity in human pancreatic carcinoma cells [48].

Figure 7 miR-146a and Smad4 are expressed reciprocally in surgically induced osteoarthritis in rats. (A) The level of miR-146a increases
in cartilage from the osteoarthritis (OA) group compared with the sham group. Values are the mean ± standard deviation of 10 animals per
group. *P < 0.05. Femoral condyles from OA and Sham rats were stained with safranin O and subjected to immunohistochemistry for Smad4
and vascular endothelial growth factor (VEGF). (B), (C) Femoral condyles from OA rats exhibited reduced safranin O staining. (D), (E) Cartilage
from normal and osteoarthritic rats were immunostained for Smad4 protein. (F), (G) Cartilage from normal and osteoarthritic rats were
immunostained for VEGF protein. Original magnification: (B), (C) ×40; (D) to (G) ×400.

Figure 6 miR-146a leads to apoptosis in chondrocytes. (A) to (D) TUNEL assays were performed 2 days following the addition of negative
control (NC) or miR-146a to chondrocytes. miR-146a increases apoptosis in chondrocytes. The nuclei of apoptotic cells are labeled by TUNEL
with green fluorescence. All cell nuclei are counterstained by Hoechst 33342 (blue). Original magnification: (A), (B) ×200; (C), (D) ×600. (E)
Quantification of the percentage of TUNEL-positive cells shows a 40.3% increase in the percentage of apoptotic cells in chondrocytes transfected
with miR-146a. **P < 0.01.
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Interestingly, while the miR-146a inhibitor significantly
affects the IL-1b regulation of Smad4 and VEGF, inhibi-
tion of miR-146a could not completely eliminate IL-1b-
caused stimulation of VEGF and suppression of Smad4.
This suggests that, in addition to miR-146a, other fac-
tors are involved in mediating IL-1b regulation of VEGF
and Smad4.
The induction of VEGF expression by miR-146a may

affect angiogenesis and inflammation during OA patho-
genesis. VEGF is increased in the osteoarthritic syno-
vium [49] and OA cartilage [50]. Upregulation of VEGF
contributes to inflammation and pathological angiogen-
esis in OA [51,52]. On the other hand, the upregulation
of VEGF may also lead to chondrocyte hypertrophy,
matrix degradation, and cell death - a series of critical
events during endochondral ossification that is recapitu-
lated during OA pathogenesis [53,54]. VEGF, upregu-
lated by hypertrophic chondrocytes, may in turn induce
the invasion of blood vessels to cartilage, secretion of
MMPs, extracellular matrix remodeling, and, ultimately,
cell death [55].

Conclusions
We demonstrate that miR-146a may be involved in a
novel signaling cascade critical for a series of IL-1b-
induced pathologic features of OA including reduced
cellular response to TGF-b, elevated VEGF expression,
and increased chondrocyte apoptosis. Our results
demonstrate for the first time that Smad4 is a direct tar-
get of miR-146a, and a critical mediator of miR-146a
regulation of VEGF expression. Our results provide dee-
per insights into the roles of miRNA in OA pathogen-
esis and raise the possibility that miR-146a may be a
therapeutic target for the treatment of OA.

Additional material

Additional file 1: Figure S1 showing a heatmap of miRNA
expression profiles of chondrocytes stimulated with IL-1b.
Statistically significant miRNAs (P < 0.01, selected by analysis of variance
test) are presented. Green and red denotes downregulated and
upregulated expression, respectively.

Abbreviations
BSA: bovine serum albumin; DMEM: Dulbecco’s modified Eagle’s medium;
ERK: extracellular signal-regulated kinase; IL: interleukin; miRNA: microRNA;
MMP: matrix metalloproteinase; OA: osteoarthritis; PBS: phosphate-buffered
saline; PCR: polymerase chain reaction; RNAi: RNA interference; RT: reverse
transcription; siRNA: small interfering RNA; TGF: transforming growth factor;
TNF: tumor necrosis factor; TUNEL: terminal deoxynucleotidyl transferase
dUTP nick end labeling; UTR: untranslated region; VEGF: vascular endothelial
growth factor.

Acknowledgements
The authors thank Prof. Regis J. O’Keefe (Center for Musculoskeletal Research,
University of Rochester) who provided the p3TP-lux plasmid. This work was

supported by grants from the Ministry of Science and Technology of China
(numbers 2011DFA30790 and 2010CB945600), the National Natural Science
Foundation of China (numbers 30811120440 and 30871435), the Chinese
Academy of Sciences (numbers XDA01030404 and KSCX2-EW-Q-1-07), the
Shanghai Municipal Education Commission (numbers J50206 and 11SG22)
and National Institutes of Health (numbers AG 017021, AG 014399, and
RR024484).

Author details
1The Key Laboratory of Stem Cell Biology, Institute of Health Sciences,
Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences &
Shanghai Jiao Tong University School of Medicine, China, 200025. 2Shanghai
Key Laboratory of Orthopaedic Implant, Department of Orthopaedic Surgery,
Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of
Medicine, China, 200011. 3Cell and Molecular Biology Laboratory,
Department of Orthopaedics, Warren Alpert Medical School of Brown
University/Rhode Island Hospital, Providence, USA, RI 02903.

Authors’ contributions
JL participated in the design of the study, carried out the experiments and
statistical analysis, and drafted the manuscript. JGH and LMD assisted in
performing immunohistochemistry. DGY assisted with in vivo experiments.
QC was involved in data interpretation and manuscript preparation. KRD and
XLZ conceived of the study, participated in its design and coordination, and
helped to draft the manuscript. All authors read and approved the final
manuscript for publication.

Competing interests
The authors declare that they have no competing interests.

Received: 14 October 2011 Revised: 3 February 2012
Accepted: 16 April 2012 Published: 16 April 2012

References
1. Lewis BP, Burge CB, Bartel DP: Conserved seed pairing, often flanked by

adenosines, indicates that thousands of human genes are microRNA
targets. Cell 2005, 120:15-20[http://www.targetscan.org].

2. Bartel DP: MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 2004, 116:281-297.

3. Alvarez-Garcia I, Miska EA: MicroRNA functions in animal development
and human disease. Development 2005, 132:4653-4662.

4. Croce CM: Causes and consequences of microRNA dysregulation in
cancer. Nat Rev Genet 2009, 10:704-714.

5. Tili E, Michaille JJ, Costinean S, Croce CM: MicroRNAs, the immune system
and rheumatic disease. Nat Clin Pract Rheumatol 2008, 4:534-541.

6. Iliopoulos D, Malizos KN, Oikonomou P, Tsezou A: Integrative microRNA
and proteomic approaches identify novel osteoarthritis genes and their
collaborative metabolic and inflammatory networks. PLoS One 2008, 3:
e3740.

7. Yamasaki K, Nakasa T, Miyaki S, Ishikawa M, Deie M, Adachi N, Yasunaga Y,
Asahara H, Ochi M: Expression of microRNA-146a in osteoarthritis
cartilage. Arthritis Rheum 2009, 60:1035-1041.

8. Pelletier JP, Martel-Pelletier J, Abramson SB: Osteoarthritis, an
inflammatory disease: potential implication for the selection of new
therapeutic targets. Arthritis Rheum 2001, 44:1237-1247.

9. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi H: Role of
proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat
Rev Rheumatol 2011, 7:33-42.

10. Grimaud E, Heymann D, Redini F: Recent advances in TGF-beta effects on
chondrocyte metabolism. Potential therapeutic roles of TGF-beta in
cartilage disorders. Cytokine Growth Factor Rev 2002, 13:241-257.

11. Shi Y, Massague J: Mechanisms of TGF-beta signaling from cell
membrane to the nucleus. Cell 2003, 113:685-700.

12. Pratta MA, Scherle PA, Yang G, Liu RQ, Newton RC: Induction of
aggrecanase 1 (ADAM-TS4) by interleukin-1 occurs through activation of
constitutively produced protein. Arthritis Rheum 2003, 48:119-133.

13. Gosset M, Berenbaum F, Thirion S, Jacques C: Primary culture and
phenotyping of murine chondrocytes. Nat Protoc 2008, 3:1253-1260.

14. Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ: miRBase: tools for
microRNA genomics. Nucleic Acids Res 2008, , 36 Database: D154-D158
[http://microrna.sanger.ac.uk/sequences/].

Li et al. Arthritis Research & Therapy 2012, 14:R75
http://arthritis-research.com/content/14/2/R75

Page 12 of 13

http://www.biomedcentral.com/content/supplementary/ar3798-S1.PDF
http://www.targetscan.org
http://microrna.sanger.ac.uk/sequences/


15. Bolstad BM, Irizarry RA, Astrand M, Speed TP: A comparison of
normalization methods for high density oligonucleotide array data
based on variance and bias. Bioinformatics 2003, 19:185-193.

16. Haag J, Voigt R, Soeder S, Aigner T: Efficient non-viral transfection of
primary human adult chondrocytes in a high-throughput format.
Osteoarthritis Cartilage 2009, 17:813-817.

17. Tang Y, Cui H, Ni X, Yuan M, Guo Y, Huang X, Zhou H, de Vries N, Tak PP,
Chen S, Shen N: MicroRNA-146A contributes to abnormal activation of
the type I interferon pathway in human lupus by targeting the key
signaling proteins. Arthritis Rheum 2009, 60:1065-1075.

18. Moore EE, Bendele AM, Thompson DL, Littau A, Waggie KS, Reardon B,
Ellsworth JL: Fibroblast growth factor-18 stimulates chondrogenesis and
cartilage repair in a rat model of injury-induced osteoarthritis.
Osteoarthritis Cartilage 2005, 13:623-631.

19. Zemmyo M, Meharra EJ, Kuhn K, Creighton-Achermann L, Lotz M:
Accelerated, aging-dependent development of osteoarthritis in α1
integrin-deficient mice. Arthritis Rheum 2003, 48:2873-2880.

20. Goldring MB, Birkhead J, Sandell LJ, Kimura T, Krane SM: Interleukin 1
suppresses expression of cartilage-specific types II and IX collagens and
increases types I and III collagens in human chondrocytes. J Clin Invest
1988, 82:2026-2037.

21. miRNA Microarray Data at NCBI GEO Database. [http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE33310].

22. Taganov KD, Boldin MP, Chang KJ, Baltimore D: NF-κB-dependent induction
of microRNA miR-146, an inhibitor targeted to signaling proteins of
innate immune responses. Proc Natl Acad Sci USA 2006, 103:12481-12486.

23. Lopez-Armada MJ, Carames B, Lires-Dean M, Cillero-Pastor B, Ruiz-
Romero C, Galdo F, Blanco FJ: Cytokines, tumor necrosis factor-alpha and
interleukin-1beta, differentially regulate apoptosis in osteoarthritis
cultured human chondrocytes. Osteoarthritis Cartilage 2006, 14:660-669.

24. Hashimoto S, Ochs RL, Komiya S, Lotz M: Linkage of chondrocyte
apoptosis and cartilage degradation in human osteoarthritis. Arthritis
Rheum 1998, 41:1632-1638.

25. Miyaki S, Nakasa T, Otsuki S, Grogan SP, Higashiyama R, Inoue A, Kato Y,
Sato T, Lotz MK, Asahara H: MicroRNA-140 is expressed in differentiated
human articular chondrocytes and modulates interleukin-1 responses.
Arthritis Rheum 2009, 60:2723-2730.

26. Miyaki S, Sato T, Inoue A, Otsuki S, Ito Y, Yokoyama S, Kato Y, Takemoto F,
Nakasa T, Yamashita S, Takada S, Lotz MK, Ueno-Kudo H, Asahara H:
MicroRNA-140 plays dual roles in both cartilage development and
homeostasis. Genes Dev 2010, 24:1173-1185.

27. Tuddenham L, Wheeler G, Ntounia-Fousara S, Waters J, Hajihosseini MK,
Clark I, Dalmay T: The cartilage specific microRNA-140 targets histone
deacetylase 4 in mouse cells. FEBS Lett 2006, 580:4214-4217.

28. Tardif G, Hum D, Pelletier JP, Duval N, Martel-Pelletier J: Regulation of the
IGFBP-5 and MMP-13 genes by the microRNAs miR-140 and miR-27a in
human osteoarthritic chondrocytes. BMC Musculoskelet Disord 2009, 10:148.

29. Akhtar N, Rasheed Z, Ramamurthy S, Anbazhagan AN, Voss FR, Haqqi TM:
MicroRNA-27b regulates the expression of matrix metalloproteinase 13
in human osteoarthritis chondrocytes. Arthritis Rheum 2010, 62:1361-1371.

30. Stanczyk J, Pedrioli DM, Brentano F, Sanchez-Pernaute O, Kolling C, Gay RE,
Detmar M, Gay S, Kyburz D: Altered expression of microRNA in synovial
fibroblasts and synovial tissue in rheumatoid arthritis. Arthritis Rheum
2008, 58:1001-1009.

31. Nakasa T, Miyaki S, Okubo A, Hashimoto M, Nishida K, Ochi M, Asahara H:
Expression of microRNA-146 in rheumatoid arthritis synovial tissue.
Arthritis Rheum 2008, 58:1284-1292.

32. Li X, Gibson G, Kim JS, Kroin J, Xu S, van Wijnen AJ, Im HJ: MicroRNA-146a is
linked to pain-related pathophysiology of osteoarthritis. Gene 480:34-41.

33. Guan YJ, Yang X, Wei L, Chen Q: MiR-365: a mechanosensitive microRNA
stimulates chondrocyte differentiation through targeting histone
deacetylase 4. Faseb J 2011, 25:4457-4466.

34. Dunn W, DuRaine G, Reddi AH: Profiling microRNA expression in bovine
articular cartilage and implications for mechanotransduction. Arthritis
Rheum 2009, 60:2333-2339.

35. Zhang J, Tan X, Li W, Wang Y, Wang J, Cheng X, Yang X: Smad4 is
required for the normal organization of the cartilage growth plate. Dev
Biol 2005, 284:311-322.

36. Vincenti MP, Brinckerhoff CE: Early response genes induced in
chondrocytes stimulated with the inflammatory cytokine interleukin-1β.
Arthritis Res 2001, 3:381-388.

37. Wang L, Almqvist KF, Veys EM, Verbruggen G: Control of extracellular
matrix homeostasis of normal cartilage by a TGFβ autocrine pathway.
Validation of flow cytometry as a tool to study chondrocyte metabolism
in vitro. Osteoarthritis Cartilage 2002, 10:188-198.

38. Redini F, Mauviel A, Pronost S, Loyau G, Pujol JP: Transforming growth
factor beta exerts opposite effects from interleukin-1 beta on cultured
rabbit articular chondrocytes through reduction of interleukin-1 receptor
expression. Arthritis Rheum 1993, 36:44-50.

39. Guo X, Wang XF: Signaling cross-talk between TGF-beta/BMP and other
pathways. Cell Res 2009, 19:71-88.

40. Serra R, Johnson M, Filvaroff EH, LaBorde J, Sheehan DM, Derynck R,
Moses HL: Expression of a truncated, kinase-defective TGF-beta type II
receptor in mouse skeletal tissue promotes terminal chondrocyte
differentiation and osteoarthritis. J Cell Biol 1997, 139:541-552.

41. Yang X, Chen L, Xu X, Li C, Huang C, Deng CX: TGF-beta/Smad3 signals
repress chondrocyte hypertrophic differentiation and are required for
maintaining articular cartilage. J Cell Biol 2001, 153:35-46.

42. Watanabe H, de Caestecker MP, Yamada Y: Transcriptional cross-talk
between Smad, ERK1/2, and p38 mitogen-activated protein kinase
pathways regulates transforming growth factor-beta-induced aggrecan
gene expression in chondrogenic ATDC5 cells. J Biol Chem 2001,
276:14466-14473.

43. Hayashida T, Decaestecker M, Schnaper HW: Cross-talk between ERK MAP
kinase and Smad signaling pathways enhances TGF-beta-dependent
responses in human mesangial cells. Faseb J 2003, 17:1576-1578.

44. Simeone DM, Zhang L, Graziano K, Nicke B, Pham T, Schaefer C,
Logsdon CD: Smad4 mediates activation of mitogen-activated protein
kinases by TGF-beta in pancreatic acinar cells. Am J Physiol Cell Physiol
2001, 281:C311-C319.

45. Lin EA, Kong L, Bai XH, Luan Y, Liu CJ: miR-199a, a bone morphogenic
protein 2-responsive microRNA, regulates chondrogenesis via direct
targeting to Smad1. J Biol Chem 2009, 284:11326-11335.

46. Blanco FJ, Guitian R, Vazquez-Martul E, de Toro FJ, Galdo F: Osteoarthritis
chondrocytes die by apoptosis. A possible pathway for osteoarthritis
pathology. Arthritis Rheum 1998, 41:284-289.

47. D’Lima D, Hermida J, Hashimoto S, Colwell C, Lotz M: Caspase inhibitors
reduce severity of cartilage lesions in experimental osteoarthritis. Arthritis
Rheum 2006, 54:1814-1821.

48. Schwarte-Waldhoff I, Volpert OV, Bouck NP, Sipos B, Hahn SA, Klein-Scory S,
Luttges J, Kloppel G, Graeven U, Eilert-Micus C, Hintelmann A, Schmiegel W:
Smad4/DPC4-mediated tumor suppression through suppression of
angiogenesis. Proc Natl Acad Sci USA 2000, 97:9624-9629.

49. Haywood L, McWilliams DF, Pearson CI, Gill SE, Ganesan A, Wilson D,
Walsh DA: Inflammation and angiogenesis in osteoarthritis. Arthritis
Rheum 2003, 48:2173-2177.

50. Enomoto H, Inoki I, Komiya K, Shiomi T, Ikeda E, Obata K, Matsumoto H,
Toyama Y, Okada Y: Vascular endothelial growth factor isoforms and
their receptors are expressed in human osteoarthritic cartilage. Am J
Pathol 2003, 162:171-181.

51. Walsh DA, McWilliams DF, Turley MJ, Dixon MR, Franses RE, Mapp PI,
Wilson D: Angiogenesis and nerve growth factor at the osteochondral
junction in rheumatoid arthritis and osteoarthritis. Rheumatology (Oxford)
2010, 49:1852-1861.

52. Bonnet CS, Walsh DA: Osteoarthritis, angiogenesis and inflammation.
Rheumatology (Oxford) 2005, 44:7-16.

53. Gerber HP, Vu TH, Ryan AM, Kowalski J, Werb Z, Ferrara N: VEGF couples
hypertrophic cartilage remodeling, ossification and angiogenesis during
endochondral bone formation. Nat Med 1999, 5:623-628.

54. Chen Q, Johnson DM, Haudenschild DR, Goetinck PF: Progression and
recapitulation of the chondrocyte differentiation program: cartilage
matrix protein is a marker for cartilage maturation. Dev Biol 1995,
172:293-306.

55. Carlevaro MF, Cermelli S, Cancedda R, Descalzi Cancedda F: Vascular
endothelial growth factor (VEGF) in cartilage neovascularization and
chondrocyte differentiation: auto-paracrine role during endochondral
bone formation. J Cell Sci 2000, 113:59-69.

doi:10.1186/ar3798
Cite this article as: Li et al.: miR-146a, an IL-1b responsive miRNA,
induces vascular endothelial growth factor and chondrocyte apoptosis
by targeting Smad4. Arthritis Research & Therapy 2012 14:R75.

Li et al. Arthritis Research & Therapy 2012, 14:R75
http://arthritis-research.com/content/14/2/R75

Page 13 of 13

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33310
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33310

	Abstract
	Introduction
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Primary cell culture
	miRNA microarray
	Construction of plasmids and site-directed mutagenesis
	Luciferase reporter assay
	RNA and quantitative real-time PCR
	Western blotting
	Smad4 knockdown by siRNA
	TUNEL assay
	Surgical induction of osteoarthritis
	Histology and immunohistochemistry
	Statistical analysis

	Results
	IL-1β treatment increases expression of miR-146a and VEGF and decreases Smad4 expression in chondrocytes
	miR-146a directly inhibits Smad4 expression through a seed site in the 3’-UTR of Smad4 mRNA
	IL-1β regulates Smad4 and VEGF expression through miR-146a
	Upregulation of VEGF by miR-146a is mediated by Smad4
	miR-146a attenuates TGF-β signaling pathway
	miR-146a increases apoptosis in chondrocytes
	Co-regulation of miR-146a with Smad4 and VEGF in OA cartilage in vivo

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


