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Altered Expression of MicroRNA in Synovial Fibroblasts
and Synovial Tissue in Rheumatoid Arthritis
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Objective. MicroRNAs (miRNA) have recently
emerged as a new class of modulators of gene expres-
sion. In this study we investigated the expression,
regulation, and function of miR-155 and miR-146a in
rheumatoid arthritis (RA) synovial fibroblasts (RASFs)
and RA synovial tissue.

Methods. Locked nucleic acid microarray was
used to screen for differentially expressed miRNA in
RASFs treated with tumor necrosis factor « (TNFa).
TaqMan-based real-time polymerase chain reaction was
applied to measure the levels of miR-155 and miR-146a.
Enforced overexpression of miR-155 was used to inves-
tigate the function of miR-155 in RASFs.

Results. Microarray analysis of miRNA expressed
in RASFs treated with TNFa revealed a prominent
up-regulation of miR-155. Constitutive expression of
both miR-155 and miR-146a was higher in RASFs than
in those from patients with osteoarthritis (OA), and
expression of miR-155 could be further induced by
TNFq, interleukin-18, lipopolysaccharide, poly(I-C),
and bacterial lipoprotein. The expression of miR-155 in

This publication reflects only the authors’ views. The Euro-
pean Community is not liable for any use that may be made of the
information herein.

Supported by the European Community’s Sixth Framework
Programme Autocure funding. Drs. Stanczyk and Brentano’s work was
supported by Swiss National Fund grant 3200B0-105923 (to Dr.
Kyburz). Dr. Kolling’s work was supported in part by the Bertha
Schwyzer-Winiker Foundation

Joanna Stanczyk, MD, PhD, Fabia Brentano, PhD, Olga
Sanchez-Pernaute, MD, Renate E. Gay, MD, Steffen Gay, MD, Diego
Kyburz, MD: Center of Experimental Rheumatology, University Hos-
pital Zurich, and Zurich Center of Integrative Human Physiology,
University of Zurich, Zurich, Switzerland; *Deena M. Leslie Pedrioli,
PhD, Michael Detmar, MD: Swiss Federal Institute of Technology
ETH Zurich, Zurich, Switzerland; *Christoph Kolling, MD: Schulthess
Clinic, Zurich, Switzerland.

Address correspondence and reprint requests to Joanna
Stanczyk, MD, PhD, Center of Experimental Rheumatology, Univer-
sity Hospital Zurich, Gloriastrasse 25, CH-8091 Zurich, Switzerland.
E-mail: joanna.stanczyk@usz.ch.

Submitted for publication July 26, 2007; accepted in revised
form December 20, 2007.

1001

RA synovial tissue was higher than in OA synovial
tissue. Enforced expression of miR-155 in RASFs was
found to repress the levels of matrix metalloproteinase 3
(MMP-3) and reduce the induction of MMPs 3 and 1 by
Toll-like receptor ligands and cytokines. Moreover,
compared with monocytes from RA peripheral blood,
RA synovial fluid monocytes displayed higher levels of
miR-155.

Conclusion. This study provides the first descrip-
tion of increased expression of miRNA miR-155 and
miR-146a in RA. Based on these findings, we postulate
that the inflammatory milieu may alter miRNA expres-
sion profiles in resident cells of the rheumatoid joints.
Considering the repressive effect of miR-155 on the
expression of MMPs 3 and 1 in RASFs, we hypothesize
that miR-155 may be involved in modulation of the
destructive properties of RASFs.

MicroRNAs (miRNA) are a recently discovered
class of small, evolutionarily conserved noncoding RNAs
that function as posttranscriptional repressors of gene
expression. These molecules are generated from long
primary transcripts via sequential processing by Drosha
enzyme in the nucleus and by Dicer enzyme in the
cytoplasm, producing ~21 nucleotide-long mature,
functionally active miRNA (1). The miRNA are highly
conserved among mammals (2). Gene mapping and in
silico studies have estimated that miRNA account for
3% of the human genome, and are predicted to regulate
~30% of protein-coding genes (3).

The mode of action of miRNA involves binding
to partially complementary sites in the 3'-untranslated
regions of their target messenger RNA (mRNA). Fol-
lowing miRNA:mRNA duplex formation, posttranscrip-
tional regulation is mediated by either target transcript
degradation or inhibition of translation, or a combina-
tion of both (4). Patterns of miRNA expression are
strictly regulated and highly specific to each cell type as
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well as to each developmental stage (5). A number of
studies have demonstrated that some miRNA target
large numbers of transcripts (6). In addition, several
studies have shown that an individual mRNA can be
targeted by numerous miRNA (7).

The miRNA control basic biologic functions,
such as embryogenesis, organogenesis, proliferation, ap-
optosis, stress, and the antiviral response (8). Increasing
evidence has linked miRNA regulatory activities with
human diseases, most notably cancer. Abnormal pat-
terns of miRNA have been found in human tumors,
and aberrant expression of miRNA has been impli-
cated in oncogenesis (9). In addition, miRNA have been
found to control hematopoiesis (10), metabolism (11),
and cardiac hypertrophy (12). It has been found that
miRNA modulate T cell selection and T cell receptor
sensitivity (13) as well as Treg cell development (14),
which may suggest that miRNA are also involved in the
development of autoimmunity. Recently, altered levels
of miRNA have been linked to chronic inflammatory
skin diseases (15). However, the potential role of
miRNA in the pathogenesis of inflammatory and auto-
immune arthritis has not yet been investigated.

Among the ~500 human miRNA identified thus
far, miR-155 stands out as an miRNA that has been
implicated in a large number of biologic activities.
Initially, miR-155 was characterized as an oncogenic
miRNA and was shown to be dysregulated in a large
number of human neoplastic diseases (16). Subse-
quently, miR-155 was shown to be involved in the
modulation of hematopoiesis, and very recently, its
importance in the normal function of the immune
system has been demonstrated (17-19).

Rheumatoid arthritis (RA) is a chronic inflam-
matory disorder resulting in irreversible joint damage.
As demonstrated by experiments in the human
cartilage-SCID mouse coimplantation model, synovial
fibroblasts derived from patients with RA (RASFs) are
critically involved in the processes of joint destruction
(20). RASFs display increased expression of proinflam-
matory genes and matrix-destructive enzymes, as well as
numerous alterations in cell signaling (21). However, the
primary molecular events that initiate and direct the
activation of RASFs remain elusive, thereby preventing
the development of an early intervention that could
inhibit the destructive properties of RASFs.

Based on the fundamental posttranscriptional
regulatory activities that miRNA exert on gene expres-
sion and the evidence indicating their critical role in
many biologic processes, we hypothesized that changes
in the expression and function of certain miRNA in RA
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patients may play an important role in disease patho-
genesis. Herein we demonstrate that RASFs have con-
stitutively altered levels of 2 miRNA, miR-155 and
miR-146a, and that proinflammatory stimuli abundant
in the RA joints can regulate expression of these
miRNA. Furthermore, we show the increased expression
of miR-155 and miR-146a in the RA synovium. Finally,
we provide evidence of a functional role of miR-155 as a
modulator of matrix metalloproteinase 3 (MMP-3) ex-
pression and MMP-1 expression in RASFs.

PATIENTS AND METHODS

Preparation of synovial tissue and synovial fibro-
blasts. Synovial tissue specimens were obtained during syno-
vectomy or joint replacement surgery from patients with RA
and from patients with osteoarthritis (OA), after informed
consent was obtained from all patients. The study was ap-
proved by the local ethics committee. All RA patients fulfilled
the American College of Rheumatology (formerly, the Amer-
ican Rheumatism Association) criteria for the classification of
RA (22). Synovial tissue used for RNA isolation was collected
in RNAlater (Ambion-Applied Biosystems, Rotkreuz, Switzer-
land) immediately after surgery and stored at —20°C. To
isolate synovial fibroblasts, synovial tissue specimens were
minced and digested with Dispase at 37°C for 60 minutes.
After washing, cells were grown in Dulbecco’s minimum
essential medium (Gibco-Invitrogen, Basel, Switzerland) sup-
plemented with 10% fetal calf serum, 2 mM L-glutamine, 50
IU/ml penicillin/streptomycin, 0.2% Fungizone, and 10 mM
HEPES (all reagents provided by Gibco-Invitrogen). Cultures
of RASFs and OASFs were maintained at 37°C in a
humidified atmosphere of 5% CO,. All synovial fibroblasts
between passages 4 and 6 were subjected to experimental
procedures.

Preparation of monocytes from synovial fluid and
peripheral blood. Synovial fluid samples were obtained from
patients with RA during joint aspiration, and cells were
collected by centrifugation. Peripheral blood mononuclear
cells (PBMCs) were obtained from the blood of patients with
RA and from healthy donors, and isolated by standard Ficoll
density-gradient centrifugation. CD14+ cells were isolated
from synovial fluid cells and from PBMCs using CD14 MACS
MicroBeads according to the manufacturer’s protocol (Milte-
nyi Biotec, Bergisch Gladbach, Germany). The purity of the
CD14+ cell fraction, as assessed by flow cytometry, was
consistently more than 90%.

Reagents and stimulation assays. Cultured synovial
fibroblasts were grown in 12-well culture plates (6 X 10*
cells/well) and stimulated for 8 hours or 24 hours with the
following agents: 20 pg/ml poly(I-C) (InvivoGen, San Diego,
CA), 100 ng/ml lipopolysaccharide (LPS) from Escherichia coli
(List Biological Laboratories, Campbell, CA), 300 ng/ml bac-
terial lipoprotein (bLP; InvivoGen), 1 ng/ml recombinant
interleukin-13 (IL-18; R&D Systems, Abingdon, UK), and 10
ng/ml tumor necrosis factor o (TNFa; R&D Systems).
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Microarray experiments. Total RNA was isolated from
RASFs treated for 8 hours with TNFa (10 ng/ml) or from
untreated cells, using the mirVana miRNA Isolation Kit
(Ambion-Applied Biosystems). RNA quality was determined
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA), and 5 pg of total RNA was further enriched in
small RNAs (=200 nucleotides) using the mirVana miRNA
Isolation Kit according to the manufacturer’s protocol. The
miRNA were labeled with the NCode miRNA Labeling Sys-
tem (Invitrogen, Basel, Switzerland). Briefly, a poly(A) tailing
reaction was performed and capture sequences were ligated
to the poly(A) products. Tagged miRNA derived from both
samples were then purified, pooled, and hybridized to a
MiRCURY locked nucleic acid (LNA) microarray (Exiqon,
Vedbaek, Denmark) containing 454 LNA-modified oligo-
nucleotide probes for human, mouse, and rat miRNA as
annotated in the miRBase release 8.0 (23,24).

Hybridization conditions and subsequent washing
steps were performed as recommended by Exiqon. After
washing, Alexa Fluor 3 and Alexa Fluor 5 capture reagents
were hybridized, and the microarrays were scanned with the
GenePix Microarray Scanner (Molecular Devices, Sunnyvale,
CA). GenePix Pro 5.0 software was used for image acquisition,
normalization, and data analysis. Spots with signal-to-noise
ratios of =3 in either the 532-nm or 635-nm channel were
classified as present, and thus included in the subsequent
analyses. The miRNA displaying =2-fold changes in signal
intensity between TNFa-treated and untreated RASFs were
considered to be differentially expressed.

RNA isolation and TagMan-based real-time polymer-
ase chain reaction (PCR) analysis of miRNA. Synovial tissue
was homogenized with TissueLyser (Qiagen, Basel, Switzer-
land) prior to RNA extraction. Total RNA was isolated from
synovial tissue, synovial fibroblasts, and monocyte lysates using
the mirVana miRNA Isolation Kit. TagMan miRNA assays
(Applied Biosystems) were used for semiquantitative determi-
nation of the expression of miR-155 and miR-146a (25). First,
10 ng of total RNA was reverse-transcribed using miR-155- or
miR-146a—specific stem-loop reverse transcription (RT) prim-
ers, MultiScribe reverse transcriptase, RT buffer, dNTPs, and
RNase inhibitor (Applied Biosystems) in the GeneAmp 9700
PCR system (Applied Biosystems), according to the manufac-
turer’s instructions. Real-time PCR was performed on the
resulting complementary DNA (cDNA) using miR-155- or
miR-146a—specific TagMan primers and TagMan Universal
PCR Master Mix in a 7500 real-time PCR system (Applied
Biosystems).

The expression of let-7a and the U6B small nuclear
RNA (RNU6B) was used as endogenous control for data
normalization. The comparative threshold cycle (C,) method
was used for relative quantification of the miRNA. Differences
in the C, values (AC,) between the tested miRNA and the
let-7a or RNU6B c¢cDNA were calculated to determine the
relative expression levels, using the following formula: AAC, =
AC, of the RA sample — AC, of the OA sample. The fold
change between tested tissue samples was calculated according
to the formula 2742, The same formulas were applied for
analysis of relative expression of miR-155 and miR-146a in
stimulated RASFs compared with control RASFs.

Transfection and functional assays for miR-155.
RASFs (n = 3) were transfected in 12-well plates (5 X 10*

1003

cells/well) using Lipofectamine 2000 reagent (Invitrogen) ac-
cording to the manufacturer’s protocol, with 100 nM (final
concentration) of synthetic miR-155 precursory molecule
(pre-miR-155) or a scrambled control (pre-miR negative
control #1; Ambion-Applied Biosystems). Twenty-four, 48,
and 72 hours after transfection, expression levels of the MMPs
and of IL-6 were measured. In separate experiments, RASFs
(n = 3) were transfected with pre-miR-155 or scrambled
control, which was carried out 24 hours prior to stimulation
with LPS, IL-18, or TNFa. Twenty-four hours after stimula-
tion, expression levels of the MMPs and of IL-6 were analyzed
and compared.

Semiquantitative TagMan real-time PCR assays (Ap-
plied Biosystems) were used to analyze the relative expression
of mRNA transcripts for MMPs 1, 3, 9, and 13. The C, values
for each MMP transcript were normalized to the C, values for
the corresponding 18S ribosomal RNA. Enzyme-linked immu-
nosorbent assay (ELISA) was performed to detect MMP-3
protein expression, using the DuoSet ELISA Development
System (R&D Systems, Minneapolis, MN), and to detect IL-6
expression, using the OptEIA kit (BD PharMingen, San Diego,
CA) according to the manufacturer’s instructions.

Statistical analysis. The Mann-Whitney U test and,
where appropriate, the Wilcoxon rank sum test were used for
statistical evaluation of the data. Analyses were performed
using SPSS software (SPSS, Chicago, IL). P values less than
0.05 were considered significant.

RESULTS

Expression of miR-155 in RASFs and regulation
by TNF«, IL-1f, and Toll-like receptor (TLR) ligands.
To simulate the inflammatory milieu in a joint of a
patient with RA, we treated RASFs in vitro with TNF«
(10 ng/ml) for 8 hours, and then assessed miRNA
expression using an miRNA LNA microarray. We ob-
served prominent up-regulation of miR-155 after TNFa
stimulation (results not shown). This finding, together
with previously published reports of the effects of miR-
155 on cell proliferation and on the function of the
immune system, prompted us to study the expression
and regulation of miR-155 in cultured synovial fibro-
blasts.

To confirm the stimulatory effect of TNFa on
miR-155 expression and to further investigate the regu-
lation of miR-155 by other proinflammatory mediators
known to be critically involved in the development of
inflammation and destruction of the rheumatoid joints,
we stimulated RASFs with TNFq, IL-18, and TLR
ligands (26) and measured miR-155 levels by semiquan-
titative TagMan miRNA assay. We found that, similar to
the stimulatory effects of TNFa, IL-18 as well as the
TLR ligands LPS, poly(I-C), and bLP markedly induced
miR-155 expression in RASFs after 8 hours of stimula-
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Figure 1. Overexpression of miR-155 in A, cultures of rheumatoid
arthritis (RA) and osteoarthritis (OA) synovial fibroblasts (RASFs and
OASFs, respectively) and B, RA and OA synovial tissue. A, RASFs
(n = 6) and OASFs (n = 7) were treated with the indicated stimuli
(proinflammatory cytokines and Toll-like receptor ligands) or left
untreated (medium). Results are the difference in comparative thresh-
old cycle (AC,) between miR-155 and the internal control, let-7a. * =
P < 0.05 versus OASF medium; # = P < 0.03 versus RASF medium.
B, Expression of miR-155 in RA (n = 6) and OA (n = 5) synovial
tissue was assessed as the AC, between miR-155 and the internal
control, U6B small nuclear RNA. * = P < 0.02 versus OA synovial
tissue. Bars indicate the mean. bLP = bacterial lipoprotein; LPS =
lipopolysaccharide; PIC = poly(I-C); IL-1 = interleukin-18; TNF =
tumor necrosis factor a.

tion (n = 6) (Figure 1A). The up-regulation of miR-155
upon stimulation of RASFs, as compared with that in
unstimulated control cultures, was a mean = SEM 5.7 +
0.4-fold with TNFa stimulation, 3.5 = 0.1-fold with
IL-1B, 3.2 £ 0.2-fold with poly(I-C), 3.1 = 0.4-fold with
LPS, and 1.9 = 0.3-fold with bLP (P < 0.03).

We next investigated the response of miR-155 to
stimulation of OASFs. The absolute expression levels of
miR-155 in OASFs (n = 7) upon stimulation with
cytokines and TLR ligands were not significantly differ-
ent from those in RASFs, indicating that both cell types
up-regulate miR-155 to a similar extent. Interestingly,
levels of miR-155 in unstimulated RASF cultures were
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twice as high as those in unstimulated OASF cultures
(P < 0.05) (Figure 1A).

TNFa proved to be the most potent stimulus of
miR-155 expression, both in RASFs and in OASFs.
IL-1B, poly(I-C), and LPS up-regulated expression of
miR-155 to a similar magnitude, whereas bLP showed
only very modest stimulatory effects.

Increased expression of miR-155 in RA synovial
tissue. Considering the stimulatory effects of TNFa and
IL-1B8 on the expression of miR-155 and the high
abundance of these cytokines in rheumatoid joints, we
analyzed the expression of miR-155 in the RA synovium.
The samples of synovial tissue from RA patients proved
to be highly enriched in miR-155, with levels of expres-
sion being 8-fold higher than those found in nonin-
flamed synovia from patients with OA (P < 0.02)
(Figure 1B). Taken together, our findings document a
consistent up-regulation of miR-155 expression in
RASFs as well as in RA synovial tissue.

Down-regulation of MMP-3 in RASFs following
overexpression of miR-155. To address the function of
miR-155 in RASFs, we performed gain of function
experiments by transfecting RASFs with precursory
miR-155 molecules, which are known to increase the
cellular levels of mature miR-155. Effective up-
regulation of miR-155 in RASFs as a result of transfec-
tion with pre-miR-155 was confirmed, on the level of
mature miR-155, by TaqMan analysis (results not
shown).

In this context, we chose to investigate the ex-
pression of MMPs 1, 3, 9, and 13 and the cytokine IL-6
as markers of the destructive and inflammatory proper-
ties of RASFs (27,28). We found that enforced expres-
sion of miR-155 in RASFs resulted in a substantial
reduction in the constitutive expression of MMP-3 as
compared with that in cells transfected with scrambled
control. The expression of MMP-3 transcripts in RASFs
after transfection with pre-miR-155, relative to that in
scrambled control-transfected cells, was a mean = SEM
0.4 = 0.03 after 48 hours and 0.3 * 0.13 after 72 hours
(Figure 2A). Accordingly, overexpression of miR-155 in
RASFs also inhibited the secretion of MMP-3 protein
into the culture supernatants, by a mean = SEM 58 =
9% after 48 hours and 58 * 6% after 72 hours, as
compared with the levels in scrambled control-
transfected cells (Figure 2B).

Furthermore, enhanced expression of miR-155 in
RASFs potently blocked the induction of both MMP-3
and MMP-1 by cytokines and TLR ligands. The overex-
pression of miR-155 in RASFs 24 hours prior to stimu-
lation with LPS reduced the expression of MMP-3
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Figure 2. Down-regulation of matrix metalloproteinase 1 (MMP-1) and MMP-3 expression by
miR-155 in rheumatoid arthritis synovial fibroblasts (RASFs). RASFs (n = 3) were transfected with
synthetic miR-155 precursory molecule (pre-miR-155) or scrambled control prior to being assessed
for constitutive expression of MMP-1 and MMP-3 mRNA (A) and MMP-3 protein (B) in the culture
supernatants after 24, 48, and 72 hours. In addition, RASFs (n = 3) were transfected with
pre-miR-155 or scrambled control 24 hours prior to stimulation with lipopolysaccharide (LPS),
interleukin-1B (IL-1pB), or tumor necrosis factor « (TNF«), and levels of MMP-1 and MMP-3 mRNA
(C) and MMP-3 protein (D) were assessed after stimulation. Results in A and C are the mean and
SEM expression relative to scrambled control-transfected cells (set at 1.0). Results in B and D are

the mean and SEM ng/ml.

mRNA after 24 hours to a mean = SEM 0.17 = 0.06,
relative to that in scrambled control-transfected cells
(Figure 2C). The values for relative expression of
MMP-3 mRNA in RASFs transfected with pre-miR-155
and stimulated with IL-18 and TNFa were 0.23 = 0.07
and 0.24 = 0.07, respectively (Figure 2C). In accordance
with the changes observed on the mRNA level, enforced
expression of miR-155 in RASFs blocked the production
of MMP-3 protein in response to stimulation with LPS,
IL-1B, and TNFa by a mean = SEM 79 * 7%, 71 = 9%,
and 77 = 5%, respectively, as compared with the levels
in scrambled control-transfected cells (Figure 2D).
Interestingly, increased expression of miR-155
also reduced the induction of MMP-1 mRNA by cyto-
kines and TLR ligands. The relative expression of

MMP-1 mRNA in RASFs transfected with pre-miR-155
prior to stimulation with LPS was a mean = SEM 0.26 =
0.19. The respective values for cells stimulated with
IL-1B8 and TNFa were 0.48 *= 0.2 and 0.38 = 0.09
(Figure 2C). The constitutive expression of MMP-1 as
well as the constitutive and stimulated expression of
MMPs 9 and 13 and IL-6 were not influenced by
overexpression of miR-155 (results not shown).
Increased levels of miR-155 in CD14+ cells in
RA synovial fluid. Monocytes/macrophages are abun-
dantly present in the synovium of patients with RA. We
therefore analyzed the expression of miR-155 in CD14+
cells in samples of synovial fluid and peripheral blood
from patients with RA. Interestingly, CD14+ cells in the
RA synovial fluid expressed 4.4-fold higher levels of
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miR-155 as compared with the levels in peripheral blood
CD14+ cells (P < 0.03) (Figure 3). No difference in
miR-155 expression in peripheral blood CD14+ cells
was observed between RA patients and normal healthy
donors (Figure 3), indicating that the observed changes
in miR-155 expression are restricted to local monocytes
in the inflamed joints.

Increased expression of miR-146a in RASFs and
up-regulation by IL-18 and LPS. Since we could dem-
onstrate TLR-dependent regulation of miR-155 in syno-
vial fibroblasts, we were intrigued by a study describing
the induction of another miRNA, miR-146a, in human
monocytes in response to TLR ligands, which was simi-
larly found to modulate innate immune responses (29).
We therefore extended our analysis to include miR-
146a. In cultured RASFs, constitutive levels of miR-146a
were found to be 4-fold higher than those in OASFs,
with the difference reaching statistical significance (P <
0.001) (Figure 4A).

As discussed above, stimulation of RASFs with
proinflammatory mediators up-regulated the expression
of miR-155. To determine the effect of these inflamma-
tory molecules on miR-146a expression in RASFs, the
cells were stimulated with IL-18, LPS, TNFa, poly(I-C),
and bLP prior to analysis of miR-146a expression. Only
IL-1B and LPS significantly induced the expression of
miR-146a, whereas TNFq, poly(I-C), and bLP did not.
The up-regulation of the levels of miR-146a in RASFs
upon stimulation with IL-18 and upon stimulation with
LPS was a mean = SEM 5.6 * 1.3-fold and 29 =
0.3-fold, respectively, as compared with the levels in
untreated cells (P < 0.04 for both). In contrast to a
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Figure 3. Increased expression of miR-155 in rheumatoid arthritis
(RA) synovial fluid CD14+ cells compared with RA peripheral blood
(PB) CD14+ cells. Expression of miR-155 was assessed in monocytes
derived from synovial fluid (n = 4) and peripheral blood (n = 4) from
RA patients as well as peripheral blood from normal healthy donors
(n = 6). Results are the difference in comparative threshold cycle
(AC,) between miR-155 and the internal control, let-7a. Bars show the
mean. * = P < 0.03 versus RA PB.
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Figure 4. Overexpression of miR-146a in A, cultures of rheumatoid
arthritis (RA) and osteoarthritis (OA) synovial fibroblasts (RASFs and
OASFs, respectively) and B, RA and OA synovial tissue. A, RASFs
(n = 6) and OASFs (n = 7) were treated with the indicated stimuli
(proinflammatory cytokines and Toll-like receptor ligands) or left
untreated (medium). Results are the difference in comparative thresh-
old cycle (AC,) between miR-146a and the internal control, let-7a. * =
P < 0.04 versus RASF medium; # = P < 0.001 versus the correspond-
ing OASF treatment groups. B, Expression of miR-146a in RA (n = 6)
and OA (n = 5) synovial tissue was assessed as the AC, between
miR-146a and the internal control, U6B small nuclear RNA. Bars
indicate the mean. bLP = bacterial lipoprotein; LPS = lipopolysac-
charide; PIC = poly(I-C); IL-1 = interleukin-18; TNF = tumor
necrosis factor a.

recent study describing LPS as the most potent inducing
agent of miR-146a in human monocytes (29), we found
that in RASFs, IL-18 was the most potent stimulus.
Interestingly, IL-18— and LPS-stimulated RASFs dis-
played 3.5-fold and 4.5-fold higher levels of miR-146a,
respectively, than those displayed by OASFs stimulated
in the same manner (P < 0.001) (Figure 4A).

Similar to miR-155, the expression of miR-146a
was up-regulated in RA synovium compared with OA
synovium. These differences between RA and OA syno-
vium did not reach statistical significance (Figure 4B).

DISCUSSION

In addition to the abundance of protein-coding
genes implicated in the pathogenesis of RA, the



ALTERED EXPRESSION OF miRNA IN THE RA JOINTS

miRNA, which function as posttranscriptional repres-
sors of the genome, need to be taken into account when
elucidating molecular mechanisms of the disease.
Herein we report overexpression of 2 miRNA, miR-155
and miR-146a, in synovial fibroblasts and synovial tissue
derived from patients with RA. Moreover, we show that
the expression of both miR-155 and miR-146a is up-
regulated in synovial fibroblasts following stimulation
with proinflammatory mediators. Furthermore, it is
demonstrated that enforced expression of miR-155 in
RASFs represses the production of MMP-3 and coun-
teracts the induction of MMPs 1 and 3 by proinflamma-
tory cytokines and TLR ligands.

Mature miR-155 is generated from a precursor
form known as BIC RNA, encoded by the bic gene and
known to be linked with lymphoma (30). Under normal
conditions, miR-155 has been described to be expressed
by human T cells, B cells, monocytes, and endothelial
cells (29,31-33). Under pathologic conditions, miR-155
has been associated with a number of human neoplastic
disorders. Studies have shown that miR-155 accumulates
in chronic lymphocytic leukemia (34), lymphomas
(30,35), breast cancer, and pancreatic cancer (36,37).
Our findings extend the information on miR-155 expres-
sion in human cells by demonstrating its presence in
synovial fibroblasts.

The present results indicate that the constitutive
expression of miR-155 and miR-146a is increased in
RASFs as compared with OASFs. Although the mech-
anisms leading to these alterations are unclear, we found
that proinflammatory mediators abundantly present in
the joints of RA patients could efficiently stimulate the
expression of these miRNA. These findings strongly
suggest that long-term exposure of synovial fibroblasts to
the inflammatory milieu may persistently alter miRNA
expression in these cells.

Up-regulation of miR-155 and miR-146a result-
ing from stimulation with TLR ligands appears to be a
common response of fibroblasts and monocytes. Murine
macrophages up-regulate miR-155 after exposure to
poly(I-C) and TNF« (38), whereas human monocytes
increase miR-146a after LPS stimulation (29). We found
increased levels of miR-155 in monocytes derived from
the synovial fluid of RA patients as compared with those
derived from the RA peripheral blood. We have previ-
ously shown the presence of endogenous TLR ligands,
such as double-stranded RNA derived from necrotic
cells, in the joints of patients with RA (39). We therefore
propose that TLR ligands as well as proinflammatory
cytokines in inflamed joints influence the expression of
miR-155 and, possibly, the expression of other miRNA.
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Diverse cellular activities of miR-155 have thus
far been described. Most importantly, miR-155 is in-
volved in the process of oncogenesis (40). Under phys-
iologic conditions, this miRNA has been shown to be
involved in the differentiation of hematopoietic progen-
itor cells (17,40). Recent experiments with miR-155-
knockdown mice described an important role for miR-
155 in the normal function of the immune system. Mice
deficient in miR-155 showed defects in T cell-
dependent antibody responses, whereby the functions of
germinal center B cells, T helper cells, and dendritic
cells were specifically impaired (18,19).

The fact that, in RASFs, miR-155 is regulated by
TLR ligands and cytokines suggests that miR-155 may
modulate cellular responses to these stimuli. Indeed, we
could show that transfection with miR-155 altered the
response of RASFs to LPS, IL-18, and TNFa, which was
manifested as changes in the expression of MMP-1 and
MMP-3. Constitutive levels of MMP-3 as well as the
magnitude of induction of both MMP-3 and MMP-1
following stimulation with cytokines and TLR ligands
were decreased as a consequence of enhanced expres-
sion of miR-155. These results indicate that miR-155
functions in RASFs as a repressor of MMP-3 and
MMP-1.

Based on our observations documenting the in-
creased levels of miR-155 in RASFs and the stimulatory
effects of inflammatory mediators on miR-155 expres-
sion, as well as the miR-155-dependent repression of
the stimulated expression of MMPs 3 and 1 in RASFs, it
can be hypothesized that miR-155 has a counter-
regulatory role in the process of tissue destruction in
arthritic joints. We propose that miR-155 might function
in a specific cellular and inflammatory context as a
protective miRNA that locally down-regulates the ex-
pression of certain MMPs, thereby controlling excessive
tissue damage due to inflammation. However, the elu-
cidation of the functional role of miR-155 in the patho-
genesis of RA will require further studies, including
experiments with animal models of arthritis.

In contrast to the relatively well-described func-
tional role of miR-155, the mRNA targets of miR-155
are poorly characterized. To date, angiotensin II recep-
tor is the only gene identified as being targeted by
miR-155 (41). Whether miR-155 directly targets MMP-3
and MMP-1 transcripts or, in an indirect manner, down-
modulates their expression via targeting of signaling
molecules involved in the transcriptional control of these
MMPs requires further investigation. Neither MMP-3
nor MMP-1 has been predicted (by miRGen analysis) to
be a direct target of miR-155. However, a recent study
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by Tili et al raised the possibility of an indirect action of
miR-155 on the control of expression of MMP-3 and
MMP-1 (42). That study demonstrated that miR-155
most probably targets proteins involved in LPS signaling,
such as the Fas-associated death domain, IKB kinase e,
and the TNF receptor superfamily—interacting serine-
threonine kinase 1. Thus, synergistic down-regulation of
several signal-transducing proteins could account for the
strong inhibitory effect observed in our study. Interest-
ingly, a similar function has been described for miR-
146a in human monocytes stimulated with LPS (29).
That study demonstrated that miR-146a controls TLR
and cytokine signaling via targeting of the IL-1 receptor—
associated kinase and TNF receptor—associated factor 6.

Taken together, our study findings reveal a dys-
regulation of the expression of the miRNA miR-155 and
miR-146a in synovial tissue, synovial fibroblasts, and
monocytes in the rheumatoid joints. In addition, our
results document the profound influence of the inflam-
matory milieu on miRNA expression in synovial cells.
Our functional studies showed that miR-155 controls the
expression of MMP-3 and MMP-1 in RASFs, suggesting
that miR-155 may be involved in the modulation of
tissue destruction in RA and, at the same time, raising
the possibility of a therapeutic potential of miRNA-
based approaches for the treatment of joint destruction
in RA.
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