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Abstract

Objective—Enhanced IL-6 expression plays an important role in the pathogenesis of
osteoarthritis (OA). MCPIPL1 is a novel post-transcriptional regulator of IL-6 expression and is
targeted by miR-9. We investigated the MCPIP1 expression in OA cartilage and explored whether
targeting of MCPIP1 by miR-9 contributes to enhanced IL-6 expression in OA.

Methods—Gene and protein expression in IL-1B-stimulated human OA chondrocytes/cartilage
was determined by TagMan assays and immunoblotting respectively. MCPIP1 and IL-6 mRNA
expression at single cell level was analyzed using RNAScope™. MCPIP1 protein interaction with
IL-6 mRNA was investigated using RNA immunoprecipitation (RIP). Transient transfections were
used for siRNA mediated knockdown and overexpression of MCPIP1, its RNAse defective
mutant, miR-9 or antagomir. Role of signaling pathways was evaluated using small molecule
inhibitors. Binding of miR-9 with the “seed sequence” in the 3’UTR of MCPIP1 mRNA was
investigated using a luciferase reporter assay.

Results—MCPIP1 mRNA expression was low but expression of miR-9 and IL-6 was high in the
damaged OA cartilage. In IL-18-stimulated OA chondrocytes expression of miR-9 and MCPIP1
was mutually exclusive and increase in miR-9 expression level correlated with reduced MCPIP1
expression and enhanced IL-6 expression. MCPIP1 protein directly binds with IL-6 mRNA and
over-expression of wild type MCPIP1 destabilized the IL-6 mRNA. MCPIP1 expression was
altered by overexpression or inhibition of miR-9. Transfection with miR-9 mimics inhibited the
reporter activity and mutation of the “seed sequence” abolished the repression of reporter activity.

Conclusions—These studies implicate miR-9-mediated suppression of MCPIP1 in OA
pathogenesis via upregulation of IL-6 expression in IL-1p-stimulated human OA chondrocytes.
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Introduction

Osteoarthritis (OA) is a multifactorial disease primarily caused due to an imbalance between
the anabolic and catabolic factors in the articulating joint. It is a leading cause of disability
in the elderly population with significant socioeconomic burden. OA is primarily
characterized by the focal degradation of the cartilage but the affected joints also show
synovial inflammation, osteophyte formation and sub-chondral bone sclerosis (1, 2). Aging
and mechanical stress on the joint, including injury and joint instability, are important
factors in the development of OA. Also it has been reported that women with OA have a
50% increased risk of fracture possibly because of postural instability, quadriceps weakness,
joint pain and stiffness (3). Considerable evidence implicates high levels of IL-6 present in
serum and synovial fluid of OA patients in the pathogenesis of the disease (4). A prospective
population study on a cohort of British women showed a correlation of higher BMI and
elevated serum levels of IL-6 with development of radiographic knee OA (5). IL-6 acts as a
crucial mediator of MMP13 levels in combination with IL-1f3 and Oncostatin M (OSM) in
human and bovine cartilage explants (6, 7) and in a mouse model of human OA (8, 9). IL-6
is also reported to inhibit the expression of type Il collagen (10). However, mechanisms that
post-transcriptionally regulate 1L-6 expression in OA, and may be important in developing
more effective OA therapies, are not generally well understood.

Post-transcriptional regulation of cytokine gene expression is tightly regulated in which both
RNA binding proteins (11) and micro-RNAs (miRNAs), which are small endogenous non-
coding RNAs, play a role (12). Biogenesis of miRNAs is tightly controlled at the
transcription level to maintain homeostasis because miRNAs modify the expression of target
mMRNAs via interactions with the “seed sequence” generally located in the 3’UTR but may
also be present in the 5’UTR or the coding region of the mRNAs (13-16). Important role of
miRNAs in skeletal and cartilage homeostasis became evident from studies in Dicer
knockout mice which exhibited severe skeletal growth defect (17). Deficiency of mir-140
causes age related OA like disease with loss of proteoglycan and fibrillation of articular
cartilage in mice (18). Additionally, expression of miR-146, -9, -22, -27a and -27b, which
are important regulators of OA related genes, is dysregulated in human chondrocytes (19).

RNA binding proteins interact with the AU rich elements (ARES) localized within the
3’UTR of the cytokine mRNA and are one of the most common determinants of mMRNA
stability in mammalian cells (11). A recently identified RNA binding protein monocyte
chemo-attractant proteinl-induced protein 1 (MCPIP1; ZC3H12A; NM_025079) possesses
intrinsic RNAse activity and has been shown to be a novel post-transcriptional regulator of
the expression of inflammatory cytokines (20). MCPIP1 does not require AREs for its
activity and function through a stem-loop structure located in the 3> UTR of the mRNA (20).
MCPIP1 deficiency is lethal in mice and these animals show widely disseminated
inflammation and high levels of IL-6 in blood (20). Expression of MCPIP1 is induced by
MCP-1 and IL-1f in monocytes, macrophages and in fibroblast-like synovial (FLS) cells but
not by TNF-a or IL-6 (21-23). Although, recent reports emphasize the importance of
MCPIP1 in regulating inflammation, neither a specific role nor the molecular mechanisms of
MCPIP1 action in OA pathogenesis have been determined.
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In the present report we demonstrate that in human OA chondrocytes IL-18-induced
expression of IL-6 and MCPIP1 occurs simultaneously and increases in parallel for
approximately 12 h after which MCPIP1 expression declines but expression of IL-6 surge.
Down-regulation of MCPIP1 expression coincides with the increased expression of miR-9
which is initially expressed at low level. Upregulation of miR-9 expression coincide with the
appearance of low levels of IL-6 protein in the chondrocyte culture medium. Using a
luciferase reporter assay we show that miR-9 interact with the seed sequence in the 3’'UTR
of MCPIP1 mRNA. Overexpression of miR-9 was found to suppress the MCPIP1 mRNA
translation and facilitate the enhanced expression of IL-6 mRNA and protein in IL-1f3-
stimulated human OA chondrocytes. Our findings thus suggest that under pathological
conditions miR-9-mediated suppression of MCPIP1 act as a switch for enhanced expression
of IL-6 in OA.

Materials and Methods

Reagents

Media and other reagents for cell culture were purchased from Life Technologies (Carlsbad,
CA, USA). Pronase, Collagenase and Complete Protease inhibitor tablets were from Roche
Diagnostics (Indianapolis, IN, USA). Recombinant human IL-1f, IL-1 receptor antagonist
(RA) and IL-6 were from R&D Systems. Antibodies specific for ZC3H12A were purchased
from GeneTex (Irvine, CA, USA) and anti-1L-6 antibodies were from Cell Signaling
Technology (Danvers, MA) and anti-f-Actin and anti-MMP13 antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Actinomycin D was purchased from Sigma
Chemical Company (St. Louis, MO, USA). IL-6 specific ELISA kit was from Booster
Biological Technology (Fremont, CA, USA). Kits and other supplies for the preparation of
total RNA were from Qiagen (Valencia, CA, USA). Trisilencer 27 mer MCPIP1 targeting
and non-targeting siRNAs were from Origene (Rockville, MD, USA). miR-9 mimics and
antagomirs were from Ambion (Life Technologies).

Cartilage samples and chondrocytes preparation

The study protocol to use de-identified, discarded human cartilage samples was reviewed
and approved as “non-human subject study under 45 CFR” by the Institutional Review
Board of North East Ohio Medical University, Rootstown, OH and SUMMA Health
Systems, Akron, OH. Human cartilage samples were obtained from the hip joints of OA
patients aged 45-72 years (n=9, mean age, 59 + 11.6 years) who underwent total joint
arthroplasty at Summa St. Thomas Hospital, Akron, OH. Macroscopically unaffected and
affected cartilage pieces from the femoral head were resected from smooth and damaged
areas of the cartilage respectively. A portion of isolated cartilage pieces was immediately
stored in liquid nitrogen and was used later for the preparation of total RNA. Remaining
cartilage pieces were used for the preparation of OA chondrocytes and were sequentially
digested with Pronase (1mg/ml) and Collagenase (1mg/ml) and the isolated OA
chondrocytes were plated in complete medium as described previously (16, 24-27).
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In situ mMRNA Expression Analysis in Human OA Chondrocytes

In situ MRNA expression was determined using RNAScope (Advanced Cell Diagnostics,
Hayward, CA, USA) according to the instructions provided. In brief, human OA
chondrocytes were seeded in 4-chambered slides (Fisher Scientific, Waltham, MA). After
treatment with I1L-1p3, chondrocytes were fixed on slide and digested with protease followed
by hybridization with the fluorophor labeled IL-6 and MCPIP1 target specific probes.
Amplifications were performed using the kit-supplied reagents, coverslips were mounted
using the anti-fade mounting media with DAPI (Vector Laboratories, Burlingame, CA,
USA). Images were acquired using an inverted Olympus 1X 70 confocal microscope FV300
(Olympus Corporation, Tokyo, Japan).

Total RNA isolation and Real time PCR

Total RNA from frozen cartilage and isolated chondrocytes was prepared essentially as
previously described (16, 24-27). For mRNA expression analysis cDNA was synthesized
from 1 pg of total RNA using High-Capacity cDNA Reverse Transcription Kit (Life
Technologies) and mMRNA expression was quantified using TagMan Gene Expression
Assays as previously described (16, 24-27). Expression levels were determined in one plate
for all samples simultaneously and normalized to the corresponding amounts of f-Actin or
RNUG6B cDNA measured within the same plate. Relative expression levels were calculated
using the 2-AACT method (28).

Chondrocyte Treatment and Transfections

For each treatment primary human OA chondrocytes were seeded in 35 cm dishes in
complete medium and treated with IL-10 or other agents as previously described (16,
24-27). After treatment, chondrocytes were washed and RNA or protein was prepared
immediately or were stored at —80°C for later use. Culture supernatants were collected and
stored in —80°C and were used to quantify IL-6 levels by ELISA. To study the effect of
siRNA-mediated depletion of MCPIP1 on IL-6 mRNA stability, chondrocytes were
transfected with MCPIP1 targeting siRNA or non-targeting siRNA at a final concentration
of 100nM using Amaxa Nucleofactor System (Lonza AG, Walkersville, MD) according to
the manufacturer’s instructions. Briefly, 4x108 chondrocytes were seeded into 10 cm culture
dishes and two to three days later were digested with pronase and collagenase. sSiRNA was
diluted in 100 pl of nucleofactor solution and chondrocytes were transfected using PO1
program, transferred to complete medium and seeded into 6 well plates. To study the effect
of overexpression of MCPIP1 on IL-6 mRNA, human chondrocytes were transfected as
above with the wild type MCPIP1 or its mutant (in which PIN domain which possess
RNAse catalytic activity was deleted) expression constructs (23) using 5ug plasmid DNA.
Chondrocytes with depleted MCPIP1 expression or overexpression of wild type MCPIP1 or
its mutant form were first stimulated with IL-1p for 2 h and then treated with Actinomycin D
(4uM) to halt transcription. IL-6 mRNA levels at different time points were assessed by
TagMan assay.
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RNA Immunoprecipitation (RIP)

Human OA chondrocytes (6x10%) were stimulated with 1L-1p for 24 hr and then fixed in 1%
formaldehyde for 15 min at 25°C. Glycine was added to quench the crosslinking for 5 min
and chondrocytes were washed in ice cold PBS twice, scrapped and resuspended in 1ml RIP
lysis buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% triton X-100, 0.1%
deoxycholate, 1X Complete protease inhibitors cocktail) containing RNase inhibitor (50
U/500 pl buffer), and then nucleic acids were fragmented by extensive sonication (Fisher
Scientific, Model FB705). Immunoprecipitation was performed by adding the control 1gG or
anti-MCPIP1 antibody to the mixture and incubated at 4°C overnight. Reactions were
cleared by centrifugation at 12,000 rpm for 15 min, and 25 pl protein A/G agarose slurry
(equilibrated in RIP lysis buffer containing RNase inhibitor (Santa Cruz) was added to the
supernatant and incubated for additional 2 hr and then the agarose beads were washed
extensively in RIP lysis buffer containing RNase inhibitor. The eluted fraction was
resuspended in 200mM final concentration of NaCl, before adding 20 pg proteinase K. Mix
was incubated at 42°C for 1 hr and then at 65°C for overnight. Finally RNA was extracted
and purified using RNeasy Mini Spin column. Immumoprecipitated RNA was reverse
transcribed and IL-6 and MCPIP1 mRNAs were quantified using TagMan Assays. Data
were expressed as fold enrichment of anti-MCPIP1 antibody relative to IgG.

Immunoblotting

After treatments, OA chondrocytes were harvested, washed with cold PBS and lysed in ice-
cold protein lysis buffer (50 mM Tris pH 7.6, 400 mM NacCl, 0.5% NP-40, 1 mM PMSF and
1 x protease inhibitor cocktail (Roche) as described previously (29, 30). Lysates were
clarified by centrifugation (15000g for 15 min at 4°C) and the supernatant was analyzed
immediately or stored at —80°C. Equivalent amounts of lysate protein (25 ug) were resolved
by 10% SDS-PAGE and transferred to a PVDF membrane (Hybond P, Amersham
Biosciences, Piscataway, New Jersey) and the blots were incubated with diluted anti-1L-6
(1:1000), or anti-MCPIP1 (1:1000) or anti-B-Actin (1:5000) primary antibodies in TBST
overnight at 4°C. Blots were then incubated with horseradish peroxidase-conjugated
secondary antibody and the antibody reactive proteins were visualized and analyzed using
the Syngene Pxi imager and the Syngene Image analysis software respectively.

IL-6 ELISA Assay

IL-6 levels in culture supernatants from different time points were determined using a
human IL-6-specific ELISA kit according to manufacturer’s instructions (Booster
Immunoleader). Values were derived using a standard curve prepared using recombinant
human IL-6.

Luciferase Reporter Assay

MCPIP1 mRNA’s 3’UTR was amplified by PCR using primer pairs 5’- GTCAACTAG
TCTCTCCTACAAGTCCCAGCA-3 and 5’-
TGACAAGCTTTTGAAAGGGCTCACAATG AT-3’. Amplified product was digested and
cloned into Hindll1-Spel site of the pMIR-REPORT vector (Ambion/Life Technologies) to
generate MCPIP1-pMIR-REPORT vector. QuikChange Il XL Site-Directed Mutagenesis

Arthritis Rheumatol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Makki et al.

Page 6

Kit (Agilent Technologies, Santa Clara, CA) was used to mutate the miR-9 seed sequence
located in the 3’UTR of MCPIP1 mRNA using oligo 5’-
GAAACCCACAAAGATTTGATACTG TAGGATTG-3’ (mutated nucleotides are in bold)
to generate mutant MCPIP1 3’UTR luciferase reporter construct mMMCPIP1-pMIR-REPORT
vector. Reporter vectors containing the wild type or mutated 3’UTRs were transfected alone
or co-transfected with miR-9 mimic as described above and 24 h post-transfection
Luciferase activity was measured using the dual reporter system (Promega, Madison, WI).

Statistical Analyses

Results

The values are presented as the Mean + SD and the statistically significant difference
between the experimental groups and controls was determined using Student’s t-test. Each
experiment was repeated three times using three independent patients samples. P<0.05 was
considered to be statistically significant.

MCPIP1 expression was low in damaged OA cartilage and was induced by IL-1p in OA
chondrocytes

Expression of MCPIP1 mRNA (NM_025079) was compared between the smooth and
damaged cartilage of the same patient and between the cartilage samples obtained from
different patients who underwent total hip arthroplasty. In all of the samples analyzed,
expression of MCPIP1 mRNA was significantly low in damaged cartilage compared to
smooth cartilage (Figure 1A). We determined the expression of IL-6 and IL-1f in all of the
samples used. However in case of IL-1p, in three cartilage samples we were unable to detect
the expression but in the remaining samples expression of IL-1f was not detected in smooth
cartilage but was readily detectable in the damaged cartilage. Similarly, in two samples we
were not able to detect the expression of IL-6, in one sample no difference was noted in the
smooth and damaged cartilage and in the rest expression of IL-6 was undetectable in the
smooth cartilage. In IL-1p-stimulated OA chondrocytes, expression of MCPIP1 mRNA and
IL-6 mRNA (NM_000600) followed a similar pattern of induction but expression of IL-6
mRNA was significantly accelerated 12 hr post-stimulation and peaked to more than ten
thousand fold at 48 hr post-stimulation with 1L-1p (Figure 1B). On the other hand
expression of MCPIP1 mRNA was 140 fold higher compared to controls between 12-16 hr
post-stimulation with IL-1p and then declined (Figure 1B). IL-1 mediated downstream
effect was abolished when cells were treated with IL-1R antagonist in a dose dependent
manner, suggesting specificity of the IL-1p driven induction of MCPIP1 expression (Figure
1C).

Of interest are the findings that appearance of low levels of IL-6 protein in OA chondrocytes
and secretion in the culture medium coincided with the decline in MCPIP1 mRNA and
protein expression (Figure 1D and 1E). Gene expression and localization of I1L-6 and
MCPIP1 transcripts at the level of single chondrocytes showed that initially after stimulation
with IL-1f, MCPIP1 mRNA was abundantly induced and localized in the cytoplasm with
little detectable expression of IL-6 MRNA (Figure 1F). At later time points, IL-6 transcripts
were abundant, primarily localized in the cytoplasm and the expression of MCPIP1 mRNA
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was barely detectable in OA chondrocytes (Figure 1F). These data are in agreement with the
protein expression data (Figure 1D) and indicate a potential role of MCPIPL1 in IL-6
regulation under pathological conditions in OA chondrocytes.

post-transcriptional regulator of IL-6 expression in OA chondrocytes

In OA chondrocytes, effective knockdown of MCPIP1 mRNA expression by MCPIP1
targeting siRNAs relative to non-targeting siRNAs was confirmed by TagMan assay (Figure
2A). The effect of MCPIP1 depletion on IL-6 expression was examined after stimulation
with IL-1f3. MCPIP1 depletion led to significantly increased IL-6 expression compared to
control chondrocytes (Figure 2A, p<0.005). No difference in mMRNA expression of
chondrocyte-specific marker genes aggrecan (ACAN, NM_013227) MMP3 (NM_002422)
and type-X collagen (Col10A1, NM_000493) was observed in OA chondrocytes with
depleted MCPIP1 expression (Figure 2A). Expression of COL2A1 mRNA (X16711) was
significantly reduced upon knock-down of MCPIP1 possibly due to higher levels of 1L-6
which is known to suppress the expression of type-I1 collagen in chondrocytes (10).
However, expression of MMP13 mRNA (NM_002427) and protein was significantly higher
in chondrocytes with depleted MCPIP1 expression indicating that either MCPIP1 also
regulate the expression of MMP-13 or this could be a reflection of enhanced IL-6 expression
which is known to induce the expression of MMP-13 (Figure 2A and C) (31, 32). When OA
chondrocytes overexpressing wild type MCPIP1 were stimulated with IL-1f, expression of
IL-6 was substantially and significantly reduced but no reduction in IL-6 expression in OA
chondrocytes transfected with RNase inactive mutant of MCPIP1 was observed (Figure 2B)
indicating that the intrinsic RNase activity of MCPIPL1 is required for reducing IL-6 mMRNA
levels in OA chondrocytes. Endogenous expression and overexpression of MCPIP1 wild
type or mutant form in chondrocytes was confirmed by Western blot using anti-MCPIP1
antibody (Figure 2B). Expression of MMP13 was also low in OA chondrocytes
overexpressing wild type MCPIP1 (Figure 2B and C) again suggesting that MCPIP1 may
also be a regulator of MMP-13 expression. IL-6 is a pleiotropic cytokine, which can elicit
inflammatory or anti-inflammatory response by inducing anti-inflammatory cytokine 1L-10
and IL-1RA (33). Expression of IL-10 or IL1RA was significantly high in chondrocytes
with reduced expression of MCPIP1 while overexpression of MCPIP1 downregulated the
IL-10 or IL-1RA expression (Figure 2E). These data indicate that MCPIP1 also plays a role
in regulating the expression of these genes albeit indirectly.

To determine whether MCPIP1 influenced IL-6 mRNA stability, IL-6 transcript levels were
quantified in OA chondrocytes with depleted MCPIP1 expression. Depletion of MCPIP1
increased the IL-6 mRNA stability (t/> 120 min) while overexpression of wild type
MCPIP1 decreased the IL-6 mRNA stability by almost 50% (t1/> 60 min) indicating that
MCPIP1 down-regulate IL-6 mMRNA expression by affecting the stability of IL-6 MRNA
transcripts in OA chondrocytes under pathological conditions (Figure 2E). Direct interaction
of MCPIP1 protein with IL-6 mRNA in OA chondrocytes under pathological condition was
confirmed using RIP assay (Figure 3). Taken together these data indicate that in OA
chondrocytes MCPIP1 is a post-transcriptional regulator of IL-6 mMRNA expression and
exert this effect by destabilizing the IL-6 transcripts through direct binding and degradation
by the intrinsic RNAse activity of the MCPIP1 protein as reported previously (20).
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Expression of miR-9 was high in damaged OA cartilage and was up-regulated under
pathological conditions in OA chondrocytes

In previous studies it was shown that miR-9 was differentially expressed in OA cartilage
(34) and target MCPIP1 mRNA in neuroprogenitor cells (35). However, whether MCPIP1 is
expressed in OA cartilage and in OA chondrocytes and whether the expression of miR-9 is
induced under pathological conditions and inhibits the expression of MCPIP1 has not been
reported. We examined the expression of miR-9 and MCPIP1 directly in damaged and
smooth cartilage from several patients (n=9) and in all cases, except in one, expression of
miR-9 was high in damaged OA cartilage (Figure 4A) as reported previously (34) but the
expression of MCPIP1 was low in the same region in the samples analyzed (Figure 1A). In
OA chondrocytes stimulated with IL-1B, expression of miR-9 was low initially but showed a
gradual and significant increase in a time dependent manner with significantly high
expression levels noted at 16 hr beyond post-stimulation (Figure 4B). However, expression
of miR-9 was inhibited upon treatment of OA chondrocytes with IL-1RA (Figure 4C).
Indeed, increased expression levels of miR-9 at the time points analyzed correlated with the
corresponding decline in MCPIP1 expression and enhanced expression of 1L-6 (Figure-1B,
D). Stimulation of OA chondrocytes with low doses of I1L-6 (20-100 ng/ml) induced the
expression of miR-9 (Figure 4D). Taken together these data suggests that miR-9 levels
sufficient to suppress MCPIP1 expression and facilitate enhanced IL-6 expression require
stimulation by IL-6 as well. This also indicates that IL-6 itself acts to remove the block in its
expression by upregulating the expression of miR-9 in an inflammatory response.

Over-expression or inhibition of miR-9 alters MCPIP1 and IL-6 expression in OA
chondrocytes

Transient transfection assays were used to directly confirm the effect of overexpression or
inhibition of miR-9 (Figure 5A) on MCPIP1 and IL-6 expression in OA chondrocytes
stimulated with IL-1B. OA chondrocytes transfected with miR-9 inhibitor showed a
significant up-regulation of MCPIP1 expression and a concomitant dramatic decline in IL-6
expression (Figure 6B, P< 0.005) under pathological conditions. Overexpression of miR-9
was sufficient to suppress the expression of MCPIP1 mRNA and these cells also showed a
sharp increase in the expression of IL-6 mRNA (Figure 5B). This effect was also reflected in
the protein levels of IL-6 and MCPIP1 detected by Western blotting using specific
antibodies (Figure 5B). IL-6 protein levels in culture supernatants mirrored the pattern of
IL-6 mRNA expression in OA chondrocytes under the same conditions (Figure 5C). Co-
transfection of a reporter construct containing the 3’UTR of MCPIP1 mRNA with miR-9
mimic significantly suppressed the luciferase activity which was abolished when the miR-9
binding site was mutated (Figure 5D). Taken together these results demonstrate that miR-9
acts as a direct suppressor of MCPIP1 and facilitate enhanced IL-6 expression in OA
chondrocytes under pathological conditions.

Discussion

The hallmark of OA is the focal degradation of the cartilage elicited by increased expression
of matrix degrading proteases. There is enhanced expression of inflammatory cytokines
including IL-6 in the affected joints and IL-6 has been shown to activate chondrocytes, the
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only cell type present in the cartilage, to produce matrix metalloproteinases and
aggrecanases in addition to other factors suggesting an association of IL-6 expression with
OA pathogenesis (36). Over expression of IL-6 in OA joints is indicative of the failure of
mechanisms that normally regulate IL-6 expression at the transcription and/or post-
transcriptional level.

In the present study we for the first time show that enhanced IL-6 expression correlates with
the up-regulation of miR-9 and down-regulation of MCPIP1 mRNA and protein expression
in human OA cartilage and in OA chondrocytes under pathological conditions. Indeed, using
a luciferase reporter assay we demonstrate the direct interaction of miR-9 with the “seed
sequence” in the 3’UTR of MCPIP1 mRNA in human OA chondrocytes. This suggests that
in human OA chondrocytes miR-9 binds to the 3’UTR of MCPIP1 mRNA as the luciferase
activity was responsive to miR-9 overexpression indicating that miR-9 directly targets
MCPIP1 mRNA and regulates protein expression by inducing translational suppression. Our
data also provide unique and novel information that IL-6 is also an inducer of miR-9
expression in human OA chondrocytes and thus facilitate its own enhanced expression by
inducing a suppressor of MCPIP1 expression in an inflammatory response. This positive
feedback loop has not previously been reported and may be important in IL-6-mediated
induction of IL-10 and IL-1RA and/or mediators of cartilage degradation in OA (33).
However this needs to be investigated further.

MicroRNA-9 is an interesting example of controlling the balance between neural stem cell
proliferation and differentiation (37). In human gastric adenocarcinoma miR-9 acts to
suppress proliferation by post-transcriptional inhibition of NF-xB1 expression (38). In
micro-vascular endothelial cells miR-9 reduce SOCSS5 levels and activate JAK-STAT
pathway leading to cell migration and angiogenesis (39). Therefore we speculate that miR-9
might be altering multiple genes expression and regulating complex sets of signaling
pathways in OA chondrocytes. However, whether miR-9 facilitates enhanced expression of
IL-6 in OA by targeting its suppressor MCPIP1 in chondrocytes or any other cell type has
not been reported previously. Our data of miR-9 expression directly in OA cartilage is in
agreement with the results reported by Jones et al (34) but our studies go further as we also
show that expression levels of miR-9 in OA cartilage negatively correlated with the
expression of MCPIP1 and IL-6. Our analysis at single chondrocyte level revealed that
expression of MCPIP1 and IL-6 was almost mutually exclusive upon IL-1f stimulation at
the time points analyzed. Second, overexpression of wild type MCPIP1 was sufficient to
suppress IL-1p-induced IL-6 expression, which was abolished in human OA chondrocytes
with overexpression of a mutant form of MCPIP1 that lacks RNAse activity (23).
Overexpression of wild type MCPIP1 in human OA chondrocytes altered the IL-6 mRNA
stability and expression as IL-6 mRNAs showed a reduced half-life compared to OA
chondrocytes transfected with control vector. Inhibition of miR-9 resulted in increased
expression of MCPIP1 and suppression of IL-1B3-induced expression of IL-6 in human OA
chondrocytes. Post-transcriptional regulation of IL-6 expression by MCPIP1 and
suppression of MCPIP1 expression by miR-9 in human OA chondrocytes is not known and
also there is little information about post-transcriptional regulation of IL-6 in OA. Our data
thus provides an insight into the disruption of post-transcriptional regulation of IL-6 by
showing that expression of MCPIP1 is suppressed by a highly conserved microRNA, miR-9,
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to allow high levels of IL-6 expression in human OA chondrocytes under pathological
conditions.

IL-6 is a pleiotropic cytokine which has pro- and anti-inflammatory properties (33). It
activates the transcription of its target genes via formation of an I1L-6 receptor complex
involving a membrane bound IL-6 receptor (IL-6R), soluble IL-6R (sIL-6R) and gp130
followed by activation of STAT1/STAT3 pathway (40). Our results demonstrate that
enhanced expression of MCPIP1 down-regulates the expression of IL-10 and IL1RA. IL-10
is known to induce IL-1RA expression in monocytes and neutrophils (41). Therefore in
human OA chondrocytes upregulation of IL-1RA upon knock down of MCPIP1 may not be
surprising since this might be the direct consequence of IL-10 upregulation. IL-10 stimulates
cartilage proteoglycan synthesis (42) and in OA chondrocytes expression of 1L-10 remains
elevated compared to normal chondrocytes (43) and thus may be beneficial in controlling
the inflammatory response in OA. Low levels of MCPIP1 expression in damaged OA
cartilage correlates with the high levels of IL-6 expression in OA chondrocytes. This is
supported by our data as change in IL-10 expression levels that correlated with MCPIP1
expression levels under pathological condition is suggestive of an attempt to counteract the
inflammatory and degenerative response elicited by IL-6 in osteoarthritis. Our data also
indicate that disruption of the anti-inflammatory mechanisms in OA may be important in the
progression of the disease. Therefore, it is tempting to speculate that MCPIP1 occupies a
central position where it balances the levels of inflammatory and anti-inflammatory
cytokines in OA.

There is a direct correlation between IL-6 expression level and clinical outcome of
rheumatoid arthritis and blocking of IL-6 function has emerged as a new therapeutic strategy
for RA and related inflammatory disease (44). Our data thus suggest that blocking IL-6 may
be an attractive option for inhibiting OA progression as well. The destabilization of IL-6
mRNA by AU-rich element binding proteins has been studied (45, 46), however,
dysregulation of IL-6 by RNA modifying protein in OA to our knowledge is not shown. In
the present study for the first time we have shown IL-6 regulation by MCPIP1 in human OA
chondrocytes under pathological conditions and thus provide strong evidence of MCPIP1
being an important post-transcriptional regulator of IL-6 expression in a terminally
differentiated cell type. Recently, Masuda et al identified Arid5a which enhances IL-6
mMRNA stability by binding through the 3’UTR of IL-6 (47). Arid5a and MCPIP1 have
partially overlapping binding sequence in the 3° UTR of IL-6 and it has been found that
Arid5a opposes MCPIP1 binding. Interestingly, IL-1p also induces Arid5a mRNA in
macrophages but whether Arid5a is also induced in OA chondrocytes under pathological
conditions is not known and will be studied in future. Regulation of IL-6 expression
indirectly by miR-9 through the down-regulation of MCPIP1 expression in OA
chondrocytes is a novel finding and suggests that miR-9 may be an important player in the
pathophysiology of OA.

In summary, our data for the first time provide evidence of miR-9/MCPIP1 axis being active
in OA cartilage and chondrocytes and that miR-9-mediated suppression of MCPIP1
expression acts as a switch for the over expression of IL-6 under pathological conditions.

Arthritis Rheumatol. Author manuscript; available in PMC 2016 May 01.
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Therefore targeting of miR-9/MCPIP1/IL-6 axis may prove to be a useful strategy for
potential therapeutic applications in OA.
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Figure 1. MCPIP1 expression is decreased in OA cartilage and induced upon IL-1p treatment in
chondrocytes
(A) RNA was isolated from damaged or smooth cartilage and MCPIP1 mRNA levels were

determined by TagMan assay. Each dot represents the value from a single patient sample.
(B) Chondrocytes were serum starved for 12 hr and then stimulated with 2ng/ml IL-1f for
the indicated time pointsand MCPIP1 and IL-6 mRNA level was measured by TagMan
assay with expression of B-Actin as endogenous control. (C) Chondrocytes were treated with
increasing doses of IL-R antagonist in presence or absence of IL-1p. MCPIP1 expression
was measured after 16 hrs incubation as above. (D) Cell lysates were prepared and IL-6 or
MCPIP1 protein levels were determined by Western blotting using antibodies specific for
IL-6 and MCPIPL1. Blots were probed with anti B-Actin antibody to ensure equal loading. (E)
Supernatants from the control or stimulated cells were analyzed by a sandwich ELISA to
determine the secreted IL-6 concentration. (F) For In-situ hybridization chondrocytes were
induced for the indicated time points and RNA hybridization was performed on formalin
fixed cells using 1L-6 or MCPIP1 specific probes. Fluorescence was visualized using
Olympus confocal microscope. Data are represented as mean £SD of three experiments
performed in duplicates using at least three patients samples. *p< 0.05, **p<0.005.
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Figure 2. MCPIP1 knockdown or overexpression alters IL-6 expression in OA chondrocytes
(A) Chondrocytes were transfected with non-targeted siRNA or siRNA against MCPIP1.

Twenty-four hr post-transfection chondrocytes were induced by IL-1p for 8 hr and then the
expression of MCPIP1, IL-6, MMP13, COL2A1, ACAN, MMP3 or COL10A1 was
measured by TagMan Assay. (B) Wild type or mutant MCPIP1 encoding cDNA constructs
were transfected by electroporation into primary chondrocytes and 24 hr later were
stimulated for 12 hr and then the expression of indicated genes was determined.
Overexpression of Wild type and the mutant form is shown by Western blot using anti-
MCPIP1 antibody. (C) Endogenous MMP13 expression was measured by Western blot upon
knockdown or overexpression of MCPIP1 as in B. (D) Chondrocytes were transfected as in
A and B and induced by IL-1p and gene expression of IL-10 or IL-1RA was measured by
TagMan assay. (E) Primary chondrocytes were transfected separately by non-targeted
SiRNA, siRNA against MCPIP1, vector control or wild type MCPIP1 cDNA construct and
treated as above and then challenged with 4uM ActD for the indicated time points. 1L-6
mMRNA expression is represented as percentage of remaining IL-6 mMRNA. Data are mean
+SD of three experiments performed in duplicates using at least three patient samples. *p<
0.05, **p<0.005.
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Primary chondrocytes were stimulated for 8 hr with IL-1f in vitro. Cell lysates were
subjected to RIP (RNA immune-precipitation assay) using 1gG control antibody or anti-
MCPIP1 antibody. Immunoprecipitated RNA was reverse transcribed and was used to
measure the expression of IL-6 or MCPIP1 mRNA by TagMan assay. Data are represented
as mean +SD of three experiments performed in duplicates using at least three patients

samples. **p<0.005.
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Figure 4. Expression of miR-9 was upregulated in damaged cartilage and induced in
chondrocytes upon IL-18 or IL-6 stimulation

(A) miR-9 expression was directly assessed in damage or smooth cartilage. Each dot
represents the value from a single patient sample. (B) Chondrocytes were serum starved for
12 hr and then stimulated with 2ng/ml IL-1p for the indicated time points in the presence or
absence of IL-1RA (C) or (D) IL-6 for 24 hr and then RNA was extracted and miR-9
expression was measured by TagMan Assay. Data are represented as Mean £SD of three
experiments performed in duplicates using at least three patients samples. **p<0.005.
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Figure 5. miR-9 directly targets the seed sequence in the 3’UTR of MCPIP1 mRNA
(A) Overexpression or inhibition of miR-9 expression was measured by TagMan assay.

Expression of RNU6B was used as endogenous control. (B) Primary OA chondrocytes were
transfected with 100 nM each of miR-9 mimic or miR-9 inhibitor by electroporation. Cells

were induced for 36 hr and expression of miR-9, MCPIP1 and IL-6 was quantified by
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TagMan assays. Protein level was measured by Western blotting using anti-MCPIP1 or anti-
IL-6 antibody. Expression of B-Actin was used as an internal control. (C) Culture
supernatant from (B) was used to determine the IL-6 protein level by sandwich ELISA. (D)
miR-9 seed sequence are indicated in gray box which is complement to the position 148-155
of MCPIP1 3’ UTR. Arrows indicate nucleotide changes (in bold) present in the MCPIP1
mutant 3’'UTR. MCPIP1 3’UTR luciferase reporter construct (WT-left panel or mutant-right
panel) was transfected in OA chondrocytes alone or co-transfected with miR-9 mimic and

24 hr post-transfection Luciferase activity was measured using the dual reporter assay.

Renilla luciferase was co-transfected for normalization purpose. Data are represented as

Mean +SD of three experiments performed in duplicates using at least three patients

samples. *p<0.05, **p<0.005.
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