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microRNA-146a in lung fibroblasts. Am J Physiol Lung Cell Mol
Physiol 304: L774 –L781, 2013. First published April 5, 2013;
doi:10.1152/ajplung.00352.2012.—Lung inflammation can result
from exposure to multiple types of inflammatory stimuli. Fibroblasts,
key structural cells in the lung that are integral to inflammation and
wound healing, produce inflammatory mediators after exposure to
stimuli such as IL-1␤. We and others have shown that the NF-B
member RelB has anti-inflammatory properties in mice. Little is
known, however, about the anti-inflammatory role of RelB in human
cells and how it functions. MicroRNAs (miRNAs), a novel class of
small, noncoding RNAs, can mediate inflammatory signaling pathways, including NF-B, through regulation of target gene expression.
Our goal was to analyze the anti-inflammatory properties of RelB in
human lung fibroblasts. We hypothesized that RelB regulates inflammatory mediator production in lung fibroblasts in part through a
mechanism involving miRNAs. To accomplish this, we transfected
human lung fibroblasts with a plasmid encoding RelB and small
interfering (si)RNA targeting RelB mRNA to overexpress and downregulate RelB, respectively. IL-1␤, a powerful proinflammatory stimulus, was used to induce NF-B-driven inflammatory responses. RelB
overexpression reduced IL-1␤-induced cyclooxygenase (Cox)-2,
PGE2, and cytokine production, and RelB downregulation increased
Cox-2 expression and PGE2 production. Furthermore, RelB overexpression increased IL-1␤-induced expression of miRNA-146a, an NF-Bdependent miRNA with anti-inflammatory properties, whereas RelB
downregulation reduced miRNA-146a. miR-146a overexpression ablated
the effects of RelB downregulation on IL-1␤-induced Cox-2, PGE2, and
IL-6 production, suggesting that RelB mediates IL-1␤-induced inflammatory mediator production in lung fibroblasts through miRNA-146a.
RelB and miRNA-146a may therefore be new therapeutic targets in the
treatment of lung inflammation caused by various agents and conditions.
inflammation; fibroblasts; nuclear factor-B; RelB; microRNA-146a
INFLAMMATION, the normal physiological response to tissue
damage and disruptions in homeostasis, may arise in the lung
after exposure to various inhaled insults (14, 34). Stimulation
of the inflammatory response promotes the accumulation of
leukocytes, particularly neutrophils, macrophages, and lymphocytes, at the site of insult (14, 34). Inflammatory stimuli

Address for reprint requests and other correspondence: R. P. Phipps, Dept.
of Environmental Medicine, School of Medicine and Dentistry, Univ. of
Rochester, 601 Elmwood Ave., Box 850, Rochester, NY 14642 (e-mail:
richard_phipps@urmc.rochester.edu).
L774

also induce the production of proinflammatory cytokines and
other mediators such as cyclooxygenase (Cox)-2 (43, 44),
which increases the production of proinflammatory eicosanoids
such as PGE2 (3, 4, 28). Importantly, prolonged synthesis of
these mediators can promote chronic inflammation and the
pathogenesis of inflammatory diseases (50).
Lung fibroblasts, previously thought to be passive structural
cells, are now recognized as crucial cells that incite inflammation and promote wound healing (1, 3, 4, 39). In addition to
producing and depositing collagen, fibroblasts produce inflammatory mediators, including PGE2 and various cytokines and
chemokines, such as IL-6, IL-8, and monocyte chemoattractant
protein (MCP)-1, that regulate other cell types and promote
inflammatory cell infiltration and activation (4, 28, 39). Stimulation of fibroblasts therefore heightens the sensitivity of the
tissues in which they reside and can promote disease pathogenesis (4). Numerous signaling pathways are involved in
these processes, but the NF-B family is intimately linked to
inflammation and the manifestation of diseases (7, 8).
The NF-B signaling pathway is integral to numerous cellular processes, including inflammation, cell growth, and differentiation (8, 16). Activation of the canonical NF-B pathway typically induces inflammation, but the noncanonical
NF-B member RelB has been reported to possess potent
anti-inflammatory properties (3, 29, 43). RelB-deficient mice
exhibit severe multiorgan inflammation, particularly in the
lung (46), and kidney fibroblasts from RelB-deficient mice
exhibit a heightened sensitivity to inflammatory stimuli (49).
Furthermore, we have previously shown that RelB dampens
cigarette smoke extract-induced PGE2 production in mouse
lung fibroblasts (3) and that targeted overexpression of RelB
ablates cigarette smoke-induced lung inflammation in mice in
vivo (29). Little is known, however, about the anti-inflammatory properties of RelB in human cells, and the mechanisms
underlying these properties remain poorly understood.
MicroRNAs (miRNAs) have emerged as a novel class of
RNA molecules involved in numerous cellular functions, including cell growth, proliferation, and apoptosis (31, 36).
Synthesized as large precursor RNAs and enzymatically converted into small, ⬃22-nt fragments, mature miRNAs regulate
gene expression by blocking mRNA translation and promoting
mRNA degradation (31, 33). miRNA expression is upregulated
during inflammation, and key miRNAs regulate inflammatory
mediator production (31). Several miRNAs are also targets of
NF-B, and others regulate the translation of NF-B proteins
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(25, 26, 41, 51). miRNAs may therefore be key players in
RelB-mediated regulation of inflammation.
The present study was aimed at testing the anti-inflammatory
effects of RelB in a more potentially clinically relevant human
model of inflammatory mediator production and identifying the
mechanism(s) responsible for these effects. We hypothesized
that RelB regulates inflammatory mediator production in human lung fibroblasts through a mechanism involving miRNAs.
Establishing a link between RelB and miRNAs in the context
of inflammatory mediator production would provide necessary
insights into the development of novel therapeutic strategies
for inflammation and, potentially, diseases of the lung.
METHODS

Densitometric analysis was performed with Discovery Series Quantity
One 1-D analysis software (Bio-Rad, Hercules, CA).
Cytokine and PGE2 detection. Cell culture supernatants were collected at the conclusion of each experiment. IL-6, IL-8, and MCP-1
were detected in the supernatants by ELISA as previously described
(48). IL-6 antibodies were purchased from BD Pharmingen (554543
and 554546, San Diego, CA). IL-8 antibodies were purchased from
Pierce (M-801 and M-802-B). MCP-1 antibodies were purchased
from R&D Systems (MAB679 and BAF279). IL-6 and MCP-1 standards were purchased from R&D Systems (206-IL and 279-MC,
respectively). The IL-8 standard was purchased from GIBCO
(PHC0884, Carlsbad, CA). PGE2 was detected by competitive enzyme immunoassay as previously described (20).
RNA extraction and quantitative RT-PCR. Total cell RNA was
extracted using TRIzol lysis reagent (79306, Qiagen, Valencia, CA)
and isolated with a miRNeasy Mini kit according to the manufacturer’s
instructions (217004, Qiagen). Total RNA concentrations were determined with a NanoDrop 1000 spectrophotometer (Thermo Scientific,
Wilmington, DE). cDNA was generated using a TaqMan microRNA
reverse transcription kit (4366596, Applied Biosystems) and quantified via real-time PCR with a TaqMan Universal PCR Master Mix
(4324018, Applied Biosystems) and an iCycler iQ5 PCR thermal
cycler (Bio-Rad). miRNA primers were also obtained from Applied
Biosystems (miR-21: 4427975-000397, miR-101: 4427975-002253,
miR-125a: 4427975-002198, miR-146a: 4427975-000468, and U6:
4395470-001973).
Statistical analysis. Statistical analyses were performed with
GraphPad Prism (version 4.0, GraphPad Software, San Diego, CA).
All results are presented as means ⫾ SE. Statistically significant
differences were assessed with two-way ANOVA and a Bonferroni
post hoc test.
RESULTS

RelB overexpression and downregulation were achieved in
human lung fibroblasts. We first established an in vitro model
in which we could test the potential anti-inflammatory role of
RelB in human lung fibroblasts. To accomplish this, we determined that modulation of RelB expression could be accomplished in human lung fibroblasts in vitro. To overexpress
RelB, a plasmid containing the human RelB gene fused to GFP
was introduced via transfection, and whole cell protein lysates
were collected after a 24-h incubation under normal culture
conditions. Control groups received a GFP-only plasmid. No
noticeable differences were seen between untransfected and
GFP-transfected cells. As shown in Fig. 1A, RelB overexpression was detected by Western blot analysis after RelB-GFP
gene delivery. GFP expression was observed by immunofluorescent microscopy 24 h posttransfection (data not shown).
To decrease RelB expression, two siRNAs targeting different locations in human RelB mRNA were introduced into
fibroblasts as described above. Control groups received a
nonspecific, scrambled siRNA. After treatment, cells were
incubated for 24 h under normal conditions, and RelB expression was detected by Western blot analysis. The results shown
in Fig. 1B demonstrate that RelB expression could be dramatically reduced with both siRNAs. All subsequent siRNA experiments were conducted using both RelB siRNAs separately,
and both siRNAs produced comparable results, thereby excluding the possibility of off-target effects. Collectively, these data
show that both RelB overexpression and downregulation can
be achieved in human lung fibroblasts in vitro using these
techniques. No noticeable changes in cell growth or viability
were observed in our experiments.
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Cell culture. Normal adult human lung fibroblasts were obtained
and characterized as previously described (19) and used between
passages 4 and 10. Cultures were maintained at 37°C in humidified
5% CO2-95% air and cultured in minimum essential medium (MEM;
Invitrogen, Carlsbad, CA) supplemented with 10% FBS (HyClone
Laboratories, Logan, UT) and 0.1% gentamicin (15750-060, Invitrogen) until confluent. To induce inflammatory mediator production,
fibroblasts were incubated in serum-free MEM for 24 h and treated
with IL-1␤ (201-LB, R&D Systems, Minneapolis, MN) at either 1
ng/ml or 50 pg/ml in serum-free MEM for 8 h.
Plasmid transfections. To transiently overexpress RelB, a plasmid
containing the human RelB gene fused to green fluorescent protein
(GFP; EX-G0029-M03, GeneCopoeia, Germantown, MD) was used.
A GFP-only plasmid was used as a control (EX-EGFP-M03, GeneCopoeia). Fibroblasts (1 ⫻ 106 cells) were trypsinized, suspended in
Ingenio Electroporation solution (MIR 50115, Mirus Bio, Madison,
WI) with 14 g DNA, transfected using a Nucleofector II Device
(Lonza, Basel, Switzerland), and incubated for 24 h in MEM containing 10% FBS under normal culture conditions. Cells were then
incubated in serum-free MEM for 24 h before IL-1␤ treatment as
described above.
Small interfering RNA and miRNA mimic transfections. RelB small
interfering (si)RNA 1 and 2 were purchased from Ambion’s Silencer
Select predesigned siRNA library (s11917 and s11918, respectively,
Ambion, Grand Island, NY). A Silencer Select Negative Control
siRNA was used as a control (4390846, Ambion). miRNA-146a
(miR-146a) and control mimics were also obtained from Ambion
(4464066-MC10722 and AM17110, respectively). Cells were grown
to 70% confluence in six-well plates as described above and treated
with siRNAs and/or miRNA mimics mixed with Lipofectamine 2000
(11688-019, Invitrogen) in OptiMEM I (Invitrogen) at 100 M for 24
h according to the manufacturers’ instructions. Cells were incubated
in serum-free MEM for a further 24 h before IL-1␤ treatment as
described above.
Western blot analysis. Cells were homogenized with lysis buffer
containing SDS and a protease inhibitor cocktail (P8340, SigmaAldrich, St. Louis, MO). Total protein concentration was determined
with a bicinchoninic acid detection assay (Pierce, Rockford, IL).
Protein (1 g) was separated via 8% SDS-PAGE, transferred onto
Immobilon-P (Millipore), and blocked with 10% nonfat dry milk in
0.1% Tween 20 in PBS. Antibodies targeting Cox-2 (160106, Cayman
Chemical, Ann Arbor, MI), RelB (sc-226, Santa Cruz Biotechnology,
Santa Cruz, CA), ␤-tubulin (2146, Cell Signaling Biotechnology,
Beverly, MA), and total actin (CP01, Calbiochem, San Diego, CA)
were diluted according to the manufacturers’ instructions. Horseradish
peroxidase-conjugated secondary antibodies were obtained from Jackson Immunoresearch (West Grove, PA). Protein was visualized using
Immobilon Western chemiluminescent horseradish peroxidase substrate (Millipore, Billerica, MA) and developed on Classic bluesensitive X-ray film (Laboratory Product Sales, Rochester, NY) with
an X-OMAT 1000A film developer (Eastman Kodak, Rochester, NY).
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Fig. 1. RelB overexpression and downregulation was achieved in human lung
fibroblasts. A: normal adult human lung fibroblasts were transfected with either
a green fluorescent protein (GFP) control plasmid or a RelB-GFP expression
plasmid, and total protein lysates were collected 48 h posttreatment for
Western blot analysis. RelB overexpression was confirmed by the presence of
a RelB-GFP band ⬃27 kDa larger than RelB. All RelB and RelB-GFP bands
were detected with the same antibody on the same gel and are shown separated
by white space. B: normal adult human lung fibroblasts were transfected with
either a control small interfering (si)RNA or a RelB siRNA, and total protein
lysates were collected 48 h posttreatment. RelB downregulation was confirmed
by Western blot analysis.

RelB overexpression decreased IL-1␤-induced proinflammatory mediator production in human lung fibroblasts. To
determine whether or not RelB had anti-inflammatory effects
in human lung fibroblasts, we first tested the ability of RelB
overexpression to dampen inflammatory mediator production
in primary human lung fibroblasts in vitro. Cells were transfected with either a RelB-GFP plasmid or a GFP-only control
plasmid as described above and were incubated for 24 h to
allow for gene expression. Cells were serum starved for an
additional 24 h and subsequently treated with IL-1␤ at 1 ng/ml
for 8 h to induce inflammatory mediator production. After
treatment, whole cell protein extracts and cell supernatants
were collected for analysis, and Cox-2 expression was analyzed by Western blot analysis (Fig. 2A). IL-1␤ significantly
increased Cox-2 protein expression, but RelB overexpression
significantly ablated this increase by approximately threefold
(Fig. 2B). Furthermore, IL-1␤-induced PGE2 was significantly
decreased after RelB overexpression (Fig. 2C). Proinflammatory cytokine and chemokine production was detected in cell
supernatants by ELISA. As shown in Fig. 3A, IL-1␤-induced
secretion of IL-6 was significantly reduced after RelB overexpression. IL-1␤-induced production of neutrophil (IL-8) and
macrophage (MCP-1) chemokines was also significantly reduced (Fig. 3, B and C, respectively).
RelB downregulation increased IL-1␤-induced Cox-2 expression and PGE2 production in human lung fibroblasts.
Increasing RelB expression decreased IL-1␤-induced inflammatory mediator production, so we next hypothesized that
decreasing RelB expression would heighten inflammatory mediator production. Fibroblasts were treated with either a control
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Fig. 2. RelB overexpression decreased IL-1␤ induced cyclooxygenase (Cox)-2
expression and PGE2 production in human lung fibroblasts. Normal adult
human lung fibroblasts were transfected with either a GFP control plasmid or
a RelB-GFP expression plasmid, serum starved for 24 h, and treated with
IL-1␤ at 1 ng/ml for 8 h. A: Cox-2 and RelB expression was detected in whole
cell protein extracts by Western blot analysis. IL-1␤-induced Cox-2 expression
was reduced in cells in which RelB expression was increased. The Western
blots shown are representative of three separate experiments. Samples from
each blot were transposed from different locations on the same gel and are
shown separated by white space. RelB and RelB-GFP bands were also
transposed from different locations on the same blot. B: densitometric analysis
of all three blots confirmed a significant 8-fold increase in Cox-2 expression
upon IL-1␤ treatment and a significant, ⬃3-fold reduction in Cox-2 expression
after RelB overexpression (n ⫽ 3/group). C: PGE2 production (detected in the
supernatants of these cells) was significantly increased upon IL-1␤ treatment and
significantly reduced upon RelB overexpression (n ⫽ 3/group). **P ⬍ 0.01 and
***P ⬍ 0.001 by two-way ANOVA with a Bonferroni post hoc test.
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RelB

siRNA or a RelB siRNA for 24 h as described above to
decrease RelB expression, serum starved for an additional 24 h,
and treated with IL-1␤ at 50 pg/ml for 8 h, after which whole
cell protein extracts and cell supernatants were collected for
analysis. Cox-2 and RelB expression were detected by Western
blot analysis (Fig. 4A). Cells in which RelB expression was
targeted by RelB siRNA exhibited heightened IL-1␤-induced
Cox-2 expression relative to IL-1␤-treated control groups.
Statistical significance was determined via densitometric analysis (Fig. 4B). IL-1␤-induced PGE2 production was also significantly increased in RelB-depleted groups (Fig. 4C). Proinflammatory cytokine and chemokine production was detected
in cell supernatants as described above. RelB downregulation,
however, did not further enhance IL-1␤-induced production of
IL-8 or MCP-1 (Fig. 5, B and C). IL-6 production, while not
significantly affected, trended upward in RelB siRNA-treated
groups (Fig. 5A).
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RelB overexpression and downregulation affect IL-1␤-induced miR-146a production in human lung fibroblasts. We
were next interested in determining if RelB expression
regulated IL-1␤-induced inflammatory mediator production
through a mechanism involving miRNAs. Five miRNAs linked
to inflammation, lung disease, and NF-B (miR-21, miR-101,
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Fig. 4. RelB downregulation increased IL-1␤ induced Cox-2 expression and
PGE2 production in human lung fibroblasts. Normal adult human lung fibroblasts were transfected with either a control siRNA or RelB siRNA 1, serum
starved for 24 h, and treated with IL-1␤ at 50 pg/ml for 8 h. A: Cox-2 and RelB
expression was detected in whole cell protein extracts by Western blot
analysis. IL-1␤-induced Cox-2 expression was increased in cells in which
RelB expression was decreased. The Western blots shown are representative of
three separate experiments. Samples from each blot were transposed from
different locations on the same gel and are shown separated by white space.
B: densitometric analysis of all three blots confirmed a significant increase in
Cox-2 expression after RelB downregulation. C: IL-1␤-induced PGE2 production (detected in supernatants of these cells) was significantly increased upon
RelB downregulation. Comparable results were obtained with RelB siRNA 2,
which was used in separate experiments (not shown). **P ⬍ 0.01 and ***P ⬍
0.001 by two-way ANOVA with a Bonferroni post hoc test (n ⫽ 3/group).

miR-125a, miR-146a, and miR-155) were initially selected for
analysis in our RelB overexpression and downregulation models (17, 30, 36, 40). We hypothesized that overexpression of
RelB would increase IL-1␤-induced miRNA production in
lung fibroblasts. Fibroblasts were transfected with either a
RelB-GFP plasmid or a GFP-only plasmid and incubated for
24 h as described above, serum starved for 24 h, and treated
with IL-1␤ at 1 ng/ml for 8 h. Expression of miR-21, miR-101,
miR-125a, and miR-155 was not significantly affected by
either IL-1␤ or RelB overexpression (Fig. 6). miR-146a expression, however, was significantly increased upon IL-1␤
treatment, and IL-1␤-induced miR-146a expression was significantly heightened upon RelB overexpression.
Since RelB overexpression increases IL-1␤-induced miR146a production, we next hypothesized that RelB downregulation would decrease IL-1␤-induced miRNA production. Fibroblasts were treated with a RelB siRNA for 24 h to reduce
RelB expression, serum starved for 24 h, and treated with
IL-1␤ at 50 pg/ml for 8 h. Total RNA was extracted for
analysis by quantitative RT-PCR. As shown in Fig. 7, RelB
downregulation significantly reduced IL-1␤-induced miR-146a
production. The production of miR-21, miR-101, and miR125a, however, was not significantly affected by either IL-1␤
or RelB downregulation in our model.
miR-146a overexpression dampened the effects of RelB
downregulation on IL-1␤-induced inflammatory mediator production in human lung fibroblasts. To determine if the concurrent RelB-mediated changes in IL-1␤-induced proinflammatory mediator production and miR-146a expression are linked,
we overexpressed miR-146a in our RelB downregulation
model. Fibroblasts were treated with a RelB siRNA and a
miR-146a mimic simultaneously for 24 h, serum starved for 24
h, and treated with IL-1␤ at 50 pg/ml for 8 h. Total protein was
extracted for Western blot analysis. As shown in Fig. 8A, RelB
downregulation noticeably increased IL-1␤-induced Cox-2 expression. Overexpression of miR-146a, however, dramatically
reduced IL-1␤-induced Cox-2 expression in both control fibroblasts and those in which RelB was downregulated. miR-146a
also significantly reduced the effect of RelB downregulation on
IL-1␤-induced PGE2 production (Fig. 8B). IL-1␤-induced IL-6
production was also significantly reduced in RelB-depleted
fibroblasts after miR-146a overexpression (Fig. 8C), although
IL-1␤-induced IL-8 production was not significantly affected
(Fig. 8D). miR-146a overexpression therefore dampened the
effects of RelB downregulation on IL-1␤-induced Cox-2 ex-
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Fig. 3. RelB overexpression decreased IL-1␤ induced proinflammatory cytokine and chemokine production in human lung fibroblasts. Normal adult human lung
fibroblasts were transfected with either a GFP control plasmid or a RelB-GFP expression plasmid, serum starved for 24 h, and treated with IL-1␤ at 1 ng/ml for
8 h. Proinflammatory cytokine and chemokine production was detected in supernatants from these cells by ELISA. IL-1␤ treatment significantly increased the
secretion of IL-6 (A), IL-8 (B), and monocyte chemoattractant protein (MCP)-1 (C), whereas RelB overexpression significantly reduced the release of each
cytokine. *P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001, two-way ANOVA with a Bonferroni post hoc test (n ⫽ 3/group).
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Fig. 5. RelB downregulation did not significantly affect IL-1␤-induced proinflammatory cytokine production in human lung fibroblasts. Normal adult human lung
fibroblasts were transfected with either a control siRNA or RelB siRNA 1, serum starved for 24 h, and treated with IL-1␤ at 50 pg/ml for 8 h. Proinflammatory
cytokine and chemokine production was detected in supernatants from these cells by ELISA. IL-1␤-induced production of IL-6 (A), IL-8 (B), and MCP-1 (C)
was not significantly affected upon RelB downregulation. Comparable results were obtained with RelB siRNA 2, which was used in separate experiments.
***P ⬍ 0.001 and not significant (NS) by two-way ANOVA with a Bonferroni post hoc test (n ⫽ 6/group).

The present study demonstrates that RelB regulates IL-1␤induced proinflammatory mediator production in human lung
fibroblasts in part through a mechanism involving miR-146a.
RelB overexpression reduced IL-1␤-induced Cox-2 expression, PGE2 production, and proinflammatory cytokine production, whereas RelB downregulation heightened Cox-2 expression and PGE2 production. IL-1␤-induced secretion of IL-6,
IL-8, and MCP-1, however, was not significantly affected by
RelB downregulation. RelB downregulation also significantly
decreased IL-1␤-induced miR-146a production, and miR-146a
overexpression ablated the stimulatory effects of RelB down-
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Fig. 6. RelB overexpression increases IL-1␤-induced miRNA-146a (miR-146a) production in human lung fibroblasts. Normal adult human lung fibroblasts were
transfected with either a GFP control plasmid or a RelB-GFP expression plasmid, serum starved for 24 h, and treated with IL-1␤ at 1 ng/ml for 8 h. Total RNA
was extracted, and miRNA production was detected by quantitative RT-PCR. Production of miR-146a was significantly increased upon IL-1␤ treatment, and
IL-1␤-induced miRNA-146a production was significantly increased upon RelB downregulation (D). miR-21, miR-101, miR-125a, and miR-155 were not
significantly affected by either IL-1␤ or RelB overexpression in our model (A–C and E). *P ⬍ 0.05 and ***P ⬍ 0.001 by two-way ANOVA with a Bonferroni
post hoc test (n ⫽ 3/group).
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regulation on IL-1␤-induced Cox-2, PGE2, and IL-6 production.
The NF-B pathway is responsible for numerous cellular
processes, particularly inflammation (7, 9, 16). Activation of
canonical NF-B by cytokines such as IL-1␤ promotes inflammatory mediator production (8), but relatively little research
has focused on the anti-inflammatory properties of the noncanonical NF-B member RelB as well as the mechanisms
underlying these properties. The present study was designed to
test the anti-inflammatory effects of RelB against IL-1␤, a
robust and widely used inflammatory stimulus linked to multiple lung diseases (13, 18, 21, 47), in a human in vitro model
using lung fibroblasts, a class of structural cells that are integral
during inflammation, wound healing, and disease pathogenesis
(1, 3, 4, 39). We also sought to elucidate the mechanism(s)
linking RelB and inflammatory mediator production.

pression and PGE2 production, suggesting that RelB regulates
IL-1␤-induced production of these mediators in part through a
mechanism involving miR-146a.

L779

MICRORNA-146a MEDIATES Re1B ATTENUATION OF INFLAMMATION

4
3
2
1
0

Untreated

IL-1β

NS

C

NS

4
3
2
1
0

IL-1β

Untreated

NS

NS

2.0
1.5
1.0
0.5
0.0

Untreated

IL-1β

D
miR-146a Production
(Normalized to U6)

B

NS

miR-125a Production
(Normalized to U6)

NS

miR-101 Production
(Normalized to U6)

miR-21 Production
(Normalized to U6)

A

18

**

*

15
12
9

GFP
RelB-GFP

6
3
0

Untreated

IL-1β

Fig. 7. RelB downregulation decreased IL-1␤ induced miR-146a production in human lung fibroblasts. Normal adult human lung fibroblasts were transfected
with either a control siRNA or RelB siRNA, serum starved for 24 h, and treated with IL-1␤ at 50 pg/ml for 8 h. Total RNA was extracted, and miRNA production
was detected by quantitative RT-PCR. Production of miR-146a was significantly increased upon IL-1␤ treatment, whereas IL-1␤-induced miRNA-146a
production was significantly reduced upon RelB downregulation. miR-21, miR-101, and miR-125a were not significantly affected by either IL-1␤ or RelB
downregulation in our model. *P ⬍ 0.05 and ***P ⬍ 0.001 by two-way ANOVA with a Bonferroni post hoc test (n ⫽ 3/group).
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Fig. 8. miR-146a overexpression dampened the effects of RelB downregulation on IL-1␤-induced inflammatory mediator production in normal human
lung fibroblasts. Normal adult human lung fibroblasts were transfected with
either a control siRNA or RelB siRNA and simultaneously either a control
mimic or a mimic for miR-146a. Cells were serum starved for 24 h and treated
with IL-1␤ at 50 pg/ml for 8 h. Total protein was extracted and analyzed by
Western blot analysis. A: IL-1␤-induced Cox-2 expression was dramatically
increased with RelB downregulation. Overexpression of miR-146a, however,
dampened IL-1␤-induced Cox-2 expression both under otherwise normal
conditions and in the context of RelB downregulation. Samples from each blot
were transposed from different locations on the same gel and are shown
separated by white space. Untreated and IL-1␤-treated groups, however, were
analyzed on separate blots. B: IL-1␤-induced PGE2 production (also increased
upon RelB downregulation) was significantly reduced with miR-146a overexpression. C: IL-1␤-induced IL-6 production was significantly reduced in
RelB-depleted fibroblasts with miR-146a overexpression. D: IL-1␤-induced
IL-8 production was not significantly affected by either RelB downregulation
or miR-146a overexpression. **P ⬍ 0.01 and NS by two-way ANOVA with
a Bonferroni post hoc test (n ⫽ 3/group).

miRNAs may be involved. The findings shown in Fig. 7 demonstrate that RelB downregulation significantly attenuated IL-1␤induced production of miR-146a, an NF-B-dependent miRNA
with anti-inflammatory properties (15, 36, 42), in human lung
fibroblasts. Similarly, the results shown in Fig. 6 demonstrate that
RelB overexpression significantly increased IL-1␤-induced miR146a production in human lung fibroblasts. miR-146a binds to the
3=-untranslated region of Cox-2 mRNA, and expression of miR146a inhibits Cox-2 expression and PGE2 production in human
chronic obstructive pulmonary disease (COPD) lung fibroblasts
(36). miR-146a also regulates the translation of other proteins
involved in inflammation (15, 26, 31). We therefore predicted that
RelB increases miR-146a production and that RelB regulates
inflammatory mediator production through a mechanism involving miR-146a. Our data clearly suggest that the production of
miR-146a induced by IL-1␤ involves RelB, which is consistent
with a previous report (15).
miR-146a contains three NF-B-binding sites in its promoter sequence (42). Analysis of multiple NF-B binding sites
has shown that RelB dimers typically bind to sites containing
the sequence GGGRNNTTYY, which differs slightly from the
classical NF-B consensus sequence (GGGRNNYYCC) (12).
Comparison of two of the binding sites in the miR-146a
promoter, GGGATTTCCC and GGGACTTTCC (42), suggests that RelB is capable of binding to these sites. RelB may
therefore alter the expression of miR-146a by targeting these
sequences. Interestingly, miR-146a has also been shown to
downregulate RelB expression in monocytes (15), but RelB
expression was not affected after miR-146a overexpression in
our model (Fig. 8A). Variations in RelB/miR-146a signaling
may therefore be cell type or immune function dependent.
Recent research has indicated that cells contain feedback control mechanisms designed to reduce and reverse the prolonged
effects of exposure to inflammatory stimuli (37, 38). Interestingly,
RelB expression was increased after IL-1␤ treatment (Figs. 2A
and 4A), an effect that has been seen elsewhere (45). RelB is a
target of canonical NF-B activation (11), which is intriguing
considering its previously documented anti-inflammatory properties (3, 29, 48). IL-1␤ also increased miR-146a expression (Fig.
7), so both RelB and miR-146a may be part of a negative
feedback loop designed to control inflammation. Our findings
here suggest that RelB reduces inflammatory mediator production
in part through a miR-146a-mediated mechanism and that sustained inflammation may result after dysregulation of this mechanism. Further exploration of this pathway may yield new insights
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miRNAs have emerged as a novel class of RNA molecules
involved in numerous cellular functions, including inflammation
and lung disease (31, 33, 36). We hypothesized that RelB regulates IL-1␤-induced inflammatory mediator production in lung
fibroblasts through miRNAs, although we were unsure which
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cause of death worldwide (29a), cannot prevent or reverse the
associated pathological manifestations (5). Corticosteroid administration, the most common treatment for COPD exacerbations,
primarily targets symptoms and is often ineffective after prolonged treatment periods (6). Our findings demonstrate, for the
first time, that RelB regulates inflammatory mediator production
in part through a mechanism involving miR-146a. Exploitation of
the RelB/miR-146a pathway may promote the development of
new therapeutic insights and previously unexplored avenues
of research. Manipulation of RelB and/or miR-146a may also
increase corticosteroid efficacy in treating COPD exacerbations.
Next-generation methods of gene therapy, such as electroporation
and small molecule-based strategies using siRNAs, miRNA mimics, and antagomirs, may be used to manipulate these targets.
Upregulation of RelB and of miR-146a may be novel and powerful therapeutic strategies for treatment of human lung inflammation and diseases.
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into the pathogenesis of lung inflammation and possibly new
anti-inflammatory treatment strategies.
Interestingly, whereas RelB overexpression and downregulation significantly affected IL-1␤-induced Cox-2 expression and
PGE2 production, IL-1␤-induced cytokine and chemokine production was not affected as dramatically. As shown in Fig. 5,
RelB downregulation did not significantly affect IL-1␤-induced
cytokine and chemokine production. Analysis via TargetScan
confirmed the presence of miR-146a seed matches in the 3=untranslated region of Cox-2 mRNA but not in the mRNA of
IL-6, IL-8, and MCP-1 (22), suggesting that miR-146a does not
directly regulate the production of these cytokines. miR-146a
does, however, suppress IL-6 and IL-8 production in multiple cell
types, including fibroblasts (10, 23, 32), and regulates the translation of other proteins that affect IL-6, IL-8, and MCP-1 production, including IL-1 receptor-associated kinase 1 and TNF-␣
receptor-associated factor 6 (42). miR-146a may therefore be
directly blocking translation of Cox-2 in our model and simultaneously may be indirectly regulating production of other inflammatory mediators, including IL-6, IL-8, and MCP-1, by regulating
the translation of proteins upstream of these cytokines. Additionally, RelB may also be reducing IL-1␤-induced cytokine and
chemokine production independently of miR-146a. RelB dimers
have been shown to be inhibitory (27), so overexpression of RelB
may displace other transcription factors bound to the promoter
regions of these mediators, particularly other NF-B members,
thereby inhibiting the transcription of these genes. Downregulation of RelB would therefore not affect the transcription of these
genes as their promoter regions would remain unaffected. However, since miR-146a overexpression significantly reduced IL-1␤induced IL-6 secretion in RelB-depleted fibroblasts (Fig. 8C), it is
likely that miR-146a is somehow involved in IL-1␤-induced IL-6
production and that a combination of these mechanisms is present
in our model.
Further research is needed to fully elucidate the implications of
our study. Our findings suggest that miR-146a overexpression
reduces the effects of RelB downregulation on IL-1␤-induced
Cox-2 expression and PGE2 production, but it is possible that
miR-146a dampens the production of these mediators independent of RelB. Additional experiments are needed to illuminate the interaction between miR-146a and RelB in our
model. Luciferase or chromatin immunoprecipitation assays, for example, may be used to determine that RelB binds
to the NF-B sites in the miR-146a promoter region. The role of
p65 in the regulation of miR-146a may also be addressed in future
studies. Experiments detailing the effects of miR-146a inhibition
after RelB overexpression should also be performed. Moreover, it
is unclear how significant this mechanism is in the greater context
of lung inflammation, which is a highly complex process involving numerous cell types and signaling pathways. It is probable that
other miRNAs and other downstream targets are also responsible
for the anti-inflammatory properties of RelB and that these may
differ among cell types. Furthermore, as previously mentioned,
miR-146a has numerous potential targets that regulate numerous
other cellular functions (24, 35, 36), so excessive sustained manipulation of miR-146a may dysregulate other functions and
increase susceptibility to other diseases.
New and efficacious strategies for the treatment of lung inflammation and disease are needed (5, 6). As an example, current
therapies for COPD, a debilitating lung disease that affects over
10 million people in the United States and is the fourth leading
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