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Bruton’s Tyrosine Kinase Is Involved in miR-346-Related
Regulation of IL-18 Release by Lipopolysaccharide-Activated
Rheumatoid Fibroblast-Like Synoviocytes1
Ghada Alsaleh,* Guillaume Suffert,2,3† Noha Semaan,*2 Tom Juncker,* Laurent Frenzel,*
Jacques-Eric Gottenberg,* Jean Sibilia,* Sébastien Pfeffer,3,4† and Dominique Wachsmann4*

I

n rheumatoid arthritis (RA),5 stimulation of innate immune
cells, and especially organ-specific resident cells such as fibroblast-like synoviocytes (FLS), seems to be the primary
fundamental event leading to the inflammatory response and to the
development of organ-specific autoimmunity (1, 2).
Activation of FLS may be linked either to the cytokine environment, to cell-to-cell contacts, or to interactions between pathogen-associated molecular patterns (PAMPs) and pattern recogni-
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tion receptors (PRRs) (3). FLS exert a proinflammatory activity,
essentially by synthesizing cytokines, chemokines, prostanoids,
and NO (4, 5). However, they also produce proangiogenic factors
that help with the appearance of neovessels, thereby allowing the
intrasynovial recruitment and migration of immune cells with the
help of release of chemokines. FLS have a key role in osteoarticular destruction and take also part in the differentiation and activation of osteoclasts by the receptor activator of NF-B (RANK)RANK ligand pathway through the release of prostaglandin E2 and
IL-6 (6).
Conversely, FLS secrete little or no TNF-␣ and neither IL-1 nor
IL-18, which are major cytokines implicated in the inflammatory
response in RA. This “antiinflammatory” activity, which is specific
to FLS, suggests the existence in these organ-specific resident cells
of selective and complex mechanisms of regulation. We previously reported that LPS and protein I/II, a ligand of integrin
␣5␤1, induced IL-18 mRNA expression in both THP-1 monocytic cell line and in RA FLS, but in contrast to THP-1 cells,
FLS did not release mature IL-18. Furthermore, our studies revealed that the lack of IL-18 release by RA FLS was due to a
defect of translation of IL-18 mRNA into pro-IL-18 because of
a rapid degradation of the IL-18 mRNA (7).
MicroRNAs (miRNAs) are an evolutionarily conserved class
of endogenous small noncoding RNAs. Since their discovery,
miRNAs have emerged as key players in the regulation of translation and degradation of target mRNAs (8 –11). They provide an
additional posttranscriptional mechanism by which protein expression can be regulated (12–14). The expression of ⬃10,000 genes,
or 30% of the human genome, could potentially be regulated by
miRNAs (15, 16). In mammals, miRNAs have been associated
with diverse biological processes such as cell differentiation, cancer, regulation of insulin secretion, and viral infection (17, 18).
Cells of the immune system must employ a multilayered control
system to keep innate immunity and inflammation in check, and
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MicroRNAs (miRNAs) have emerged as key players in the regulation of expression of target mRNAs expression. They have been
associated with diverse biological processes, and recent studies have demonstrated that miRNAs play a role in inflammatory
responses. We reported previously that LPS-activated fibroblast-like synoviocytes (FLS) isolated from rheumatoid arthritis (RA)
patients express IL-18 mRNA but they do not release IL-18. Based on the observation that this inhibition was due to a rapid
degradation of IL-18 mRNA, our group has conducted a study to identify miRNAs that could play a role in the “antiinflammatory”
response of LPS-activated RA FLS. LPS challenge modulated the expression of 63 miRNAs as assessed by microarray analysis.
Fifteen miRNAs were up-regulated, including miR-346, for which overexpression upon LPS treatment was validated by quantitative RT-PCR. We then transfected FLS with an antisense oligonucleotide targeting miR-346 and found that, in these conditions,
IL-18 release could be measured upon LPS activation of FLS. Moreover, we also demonstrated that miR-346 indirectly regulated
IL-18 release by indirectly inhibiting LPS-induced Bruton’s tyrosine kinase expression in LPS-activated RA FLS. These findings
suggest that miRNAs function as regulators that help to fine-tune the inflammatory response in RA. The Journal of Immunology,
2009, 182: 5088 –5097.
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Materials and Methods
Reagents
Cell culture media (RPMI 1640, M199, and DMEM), FCS, L-glutamine,
penicillin, streptomycin, amphotericin B, and TRIzol reagent were from
Invitrogen. LPS from Salmonella abortus equi and type XI collagenase,
leflunomide metabolite analog (LFM-A13), and anti-␤-actin mouse IgG
mAbs were obtained from Sigma-Aldrich. The LightCycler FastStart DNA
Master SYBR Green I was from Roche Applied Science. The miScript
system was obtained from Qiagen. Clear-MiR miRNA inhibitors were
from Eurogentec. MiRIDIAN miR-346 mimic and miRIDIAN miRNA
mimic negative control were supplied by Dharmacon/Perbio Science. Human dermal fibroblast Nucleofector kit and cell line Nucleofector kit V
were from Amaxa. The enzyme immunoassay kits for human IL-18 detection was from MBL and for human IL-6 detection was from R&D Systems.
Throughout this study, buffers were prepared with apyrogenic water obtained from Braun Medical. Anti-Btk mouse IgG mAbs were from BD
Transduction Laboratories.

Cell culture
Human FLS were isolated from synovial tissues from four different RA
patients at the time of knee joint arthroscopic synovectomy as described
previously after informed consent was obtained from patients (22). The
diagnosis was conformed to the revised criteria of the American College of
Rheumatology (23). FLS cultures were done as previously described (24).
Experiments were performed between the third and the ninth passage. During that time, cultures were constituted of a homogeneous population of
fibroblastic cells, negative for CD16 as determined by FACS analysis. Cell
number and cell viability were checked by the MTT test as described
elsewhere (25). THP-1 cells (no. 88081201; European Collection of Cell
Cultures) were cultured as described previously (26). HEK293 cells were
purchased from the American Type Culture Collection and maintained in

DMEM supplemented with 10% heat-inactivated FBS, 2 M L-glutamine,
40 U/ml penicillin, and 50 g/ml streptomycin.

Stimulation of cells for total RNA extraction
For miRNA studies, FLS and THP-1 cells (106 cells) were stimulated with
2 ml of medium alone or medium containing LPS (1 g/ml). After a 3- or
6-h incubation period, total RNA was extracted using TRIzol according to
the manufacturer’s instructions. For IL-18 studies, cells were stimulated as
previously described (6), and total RNA was extracted using TRIzol according to the manufacturer’s instructions.

MiRNA microarray analysis
MiRNA microarray analyses were performed by Eurogentec using the
MiRanalyser microarray, which contains 409 calibrated human miRNA oligonucleotides from the Sanger miRBase that wereHPLC purified and spotted in duplicate into two separate fields on 25 ⫻ 75-mm high-quality glass
slides. The microarray data were submitted to the Minimum Information
About a Microarray Experiment (MIAME) database (www.ebi.
ac.uk/) with the accession no. E-MEXP-1970.

Luciferase reporter constructs
To generate luciferase reporters plasmids, psiCHECK-2 (Promega) was
modified by inserting the Gateway cassette C.1 (Invitrogen) at the 3⬘ end
of the firefly luciferase gene ( f-luc) into the XbaI site of psiCHECK-2. The
3⬘-UTR sequence of IL-18 was amplified from HEK293 cell genomic
DNA and after addition of attB1 and attB2 sequences, the resulting PCR
products were cloned into pDONR/Zeo and then recombined in the modified psiCHECK-2 vector using Gateway technology (Invitrogen). A similar construct was generated for the 3⬘-UTR sequence of Btk.
The primer sequences were (sense and antisense primers are indicated in respective order, and the anchor sequence used for the nested PCR
is underlined): IL-18, 5⬘-AGAAAGCTGGGTCACATTATGAATTTTTTA
TTTGTTTA, 5⬘-AAAAAGCAGGCTCTATTAAAATTTCATGCCGGGC;
attB1/2, 5⬘-ACAAGTTTGTACAAAAAAGCAGGCT, 5⬘-ACCACTTTGT
ACAAGAAAGCTGGGT; Btk, 5⬘-AAAAAGCAGGCTTGTCATGGATGA
AGAATCCTG, 5⬘-AGAAAGCTGGGTCCTCCCCTCCCATCTTTATG.

Real-time quantitative RT-PCR
Total RNA isolated from FLS was reverse transcribed using the FirstStrand
cDNA synthesis kit according to the manufacturer’s instructions (Invitrogen). Real-time quantitative RT-PCR was performed in a total volume of
20 l using the LightCycler FastStart DNA Master SYBR Green I and gene
specific primers: IL-18, 5⬘-ATCAGGATCCTTTGGCAAGCTTGAATCTAA
ATTATC-3⬘ and 5⬘-ATAGGTCGACTTCGTTTTGAACAGTGAACATTAT
AG-3⬘; GAPDH, 5⬘-GGTGAAGGTCGGAGTCAACGGA-3⬘ and 5⬘-GAGG
GATCTCGCTCGCTCCTGGAAGA-3⬘; Btk, 5⬘-GAAGCTGGTGCAGTTG
TATG-3⬘ and 5⬘-TATACCCTCTCTGATGCCAG-3.
After an initial denaturing at 96°C for 10 min, the temperatures used
were: 95°C for 10 s, 60°C for 15 s, and 72°C for 25 s for IL-18; 95°C for
15 s, 57°C for 10 s, and 72°C for 10 s for GAPDH; and 95°C for 10 s, 60°C
for 30 s, and 72°C for 25 s for Btk using the LightCycler instrument (Roche
Applied Science). Amplification products were detected as an increased
fluorescent signal of SYBR Green during the amplification cycles. Results
were obtained using SDS Software (PerkinElmer) and evaluated using Microsoft Excel. Melting curve analysis was performed to assess the specificity of PCR products.
Quantitative RT-PCR analyses for miRNAs were performed using the
miScript system and the primers (Qiagen), and RNA concentrations were
determined with a NanoDrop instrument (NanoDrop Technologies). One
microgram of RNA per sample was used for the assays. Reverse transcriptase reactions and real-time quantitative PCR were performed according to
the manufacturer’s protocols. A U6 endogenous control was used for normalization. All reactions were run in triplicate in a LightCycler Instrument
(Roche Applied Science). Relative expression was calculated using the
comparative threshold cycle (Ct) method.

Northern blot analysis
Twenty micrograms of RNA per sample was resolved on a 15% ureaPAGE gel and transferred to a nylon membrane (Hybond NX; Amersham
Biosciences). After UV cross-linking, the membrane was prehybridized in
PerfectHyb Plus buffer (Sigma-Aldrich) at 42°C for 60 min and then hybridized with 32P-labeled probes at 42°C overnight. After being washed,
the membrane was exposed on a phosphorimager plate and the signal was
quantified after scanning the plate on a Fuji FLA7000 phosphorimager. The
membrane was stripped and rehybridized twice.
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recently a role for miRNAs has been proposed in the regulation of
the inflammatory response in monocytes/macrophages (19). Taganov et al. (20), by using microarray studies, found an increased
expression of three miRNAs (miR-132, miR-146, and miR-155) in
response to LPS in THP-1 cells. They identified IL-1R-associated
kinase 1 (IRAK1) and TNFR-associated factor 6 (TRAF6) as the
key targets of miR-146 and proposed a model by which this
miRNA regulates TLR signaling in response to various PAMPs.
Tili et al. (21) later demonstrated that miR-155 plays an important
role in innate immunity and is involved in the negative regulation
of immune cells in response to LPS.
Based on these observations, our group has conducted a study to
identify miRNAs that could play a role in the antiinflammatory
response of LPS-activated RA FLS. To monitor the expression
profile of miRNAs in RA FLS activated with LPS, we employed
a microarray approach that detects 409 miRNAs of human origin.
Fifteen miRNAs were overexpressed ⬎2-fold in LPS-activated
FLS, and among them we identified one miRNA, miR-346, that
had partial sequence complementarity within the 3⬘ untranslated
region (3⬘-UTR) region of the IL-18 mRNA. The up-regulation of
miR-346 expression was validated by quantitative RT-PCR analysis. We then used antisense oligonucleotide molecules to block
miR-346 activity; transfection of the inhibitor targeting miR-346
reestablished IL-18 release by LPS-activated FLS. Moreover, we
also showed that transient transfection of miR-346 in THP-1 cells
inhibited IL-18 secretion by these cells in response to LPS. Using
a luciferase assay, we showed that miR-346 does not directly target
IL-18 mRNA. In our search for another target that could explain
the effect of miR-346 on IL-18, we also demonstrated that miR346 inhibited indirectly Bruton’s tyrosine kinase (Btk) expression
at the transcriptional level in LPS-activated RA FLS and that indirect inhibition of Btk expression negatively regulated IL-18 release. These results suggest an important role of miR-346 in the
control of IL-18 synthesis by LPS-activated FLS and indicate that
its expression may be critical to prevent an excessive inflammatory
response.
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Transfections and luciferase assay
The Clear-MiR anti-miR-346 used in our study was designed to inhibit
efficiently the activity of miR-346. It consists of a sequence of 21 nucleotides complementary to the miRNA and was supplied by Eurogentec. The
miR-346 mimic was supplied by Dharmacon.
Transient transfection of FLS with Clear-MiR miRNA inhibitor (200
nM) and reporter constructs (200 ng/ml) was performed using the human
dermal fibroblast Nucleofector kit from Amaxa as previously described
(27). Transient transfection of THP-1 cells with miR-346 mimic (200 nM)
was performed using the cell line Nucleofector kit V from Amaxa. FLS and
THP-1 cells were then plated in 24-well plates (2 ⫻ 105 cells/well and 106
cells/well, respectively). All assays were performed 24 h after transfection.
Controls were conducted with the Clear-MiR negative control or with the
mimic miRNA negative control. Transfection efficiency was evaluated
with the pmaxGFP vector.
Transfection of HEK293 cells plated in 24-well plates (2 ⫻ 105 cells/
well) with reporter constructs and miR-346 mimic (200 nM) was performed using Lipofectamine 2000 (Invitrogen). After 48 h cells were
washed and lysed with passive lysis buffer (Promega), and f-luc and
Renilla luciferase (r-luc) activities were determined using the dualluciferase reporter assay system (Promega) and a luminometer (GloMax; Promega). The relative reporter activity was obtained by normalization to r-luc activity.
Cell numbers and cell viability were assessed using the MTT test. IL-18
release was measured in culture supernatants by a heterologous two-site
sandwich ELISA according to the manufacturer’s instructions.

Western blot
Cells (106; FLS and THP1) were incubated for various times (24 h) with
LPS (1 g/ml). Controls were performed with cells maintained in medium
with 5% heat-inactivated FCS for 6 h. After stimulation, cells were centrifuged and the pellets were suspended for 20 min on ice in 300 l of
ice-cold lysis buffer (1% Triton X-100, 20 mM Tris-HCl (pH 8.0), 130 mM

NaCl, 10% glycerol, 1 mM sodium orthovanadate, 2 mM EDTA, 1 mM
PMSF, and protease inhibitors). Lysates were centrifuged for 10 min at
14,000 ⫻ g at 4°C, and supernatants were subjected to SDS-PAGE and
transferred electrophoretically to nitrocellulose membranes. Membranes
were blocked using 1% BSA in TBS (20 mM Tris (pH 7.5), 150 mM NaCl)
for 1 h at 25°C. The blots were incubated with anti-Btk mouse IgG mAbs
(BD Transduction Laboratories) for 2 h at 25°C followed by incubation
with HRP-conjugated goat anti-mouse IgG mAbs (1 h at 25°C) and detected by ECL (SuperSignal West Femto Maximum Sensitivity substrate;
Pierce) according to the manufacturer’s instructions. To confirm the presence of equal amounts of proteins, bound Abs were removed from the
membrane by incubation in 62.5 mM Tris (pH 6.7), 100 mM 2-ME, and
2% SDS for 30 min at 50°C and reprobed again with anti-␤-actin (clone
AC-74; Sigma-Aldrich) mouse mAbs.

Statistical analysis
Statistical analysis was performed using Student’s t test. Values were compared between different groups in the experiment. A p value of ⬍0.05 was
considered statistically significant.

Results
LPS induced synthesis of IL-18 mRNA in RA FLS
In this study, we first verified the capacity of LPS from S. abortus
equi to stimulate IL-18 mRNA expression in RA FLS. Quantitative
RT-PCR was performed with RNA isolated from control and activated FLS. Stimulation with LPS at a concentration of 1 g/ml
resulted in an increasing amount of IL-18 transcript, which was
detectable within 2 h and increased up to 3 h (the mean increases
were 150-fold for 2 h and 300-fold for 3 h) (Fig. 1A). No constitutive expression of IL-18 mRNA was detectable in control cells.
We verified also that this cytokine was not released in activated
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FIGURE 1. Effect of LPS on IL-18 mRNA expression and release by RA FLS and THP-1 cells. A and B, IL-18 mRNA levels were determined using
quantitative RT-PCR in RA FLS (A) and THP-1 cells (B) activated with LPS (1 g/ml) for 2 and 3 h, or incubated for another 1–2 h with actinomycin
D. Results were normalized to GAPDH and expressed as the fold change compared with samples from cells incubated in medium (C). C, IL-18 release
by activated RA FLS and THP-1 cells was determined by ELISA in culture supernatants, harvested 24 h after stimulation with LPS (1 g/ml) or medium
(C). D, IL-6 release was determined by ELISA in culture supernatants harvested 24 h after stimulation with LPS (1 g/ml) or medium (C). Data are
expressed as the mean of triplicate samples ⫾ SD and are representative of three independent experiments.
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Fold

cell supernatants: although LPS activation induced IL-6 secretion,
activated FLS did not release any detectable amount of mature
IL-18 in cell culture supernatants (Fig. 1, C and D). THP-1 cells
were used as a control: upon LPS treatment, the level of IL-18
transcript was strongly up-regulated, which resulted in a high accumulation of IL-18 in the supernatant (Fig. 1, B–D). Moreover,
using actinomycin D (cells were incubated with LPS for 3 h and
then for another 1 and 2 h with actinomycin D at a concentration
of 5 g/ml), we observed a rapid decay of IL-18 mRNA (330-fold
to 45-fold) in FLS cells but not in LPS-activated THP-1 cells (300fold to 275-fold), which confirms the IL-18 mRNA instability in
LPS-activated RA FLS (Fig. 1, A and B).
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FIGURE 2. Microarray and quantitative RT-PCR analysis of miRNA
expression in LPS-activated RA FLS. A, MiR-346, miR-125b, miR-197,
miR-16, miR-21, and miR-143 levels were determined by quantitative RTPCR in RA FLS stimulated with LPS (1 g/ml) for 3 and 6 h. U6 small
nuclear RNA was used as endogenous control for data normalization. The
control (C) corresponded to untreated cells. Data are expressed as the mean
of triplicate samples ⫾ SD and are representative of three independent
experiments. B, RA FLS were stimulated with medium or LPS (1 g/ml)
for 6 h. RNA was extracted and used in a microarray assay to determine the
expression levels of 409 human miRNAs. Data are presented on a scatter
plot showing log10-transformed signal intensities for each probe on both
the channel for the Cy3-labeled control and the Cy5-labeled 6-h LPStreated samples and represent the mean values. Each dot represents one
miRNA probe. Main results are summarized in Table I. C, Northern blot
analysis of miR-125b expression was performed under the same conditions
with locked nucleic acid-modified oligodeoxynucleotides complementary
to the indicated miRNAs. RNA was used as a loading control. The results
are representative of three different experiments.

LPS (the mean increases were 11-fold for 3 h and 5-fold for 6 h)
(Fig. 2A); however, we were unable to confirm this result by
Northern blot analysis (data not shown). MiR-125b was detected in
activated cells either by Northern blot analysis or quantitative RTPCR and the observed changes were confirmed by either means
(Fig. 2, A and C). The validity of the results was also confirmed by
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To examine the potential involvement of miRNAs in the regulation
of IL-18 mRNA instability, we used two strategies. We first used
a bioinformatic approach to identify potential miRNAs targeting
IL-18 mRNA. An online search of the miRBase Target database
(microrna.sanger.ac.uk/) demonstrated that 49 miRNAs have been
predicted to potentially target the 3⬘-UTR region of the human
IL-18 mRNA. In this approach, each miRNA is given a score,
reflecting the local complementarity between miRNA seed sequences and the 3⬘-UTR region of the IL-18 mRNA. For this
study, we focused on miRNA miR-197, as it showed the best score
among all candidate miRNAs targeting IL-18 mRNA and it was
predicted to form a thermodynamically stable complex with the
considered mRNA (free energy ⫽ ⫺25.35 kcal/mol).
We stimulated RA FLS with LPS (1 g/ml) or medium and
measured miR-197 levels by quantitative RT-PCR. We found
that LPS did not induce miR-197 expression in RA FLS after
6 h of stimulation as compared with unstimulated control RA
FLS (Fig. 2A).
In parallel, we analyzed the global expression profile of miRNAs
using a microarray-based approach after exposure of RA FLS to
LPS to identify LPS-induced miRNAs. FLS were stimulated with
LPS (1 g/ml) or medium for 6 h and the extracted RNAs were
compared using a DNA microarray containing 409 oligonucleotide
probes complementary to miRNAs of human origin. Fourteen
miRNAs predicted to be able to target IL-18 mRNA were present
on the array.
After LPS challenge, this initial screening identified 63 miRNAs,
the expression levels of which were increased or attenuated in
response to LPS. Data are presented on a scatter plot showing
log10-transformed signal intensities for each probe on both channels for the Cy3-labeled media controls and Cy5-labeled samples
stimulated with LPS (Fig. 2B).
Among the miRNAs showing an up-regulation following LPS
treatment, 15 were up-regulated ⬎2-fold. Within these 15 up-regulated miRNAs, 1 miRNA potentially targeting IL-18 mRNA
showed a strong expression level in LPS-treated cells compared
with control cells: miR-346 (⬎7-fold). The expression of miR197, which was included in the array, was not modified after activation with LPS, confirming preceding results.
After LPS challenge, the array revealed also a strong up-regulation in the expression of miR-30d, miR-10a, and miR-125b. Interestingly, these miRNAs are predicted to target the 3⬘-UTR of
IL-1␤ and TNF-␣. The expression of 42 miRNAs was down-regulated, especially miR-633, miR-320, and let-7a (⬍0.5). The main
results are presented in Table I.
To confirm the validity of miR-346 induction as assessed by the
microarray analysis, quantitative RT-PCR was performed using
primers that recognized their respective mature forms. Consistent
with the microarray findings, miR-346 was strongly induced by

0
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Table I. MiRNA differentialy expressed between nonactivated RA FLS
and LPS-activated RA FLSa
Name

Intensity Ratio of Cy5/Cy3

hsa-miR-346
hsa-miR-10a
hsa-miR-10b
hsa-miR-30d
hsa-miR-30c-2, hsa-miR-30c-1
hsa-miR-487b
hsa-miR-596
hsa-miR-100
hsa-miR-30b
hsa-miR-125b
hsa-miR-508
hsa-miR-585
hsa-miR-563
hsa-miR-411
has-miR-155
hsa-let-7a
hsa-miR-320
hsa-miR-633

7.01
6.38
4.94
5.99
3.41
3.33
3.07
2.88
2.84
2.70
2.67
2.44
2.36
2.12
1.7
0.34
0.32
0.48

IL-18 synthesis is repressed posttranscriptionally by miR-346 in
LPS-activated RA FLS
To study the functional consequence of miR-346 induction on IL18-release by LPS-activated RA FLS, we performed miRNA inhibition experiments. We used an antisense oligonucleotide complementary to miR-346 to block its activity, and the Clear-MiR
was used as a negative control. Oligonucleotides were transfected
in FLS at a concentration of 200 nM. A plasmid encoding GFP was
cotransfected to evaluate transfection efficiency.
Transfection of miR-346 antisense molecules impaired endogenous miRNA expression by a factor of 2 as compared with miR346 expression in activated cells transfected with an anti-miR control as assessed by quantitative RT-PCR analysis (Fig. 3A).
We also performed experiments demonstrating the fate of the
IL-18 mRNA in RA FLS transfected with miR-346 antisense
molecules or anti-miRNA control and incubated with LPS for
3 h and then for another 2 h with actinomycin D. As compared
with the control, we observed a stabilization of IL-18 mRNA
(Fig. 3B).

FIGURE 3. Effect of transfection of miRNA antisense molecules on IL-18 synthesis by RA FLS. A, RA FLS were transfected with miR-346
antisense molecules or with the Clear-MiR negative control (Control). LPS (1 g/ml) activation of transfected RA FLS was performed 24 h
posttransfection for 6 h. MiR-346 expression was determined by quantitative RT-PCR. U6 small nuclear RNA was used as endogenous control for
data normalization. B, IL-18 mRNA levels were determined using quantitative RT-PCR in RA FLS transfected with miR-346 antisense molecules
or with the Clear-MiR negative control (Control). LPS (1 g/ml) activation of transfected cells was performed 24 h posttransfection for 3 h, and
cells were then incubated for another 2 h with actinomycin D. Results were normalized to GAPDH and expressed as the fold change compared with
samples from cells incubated in medium (C). C and D, RA FLS were transfected with miR-346, miR-197 antisense molecules, or with the Clear-MiR
negative control (Control). LPS (1 g/ml) activation of transfected RA FLS was performed 24 h posttransfection. Nontransfected RA FLS and THP-1
cells were used as negative and positive controls (NT). IL-18 and IL-6 release was determined by ELISA in culture supernatants harvested 24 h after
stimulation with LPS (1 g/ml) or medium (C). Data are expressed as the mean of triplicate samples ⫾ SD and are representative of three
independent experiments.
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a
Data are presented on intensity ratio of the Cy3-labeled media controls and
Cy5-labeled samples stimulated with LPS.

quantitative RT-PCR using miR-16, miR-21, and miR-143, the expression of which was not modified by LPS in the array (Fig. 2A).
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We next tested by transient transfection whether the presence of
miR-346 affected IL-18 mRNA expression and IL-18 release in
LPS-activated THP-1 cells. THP-1 cells did not express miR-346
when activated with LPS for 3 and 6 h as assessed by quantitative
RT-PCR (Fig. 4A). We transfected THP-1 cells with miR-346
mimic for 24 h and incubated cells with LPS for 3 h and then for
another 2 h with actinomycin D. As compared with the control, we
observed that transfection of miR-346 mimic in THP-1 cells induces a degradation of IL-18 mRNA (Fig. 4B). We also measured
IL-18 release by transfected cells stimulated with LPS (1 g/ml)
for 24 h at 37°C. As illustrated in Fig. 4C, cells transfected with
miR-346 mimic showed a significant decrease of IL-18 release as
compared with IL-18 secretion by activated cells transfected with
the miRNA mimic negative control or nontransfected LPS-activated THP1 cells used as positive control. Collectively, these results confirm that miR-346 plays a role in the control of IL-18
release in a cell type-independent manner.

LPS 1 g/ml

C

80
60
40
20
0
C

LPS1 g/ml

MiR-346 repressed Btk expression in LPS-activated RA FLS

FIGURE 4. Effect of transfection of miR-346 mimic on IL-18 synthesis
by THP-1 cells. A, MiR-346 expression was analyzed in THP-1 cells activated for 3 and 6 h with LPS (1 g/ml) by quantitative RT-PCR. U6 small
nuclear RNA was used as endogenous control for data normalization. B,
IL-18 mRNA levels were determined using quantitative RT-PCR in THP-1
cells transfected with miR-346 mimic or with the miRNA mimic negative
control (Control). Cells were activated with LPS (1 g/ml) 24 h posttransfection for 3 h and incubated for another 2 h with actinomycin D. Results
were normalized to GAPDH and expressed as the fold change compared
with samples from cells incubated in medium (C). C, THP-1 cells were
transfected with miR-346 mimic or with the miRNA mimic negative control (Control) and activated with LPS (1 g/ml) 24 h posttransfection.
IL-18 release was determined by ELISA in culture supernatants harvested
24 h after stimulation with LPS (1 g/ml) or medium (C). Data are expressed as the mean of triplicate samples ⫾ SD and are representative of
three independent experiments.

Btk is a nonreceptor tyrosine kinase belonging to the Tec family of
protein tyrosine kinases, and recent studies have shown that Btk is
involved in the stabilization of various cytokine mRNAs such as
TNF-␣ (28 –30). FLS express Etk, which is implicated in IL-6 and
IL-8 release by activated FLS, but they fail to express constitutively or after LPS activation either Btk mRNA or the mature
protein. Surprisingly, we found by quantitative RT-PCR that trans-

fection of FLS with the antisense oligonucleotides targeting miR346 led to the induction of Btk mRNA expression after activation
with LPS compared with activated cells transfected with the negative control (Fig. 6A). These results point to a putative effect at the
transcriptional level. We also measured Btk expression by Western

MiR-346 did not directly regulate the expression of IL-18
Computer analysis predicted that miR-346 might directly target the
3⬘-UTR of human IL-18 transcript (Fig. 5A), suggesting that this
miRNA could play a direct role in IL-18 posttranscriptional regulation. To test the hypothesis of a direct regulation by miR-346,
we cotransfected HEK293 cells with a luciferase reporter fused to
IL-18 3⬘-UTR along with miR-346 mimic. FLS were also transfected with the same construct and then activated with LPS. Transfections in both kinds of cells did not result in a measurable change
in luciferase activity (Fig. 5, B and C). These results indicate that
miR-346 does not repress directly the expression of IL-18.
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We next tested whether alteration of miR-346 cellular levels
affected IL-18 protein release by LPS-stimulated FLS. We transfected cells with antisense molecules for 24 h and then measured
IL-18 release by FLS stimulated with LPS (1 g/ml) for 24 h at
37°C. Supernatants were tested for IL-18 secretion levels by
ELISA measurements. As illustrated in Fig. 3C, treatment with
LPS significantly induced IL-18 release by activated RA FLS
transfected with antisense oligonucleotides targeting miR-346
(120 vs 25 pg/ml) as compared with activated FLS transfected with
control oligonucleotides or with oligonucleotides targeting another
miRNA (miR-197). A similar increase in IL-18 secretion was obtained in nontransfected LPS-activated THP-1 cells used as positive control. No IL-18 release was observed in nontransfected but
LPS-activated RA FLS (Fig. 3C). The effect of transfection on cell
viability was also determined by the MTT test, with no significant
difference being observed for cells transfected with targeting and
nontargeting antisense oligonucleotides (data not shown).
The transfection of antisense oligonucleotides did not impair
FLS activation since nontransfected FLS as well as FLS transfected with targeting and nontargeting miRNA inhibitors produced
IL-6 after 24 h of activation with LPS (Fig. 3D).
Taken together, these data demonstrate that miR-346 is implicated in the negative regulation of IL-18 synthesis in LPSactivated FLS.
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blotting analysis of FLS stimulated with LPS for 24 h at 37°C. As
shown in Fig. 6B, inhibition of miR-346 led also to a strong expression of the protein. Thus, these data collectively indicate that
miR-346 inhibits Btk expression in LPS-activated RA FLS.
We also found that in THP-1 cells transfected with miR-346
mimic, Btk expression was down-regulated (Fig. 6B) and that
miR-346 did not repress Btk expression directly, as transfection of
HEK293 cells with a luciferase reporter fused to Btk 3⬘-UTR along
with miR-346 mimic did not result in a measurable change in
luciferase activity (Fig. 6C).
Btk regulates IL-18 release in LPS-activated RA FLS
We therefore hypothesized that miR-346 inhibits Btk expression in
RA FLS, which could result in the subsequent inhibition of IL-18.
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FIGURE 5. MiR-346 does not regulate the expression of IL-18 directly.
A, Sequence alignment of miR-346 and its target sites in the 3⬘-UTR of
IL-18 mRNA. B and C, Targeting of miR-346 to the 3⬘-UTR of IL-18
mRNA. A reporter construct with the potential binding site for miR-346 in
the 3⬘-UTR of IL-18 was generated. HEK293 cells were transiently cotransfected with the reporter construct and either miR-346 mimic or
miRNA mimic negative control (Control) (B); RA FLS were transfected
with the reporter construct and activated with LPS (1 g/ml) (C). Luciferase activities were measured for 48 h and normalized to the control psiCHECK-2 luciferase level. Bars represent the mean ⫾ SD from three independent experiments.

FIGURE 6. MiR-346 regulates the expression of Btk in activated RA
FLS and THP-1 cells. A, Btk mRNA levels were determined using quantitative RT-PCR in RA FLS transfected with miR-346 antisense molecules
or with the Clear-MiR negative control (Control). LPS (1 g/ml) activation
of transfected cells was performed 24 h posttransfection for 6 h. Results
were normalized to GAPDH and expressed as the fold change compared
with samples from cells incubated in medium (C). B, Btk expression was
determined by Western blotting with anti-Btk mouse mAbs in FLS transfected with miR-346 antisense molecules or with the Clear-MiR negative
control or in nontransfected FLS. Twenty-four hours posttransfection, FLS
were either incubated in 5% FCS medium (C) or activated with LPS for
24 h. Similar experiments were performed with THP-1 cells transfected
with the miR-346 mimic or the miRNA mimic negative control. For protein
loading control, membranes were reprobed with anti-␤-actin mouse mAbs.
The results shown are representative of three separate experiments. C,
MiR-346 does not regulate the expression of Btk directly. A reporter construct with the 3⬘-UTR of Btk or with the miR-346 perfect match were
generated. HEK293 cells were transiently cotransfected with the reporter
constructs and with either miR-346 mimic or miRNA mimic negative control (Control). Luciferase activities were measured for 48 h and normalized
to the control psiCHECK-2 luciferase level. Bars represent the mean ⫾ SD
from three independent experiments.
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We transfected FLS with antisense molecules targeting miR-346
for 24 h and then examined IL-18 release by FLS pretreated with
LFM-A13, a Btk inhibitor, before LPS stimulation. In this case,
IL-18 production induced by LPS was impaired in cells treated
with LFM-A13 when compared with cells not treated with the
inhibitor (Fig. 7A). Similarly, in THP-1 cells activated by LPS in
the presence of LFM-A13, IL-18 release was strongly inhibited
(Fig. 7B). These results demonstrate that IL-18 release is Btkdependent. Taken together, our data indicate an important role for
miR-346 and Btk in the regulation of IL-18 release by RA FLS.

Discussion
The key findings in this study are that LPS induces the expression
of miR-346 in PRR-activated synoviocytes from RA patients and
that this miRNA negatively regulates the IL-18 response of FLS by
inhibiting the transcription of the Btk gene. One important observation obtained from previous results was that PRRs-activated
FLS, in contrast to other resident cells from the synovial membrane such as macrophages, have a more restricted cytokine profile: they up-regulate, for example, IL-18 mRNA, but release of
this cytokine is impaired via translational suppression, and similar
results were obtained with TNF-␣ and IL-1 (data not shown).
IL-18 is normally produced from macrophage-like cells, but some
epithelial cells such as gastric epithelial cells release this cytokine
in response to Helicobacter pilori infection (31). These data suggest that IL-18 protein expression is tightly regulated depending of

the origin of the cell. This study was designed to test the possibility
that PAMPs might induce cellular miRNAs that target IL-18 transcripts in FLS and inhibit its release.
An initial microarray screen identified 63 miRNAs, the expression of which was increased or attenuated in FLS in response to
LPS. This approach revealed a promising result insofar as one
miRNA predicted to target IL-18 transcript was considerably upregulated: miR-346. This was suggested by an online search of the
miRBase Target database maintained by the Sanger Institute,
which predicts potential target sequences of miRNAs. The change
in expression of miR-346 was then validated by quantitative RTPCR but not by Northern blot. In fact, some mature miRNAs are
produced at low levels and are not detected by Northern blot, but
they are still functional, suggesting that high levels of mature
miRNAs are not necessary for their efficient inhibition (32). A
small variation in one component that is upstream of a transduction
cascade can have strong effects in the end.
When comparing our microarray data with previous studies
from others, we found similarities as well as differences. Recently,
Taganov et al. analyzed miRNA expression in a monocytic cell
line treated with LPS (20). They found that miR-146a, miR-155,
and miR-132 were endotoxin-responsive genes. Similar results
were obtained by Stanczyk et al. (33) in RA FLS activated with
either TNF-␣ or TLR ligands such as LPS, bacterial lipopeptide,
and poly(I:C). They also observed an up-regulation of miR-146a
and miR-155. Similarly, we also found that miR-155 is up-regulated in response to LPS, but more faintly than miR-346. These
results confirm the important role of miR-155 in innate immune
response (34). However, the arrays of Stanczyk et al. (33) never
revealed the up-regulation of miR-346, which was one of the most
overexpressed miRNAs in RA FLS activated with LPS. A simple
possible explanation for this discrepancy could be that their screen
did not include the oligonucleotide probe for miR-346: only 200
sequences complementary to mammalian miRNAs were tested in
the Taganov et al. (20) studies. It is also possible that miR-346 was
not detected in cells treated for 8 h with LPS. In fact, quantitative
RT-PCR analysis indicated that miR-346 reached its highest level
by 3 h and was still present but at reduced levels by 6 h. To assess
the reproducibility of the data, the array was performed twice with
FLS isolated from different patients, and we found in every instance that miR-346 was overexpressed. Of note, we could not
detect miR-146a/b in LPS-activated RA FLS, but it was demonstrated that this miRNA family, which is implicated in TLR signaling and in endotoxin tolerance, has a rather complicated mode
of regulation of expression (35). Weber et al. (36) also reported the
up-regulation of miR-346, as well as miR-197, in follicular thyroid
carcinoma compared with follicular adenoma. They linked the upregulation of these two miRNAs to cellular proliferation. We did
not observe a significant effect of miR-346 on cell viability as
assessed by MTT assay.
IL-18 is present in significantly elevated levels in the synovium
of RA patients and is mainly produced by macrophages and dendritic cells. Its expression was demonstrated to correlate with the
inflammatory phase of the disease. Studies with RA synovial cell
culture have shown increased production of NO as well as TNF-␣,
IFN-␥, and IL-6 after stimulation with IL-18. This suggests that
IL-18 is a pre-TNF-␣ cytokine (37–39). The expression of the
IL-18 gene is regulated at different levels, such as control of promoter activity, degradation of mRNA, and posttranslational regulation through processing of the inactive precursor pro-IL-18 to an
active form via activation of caspase 1 (40). Two different promoters are controlling the expression of IL-18, one constitutively
active and one inducible by LPS. Additionally, IL-18 mRNA does
not contain an AU-rich element within the 3⬘-UTR region, which
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FIGURE 7. Btk regulates IL-18 expression. A, RA FLS were transfected with miR-346 antisense molecules or with the Clear-MiR negative
control (Control) for 24 h. IL-18 release by FLS preincubated with LFMA13 and then stimulated with LPS for 24 h was evaluated by ELISA.
Nontransfected RA FLS were used as negative controls (NT). B, THP-1
cells was pretreated with LFM-A13 for 1 h before activation with LPS
(1 g/ml) for 24 h.
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FIGURE 8. Model of action for miR-346 and Btk in IL-18 secretion
regulation. See text for details. TF indicates transcription factor.
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is a motif known to promote rapid mRNA degradation, and this
implies that IL-18 mRNA may have a longer half-life than AREcontaining transcripts (41, 42). However, we demonstrated that
IL-18 mRNA is very instable in LPS-activated RA FLS and that
this instability negatively regulates IL-18 release (6).
It was thus important to investigate whether the expression levels of miR-346 could modulate IL-18 expression. RA FLS were
transfected with the antisense miR-346 inhibitor. For the first time,
we demonstrated that inhibition of endogenously expressed miR346 by an anti-miR-346 oligoribonucleotide markedly increased
IL-18 expression. Further evidence of miR-346 inhibitory effect on
IL-18 release was obtained by transient transfection of miR-346
mimic in LPS-activated THP-1 cells. Taken together, these data
clearly suggest that one of the functions of miR-346 is to turn off
IL-18 expression in response to LPS.
We also demonstrated, using luciferase reporter constructs containing the 3⬘-UTR of the human IL-18 gene, that miR-346 does
not directly regulate the expression of IL-18. A general principle
regarding miRNAs is that each miRNA can potentially regulate a
wide spectrum of protein-coding genes. This suggests that miRNA
can be involved in the regulation of multiple independent physiological processes. Thus, it was tempting to speculate that miR346 may use different mechanisms to down-regulate at a posttranscriptional level the expression of IL-18. Several reports have
established that Btk is implicated in TLR signaling and regulates
TNF-␣ synthesis by stabilizing its mRNA, without having any
effect on IL-6 or IL-12 release (28). FLS do not express either Btk
mRNA or the mature protein but Etk, another Tec kinase, which
was demonstrated to be implicated in IL-6 and IL-8 release in
response to integrin ␣5␤1 and TLR4 stimulation (27). Results obtained here demonstrated that transient transfection of miR-346
antisense induced a strong expression of Btk in FLS and reestablished IL-18 release. Moreover, inhibition of induced Btk by LFMA13 led to the impairment of IL-18 secretion by RA FLS. These
data demonstrated the implication of miR-346 in Btk expression
that results in IL-18 release.
Interestingly, as in THP-1 cells transfection of miR-346 mimic
diminished protein expression, we investigated whether miR-346
was capable of a direct inhibition of Btk by using a luciferase
reporter assay. A direct inhibition was not observed. Thus, as previously demonstrated with FLS, miR-346 inhibits IL-18 secretion
by an indirect mechanism involving the regulation of Btk. The
interaction between miR-346 and Btk must involve other yet-undefined factors acting probably at the transcriptional level.
We propose a model in which LPS would induce expression of
both Btk and miR-346 through two distinct transcription factors
(Fig. 8A) or through a common transcription factor (Fig. 8B). The

induced Btk would then act on stabilizing IL-18 mRNA, which
would ultimately result in its secretion. Blocking Btk either chemically (with the inhibitor LFM-A13) or by overexpressing miR-346
(in THP-1 cells) would therefore result in the inhibition of IL-18
secretion. The action of miR-346 could be upstream of the transcription factor inducing Btk expression (Fig. 8A) or, alternatively,
miR-346 could regulate its own transcription factor in a feedback
loop manner (Fig. 8B). The latter model would explain why miR346 is only transiently detected after LPS challenge of FLS cells
and seems to gradually disappear.
In conclusion, our findings provide evidence that miRNAs,
which are induced by bacterial ligands, can act as potential negative regulators of inflammation and may be novel targets for immunomodulating inflammatory responses in humans. These data
also demonstrated that cytokine secretion by resident cells of target
organs of autoimmunity can be negatively regulated at the posttranscriptional level by miRNAs. Understanding these complex
controls has important implications for the development of future
therapeutic applications.
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