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BACKGROUND AND PURPOSE
Ribosomal protein S3 (RPS3) is a 40S ribosomal protein of the S3P family essential for implementing protein translation. RPS3 has
recently been found to interact with the p65 subunit of the NF-κB complex and promote p65 DNA-binding activity. Persistent
activation of the NF-κB pathway is evident in allergic asthma. We hypothesized that gene silencing of lung RPS3 can ameliorate
allergic airway inflammation.

EXPERIMENTAL APPROACH
The gene silencing efficacy of RPS3 siRNA was screened in three different mouse cell lines by real-time PCR and immunoblotting.
Protective effects of intratracheal RPS3 siRNA in a house dust mite (HDM) mouse asthma model were determined by measuring
cell counts in lung lavage fluid and lung sections, lung cytokine profiles and airway hyperresponsiveness (AHR).

KEY RESULTS
RPS3 siRNA markedly knocked down RPS3 levels in all mouse cell lines tested, and in mouse lung tissues, blocked TNF-α- or HDM-
induced release of mediators by the cultured cells and reduced eosinophil counts in lung lavage fluid from the HDM mouse
asthma model. RPS3 siRNA lessened HDM-induced airway mucus hypersecretion, cytokine production and serum IgE elevation.
Moreover, RPS3 knockdown significantly suppressed methacholine-induced AHR in experimental asthma. RPS3 siRNA disrupted
TNF-α-induced NF-κB activation in a NF-κB reporter gene assay in vitro and prevented the nuclear accumulation of p65 subunit
and p65 transcriptional activation in HDM-challenged lungs and cells.

CONCLUSIONS AND IMPLICATIONS
RPS3 gene silencing ameliorates experimental asthma, probably by disrupting NF-κB activity. RPS3 could be a novel therapeutic
target for allergic airway inflammation.

Abbreviations
AHR, airway hyperresponsiveness; BAL, bronchoalveolar lavage; Cdyn, dynamic compliance; HDM, house dust mite; IKK,
inhibitory κB kinase; iNOS, inducible NOS; KH, K homology; Muc5ac, mucin 5AC; Rl, lung resistance; RPS3, ribosomal
protein S3; siRNA, small interfering RNA; TBP, TATA binding protein
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Introduction
Allergic asthma is characterized by chronic airway inflamma-
tion and the infiltration of immune cells, especially eosino-
phils and neutrophils, mucus hypersecretion, airway
hyperresponsiveness (AHR) and airway remodelling
(Lambrecht and Hammad, 2015). Among many clinically rel-
evant allergens linked to the development of asthma, house
dust mite (HDM) is the most commonly encountered
aeroallergen (Calderón et al., 2014). Corticosteroids are the
first line anti-inflammatory controllers for asthma, and one
of their mechanisms of action is through inhibition of NF-κ
B, a master transcription factor for pro-inflammatory gene
expression (Coutinho and Chapman, 2011). Histological
evidence has revealed significant activation of NF-κB in the
isolated bronchial epithelium from asthmatics (Trejo Bittar
et al., 2015). While corticosteroids are highly effective, their
usage comes with severe side effects, and about 5–10% of
severe asthmatics are steroid-refractory (Barnes, 2013). Direct
inhibitors of inhibitory κB kinase β (IKKβ) and the NF-κB com-
plex have been shown to have protective effects in experi-
mental asthma models (Edwards et al., 2009; Ogawa et al.,
2011). To further minimize potential adverse effects, a
strategy that targets accessory signalling molecules, which
positively regulate the NF-κB pathway, becomes more phar-
macologically viable. We have recently reported potent
anti-inflammatory effects of a small interfering RNA (siRNA)
targeting receptor interacting protein 2 (Rip2), an inducible
transcriptional product of NF-κB activation and an upstream
positive regulator of NF-κB pathway, in an ovalbumin-
induced mouse model of asthma (Goh et al., 2013).

Ribosomal protein S3 (RPS3) is a 40S ribosomal protein
that belongs to the RPS3P family essential for protein transla-
tion. RPS3 consists of a nuclear protein K homology (KH) do-
main and a nuclear localization signal domain (Wan et al.,
2007). Recent findings have shown that RPS3 plays an
extra-ribosomal role by being an integral part of the NF-κB
complex (Wan et al., 2007; Wan and Lenardo, 2010). The
KH domain facilitates the binding of RPS3 to the p65 subunit
of NF-κB, and the subsequent nuclear accumulation and
binding of the NF-κB complex to the κB sites of a number of
target genes. The electrophoretic mobility shift assay (EMSA)

has revealed a synergistic effect of RPS3 on the DNA-binding
activity of p65 homodimers and p50-p65 heterodimers
(Wan et al., 2007). While more than 100 other proteins have
been identified to be able to interact with the p65 subunit,
none can dramatically increase the DNA-binding affinity of
NF-κB (Wan and Lenardo, 2010). RPS3 has been shown to
promote the expression of Ig-κ light chain gene in B cells, T
cell proliferation and IL-2 and IL-8 production in a NF-κ
B-dependent manner (Wan et al., 2007).

RNA interference is a natural process produced by turning
down specific gene expression via endogenous siRNA (Kole
et al., 2012). Gene silencing by siRNA is highly targeted and
sequence-specific, and synthetic siRNA can be given by inha-
lation to knock down specific protein targets in the lungs as
an experimental tool or therapeutic approach (Durcan et al.,
2008). The lung has a large absorption surface area and is
lined with surfactants, a family of cationic glycolipids that
function as a vehicle to facilitate siRNA uptake into lung cells
(Durcan et al., 2008). The objective of the present study was
to investigate the role of RPS3 in allergic airway inflammation
in a house dust mite (HDM) mouse asthma model.

To the best of our knowledge, we have shown for the first
time that the level of RPS3 protein in the lung is up-
regulated in experimental asthma. Intratracheal RPS3 siRNA
effectively knocked down RPS3 in HDM-challenged lungs
and markedly suppressed pulmonary immune cell infiltra-
tion, mucus hypersecretion, cytokine production and AHR.
In addition, RPS3 lung gene silencing decreased serum total
IgE and HDM-specific IgE levels in experimental asthma.
RPS3 knock down was found to be associated with a signifi-
cant drop in the nuclear accumulation and transactivation
of NF-κB in the inflamed airways. Our findings demonstrate
that RPS3 is a novel therapeutic target for the treatment of
allergic asthma.

Methods

In vitro characterization of RPS3 siRNA
A mouse macrophage cell line RAW 264.7 and a mouse fibro-
blast cell line NIH/3T3 (American Type Culture Collection,
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Rockville, MD, USA) were maintained in DMEM
(Invitrogen, Carlsbad, CA, USA). A mouse lung epithelial
cell line LA-4 was maintained in Ham’s F12 medium
(Biowest, Rue de la Caille, Nuaille, France) containing 1%
MEM non-essential amino acids (Invitrogen). Cells were
seeded at 60–70% confluency in antibiotic-free media 24 h
before transfection. To detect RPS3 gene silencing, cells
were transfected with 100 nM RPS3 siRNA or non-targeting
control siRNA for 6 h at 37°C in OptiMEM containing Lipo-
fectamine 2000 (Invitrogen). On-target plus siRNA and
siSTABLE siRNA targeting mouse RPS3 mRNA with the fol-
lowing sequences: S1, 50-UCAUGUGAGCAUCGUGGAA-30,
S2, 50-AGUUGAAGUCCGAGUUACA-30, S3, 50-UCUGGAG
GCGAUUUAAUAA-30 and S4, 50-GCCAGUGCCUACAGCA
UAA-30, and non-targeting control siRNA, 50-UGGUUUACA
UGUCGACUAA-30, were purchased from Thermo Scientific
(Waltham, MA, USA). Transfected cells were allowed to
recover in complete DMEM or Ham’s F12 medium for 18,
42 or 66 h before they were analysed for RPS3 mRNA and
protein expression. Total mRNA was extracted using TRIzol
reagent (Invitrogen). PCR amplifications were performed
using primers listed in Table S1, and PCR products were
analysed by quantitative real-time PCR (ABI 7500 Cycler;
Applied Biosystems, Carlsbad, CA, USA). The mRNA expres-
sion levels were normalized to the level of β-actin internal
control. Total protein lysates (20 μg per lane) were separated
by 10% SDS-PAGE, probed with anti-RPS3 mAb (Abcam,
Cambridge, M, USA) and anti-β-actin mAb (Cell Signaling,
Beverly, MA, USA) as an internal control. Band intensity
was quantified using ImageJ software (National Institutes
of Health, Bethesda, MD, USA) and normalized to β-actin
control. To detect potential anti-inflammatory effects of
RPS3 siRNA in vitro, transfected cells were allowed to re-
cover for 18 h followed by stimulation with 50 ng·mL�1

TNF-α (Abcam) or 100 μg·mL�1 HDM (Dermatophagoides
pteronyssinus extracts, Greer Laboratories, Lenior, NC, USA)
(Hammad et al., 2009) for another 24 h before analysis of
pro-inflammatory gene expression. To detect the cytotoxic-
ity of RPS3 siRNA, transfected cells were allowed to recover
for 18, 42 or 66 h before they were evaluated by use of the
MTS assay (Promega, Madison, WI, USA).

NF-κB luciferase reporter gene assay
NF-κB luciferase reporter NIH/3T3 stable cells (Signosis, Santa
Clara, CA, USA) were cultured in DMEM supplemented with
high glucose, sodium pyruvate and L-glutamine. One day
before transfection, cells were seeded in a 96-well plate at
5 × 104 cells .100 μL�1. Cells were then transfected with
siRNAs for 6 h, allowed to recover for 18 h and stimulated
with 10 ng·mL�1 TNF-α for an additional 6 h. Cells were
then lysed in luciferase lysis buffer (Promega), and lucifer-
ase activity was measured using a luminometer. Luciferase
experiments were conducted in duplicate and repeated
three times.

Animals
Female BALB/cmice 6 to 8 weeks old were purchased from the
InVivos Pte. Ltd. (Singapore). Mice were anaesthetized with
isoflurane (Halocarbon Products, River Edge, NJ, USA) and
were given 40 μL of 100 μg HDM or saline (negative control)
intratracheally on days 0, 7 and 14 to develop experimental

asthma (Peh et al., 2015). RPS3 siRNA (1 and 5 nmol) or
non-targeting control siRNA in 30 μL PBS was given once
daily via the intratracheal route on days 11–13 (Goh et al.,
2013). Mice were killed by an i.p. injection of 300 μL of anaes-
thetic mixture (7.5 mg·mL�1 ketamine plus 0.1 mg·mL�1

medetomidine, obtained from National University of
Singapore Animal Holding Unit) on day 17 (Figure S1A). An-
imal experiments were performed following the guidelines
of the Institutional Animal Care and Use Committee of the
National University of Singapore. Animal studies are reported
in compliance with the ARRIVE guidelines (Kilkenny et al.,
2010; McGrath and Lilley, 2015).

Bronchoalveolar lavage fluid and serum
analyses
Bronchoalveolar lavage (BAL) was performed as previously
described (Goh et al., 2013), and the total and differential cell
counts in the BAL fluid were determined by flow cytometry
(Fortessa, BD) (van Rijt et al., 2004). BAL fluid levels of cyto-
kines and chemokines were measured using multiplex ELISA

(EMD Millipore, Billerica, MA, USA). Blood was collected by
cardiac puncture, and serum levels of total IgE and HDM-
specific IgE were measured using ELISA (BD Biosciences, San
Jose, CA, USA). Peripheral complete blood counts, serum ala-
nine transaminase/aspartate transaminase and creatinine
levels of blood samples were also measured for potential
toxicity.

Lung histology
Lungs were fixed in 10% neutral formalin, treated with paraf-
fin, cut into 5 μm sections and stained with haematoxylin
and eosin for examining cell infiltration and with periodic
acid-fluorescence Schiff for mucus production. Quantitative
analyses of cell infiltration and mucus production were per-
formed blinded as described previously (Goh et al., 2013).

Measurements of AHR
Mice were anaesthetized, and tracheotomy and intubation
were performed (Peh et al., 2015). The trachea was intubated
with a cannula that was connected to the pneumotach,
ventilator and nebulizer. Lung resistance (Rl) and dynamic
compliance (Cdyn) in response to nebulized methacholine
(0.5–8.0 mg·mL�1) were recorded using a whole-body
plethysmography chamber (FinePointe RC System, Buxco Re-
search Systems, Wilmington, NC, USA) and the FinePointe™

data acquisition and analysis software (Buxco). Results are
expressed as a percentage of the respective basal values in
response to PBS.

Lung tissue analysis
Total protein lysates and nuclear extracts (20 μg per lane)
were separated by 10% SDS-PAGE and probed with anti-p65
mAb (Cell Signaling) or anti-RPS3 mAb (Abcam), and anti-
β-actin mAb (Cell Signaling) or anti-TATA binding protein
mAb (Abcam) as the internal control. Band intensity was
quantified using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). Nuclear proteins were also
analysed for NF-κB p65 DNA-binding activity using the
TransAM™ NF-κB p65 transcription factor assay kit (Active
Motif, Carlsbad, CA, USA). Total mRNA was extracted using
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TRIzol reagent (Invitrogen). PCR amplifications were per-
formed using primers listed in Table S1, and PCR products
were analysed by quantitative real-time PCR (ABI 7500
Cycler). The mRNA expression levels were normalized to the
level of β-actin internal control.

Immunofluorescence staining
Raw 264.7 and LA-4 cells were seeded onto chamber slides
and transfected with 100 nM RPS3 siRNA or non-targeting
control siRNA. Transfected cells were then allowed to recover
for 18 h followed by stimulation with 100 μg·mL�1 HDM for
6 h at 37°C. Cells were fixed, permeabilized and probed with
antibodies targeted at NF-κB p65 (Cell Signaling), followed
by 4’-6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St.
Louis, Missouri, United States) staining. Images were cap-
tured with an Olympus FluoView™ FV1000 confocal micro-
scope (Olympus, Shinjuku, Tokyo, Japan) and quantified
with ImageJ software (National Institutes of Health). Experi-
ments were repeated for four times and the % of p65-positive
cells were quantified.

Statistical analysis
Data are presented as mean ± SEM. Normal distribution was
confirmed by the Kolmogorov–Smirnov-test. One-way

ANOVA of raw data without prior normalization followed
by Dunnett’s test was used to determine the significant differ-
ences between treatment groups. Significant levels were set at
P < 0.05 as compared with non-targeting control siRNA. The
data and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology
(Curtis et al., 2015).

Results

In vitro characterization of RPS3 siRNA
RAW 264.7 (Figure 1A) and NIH/3T3 (Figure 1B) cells are used
routinely in this laboratory for screening the relevant siRNA
sequences as previously reported (Goh et al., 2013). The
effects of gene silencing of four RPS3 siRNA sequences
(S1–S4) targeted at different sites of the coding region of
mouse RPS3 mRNA were examined. S1, S2, S3 and S4 mark-
edly silenced RPS3 mRNA expression in both cell lines 24 h
after transfection by about 70% as compared with the control
siRNA. The four sequences produced significant knockdown
of RPS3 protein expression by at least 60–80% in both RAW
264.7 cells and NIH/3T3 cells, especially at 24 and 48 h.
Among the four sequences, S1 consistently knocked down

Figure 1
Characterization of RPS3 siRNAs. mRNA and protein levels of RPS3 after transfection of non-targeting control siRNA or ON-TARGETplus RPS3
siRNAs in (A) RAW 264.7, (B) NIH/3T3 and (C) LA-4 cells. Four sequences of ON-TARGETplus RPS3 siRNAs (100 nM) designated as S1, S2, S3 or
S4 were transfected and characterized individually in the cells as indicated. Total mRNAs were extracted 18 h later (n = 3), and total protein lysates
were prepared 18, 42 and 66 h later (n = 3 per time point) post-transfection. The immunoblots were probed with anti-RPS3 mAb, and band
intensities were analysed using ImageJ software and normalized to β-actin as an internal control. Veh, Lipofectamine 2000; Con, control siRNA.
Values are shown as means ± SEM. *Significant difference from control siRNA, P < 0.05.
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RPS3 mRNA and protein with the highest silencing efficiency
and the least variability and was chosen as the lead siRNA for
subsequent in vitro and in vivo experiments. S1 was then
tested in a relevant respiratory epithelial cell line, LA-4, to
confirm the down-regulation of RPS3 mRNA expression by
60–70% and protein expression by 60–80% (Figure 1C).

RPS3 knockdown by S1 siRNA markedly prevented
TNF-α-induced gene expression of IL-1β, IL-5, KC (CXCL1)
and inducible NOS (iNOS) in RAW 264.7 cells (Figure 2A);
IL-1β, IL-5, mucin 5AC (Muc5ac) and MMP9 in NIH/3T3
cells (Figure 2B); and IL-1β, IL-5 and IL-6, MMP9 in LA-4
cells (Figure 2C). In addition, RPS3 gene silencing signifi-
cantly blocked direct aeroallergen HDM-stimulated gene
expression of IL-1β, IL-6, KC and granulocyte-macrophage
colony-stimulating factor (GM-CSF) in RAW 264.7 cells
(Figure 3A); IL-6, Muc5ac, TNF-α and MMP9 in NIH/3T3

cells (Figure 3B); and IL-1β, IL-6 and KC (CXCL1), MMP9
in LA-4 cells (Figure 3C).

RPS3 gene silencing attenuates HDM-induced
allergic airway inflammation
Daily intratracheal administration of 5 nmol S1 siRNA to
naïve BALB/c mice for three consecutive days was able to
knock down the RPS3 protein lung level for up to 72 h after
the last siRNA dose (Figure 4A). In the HDM-induced exper-
imental asthma model, we observed for the first time that
the RPS3 protein level in lung tissues was moderately, but
significantly, elevated (Figure 4B). However, three consecu-
tive daily doses of S1 siRNA were sufficient to down-regulate
RPS3 protein level in lung tissues from HDM-challenged
mice (Figure 4C).

Figure 2
Effects of RPS3 siRNA on TNF-α-induced expression of inflammatory and remodelling mediators in vitro. mRNA expression of TNF-α-induced me-
diators after transfection with RPS3 siRNA in (A) RAW 264.7, (B) NIH/3T3 and (C) LA-4 cells (n = 6). Values are shown as means ± SEM. *Significant
difference from control siRNA, P < 0.05.
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HDM challenge markedly increased total cell, eosinophil
and macrophage counts and slightly but significantly in-
creased lymphocyte and neutrophil counts, as compared
with the saline control (Figure 4D). Intratracheal S1 siRNA
(1 and 5 nmol) dose-dependently decreased (P < 0.05) total
cell and eosinophil counts in BAL fluid as compared with con-
trol siRNA. At a dose of 5 nmol, S1 siRNA was able to signifi-
cantly lower BAL fluid neutrophil and lymphocyte counts as
well (Figure 4D). In addition, RPS3 gene silencing markedly
reduced HDM-induced leukocyte infiltration and mucus hy-
persecretion (Figure 4E–F).

RPS3 gene silencing attenuates the
HDM-induced increase in inflammatory
mediators
HDM challenge evidently increased BAL fluid levels of Th2
cytokines, including IL-4, IL-5, IL-13, eotaxin (CCL11), IL-1β
and KC (CXCL1) (Figure 5A), and lung gene expression of
pro-inflammatory mediators, including Muc5ac, TNF-α,

IL-1β, IL-6, KC, iNOS, E-selectin and GM-CSF (Figure 5B), as
compared with saline control. RPS3 siRNA dose-dependently
suppressed BAL fluid (Figure 5A) and lung tissue (Figure 5B)
levels of these pro-inflammatory mediators (Figure 5A), as
compared with the non-targeting control siRNA. An eleva-
tion of serum IgE levels is a hallmark of the Th2 immune
response. RPS3 gene silencing markedly lowered
HDM-induced increases in total and HDM-specific IgE levels
in a dose-dependent manner (Figure 5C).

RPS3 gene silencing reduces HDM-induced
AHR
To detect the effects of RPS3 gene silencing on HDM-induced
AHR, we measured the lung resistance (Rl) and dynamic com-
pliance (Cdyn) in mechanically ventilated mice in response
to increasing concentrations of nebulized methacholine. Rl
is defined as the pressure driving respiration divided by flow.
Cdyn is defined as the change in volume of the lung produced
by a change in pressure across the lung. HDM-challenged

Figure 3
Effects of RPS3 siRNA on HDM-induced expression of inflammatory and remodelling mediators in vitro. mRNA expression of HDM-induced medi-
ators after transfection with RPS3 siRNA in (A) RAW 264.7, (B) NIH/3T3 and (C) LA-4 cells (n = 6). Values are shown as means ± SEM. *Significant
difference from control siRNA, P < 0.05.
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mice developed AHR, which is typically reflected by an en-
hanced Rl (Figure 6A) and declining Cdyn (Figure 6B). RPS3
siRNA (5 nmol) drastically reduced Rl (Figure 6A) and restored
Cdyn (Figure 6B) to the saline control levels, suggesting that
airway pathology was largely modified by RPS3 gene
silencing.

RPS3 gene silencing disrupts NF-κB signalling
Nuclear translocation of NF-κB was captured using immuno-
fluorescence staining in RAW 264.7 (Figure 7A) and LA-4
(Figure 7B) cells. HDM treatment of macrophages and epithe-
lial cell lines promoted p65 accumulation in the nucleus, and
the p65 nuclear translocation was markedly inhibited by

Figure 4
Effects of RPS3 gene silencing in an HDM-induced mouse asthma model. (A) RPS3 protein level in mouse lung tissues. Naïve mice were given
5 nmol RPS3 siRNA for 3 days consecutively by intratracheal administration. RPS3 protein levels were measured 24, 48 and 72 h after the last
RPS3 siRNA administration (n = 3). (B) RPS3 protein levels in saline and HDM-challengedmouse lungs (n = 3). (C) RPS3 protein levels in HDM-chal-
lenged mouse lungs after intratracheal administration of RPS3 siRNA (n = 3). Data are shown as representative of three independent experiments.
(D) Inflammatory cell counts in BAL fluid 72 h after the last challenge [Saline, n = 8; HDM, n = 7; control siRNA (Con), n = 7; 1 nmol RPS3 siRNA,
n = 9; 5 nmol RPS3 siRNA, n = 9]. Differential cell counts were performed on a minimum of 500 cells to identify eosinophils (Eos), macrophages
(Mac), neutrophils (Neu) and lymphocytes (Lym). Representative images of (E) haematoxylin and eosin-stained lung sections (200× magnifica-
tion) and (F) periodic acid-fluorescence Schiff-stained lung sections (900× magnification) with corresponding quantitative analyses of inflamma-
tion score and mucus score respectively (n = 4). Values are shown as means ± SEM. *Significant difference from control siRNA, P < 0.05.
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RPS3 siRNA. HDM challenge promoted NF-κB p65 subunit
and RPS3 nuclear accumulation in mouse lung tissues.
Intratracheal administration of RPS3 siRNA (5 nmol) signifi-
cantly reduced nuclear p65 and RPS3 levels as compared with

non-targeting control siRNA (Figure 7C). In addition, RPS3
gene silencing lessened the HDM-induced increase in p65
DNA-binding activity (Figure 7D). Using an NF-κB luciferase
reporter assay to further confirm the disruption of the NF-κB

Figure 5
Effects of RPS3 gene silencing on BAL fluid cytokine levels, lung tissue inflammatory gene expressions and serum IgE levels in a HDM-induced
mouse asthma model. (A) BAL fluid cytokine levels of IL-4, IL-5, IL-13, IL-1β, KC and eotaxin (n = 7–9). (B) Lung tissue inflammatory gene expres-
sions. Lung tissues were collected 24 h after the last challenge. The relative quantity of target gene expression was automatically normalized to
that of β-actin as an internal control, and values shown are ratios of various treatments to saline group (n = 7–9). (C) Mouse serum lgE levels.
Mouse sera were collected 24 h after the last challenge. The levels of total IgE and ovalbumin-specific IgE were analysed using ELISA (n = 7–9).
Values are shown as means ± SEM. *Significant difference from control siRNA, P < 0.05.
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pathway caused by RPS3 knockdown, we observed a strong
TNF-α-mediated NF-κB-dependent increase in luciferase ac-
tivity in NIH/3T3 cells, but RPS3 siRNA markedly suppressed
luciferase activity as compared with the control siRNA
(Figure 7E).

Discussion
Persistent activation of the NF-κB pathway has been ob-
served in allergic asthma (Edwards et al., 2009; Trejo Bittar
et al., 2015). RPS3 has recently been found to bind to the
p65 subunit of the NF-κB complex via its KH domain, facili-
tate nuclear translocation of NF-κB complex and enhance
the binding affinity of p65 subunit to downstream gene
targets (Wan and Lenardo, 2010). In an RPS3-deficient con-
dition, it has been shown that overexpression of p65 failed
to enhance NF-κB activity, implicating an obligatory role of
RPS3 in p65 function (Wan et al., 2007). Noticeably, activa-
tion of IKKβ, upstream in the NF-κB pathway can lead to

phosphorylation of RPS3 at Ser209, which is crucial for subse-
quent RPS3 nuclear translocation (Wan et al., 2011). In
addition, RPS3 knockdown disrupted the RPS3-p65
interaction and significantly attenuates cytokine produc-
tion, T cell proliferation and immunoglobulin κ light chain
gene expression in B cells (Wier et al., 2012). In this study,
we revealed that the lung RPS3 protein level was elevated
in HDM-induced mouse asthma, and intratracheally admin-
istered RPS3 siRNA markedly attenuated allergic airway
inflammation. We also demonstrated that p65 and RPS3 nu-
clear translocation were elevated in HDM-challenged mice,
and RPS3 gene silencing significantly inhibited their nuclear
accumulation. In addition, RPS3 siRNA markedly suppressed
the nuclear translocation of NF-κB p65 induced by TNF-α in
the NF-κB luciferase reporter NIH/3T3 stable cells or by HDM
in RAW 264.7 and LA-4 cells.

Among the four siRNA sequences (S1–S4) tested, S1 was
selected as the most potent RPS3-specific siRNA based on its
consistently efficient knockdown effects of at least 60–80%
on RPS3 gene and protein levels in the RAW 264.7 or
NIH/3T3 cell line for up to 72 h. The knockdown of RPS3 by
S1 was confirmed in LA-4 mouse lung epithelial cells. The
cells were stimulated with TNF-α or HDM, and the expression
of pro-inflammatory mediators was measured. Different cell
types responded differently to TNF-α or HDM, resulting in
differential inflammatory gene expressions. The inhibitory
effects of S1 on direct TNF-α- or HDM-induced production
of cell type-specific inflammatory mediators were then mea-
sured and shown in Figures 2 and 3. To investigate the role
of RPS3 in asthma, three consecutive daily doses of S1, given
via the intratracheal route, were found to be sufficient to
knockdown RPS3 protein in the lungs for up to 72 h in a
HDM experimental mouse asthma model.

In addition, potential toxic side effects of RPS3 siRNA
were measured in vitro and in vivo. The MTS assay revealed
that RPS3 siRNA had no negative influence on the prolifera-
tion of all three cell lines tested, as compared with control
siRNA (Figure S1B). Complete blood count and chemical
analysis of serum kidney and liver markers confirmed that
intratracheal RPS3 siRNA had no adverse effects on complete
blood count and serum kidney and liver markers in the HDM
experimental mouse asthma model (Table S1).

Experimental asthma in mice with IKKβ conditional
knockout or transgenic IκBαmutant expression in the airway
epithelium produced significantly less IL-4, IL-5, IL-13 and
eotaxin (CCL11) in the airways (Broide et al., 2005). Th2
cytokines including IL-4, IL-5, IL-13 and eotaxin (CCL11), to-
gether with TNF-α, IL-1β, IL-6, IL-8 and GM-CSF, have been
shown to play an essential role in the pathogenesis of asthma
(Gandhi et al., 2016; Chung, 2015). We observed a marked
drop in BAL fluid levels of IL-4, IL-5, IL-13, IL-1β, KC (CXCL1)
and eotaxin (CCL11), and in lung gene expression of TNF-α,
IL-6 and GM-CSF, in RPS3 siRNA-treated HDM-challenged
mice. There is increasing evidence supporting the role of
IL-1β, which is expressed in a NF-κB-dependent manner and
activated by NLRP3 inflammasome in allergic airways, in
inducing IL-5 and IL-13 production in asthma (Kim et al.,
2014). Taken together, these results indicate that RPS3 gene
silencing can suppress a wide spectrum of pro-inflammatory
cytokines in experimental mouse asthma and this effect is
probably mediated by disruption of the NF-κB pathway.

Figure 6
Effects of RPS3 gene silencing on HDM-induced AHR. AHR in
response to increasing concentrations of aerosolized methacholine
was measured 24 h after the last challenge with (pretreatment)
5 nmol control or RPS3 siRNA. AHR is expressed as percentage
change compared with the baseline level of (A) lung resistance (Rl;
n = 6) and (B) dynamic compliance (Cdyn; n = 6). Values are shown
as means ± SEM. *Significant difference from control siRNA,
P < 0.05.
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RPS3 knockdown markedly reduced total cell and eosino-
phil counts and, to a lesser extent, lymphocyte and neutro-
phil counts, in BAL fluid, and induced tissue eosinophilia in

lung sections. Eosinophil transmigration into the airways is
promoted by Th2 cytokines IL-5 and IL-13 as well as TNF-α
and facilitated by chemokines such as eotaxin (CCL11) in

Figure 7
Effects of RPS3 gene silencing on NF-κB translocation and activity. Nuclear translocation of p65 induced by HDM was captured using immuno-
fluorescence staining in (A) RAW 264.7 and (B) LA-4 cells. The percentage of cells with p65 nuclear staining was quantified. Negative control
panels were probed with the secondary antibody only to indicate potential background or non-specific staining. (C) Immunoblot of nuclear
NF-κB subunit p65 and RPS3 accumulation. Mouse lung nuclear proteins were separated by 10% SDS-PAGE and probed with anti-p65, anti-
RPS3 or anti-TATA binding protein (TBP) mAb. TBP were used as a nuclear protein loading control (n = 7–9). (D) Nuclear p65 DNA-binding activity
was determined using a TransAM™ p65 transcription factor ELISA kit (n = 7–9). (E) NF-κB reporter gene assay in NF-κB luciferase reporter NIH/3T3
stable cell line pretreated with RPS3 siRNA and then stimulated with TNF-α. Results are expressed as fold change relative to media control.
The luciferase assay was conducted in duplicate wells for each sample, with three independent experiments. Values are shown as means ± SEM.
*Significant difference from control siRNA, P < 0.05.
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combination with adhesion molecules such as E-selectin
(Hogan et al., 2008). IL-13 has been shown to induce eotaxin
production from airway epithelial cells (Pope et al., 2001),
while TNF-α induces E-selectin expression in human endo-
thelial cells (Ceolotto et al., 2014). GM-CSF can prolong the
survival of eosinophils, and IL-8 promotes neutrophil che-
motaxis and activation (Pelaia et al., 2015). Intratracheal
RPS3 siRNA strongly suppressed eotaxin (CCL11), TNF-α, KC
(CXCL1) and E-selectin levels in HDM-challenged lungs.
These results are likely to be due to interruption of NF-κB
transcriptional activity by RPS3 knockdown, as the genes for
eotaxin (CCL11), TNF-α, GM-CSF, IL-6, KC (CXCL1), IL-13
and E-selectin contain the κB site for NF-κB within their pro-
moters (Kumar et al., 2004).

Cumulative evidence has revealed that goblet cell hyper-
plasia and Muc5ac expression can be induced by IL-4, IL-5,
IL-8 or IL-13 (Zhang et al., 2015; Bautista et al., 2009). Muc5ac
gene expression is dependent on the transcriptional activity
of NF-κB (Hewson et al., 2010). Selective ablation of NF-κB
function in airway epithelium has been shown to reduce
allergen-induced mucus production in mice (Edwards et al.,
2009; Ogawa et al., 2011). Recent studies have revealed the
important role of IL-1β and TNF-α in mucus production in ex-
perimental asthma and in airway epithelial cells (Lora et al.,
2005; Fujisawa et al., 2009). Therefore, the marked reduction
in mucus production and Muc5ac expression in the lungs of
RPS3 siRNA-treated mice is probably a consequence of the
inhibiton of pro-inflammatory cytokine production and a di-
rect disruption of the NF-κB pathway in airway epithelium.

Elevated serum IgE levels are a hallmark of the Th2 im-
mune response. NF-κB plays an essential role in B cell prolifer-
ation and development (Gerondakis and Siebenlist, 2010).
IL-4 and IL-13 are important in driving B cell growth, differ-
entiation and secretion of IgE (Lambrecht and Hammad,
2015; Gandhi et al., 2016). The biological activities of IgE
are mediated through its interaction with the FcεRI on mast
cells and basophils. Cross-linking of FcεRI initiates multiple
signalling cascades leading to NF-κB activation and the pro-
duction of lipid mediators, cytokines and chemokines (Galli
et al., 2008). Our results show that RPS3 siRNA substantially
reduced serum levels of total IgE and HDM-specific IgE. The
observed reduction is likely to be mediated by its disruptive
action on NF-κB activation in B cells and on IL-4- and
IL-13-mediated class switching to IgE.

Increased exhaled NO is positively correlated with in-
creased iNOS expression in the lung epithelium in asthma
(Jiang et al., 2009). IL-13, IL-1β and TNF-α have been shown
to induce iNOS expression in human bronchial epithelial
cells leading to an elevatation in NO production (Suresh
et al., 2007; Jiang et al., 2009). Furthermore, iNOS gene ex-
pression is controlled by the NF-κB pathway (Bogdan,
2001). Our results show that RPS3 gene silencing markedly
suppressed the HDM-induced iNOS expression in the lungs,
which may be due to the direct interruption of NF-κB signal-
ling and the reduced levels of IL-13, IL-1β and TNF-α in the
allergic airways.

IL-4, IL-5, IL-6, IL-13 and TNF-α have been implicated in
AHR by mobilizing and activating esoinophils, leading to
the release of pro-inflammatory mediators including major
basic protein and cysteinyl-leukotrienes, which are closely
linked to AHR development (Leckie et al., 2000; Brightling

et al., 2008; Oh et al., 2010; Tanaka et al., 2012). In addition,
inhibition of the NF-κB pathway has also been shown to
attenuate AHR in experimental asthma (Tully et al., 2013).
We observed that RPS3 gene silencing strongly suppressed
methacholine-induced AHR, which may be the result of the
marked drop in pro-inflammatory cytokines and tissue eosin-
ophilia induced by RPS3 siRNA treatment.

We demonstrated that the lung RPS3 level was substan-
tially elevated in experimental asthma, and RPS3 gene
silencing markedly attenuated HDM-induced airway inflam-
mation and AHR, probably by disruption of the NF-κB
signalling pathway. Our findings strongly indicate that gene
silencing of RPS3 using siRNA can be a novel therapeutic
strategy for asthma.
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