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IL-10 Inhibits miR-155 Induction by Toll-like Receptors™
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IL-10is a potent anti-inflammatory cytokine that is crucial for
down-regulating pro-inflammatory genes, which are induced by
Toll-like receptor (TLR) signaling. In this study, we have exam-
ined whether modulation of microRNAs plays a role in the inhibi-
tory effect of IL-10 on TLR4 signaling. Analyzing microRNAs
known to be induced by TLR4, we found that IL-10 could inhibit
the expression of miR-155 in response to lipopolysaccharide but
had no effect on miR-21 or miR-146a. IL-10 inhibited miR-155
transcription from the BIC gene in a STAT3-dependent man-
ner. This inhibitory effect of IL-10 on miR-155 led to an increase
in the expression of the miR-155 target, SHIP1. This is the first
example of IL-10 playing a role in microRNA function and sug-
gests that through its inhibitory effect on miR-155, IL-10 has the
ability to promote anti-inflammatory gene expression.

IL-10 is a potent anti-inflammatory cytokine that is crucial
for dampening the inflammatory response after pathogen inva-
sion and acts to protect the host from excessive inflammation
(1). For example, mice deficient in IL-10 have been shown to die
from excessive inflammatory responses when exposed to bac-
terial pathogens (1). In addition, many inflammatory diseases in
humans can be associated with poor IL-10 expression such as
ulcerative colitis, Crohn disease, and asthma (2, 3). One mech-
anism whereby IL-10 mediates its anti-inflammatory effect is
through the down-regulation of pro-inflammatory genes
induced downstream of Toll-like receptor (TLR)” signaling
such as those encoding IL-1, IL-12, tumor necrosis factor «, and
IL-6. This is accomplished when IL-10 signals through the
JAK1-STAT3 pathway, resulting in the induction of as yet
unknown STAT3-responsive genes, which are thought to be
responsible for the inhibition of these pro-inflammatory pro-
teins (1, 4). In this study, we set out to examine whether mod-
ulation of microRNAs (miRNAs) might play a role in the inhib-
itory effect of IL-10 on signaling by TLR4, the receptor
responsible for sensing the Gram-negative bacterial product,
lipopolysaccharide (LPS).
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The discovery of miRNAs has revealed an entirely new mech-
anism of negative regulation within the cell (5-8). miRNAs are
small endogenous RNA molecules (~22 nucleotides) that have
the ability to base pair to mRNA sequences from protein-cod-
ing genes, leading to partial or full degradation of the mRNA
transcript (5— 8). With the identification of over 500 miRNAs to
date and the prediction that each miRNA may recognize several
hundred target sequences, the current challenge is to identify
these targets and understand how miRNAs are regulated within
the cell. This is particularly important considering the mount-
ing evidence demonstrating their contribution to disease and
their roles in cellular mechanisms such as differentiation,
metabolism, and immunity (5-8).

A role for miRNAs in the innate immune response was dem-
onstrated when miRNAs such as miR-146a, miR-155, and
miR-21 were shown to become induced in response to TLR4
signaling in monocytes (9 -11). miR-146a and miR-21 are both
induced by LPS, where the former has been shown to target
TRAF6 and IRAK]1, two upstream signaling components within
the TLR4 pathway, whereas miR-21 was shown to negatively
regulate programmed cell death 4, a pro-inflammatory protein
that promotes NF-«B activation and suppresses IL-10 (9, 11).
miR-155 is also induced by LPS, as well as other TLR ligands
and pro-inflammatory cytokines (10). Numerous targets have
been identified for miR-155 such as c-Maf, Bachl, PU.L,
C/ebpp, and SHIP1; however, their role in TLR signaling has
never been extensively explored before (12—-17). Mice deficient
in miR-155 have defects in B cell differentiation, as well as pos-
sessing severe deficiencies in immune responses when exposed
to pathogens, thus highlighting the important role miR-155
plays in the immune system as a whole (12, 18, 19).

In this study, we demonstrated that IL-10 could inhibit the
expression of miR-155 in response to LPS but had no effect on
miR-21 or miR-146a. This inhibition of miR-155 by IL-10 led to
an increase in the expression of the miR-155 target, SHIP1.
Because SHIP1 has been shown to limit TLR signaling (20), the
ability of IL-10 to increase its expression via inhibition of miR-
155 provides new insights into the complex signaling mecha-
nism of IL-10. This finding also identifies a novel mechanism of
control on miR-155, an miRNA that has been implicated in the
innate immune response and cancer progression.

EXPERIMENTAL PROCEDURES

Reagents—LPS from Escherichia coli, Serotype 0111:B4, was
from Alexis. Recombinant mouse and human IL-10 were from
R&D Biosystems. Precursor-miR-155 (pre-155) oligonucleo-
tide was obtained from Ambion.
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Cell Culture—Immortalized bone marrow-derived macro-
phages (BMDM), a kind gift from Douglas Golenbock (Univer-
sity of Massachusetts), and Raw264.7 cell lines, obtained from
the European Cell Culture Collection, were maintained in Dul-
becco’s modified Eagle’s medium. Wild-type and IL-10-defi-
cient bone marrow obtained from Peter Murray (University of
Memphis) were isolated from the tibias and femurs of C57/Bl6
mice, and primary BMDM were generated as described
previously (11). Human peripheral blood mononuclear cells
(hPBMC) were isolated from whole blood using a Ficoll gradi-
ent (21). Splenocytes from wild-type and Eu-miR-155 trans-
genic mice, obtained from Carlo Croce (Ohio State University),
were maintained in RPMI and 50 uM -mercaptoethanol. In all
cases, Dulbecco’s modified Eagle’s medium and RPMI medium
were supplemented with 10% fetal calf serum, 2 mMm L-gluta-
mine, 1% penicillin/streptomycin solution (v/v).

RT-PCR—Immortalized BMDM (I-BMDM) and differenti-
ated primary BMDM or hPBMC were set up at 4 X 10° or 1 X
10°, respectively, in 24-well plates 1 day prior to stimulation.
Cells were stimulated with LPS and/or IL-10 as indicated in the
figure legends. Total RNA was extracted using the RNeasy kit
(Qiagen), modified to obtain small RNA species. For miRNA
analysis, miRNA TagMan assays for miR-21, miR-146a, miR-
155, miR-191, and RNU6B (Applied Biosystems) were used
according to the manufacturer’s instructions where 5 ng/ml
total RNA was used as starting material. For mRNA expression
analysis, cDNA was prepared from 20 to 100 ng/ml total RNA
using the High-Capacity cDNA archive kit (Applied Biosys-
tems) according to the manufacturer’s instructions. mRNA
expression was then monitored using SYBR Green-based
chemistry (Invitrogen) using the following primers: glyceralde-
hyde-3-phosphate dehydrogenase, 5'-gaa cgg gaa gct tgt cat
caa-3’, forward, 5'-cta agc agt tgg tgg tgc ag-3’, reverse; Pri-
mmu-155, 5'-gac aca agg cct gtt act agc ac-3’, forward, 5'-gtc
tga cat cta cgt tca tcc age-3’, reverse; Pre-mmu-155, 5'-gct aat
tgt gat agg ggt ttt gg-3', forward, 5'-gtt aat gct aac agg tag gag
tc-3', reverse; SHIP1, 5'-ggt ggt acg gtt tgg aga ga-3’, forward,
5'-atg ctg agc ctc tgt ggt ct-3', reverse. miRNA and mRNA
expression were measured on the 7900 RT-PCR system
(Applied Biosystems), and -fold changes in expression were cal-
culated by the Delta Delta CT method using miR-191 (BMDM/
hPBMC) (22) or RNU6B (splenocytes) as an endogenous con-
trol for miRNA analysis and glyceraldehyde-3-phosphate
dehydrogenase as an endogenous control for mRNA expres-
sion. All -fold changes are expressed normalized to non-stim-
ulated control for each cell type.

Enzyme-linked Immunosorbent Assay—Murine IL-10 expres-
sion was measured from the supernatants of stimulated cells using
an enzyme-linked immunosorbent assay DuoSet kit (R&D Biosys-
tems) according to the manufacturer’s instructions.

Luciferase Assays—BIC luciferase plasmid along with the
NE-«kB, AP1, and Ets1 mutants were a kind gift from Eric Flem-
ington (Tulane University, New Orleans, LA). Raw264.7 cells
seeded at 2 X 10°/ml in 24-well plates were transfected using
6% GeneJuice with each plasmid and TK-Renilla and 25 nm
murine si-control and si-STAT3 (Santa Cruz Biotechnology,
sc-29494) for small interfering RNA experiments. Cells were
rested for 24—48 h prior to stimulation with LPS or LPS +
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IL-10 for 18 h. pMir-SHIP1 and SHIP1 mutant 3'-UTR lucifer-
ase plasmids (kind gifts from David Baltimore, California Insti-
tute of Technology) were co-transfected with TK-Renilla and
increasing concentrations of pre-155 oligonucleotide into
Raw264.7 or stimulated with LPS or LPS + IL-10 for 8 h. In all
cases, cells were lysed in passive lysis buffer before being ana-
lyzed for both luciferase and TK-Renilla activity as described
previously (23). Data were normalized to TK-Renilla activity
and represented as mean * S.D. for triplicate determinations
where -fold changes are expressed normalized to non-stimu-
lated control.

Protein Expression—Differentiated IL-10-deficient BMDM
cells seeded at 4 X 10°/ml in 6-well plates were stimulated with
LPS and/or IL-10 as indicated in the figure legends. Cells were
lysed in low stringency lysis buffer complete with protease
inhibitors, and protein concentration was determined using the
Coomassie Bradford reagent (Pierce). Lysates were resolved on
10% SDS-PAGE gels and transferred onto polyvinylidene
difluoride membrane before being immunoblotted with anti-
SHIP1 (P1C1, Santa Cruz Biotechnology) or anti-B-actin (AC-
15, Sigma). Blots were developed by enhanced chemilumines-
cence (ECL) (Cell Signaling Technology Inc.).

RESULTS

IL-10 Inhibits miR-155 Expression in Response to TLR4
Stimulation—In an effort to determine whether IL-10 could
modulate any miRNA downstream of TLR4 signaling, we first
decided to investigate the effect of IL-10 on miR-155, miR-
146a, and miR-21, miRNAs that are known to be induced
downstream of TLR4 (9-11). As shown in Fig. 14, in -BMDM,
LPS gradually induced the expression of miR-155 (upper
graph), miR-21 (middle graph), and miR-146a (lower graph)
over time where the expression of each miRNA was greatest at
24 h. The effect of LPS was particularly evident on miR-155,
which was induced over 200-fold when compared with non-
stimulated control. When cells were treated with LPS in the
presence of IL-10, the expression of miR-155 was inhibited, the
effect being most evident at 24 h (upper graph). In contrast,
IL-10 had no effect on miR-21 or miR-146a (middle and lower
graph). This indicated a specific effect for IL-10 on the sole
expression of one miRNA, although all three were induced by
LPS. IL-10 alone appeared to have no effect on miR-155, miR-
21, or miR-146a, suggesting that IL-10 only works to inhibit
miR-155 after TLR4 stimulation.

We next investigated the expression of miR-155 in response
to LPS when pretreated with varying concentrations of IL-10 or
when pretreated with IL-10 for various times (Fig. 1b). In
response to LPS stimulation alone, miR-155 expression was
induced 120-fold; however, pretreatment with increasing con-
centrations of IL-10 gradually decreased miR-155 expression,
where the optimal inhibition occurred when IL-10 was used at
25 ng/ml (Fig. 1b, upper graph). miR-155 expression was then
analyzed in I-BMDM, which were pretreated with IL-10 for
various times prior to the addition of LPS for 24 h (Fig. 1b, lower
graph). miR-155 expression was induced 100-fold in response
to LPS alone, and interestingly, irrespective of the length of
time cells were pretreated with IL-10, miR-155 expression was
reduced. For these reasons, cells were pretreated for the mini-
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FIGURE 1. IL-10 inhibits miR-155 expression in response to TLR4 stimulation. a, -BMDM were stimulated
with LPS (100 ng/ml), with LPS + IL-10 (20 ng/ml), or with IL-10 alone for the times indicated. Expression of
miR-155, miR-21 and miR-146a was measured by RT-PCR. b, - BMDM were pretreated for 5 min with increasing
doses of IL-10 or pretreated for various times with IL-10 (20 ng/ml) prior to the addition of LPS (100 ng/ml) for
24 h. miR-155 expression was measured by RT-PCR. In both cases, results were normalized and represented as
-fold stimulation over the non-stimulated control and are representative of at least three separate

experiments.
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FIGURE 2. IL-10 inhibits miR-155 in primary BMDM and hPBMC. g, primary BMDM and hPBMC were stimu-
lated with LPS (100 ng/ml) or LPS + IL-10 (20 ng/ml) and measured for miR-155 expression by RT-PCR. b, WT and
IL-10-deficient BMDM (/L-10 KO) were untreated or pretreated with monoclonal (mAb) IL-10 antibody (5 wg/ml)
for 1 h prior to stimulation with LPS (100 ng/ml) for 24 h. Cells were analyzed for IL-10 expression by enzyme-
linked immunosorbent assay and for miR-155 expression by RT-PCR. In all cases, graphs are representative of at
least three separate experiments. Error bars indicate S.D. Unstim, unstimulated.

mum time of 5 min with IL-10 at a concentration of 20 ng/ml
prior to the addition of LPS for all future experiments unless

otherwise indicated.

We then set out to examine whether IL-10 had the same
effect on miR-155 in primary BMDM and hPBMC (Fig. 2a). LPS
induced the expression of miR-155 40-fold in primary BMDM
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(upper graph) and 8-fold in hPBMC
(lower graph) after 24 h of stimula-
tion. In both these cell types, IL-10
inhibited the expression of miR-155
from as early as 4 h, although the
effect of IL-10 appeared to occur
earlier in hPBMC (lower graph).
We next compared the effect of
LPS on miR-155 expression in pri-
mary wild-type and IL-10-deficient
BMDM. It is well known that in
addition to LPS inducing pro-in-
flammatory cytokines, LPS also
induces IL-10 to negatively feed
back on the pathway and switch off
this pro-inflammatory response. As
shown in Fig. 2b, upper graph, wild-
type BMDM cells treated with LPS
induced IL-10 protein expression,
where the maximal amount pro-
duced occurred at 8 h. As expected,
LPS could not induce IL-10 in
IL-10-deficient BMDM (Fig. 2b,
upper graph). The fact that LPS can-
not induce IL-10 in IL-10-deficient
BMDM predicts that miR-155
expression should be higher in these
cells. LPS induced the expression of
miR-155 ~25-fold over non-stimu-
lated control in wild-type BMDM,
and as predicted, miR-155 expres-
sion was greater in IL-10-deficient
BMDM where miR-155 expression
had more than doubled to ~55-fold
over non-stimulated control (Fig.
2b, lower graph). As a control, a
monoclonal IL-10 antibody was
used to block the action of endoge-
nous IL-10 in response to LPS in
wild-type BMDM. Blocking IL-10
induction in wild-type BMDM
relieved the inhibition of miR-155
and demonstrated that its expres-
sion could be increased to a level
similar to that found in IL-10-defi-
cient BMDM (Fig. 2b, lower graph).
This demonstrated that the induc-
tion of endogenous IL-10 by LPS in
wild-type cells can feed back on the
expression of miR-155 by LPS, thus
keeping its expression in check.
IL-10 Inhibits the Transcription of

miR-155 in a STAT3-dependent Manner—We next addressed
whether IL-10 could inhibit transcription of miR-155. miR-155

is transcribed as a primary (pri-) transcript from the third exon

of the B cell integration cluster gene referred to as BIC (24),
after which it is sequentially processed by the enzymes Drosha
and Dicer to form a precursor (pre-) and mature miR-155,
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FIGURE 3.1L-10 inhibits the transcription of miR-155. g, IL-10-deficient BMDM were stimulated with LPS (100 ng/ml) or LPS + IL-10 (20 ng/ml). pri-miR-155,
pre-miR-155, and mature miR-155 were measured by RT-PCR. b, Raw264.7 cells were co-transfected with wild-type BIC promoter luciferase plasmid and either
si-control or si-STAT3. Cells were stimulated with LPS (100 ng/ml) or with LPS + IL-10 (25 ng/ml) for 18 h. Unstim, unstimulated. ¢, Raw264.7 cells transfected
with wild-type BIC, NF-kB mutant (kB mut), AP1 mutant (APT mut), or Ets1 mutant (Ets7 mut) promoter luciferase plasmids were stimulated with LPS (100 ng/ml)
or with LPS + IL-10 at two different doses (25 and 50 ng/ml). Luciferase activity was measured where results were normalized for TK-Renilla activity and
represented as -fold stimulation over the non-stimulated control. In all cases, results are expressed as mean = S.D. for triplicate determinations and are

representative of three separate experiments.

respectively. We designed primers for the pri- and pre-miR-155
transcripts and stimulated IL-10-deficient BMDM with LPS
alone or LPS in the presence of IL-10 (Fig. 34). In response to
LPS, pri-miR-155 was rapidly induced, where the highest
expression was induced 50-fold at 4 h, after which its expression
began to decline (Fig. 3a, upper graph), most likely due to the
processing of pri-miR-155 into the pre- and mature form. In
contrast, in the presence of IL-10, generation of pri-miR-155
was inhibited, where pri-miR-155 expression was reduced to
15-fold at 4 h (Fig. 3a, upper graph). A similar trend was
observed when the pre-miR-155 transcript was measured,
where its highest expression in response to LPS was also
observed at 4 h, and IL-10 inhibited this expression from
27-fold down to 7-fold over non-stimulated control (Fig. 35,
middle graph). It could also be noted that the expression of
pre-miR-155 in response to LPS appeared more gradual, indi-
cating that pre-miR-155 generation occurs after pri-miR-155.
Mature miR-155 was also measured, demonstrating that IL-10
had the same inhibitory effect on miR-155 in IL-10-deficient
BMDM as that observed in I-BMDM, primary wild-type
BMDM, and hPBMC (Fig. 3a, lowest graph). The observation
that IL-10 inhibits the expression of both the pri-transcripts
and the pre-transcripts suggests that IL-10 acts upstream to
inhibit the actual transcription of the BIC gene.

We further analyzed the effect of IL-10 on transcriptional
regulation of the BIC gene through the use of a luciferase
reporter plasmid containing 1200 bp of the BIC promoter
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region (25). In addition, we investigated whether any of the
IL-10 effects were mediated through STAT3 by using small
interfering RNA (siRNA) targeted against STAT3. In the pres-
ence of control siRNA, LPS induced luciferase expression
3-fold from the BIC promoter, and this expression was returned
to near basal levels in the presence of IL-10 (Fig. 3b), validating
that IL-10 appears to inhibit miR-155 at the transcriptional
level. In the presence of si-STAT3, IL-10 could no longer sup-
press luciferase expression, demonstrating that the effect of
IL-10 on miR-155 transcription is dependent on STATS3.

The Ets1 Binding Site Is Required for the IL-10-mediated Sup-
pression of the BIC Gene—To investigate how IL-10 acts to sup-
press BIC transcription, we analyzed the effect of IL-10 when
consensus transcription factor binding sites for NF-«B, AP1,
and Etsl found within the BIC promoter were mutated. In
response to LPS, luciferase expression was induced 3-fold from
the wild-type BIC promoter. A similar effect was observed
when the NF-kB motif and Ets1 site were mutated (Fig. 3c).
Luciferase activity was, however reduced in a promoter with a
mutated AP-1 motif, suggesting that this transcription factor
plays a role in the LPS induction of miR-155 (Fig. 3¢), support-
ing previous studies, which show that AP1 is required for BIC
gene induction in response to B cell stimulation (25).

In concordance with our previous results, IL-10 inhibited
luciferase activity in the wild-type BIC promoter (Fig. 3¢, bars 3
and 4). IL-10 was also able to reduce luciferase activity in both
the NF-«kB and the AP1 promoter mutants. In contrast, IL-10
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IL-10, when miR-155 expression is
inhibited, the expression of SHIPI
increased (Fig. 4b), particularly at 8
and 24 h, when the effect of IL-10 on
miR-155 suppression was greatest
(Fig. 1a). This effect of LPS and IL-10
was also apparent on SHIP1 protein
expression, where in response to LPS
alone, SHIP1 expression was reduced
(Fig. 4c, lane 3), whereas in the
presence of IL-10, SHIP1 protein
expression increased (Fig. 4c,
lane 4).

We next wanted to examine
whether the increase in SHIPI
expression in response to IL-10 is
dependent on miR-155. We first
used the pMir-SHIPI luciferase
reporter system, where luciferase
expression will only decrease in
the presence of miR-155 (Fig. 4a).
As LPS can potently drive miR-155,
this would suggest that LPS has also
the ability to decrease luciferase
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FIGURE 4. IL-10 increases the expression of the miR-155 target, SHIP1. g, pMir-SHIP1 and pMir-SHIP1
mutant 3'-UTR luciferase plasmids were co-transfected with increasing amounts of pre-155 (1, 10, and 100 nm)
in Raw264.7 cells. Luciferase activity was measured, and results were normalized for TK-Renilla activity.
b, IL-10-deficient BMDM were stimulated with LPS (100 ng/ml, white bars) or LPS + IL-10 (20 ng/ml, gray bars)
for the times indicated. mRNA expression for SHIP1 was measured by RT-PCR. ¢, IL-10-deficient BMDM were
stimulated with IL-10 (20 ng/ml), LPS (100 ng/ml), or LPS + IL-10 for 24 h. SHIP1 and B-actin protein expression
were measured. d, pMir-SHIP1 3'-UTR luciferase activity was measured in Raw264.7 cells after stimulation with
LPS (100 ng/ml) or LPS + IL-10 (20 ng/ml) for 8 h. Luciferase activity was measured, and results were normalized
for TK-Renilla activity. e, WT and Tg miR-155 splenocytes were stimulated with IL-10 (50 ng/ml) for 16 h. miR-155
and SHIP1 expression was measured by RT-PCR. In all cases, results were represented as -fold stimulation over
non-stimulated control and expressed as mean = S.D. for triplicate determinations where each experiment is

representative of three separate experiments. Unstim, unstimulated.

could no longer inhibit luciferase activity when the Ets1 site was
mutated, suggesting that this site is important in mediating the
IL-10-driven suppression of miR-155.

IL-10 Increases the Expression of the miR-155 Target, SHIP1—
We next wanted to investigate a functional outcome for the
IL-10-mediated suppression of miR-155. We therefore set out
to examine the effects of LPS and IL-10 on the miR-155 target,
SHIP1 (15, 16). We first verified that the 3’-UTR of SHIPI is
targeted by miR-155. The 3’-UTR for SHIP1 was cloned into
the pMir luciferase reporter system. Under basal conditions,
luciferase expression was present (Fig. 4a, white bars). How-
ever, in the presence of increasing concentrations of pre-miR-
155 (1, 10, and 100 nm), luciferase expression was lost. In con-
trast, increasing concentrations of pre-miR-155 had no effect
when the miR-155 seed sequence within the 3'-UTR of SHIP1
was mutated.

The fact that LPS potently induces mature miR-155 suggests
that as miR-155 expression increases, its ability to bind to the
3'-UTR of SHIP1 should result in a decrease of SHIP1 mRNA
expression. As shown in Fig. 4b, the expression of SHIPI
decreased over time upon LPS stimulation, reciprocal to the
increase in miR-155 expression. However, in the presence of
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expression. As shown in Fig. 4d, LPS
decreased SHIP1 luciferase activity,
whereas in the presence of IL-10,
this inhibition was relieved, impli-
cating that the suppression of miR-
155 by IL-10 is mediating this effect.

This was further demonstrated
by using transgenic (Tg) spleno-
cytes, which overexpress miR-155
under the control of the Eu-B cell
promoter (26). We postulated that
in cells where miR-155 is overex-
pressed, IL-10 would no longer be able to maintain its effect on
miR-155 targets. As shown in Fig. 4e, left graph, miR-155 was
overexpressed 35-fold in Tg splenocytes when compared with
wild-type (WT) cells. IL-10 was able to decrease this expression
somewhat, although substantial levels of miR-155 still
remained in Tg cells. As expected, IL-10 could increase the
expression of SHIPI in WT cells, whereas in miR-155 Tg cells,
SHIP1 expression was no longer detected, decreasing well
below basal levels, and as predicted, IL-10 could not rescue this
effect (Fig. 4e, right graph).

Tg-155

DISCUSSION

This study highlights a novel mechanism of miR-155 regula-
tion. We showed that IL-10 can inhibit the expression of miR-
155, a miRNA induced downstream of TLR4 signaling, but had
no effect on miR-21 and miR-146a, two other miRNAs also
induced by TLR4. This not only demonstrated a very specific
effect for IL-10 but was also the very first example of IL-10
playing arole in miRNA function. miR-155 expression was dou-
bled in response to LPS in IL-10-deficient cells, demonstrating
that endogenous IL-10 can feed back on the system to keep
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miR-155 expression in check, highlighting an additional mech-
anism of IL-10 control on the pro-inflammatory response.
miR-155 was the first oncogenic miRNA to be discovered. It
has been shown to be highly expressed in several types of B cell
lymphoma, in particular Hodgkin lymphoma and diffuse large
B cell lymphoma (27, 28). In addition, transgenic mice overex-
pressing miR-155 succumb to B cell malignancies (26). miR-155
was also found overexpressed in patients with acute myeloid
leukemia and rheumatoid arthritis (14, 29). Together, this
information demonstrates how miR-155 may provide a poten-
tial link between inflammatory diseases and cancer. It is there-
fore essential that miR-155 is tightly regulated in the cell, and
we propose that IL-10 is a likely candidate for this regulation.

We sought to investigate how IL-10 inhibits miR-155 expres-
sion. Measuring pri-mir-155 and pre-miR-155 expression, we
demonstrated that IL-10 could potently inhibit generation of
both transcripts, illustrating that IL-10 acts to inhibit miR-155
upstream of primary transcript generation. In addition, IL-10
reduced BIC promoter activity in a STAT3-dependent manner,
indicating that the IL-10 suppression of the BIC gene is medi-
ated through the canonical IL-10-STAT3 signaling pathway.

In an effort to further investigate the effect of IL-10 on miR-
155 transcription, we analyzed the effect of IL-10 when various
transcription factor sites within the BIC promoter were
mutated. IL-10 was able to suppress wild-type BIC promoter
luciferase expression as well as suppressing luciferase activity
when the NF-kB and AP1 sites were mutated. In contrast, IL-10
could no longer suppress luciferase activity when the Ets1 site
was mutated, demonstrating that the Etsl site is required for
mediating IL-10 suppression. To date, over 30 Ets family mem-
bers exist that each have the potential to bind to the canonical
Ets consensus sequence found in the BIC promoter (30). Etv3,
an Ets family transcriptional repressor, was recently identified
as a novel IL-10-induced gene (31). It is possible that the IL-10
suppression of miR-155 could involve recruitment of Etv3, and
we are currently investigating this mechanism.

We also explored the functional outcomes for IL-10 suppres-
sion of miR-155. Taking SHIP1 as a well characterized miR-155
target, we were able to illustrate that overexpressing miR-155
decreased the expression of a SHIPI 3'-UTR reporter. We went
on to show that IL-10 could rescue the LPS-driven down-regu-
lation of SHIP1 at the mRNA and protein level, and through the
use of the SHIPI 3'-UTR reporter and miR-155 Tg splenocytes,
we demonstrated that this effect was mediated by miR-155.

SHIP1 is an inositol phosphatase that is known to convert the
signaling molecule PIP3 back to PIP2, whereas PI3K is respon-
sible for the opposite reaction. TLR signaling can promote the
pro-inflammatory response through the activation of PI3K,
resulting in generation of PIP3 and activation of MAPK and
NE-kB (20). The induction of miR-155 by LPS supports this
model, whereby expression of miR-155 can target SHIPI,
decreasing its expression and promoting the conversion of PIP2
to PIP3 by PI3K. In this setting, IL-10 increases SHIP1, and in
this way, it acts to switch the pro-inflammatory response off by
decreasing the levels of PIP3 (Fig. 5).

This study therefore sheds light on a novel role for IL-10 in
miR-155 regulation. miR-155 has been shown to be directly
involved in the regulation of more than 30 innate immune
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FIGURE 5. Schematic illustrating a possible role for miR-155 in TLR4 and
SHIP1 signaling. Inresponse to LPS, miR-155 expression is induced, resulting
in a decrease in SHIP1 expression, thus allowing PI3K activation of NF-«B and
MAPK to proceed and promote the pro-inflammatory response. However, in
the presence of IL-10, miR-155 expression is inhibited, allowing SHIP1 expres-
sion to recover and promote the conversion of PIP3 back to its inactive PIP2
state, switching off the pro-inflammatory response. Mal, MyD88-like adapter
protein.
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genes (32). Taking SHIPI as an example, our data suggest that
IL-10 could impact on these genes via its inhibitory effect on
miR-155. It may therefore be possible that through the inhibi-
tion of miR-155, we may elicit some of the properties mediated
by IL-10. With increasing studies performed on how to inhibit
or increase miRNAs for therapeutic use in vivo (33), our study
could provide new approaches in the effort to develop anti-
inflammatory therapeutics.
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