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ABSTRACT

Fine-tuning of inflammatory responses by
microRNAs (miRNAs) is complex, as they can
both enhance and repress expression of pro-inflam-
matory mediators. In this study, we investigate in-
flammatory responses following global miRNA
depletion, to better define the overall contribution
of miRNAs to inflammation. We demonstrate that
miRNAs positively regulate Toll-like receptor signal-
ing using inducible Dicer1 deletion and global
miRNA depletion. We establish an important contri-
bution of miR-19b in this effect, which potentiates
nuclear factor-kB (NF-kB) activity in human and
mouse cells. Positive regulation of NF-kB signaling
by miR-19b involves the coordinated suppression of
a regulon of negative regulators of NF-kB signaling
(including A20/Tnfaip3, Rnfi1, FbxIl11/Kdm2a
and Zbtb16). Transfection of miR-19b mimics
exacerbated the inflammatory activation of rheuma-
toid arthritis primary fibroblast-like synoviocytes,
demonstrating its physiological importance in the
pathology of this disease. This study constitutes,
to our knowledge, the first description of a miR-19
regulon that controls NF-kB signaling, and suggests
that targeting this miRNA and linked family
members could regulate the activity of NF-xB
signaling in inflammation.

INTRODUCTION

MicroRNAs (miRNAs) are critical regulators of gene
expression, and exert their activity through the modula-
tion of target mRNA stability or translation efficiency.

These small RNAs (~22nt) result from the processing of
longer transcripts with hairpin-like secondary structure by
two successive endonucleases, Drosha and Dicer (1).
A miRNA sclective activity on a given target mRNA
relies on the complementarity of the 5" ‘seed region’ of
the miRNA (2) to a cognate mRNA. Because such a
seed region is only 6-8 nt long, seed motifs are frequently
repeated in the genome and one miRNA can regulate
hundreds of target mRNAs simultaneously (3).
However, the miRNA effect on individual protein levels
is generally relatively modest (3). Nevertheless, the con-
current regulation of several genes in a given pathway by
a single miRNA can have a cumulative effect on the
biological process emanating from this pathway (4).

The nuclear factor-kB (NF-kB) family of transcription
factors is critical to the rapid response to pathogen infec-
tion and pro-inflammatory stimuli, and is sequestered
in the cytoplasm by inhibitor kB (IxkB) proteins under
homeostatic conditions. In the canonical NF-«B
pathway, degradation of IkB proteins results in the
nuclear translocation of NF-kB subunits and induction
of target genes. A complex regulation of signal transduc-
tion subsequently operates to ensure the return to homeo-
stasis. In the case of TNF-a signaling, this can be achieved
by the termination of signal transduction from the TNF
receptor 1 (TNFRI1) through the inducible degradation of
receptor-interacting protein 1 (RIP1), which is an essential
adaptor of TNFRI1-dependent NF-xB activation. This
inducible degradation of RIP1 relies on the dual activity
of the A20/Tnfaip3-ubiquitin editing complex (Tnfaip3/
Itch/Rnf11/Tax1bpl/Ccdc50/Tnipl),  which  replaces
the Ko63-linked polyubiquitin chains of RIP1 with
K48-linked polyubiquitin chains, to induce its pro-
teosomal degradation (5). This tight control of NF-xB
activity is critical in homeostasis and aberrant NF-xB
activation can result in tumor initiation and progression
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through the production of pro-inflammatory cytokines
(e.g. TNF-a, IL-6 and IL-8) (6). Not too surprisingly
given its critical role in the termination of NF-xB signal
transduction, mutations in A20 are associated with
aberrant NF-kB signaling and cancer development (5,7).
For example, A20 is frequently inactivated by som-
atic mutations and/or deletions in human B-cell
lymphomas (7).

It is now well accepted that NF-kB signaling is under
tight miRNA regulation. For instance, miR-9 is canonic-
ally induced by NF-kB following Toll-like receptor (TLR)
4 activation in human neutrophils and monocytes, and
acts to repress NF-xB signaling through direct targeting
of p50 mRNA (8). Similarly, miR-146a induction by
NF-kB negatively represses TLR signaling through its
effect on TRAF6, IRAK1 and IRAK2 (9). Regulation is
not restricted to canonical NF-kB signaling, as shown
with the repression of NF-kB-inducing kinase, which
is critical to the non-canonical NF-xB signaling, by
miR-31 (10). Moreover, the effect of miRNAs on
NF-kB is not limited to the repression of inflammation.
Another NF-kB-induced miRNA, miR-301, was shown to
positively contribute to NF-kB signaling through its re-
pressive effect on the NF-kB-repressing factor gene (11).
Similarly, NF-kB-dependent repression of let-7 processing
results in stabilized IL-6 mRNA and increased cytokine
production (12). Although evidence points clearly to an
important role for miRNAs in the modulation of NF-xB
signaling, the opposing effects of these miRNAs led us
to investigate the net contribution of miRNAs in the
regulation of NF-kB signaling and inflammation.

We show that global miRNA depletion results in the
decreased production of inflammatory mediators, and
have uncovered a novel role for miR-19b in the potenti-
ation of inflammation through its coordinated activity on
repressors of NF-kB signaling, including members of
the A20/Tnfaip3-ubiquitin editing complex.

MATERIALS AND METHODS
Ethics statement

The use of human tissues, animals and experimental
procedures was approved by the Monash Medical
Centre Ethics Committee (references MMCA/2008/26/
BC and MMCA 2007/07) and the Human Research
Ethics Committee. Rheumatoid arthritis (RA) patients
fulfilled the American College of Rheumatology (ACR)
criteria for the classification of RA (13). RA primary
fibroblast-like synoviocytes (FLS) were obtained from
surgical specimens of synovial tissue and cultured as pre-
viously described (14).

Cell culture

FLS cells were passaged until P8 in RPMI 1640+L-
glutamine medium (Invitrogen Corporation) comple-
mented with 1x antimycotic and 10% FBS (ICPBio
Ltd; referred to as complete RPMI). Dicer"**/"*xCre|
Esrl mice and SV40-mouse embryonic fibroblasts
(MEFs) from these mice were previously reported
(15). Bone marrow was isolated from the femurs of
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Dicer V"X xCre| Esr1 mice, and primary bone marrow-
derived macrophages (BMDMs) were differentiated
in 20% L929-cell-conditioned medium. BMDMs,
Dicer V"~ xCre|Esr1 and Dicer"™"*xCre|Esr1
SV40-MEFs, HEK293T, HEK293-TLR3 and HeLa cells
were cultured in complete Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen Corporation, Carlsbad,
CA, USA) supplemented with 10% sterile FBS (ICPBio
Ltd, Auckland, New Zealand) and I1x antibiotic/
antimycotic  (Invitrogen; referred to as complete
DMEM). Pam3CSK4 (TLR2/1 agonist, Invivogen, San
Diego, CA, USA), synthetic monophosphoryl lipid A
(Lipid A, Invivogen), LPS from E. coli Serotype
O111:B4 (TLR4 agonist, Enzo Life Sciences,
Farmingdale, NY, USA), Poly(I:C) (TLR3 agonist,
Roche, Nutley, NJ, USA) and ODNI1826 (mouse TLR9
agonist, Invivogen) were used at indicated concentrations.

4-hydroxy tamoxifen treatment of the cells

4-Hydroxy tamoxifen (OHT; Sigma Aldrich, St. Louis,
MO, USA) was used as previously reported (15). For
OHT treatment of SV40-MEFs, the cells were plated at
low density (20000 cells per well of a 6-well plate) and
treated with 500nM OHT for 16h (day 0). On day 1,
the cells were rinsed with fresh complete DMEM, and
left to expand further. The cells were collected from each
well on day 3 with 300ul TrypLE™ Express Stable
Trypsin (Invitrogen Corporation) and sub-plated into 96
wells. Synthetic miRNA mimics were reverse-transfected
at this stage in relevant experiments (Figure 3C). On day
4, the cells were rinsed with 150 pl complete DMEM, and
stimulated with 1.5pl of diluted Lipid A per well, to
obtain a final concentration of 200 ng/ml Lipid A. For
OHT stimulation of BMDMs, the cells were washed on
day 3 with fresh medium supplemented with 20%
L929-cell-conditioned medium and 500nM OHT. The
cells were rinsed to remove OHT on day 5, and collected
on day 7 before plating in 96-well plates—20% 1.929-
cell-conditioned medium. The BMDMs were subsequently
stimulated on day 8 (i.e. 5 days following OHT treatment).

Synthetic RNAs

AMO, small interfering RNA (siRNA) and si-miRNA
duplexes were synthesized as single-stranded RNAs
by Integrated DNA Technologies (IDT) with HPLC
purification, and resuspended in duplex buffer (100 mM
potassium acetate, 30mM HEPES, pH 7.5, DNase—
RNase free H,O). Annealing of siRNAs and si-miRNAs
was performed as previously reported (15). si-miR-19b
and si-miR-17 were synthesized as Dicer product
duplexes, with a mutated sense strand perfectly matching
to the miRNA guide strand:

si-miR-19b-S: Y AGUUUUGCAUGGAUUUGCACAUU;

si-miR-19b-AS: YUGUGCAAAUCCAUGCAAAACUGA.

si-miR-17-S: SACCUGCACUGUAAGCACUUUGUU;

si-miR-17-AS: YCAAAGUGCUUACAGUGCAGGUAG.

si-C is a 19+ 2 bp control siRNA duplex targeting human
Lamin A/C (NM_170707):

si-C-S: YSCUGGACUUCCAGAAGAACAATAT;
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si-C-AS: SUGUUCUUCUGGAAGUCCAGATAT.

siRNF11 was synthesized as a Dicer substrate [based
on (16)]:

siRNF11-FWD: SUAGGAUAGCUCAAAGAAUAGG
UCdTdT;

siRNFI11-REV: SYAAGACCUAUUCUUUGAGCUAU
CCUAAU.

siEGFPN, a Dicer substrate siRNA targeting EGFP (15)
was used as a control for siRNF11. AMOs were designed
and synthesized as reverse complements to target miRNAs,
with 2’-O-methyl RNA (2’OMe) groups and phospho-
diester linkages and a non-nucleotide naphthyl-azo group
chemical modifier (dubbed ‘ZEN) (17).

AMOs are based on the following sequences:

non-targeting control, AMO NC: YGzCGUAUUAUAG
CCGAUUAACGZA;

AMO 18(a): ¥CzUAUCUGCACUAGAUGCACCUUZA;

AMO 19(b): 5UzCAGUUUUGCAUGGAUUUGCACZA;

AMO 17(5p): §CzUACCUGCACUGUAAGCACUUUZG;

AMO 92(a): 5CzAGGCCGGGACAAGUGCAAUZA;
where ‘z’ denotes the insertion of the ZEN modification
between adjacent 2’OMe residues. Noteworthy, because of
their close sequence homology, it is anticipated that these
AMOs can affect all close family members (for instance,
miR-19b AMO would also affect miR-19a activity).

Transfection of small RNAs/AMOs

For Figures 2B and C, 3A and C and 4B-F and Supple-
mentary Figures S3 and S4, 1.35ul of Lipofectamine
2000 (Invitrogen Corporation) was diluted in 150 ul of
Opti-MEM and 1.5pul of si/mi-RNA/AMO molecules
(diluted to 4 uM in duplex buffer) was added. Following
20 min incubation, 50 pl of the Lipofectamine/RNA mix
was added per well of a 96-well plate (three biological rep-
licates per condition). A total of 150 ul of cells in suspension
in DMEM + 10% FCS without antibiotics was added on
the top of the Lipofectamine/RNA mix, giving a final 200 pl
per well with 10 nM oligonucleotide. For Figure 5, 8 x 10°
RA FLS cells were plated in 96 wells, 24 h before transfec-
tion. The cells were rinsed with 150 ul RPMI+10% FCS
without antibiotics per well at time of transfection. One
microlitre of Lipofectamine RNAiMax (Invitrogen
Corporation) diluted to 75ul of Opti-MEM was
combined to a mix of 75ul Opti-MEM with 1.5ul si/
mi-RNA molecules (at 4 uM), and incubated 15min. A
total of 50 pl of the resulting mix was added to each well
(resulting in a final 200 pl at 10 nM per well). For Figure 4F,
5.4ul of Lipofectamine 2000 was diluted in 100 ul of
Opti-MEM and 0.6 pl of siRNF11 or siEGFPN molecules
(at 40 uM) was added. Following 20 min incubation, the
100 pl of resulting mix was added to 400000 HEK293T
cells freshly plated in 2ml DMEM +10% FCS without
antibiotics, in a 6-well plate. After 24 h, the cells were
reverse transfected with 10 nM of AMO as indicated above.

Detection of cytokines

Human IL-6 and IL-8, and mouse IL-6, IL-12 and TNF-«
were measured using BD OptEIA ELISA sets according

to the manufacturer’s instructions (BD Biosciences, San
Jose, CA, USA). Tetramethylbenzidine substrate (Sigma
Aldrich, St. Louis, MO, USA) was used for quantification
of the cytokines on a Fluostar OPTIMA (BMG
LABTECH, Offenburg, Germany) plate-reader.

Luciferase assays

3’'UTRs from indicated genes were cloned into
pRL-Spacer, a modified pRL-Control vector (18), express-
ing Renilla luciferase under the control of a CMV
promoter. Cells were co-transfected with individual
pRL-3UTR vectors together with a firefly luciferase
control vector. For NF-kB luciferase assays, pIL-8-Luc
expressing firefly luciferase under the control of the
human IL-8 promoter was co-transfected with pRL-
Control.

Cloning of pN2-miR17~19b vectors

pN2-miR17~19b were created by sub-cloning the
miR-17~19b cassette (NR_027350, from position 1066
to 1721) from pMXs-17-19b puro (19) into pEGFP-N2
(Clontech, Mountain View, CA, USA)—both vectors
being digested by BamHI and Notl. pN2-miR-17~19b
was modified by two successive rounds of site-directed
mutagenesis using PfuTurbo polymerase (Agilent
Technologies, Santa Clara, CA, USA) and Dpnl digestion
(New England Biolabs, Ipswich, MA, USA), to mutate the
seed regions of miR-19a/b (GTGCAA becomes GacgAA;
Supplementary Table S2, for primers used), resulting in
pN2-miR17~19bA19a, A19b or A19aA19b. pRL-Spacer
used for the cloning of the 3UTR was generated by
inserting a synthetic short multi-cloning site region in
between Xbal and Notl of pRL-Control (18)
(Supplementary Methods and Supplementary Table S2,
for primers).

Statistical analyses

Statistical analyses were carried out using Prism 5
(GraphPad Software Inc.). All statistical analyses rely on
a minimum of six biological values (from a minimum of
two independent experiments).

RESULTS

Global depletion of miRNAs is associated with decreased
TLR signaling in bone marrow-derived macrophages

To investigate the overall impact of miRNAs in the
modulation of inflammation, BMDMs were isolated
from  Dicer /"~ xCre/Esr1™ mice, in which the
majority of the second RNase III domain of Dicerl is
deleted with OHT treatment of the cells (15). With the
exceptions of miR-451 (20), miR-1225 and miR-1228
(21), all mammalian miRNAs require Dicerl for their
final maturation. Treatment of Dicer"™*/**xCre/Esr1*
cells with OHT, therefore, results in gradual global
depletion of miRNAs, and prevents de novo production
of inducible miRNAs (15). Strikingly, a marked decreased
production of IL-6, TNF-o and IL-12 was observed when
these cells were stimulated with various TLR agonists
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Figure 1. Global depletion of miRNAs results in decreased pro-inflammatory cytokine production. (A-C) BMDMs from Dicer /"""~ xCre/Esr1"
mice were treated (black bars) or untreated (white bars) for 48 h with S00nM OHT as described in the ‘Materials and Methods’. (A) The cells were
treated with 10 ng/ml Pam3CSK4 (TLR1/2 agonist), 10 ng/ml LPS (TLR4 agonist) or I uM CpG oligonucleotides (TLR9 agonist) 5 days after initial
OHT treatment. IL-6, TNF-o and IL-12 levels were measured in supernatants collected 6h after TLR stimulation. Data are averaged from two
(Pam3CSK4 and CpG conditions) and three (LPS condition) independent experiments in biological triplicate. Two-tailed r-tests are shown
(*P<0.05, **P <0.01 and ***P <0.001). (B, C) Total RNA was extracted from non-stimulated cells and miR-19 b/let-7i (B) and Dicer/ mRNA
levels (C) were measured by RT-qPCR. Expression was normalized to U6 RNA (B) and Gapdh mRNA (C) and is shown relative to non-OHT
treated condition. Data are averaged from three independent experiments. (A—C) SEM is shown.

(for TLR1/2, TLR4 and TLRY; Figure 1A). This defect in
pro-inflammatory cytokine production was not seen in
control  BMDMs from Dicerl""'xCre/Esrl~ mice
treated with OHT, suggesting the specific involvement of
Dicerl and miRNAs in this effect (Supplementary Figure
S1). In accordance with our previous results, due to
variable decay rates between miRNAs (15), Dicer "
foxxCre/Esrl”™ BMDMs exhibited a 35-70% depletion
of miRNAs 5 days after OHT-mediated Dicerl deletion
in more than 99% of the cells, as demonstrated with let-7i
and miR-19b miRNAs, and Dicer] mRNA levels (Figure
1B and C). These results strongly suggest that the overall
effect of miRNAs is to potentiate pro-inflammatory
cytokine production in response to TLR agonists.

miR-19b positively regulates NF-kB signaling

The finding that global miRNA depletion inhibited
production of cytokines controlled by NF-kB suggested
that relief of miRNA control of repressors of NF-kB
signaling could be at play. In silico analyses of several
known critical regulators of NF-kB signaling, including
A20 (Tnfaip3), Cyld, and Cezanne (Otud7b) (5),
revealed enriched targeting of miRNAs from the
miR-17~92 cluster (including miR-17/20, miR-19 and
miR-18 sites; Figure 2A). Moreover, several members
of the Tnfaip3-ubiquitin editing complex (Tnfaip3/Itch/
Tnipl/Rnfll) (5) were predicted targets for miR-19
across species (Figure 2A).

To assess whether the miR-17~92 cluster of miRNAs
could be involved in the regulation of NF-kB signaling, we
measured the responsiveness of an NF-kB luciferase
reporter following AMO (miRNA antagonist)-mediated
depletion of each family member of this miRNA cluster,
in HEK293 TLR3 cells stimulated with poly(I:C).
HEK?293 cells have been shown previously to express the
miR-17~92 miRNA cluster in relatively high abundance
(23). Although no significant effects were seen with

miR-17, miR-18 and miR-92 AMOs, blocking of miR-19
resulted in a significant decrease in NF-kB luciferase
induction following TLR3 activation (Figure 2B).
Similarly, blocking of miR-19 significantly reduced
production of IL-8 following TNF-o stimulation of
HEK293T cells (Figure 2C). To delineate further the
relative contribution of miR-19a and miR-19b in the regu-
lation of NF-kB signaling, HeLa cells were transfected
with over-expression vectors encoding a miR-17~19b
cassette (19), or mutated variants for miR-19a (A19a),
miR-19b (A19b) or both (A19aA19b; see ‘Materials and
Methods’ section). Basal NF-kB activity following
miR-19b mutation was indistinguishable from that of
the double mutant A19aA19b, while both wild-type
(WT) and miR-19a mutant vectors showed a significant
increase in basal NF-kB activity (Figure 2D). Although
mutation of miR-19a did result in a decrease in NF-kB
activity compared to the WT vector, these results sug-
gested that miR-19b accounts for most of the effect of
miR-17~19b on NF-kB signaling. Altogether, these
results indicate a role for miR-19b in the positive regula-
tion of NF-kB signaling.

miR-19b is a critical component of the miRNA regulation
of NF-kB signaling

The findings accumulated thus far suggested that the
effect of global miRNA depletion on the production of
pro-inflammatory cytokines seen in BMDMs would
involve miR-19b. TagMan® reverse transcription quanti-
tative real-time PCR (RT-qPCR) of 335 miRNAs in
BMDMs confirmed that miR-19b was one of the five
most abundant miRNAs expressed at basal levels
in these cells, and could therefore be implicated
(Supplementary Figure S2). Inhibition of miR-19 in
SV40 large T-antigen immortalized MEFs resulted in
decreased NF-«B luciferase activity and IL-6 production
with TLR1/2 stimulation (Figure 3A), confirming that the
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Figure 2. miR-19b is involved in the regulation of NF-kB signaling.
(A) Targetscan (v6) (22) predictions of miR-17/20, miR-19 and miR-18
conserved targeting of known negative regulators of NF-kB signaling
(5). The star denotes proteins proposed to belong to the A20
ubiquitin-editing complex (5). (B) HEK293 cells stably expressing
TLR3 were transfected with an NF-kB-luciferase reporter, and 10 nM
of the indicated antagomiR (AMO; AMO NC: non-target control).
Cells were stimulated for 6h with 10 pg/ml of poly(I:C) (black bars).
Ratios of firefly luciferase/Renilla luciferase levels in lysates were
reported to ratios of non-treated condition for each AMO. The data
are averaged from three independent experiments in biological tripli-
cate. (C) HEK293T cells were stimulated for 6h with 10 ng/ml TNF-a
(black bars) following transfection with 10nM of the indicated AMO.
Supernatants were collected and IL-8 levels measured by ELISA.
The data are averaged from two independent experiments in biological
triplicate. (B, C) Non-parametric Mann—-Whitney U tests comparing
AMO NC to AMO 19 condition are shown (*P<0.05 and
**P <0.01). (D) HeLa cells were co-transfected with pN2-miR-17—
19b vectors and an NF-«kB-/Renilla luciferase vector and cultured for
48 h. Ratios of firefly luciferase/Renilla luciferase levels in lysates were
reported to ratios of A19aA19b vector condition (see ‘Materials and
Methods’ section). Data shown are averaged from three independent
experiments in biological triplicate with non-parametric Mann—Whitney
U tests compared to Al19aAl19b vector condition (¥*P <0.05 and
***P <0.001). (B-D) SEM is shown.

effect of miR-19b on NF-kB signaling is not restricted to
human cells. Because miR-19b is the most abundant
miRNA expressed in these SV40 MEFs (Supplementary
Figure S2) (15), we sought to repeat the BMDM results
and analyzed the respons1veness of Dicer V"*MoxxCre/
Esrl* and Dicer"*"'xCre/EsrI* SV40-MEFs following
OHT-mediated miRNA depletion. OHT-mediated
miR-19b decrease (~30%) in 99.5% of the cells
(Supplementary Figure S2) was concordant with a 91%
decrease in TLR1/2-induced IL-6 production in Dicer F"*

floxxCre/Esr1" cells (Figure 3B). Conversely, the effects of

OHT were limited to a 59% decrease in TLR1/2-induced
IL-6 production in Dicer/""'xCre/EsrI*, where
miR-19b levels were not decreased (Figure 3B and
Supplementary Figure S2). Similarly, OHT-mediated
miR-19b decrease resulted in a ~60% decrease in
TLR4-induced IL-6 production in Dicer "~ xCre|
Esrl" MEFs (Figure 3C, compare conditions ‘si-C’ with
Lipid A stimulation, with and without OHT treatment).
Further implicating miR-19b in this effect, rescue of
miR-19b levels by transfection of a synthetic double-
stranded miRNA mimic for miR-19b (si-miR-19b)
restored IL-6 levels in OHT-treated Dicer"****xCre|
Esrl” MEFs, following TLR4 stimulation, to levels com-
parable to non-OHT treated cells (Figure 3C, compare
conditions ‘si-C Non-treated” and ‘si-miR-19b +OHT’,
with Lipid A stimulation). Collectively, these results
indicate that miR-19b has a critical contribution to
the miRNA regulation of NF-kB signaling and
pro-inflammatory cytokine production.

miR-19b controls several negative regulators of NF-kB

The findings that AMO-mediated blocking of miR-19b
decreased both TLR- and TNF-a-driven NF-kB signaling
suggested the involvement of the A20-ubiquitin editing
complex, which is heavily targeted by miR-19
(Figure 2A). Interestingly, miR-19 is known to regulate
expression of suppressor of cytokine signaling 1
(SOCS1) (24), which decreases NF-kB activity through
blocking of TLR2/4 signaling (25,26). We therefore
searched for other putative targets of miR-19 that could
also be at play in the negative regulation of NF-xB
signaling. In silico analyses of miRNA targeting sites
identified miR-19 target sites in 13 genes negatively affect-
ing NF-xB signaling at different levels of signal transduc-
tion (Supplementary Table S1). We selected a sample of
seven of these genes (Tnfaip3, Rnfll, Kdm2a, Otud7b,
Cyld, Irak3 and Zbtb16) (5,27-29) (Figure 4A), and
analyzed the impact of their 3’UTR on mRNA stability/
translation efficiency of Renilla luciferase reporters follow-
ing AMO blocking of miR-19 (Figure 4B). Expression of
3'UTR reporters of four of these genes (Tnfaip3, Rnfll,
Kdm2a and Zbtb16) were significantly affected by miR-19
depletion, and this specifically related to the presence of
miR-19 target sites in these 3’UTRs as this effect was not
seen in 3’UTR reporters with mutated miR-19 target sites
(Figure 4C). Interestingly, while miR-19 inhibition exerted
a modest effect on the increased expression of Tnfaip3,
Kdm2a and Zbtbl6 3'UTR reporters, expression of
Rnf11 3’UTR reporter was about 10-fold more than that
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of the other reporters, suggesting a critical role for Rnf11
in the mediation of miR-19 effects on NF-kB signaling.
The converse experiment relying on the transfection of
synthetic si-miR-19b confirmed the strong effect of
miR-19b on Rnfll 3IUTR reporter (Supplementary
Figure S3). Transfection of si-miR-19b in HeLa cells
strongly increased miR-19b intracellular levels (13-fold)
and significantly decreased endogenous Rnfll mRNA
levels (Figure 4D and E). This was coordinated with a
significant increase in basal I1L-8 production by the cells
(Figure 4D). Conversely, inhibition of basal miR-19b
resulted in a significant increase in endogenous RNFII
mRNA levels (Supplementary Figure S3). In addition,
RNA interference (RNAi)-based down-regulation of
RNF11 prior to AMO 19 treatment of the cells suppressed
the inhibitory effect of AMO 19 on TNF-a induced IL-8
by HEK293T cells (Figure 4F and Supplementary
Figure S3). Altogether, these findings demonstrate the
direct involvement of miR-19b in the modulation of
expression of several known negative regulators of
NF-«B signaling, and indicate an important role for
Rnf11 in the effect of miR-19b on NF-«B signaling.

miR-19b increases basal inflammation in primary
human fibroblast-like synoviocytes

To characterize further the physiological relevance of
miR-19b on NF-xB signaling and inflammation, we
investigated the impact of si-miR-19b transfection on
basal cytokine production by RA primary FLS. FLS are
an important contributor to the inflammatory pathology
of RA synovitis, and spontaneously produce large
amounts of pro-inflammatory cytokines such as IL-6
and IL-8 without further stimulation (32). Given that pro-
duction of such cytokines can be further induced through
activation of NF-kB signaling (33), we investigated the
possibility that increased miR-19b could enhance
cytokine production by these primary cells. si-miR-19
transfection significantly increased basal I1L-6 and IL-8
secretion by FLS, by ~50 and ~20%, respectively
(Figure 5). Noteworthy, while the down-regulation of
RNFI1I mRNA by RNAi (siRNFI1 condition and
Supplementary Figure S3) did not affect IL-6 levels, it
induced a modest increase in IL-8 secretion, which
suggests a possible contribution of RNF11 to the effects
of miR-19 in these cells. Collectively, these results
demonstrate that miR-19b can exacerbate the inflamma-
tory activation of cells crucial to the pathology of an
auto-inflammatory disease.

DISCUSSION

miRNAs are critical regulators of cellular homeostasis.
As such, imbalanced expression of select miRNAs result-
ing from chromosomal duplication or inefficient
miRNA processing is an important component of tumor
cell development (34,35). The miR-17~92 cluster of
miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-
19b-1 and miR-92-1) was originally described to be
over-expressed in human B-cell lymphoma samples, as
a result of chromosome 13q31-q32 amplification (395).
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Critically, over-expression of miR-17~92 in a Myc-driven
mouse model of B-cell lymphoma accelerated tumor de-
velopment (35), thereby highlighting the direct contribu-
tion of miR-17~92 miRNAs in tumor development. Over
200 publications relating to miR-17~92 or family
members have been published to date, establishing the
crucial role of this cluster of miRNAs (also known as
oncomiR-1) in oncogenesis. Genetic dissection of the
relative contribution of the individual miRNAs of this
cluster has demonstrated that miR-19 recapitulated on
its own the oncogenic effects of the full cluster (36,37).
miR-19 has been shown to exerts its oncogenic effects
through its repression of the tumor suppressors Pten and
Pp2a (36-38), the pro-apoptotic molecule Bim and the
AMP-activated kinase Prkaal (38). Crucially, these
genes belong to the phosphatidylinositol-3-OH kinase-
related survival signals pathway, and illustrate how
the combined regulation of several genes by miR-19
participates in its overall oncogenic function.

In this study, we sought to characterize the overall
contribution of miRNAs in the control of NF-kB-driven
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inflammation. While inducible miRNAs such as miR-146a
or miR-301 are used to fine-tune stimulus-driven inflam-
mation (9,11), we hypothesized that other miRNAs
basally expressed in cells might be involved in the repres-
sion of innate immune genes in steady state. This
was supported by our prediction that less than 20% of
innate immune genes under miRNA repression would
be regulated by known inducible miRNAs (39).
We investigated the production of pro-inflammatory cyto-
kines following the inducible deletion of Dicerl and the
ensuing global miRNA depletion (15). While anticipating
an increased production of TNF-a and IL-6, the levels
of which are repressed by miR-19 and let-7 (12,40),
respectively, we found that levels of these two cytokines,
together with that of IL-12, were markedly decreased fol-
lowing Dicerl deletion in primary BMDMs (Figure 1).
This was independent of the TLR pathway recruited,
and was later confirmed for IL-6 in SV40-MEFs
stimulated with TLR1/2 and TLR4 agonists (Figure 3).
Similar to the positive effect of miR-301 on NF-xB
signaling mediated by its repressive action on the
NF-«B-repressing factor gene, we suspected the involve-
ment of negative regulators of NF-kB in these phenom-
ena. In silico analyses suggested an important role for the
miR-17~92 cluster of miRNAs in the regulation of several
known regulators of NF-«kB signaling, including five out
of six members of the A20-ubiquitin editing complex
(Tnfaip3, Itch, Tnipl, Cedc50 and Rnf11). In accordance
with a putative interplay between NF-kB signaling and the
miR-17~92 cluster, the promoter region of the cluster was
previously found to be regulated by the NF-xB p65
subunit (41). In addition, data mining of a miRNA expres-
sion atlas suggests an increased expression of the
miR-17~92 cluster following TLR4 activation of
B-cells (23).

AMO-mediated blocking of the individual miRNAs
from the cluster denoted a possible role for miR-19a/b
in potentiation of NF-xB signaling in both TLR and
TNF pathways in human HEK?293 cells (Figure 2), and
this was later confirmed in SV40-MEFs (Figure 3).
miR-19b was the prevalent contributor to this positive
regulation of NF-kB signaling, as determined in muta-
genic studies of the cluster (Figure 2). Critically, transfec-
tion of synthetic miR-19b mimic in SV40-MEFs depleted
of miR-19b restored ~70% of the IL-6 levels seen in
non-treated cells after TLR4 stimulation (Figure 3).
The effects of miR-19b on NF-xB signaling were not
limited to induced states, and increased miR-19b levels
had a potent effect on the basal NF-xB activity, as seen
with increased basal IL-8 levels (Figures 2 and 4). Finally,
transfection of synthetic miR-19b in RA primary FLS
resulted in the significant exacerbation of inflammation,
as measured through IL-6 and IL-8 spontaneous produc-
tion by these cells. Collectively, these results establish a
critical role for miR-19b in the positive regulation of
NF-kB and pro-inflammatory cytokine production. As
shown with the example of miR-301, positive regulation
of NF-kB signaling is however not exclusive to miR-19b.
It is most likely that factors other than miR-19b impact on
cytokine production in Dicerl-depleted cells. Indeed,
Dicer "*'xCre/Esr1"* cells exhibited a 59% decrease of
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IL-6 production with TLR1/2 stimulation, while miR-19b
levels were not decreased (Figure 3 and Supplementary
Figure S2).

Our data establish that the positive effect of miR-19b on
NF-kB signaling is concurrent with its direct targeting of
several known negative regulators of NF-kB signaling:
Rnfll, Tnfaip3, Kdm2a, Zbtb16 and Socsl (Figure 4)
(24). Noteworthy, expression of both Tnfaip3 and Rnfl1l
mRNAs has previously been shown to be repressed upon
miR-19 over-expression (38). While Rnf11/Tnfaip3 are
involved in the termination of signal transduction (5),
Kdm2a/FbxIl1 and Zbth16 exert their repressive effect
through the modulation of transcriptional activity of
NF-kB subunits (28,29). This underlines the effect of
miR-19b at different levels of NF-kB signaling.
In Supplementary Table S1, many other important
negative regulators of NF-kB signaling are predicted
targets of miR-19b, and it is likely that ~50% of these
predictions are accurate (3). Because these regulators have
variable expression levels among cell types, it is improb-
able that miR-19b relies on each one of these genes to
exert its regulatory activity. Rather, the widespread
targeting of miR-19b among negative regulators of
NF-kB signaling would ensure its regulatory effect in
many cell types. This is supported by a recent report
describing the repressive effect of endogenous miR-19 on
CYLD levels in T-cell leukemia cell lines (Jurkat and
Molt-4 cells), but not in HEK293T cells (42). This is in
accordance with our results with the murine Cyld 3'UTR
reporter (Figure 4). Although modestly regulating
Tnfaip3, Zbtb16 and Kdm2a 3'UTR reporters, miR-19b
strongly affected Rnf11 3'UTR reporter and endogenous
mRNA levels. This observation is in agreement with
rescue experiments of miR-19 expression in miR-
17~92-deficient B-cell lymphomas, where Rnf1l was one
of the most differentially expressed genes (36). As such,
although exerting a regulatory effect on a wide panel of
negative regulators of NF-«B, Rnf11 seems to be a critical
component of the effect of miR-19b. This is supported by
our observation that RNFI] down-regulation by siRNAs
suppressed the inhibitory effect of AMO 19 (Figure 4) and
mildly potentiated IL-8 production by RA FLS
cells (Figure 5). The lack of an effect of RNFII
down-regulation on IL-6 production by RA FLS cells
suggests differential downstream effects of RNFI11 on
IL-6 and IL-8 signaling, although it could also relate to
the fact that the efficacy of RNAI in these cells was rela-
tively low (~60%). Given the potency of the RNFI11
siRNA (see the data in HEK293T cells; Supplementary
Figure S3), this probably relates to a transfection
efficiency of the cells, and differences in IL-6 and IL-8
production could originate from differences in paracrine
effects of non-transfected cells.

It has recently been proposed that TLR2 is a direct
target for miR-19, and TNF-o has been shown to be
destabilized by miR-19, suggesting a repressive effect of
miR-19 on inflammation (40,43). Given the numerous
targets of miR-19b, it is not surprising that its effects on
the modulation of NF-«B signaling are not limited to that
of the modulation of negative regulators of NF-kB.
Importantly however, we found that in Dicerl depleted

cells TLR2 signaling was strongly decreased, which
suggests that although possibly having a repressive effect
on TLR2 levels, the net effect of miRNAs on TLR2 sig-
naling in mice is positive regulation. Our findings suggest
that the entire miR-17~92 cluster, not only miR-19, is
implicated in the modulation of NF-kB-driven inflamma-
tion. As such, we found that several negative regulators of
NF-kB were targeted by multiple members of this cluster
(Figure 2). This indicates a possible additive effect on the
destabilization of their targets. Moreover, we showed that
Tnfaip3 3UTR was directly regulated by both miR-19
and miR-18, the co-depletion of which by AMO resulted
in a further increase in Tnfaip3 3'UTR reporter expression
(Supplementary Figure S4). This indicates a pro-
inflammatory effect of miR-18, which is consistent with
a reported role for miR-18 in the facilitation of IL-6
signal transduction (44). Nevertheless, the effects of
various members of the miR-17~92 cluster on the produc-
tion of select pro-inflammatory factors are finely balanced
and sometimes opposed, as seen with the opposite effects
of miR-19 and miR-17 on IL-8 levels—IL-8 is a confirmed
target of miR-17 (Supplementary Figure S4) (45). We
propose that strategies perturbing the balance between
miR-19 and miR-17 effects could present novel avenues
for the treatment of auto-inflammatory disorders where
IL-8 is involved. For instance, we found that AMO-
blocking of miR-19 together with transfection of miR-17
mimics resulted in potentiation of the inhibition of IL-8
production upon TNF-o stimulation (Supplementary
Figure S4).

The NF-xB pathway is critical in the pathogenesis of
inflammatory diseases such as RA, wherein the initiation
and perpetuation of inflammation are dependent on
cytokines whose expression is regulated by NF-kB. In
RA, activation of NF-«xB is suggested to be a key link
between inflammation and proliferation of FLS, the
latter being an essential factor in the hyperplasia of the
synovium in this disease (46). Our findings suggest
that endogenous miR-19b may have a key regulatory
role in constraining the production of pro-inflammatory
cytokines and chemokines by FLS, and hence be a
contributor to the pathology of this disease. Further
work wusing animals lacking miR-17~92 in specific
immune cell types, should help define further the direct
contribution of this cluster of miRNAs in the pathology
of RA.
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