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Chronic obstructive pulmonary disease (COPD) is estimated
to be the third leading cause of death by 2030. Transcription
factor NF-kB may play a critical role in COPD pathogenesis.
Ribosomal protein S3 (RPS3), a 40S ribosomal protein essen-
tial for executing protein translation, has recently been found
to interact with the NF-kB p65 subunit and promote p65
DNA-binding activity. We sought to study whether RPS3
gene silencing could protect against cigarette-smoke (CS)-
induced acute lung injury in a mouse model. Effects of an in-
tratracheal RPS3 siRNA in CS-induced lung injury were
determined by measuring bronchoalveolar lavage (BAL) fluid
cell counts, levels of inflammatory and oxidative damage
markers, and NF-kB translocation. Lung RPS3 level was
found to be upregulated for the first time with CS exposure,
and RPS3 siRNA blocked CS-induced neutrophil counts in
BAL fluid. RPS3 siRNA suppressed CS-induced lung inflam-
matory mediator and oxidative damage marker levels, as
well as nuclear p65 accumulation and transcriptional activa-
tion. RPS3 siRNA was able to disrupt CS extract (CSE)-
induced NF-kB activation in an NF-kB reporter gene assay.
We report for the first time that RPS3 gene silencing amelio-
rated CS-induced acute lung injury, probably via interruption
of the NF-kB activity, postulating that RPS3 is a novel thera-
peutic target for COPD.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is an airway
inflammatory disease characterized by progressive airflow
limitation, increased macrophage and neutrophil infiltration, and
hypersecretion of inflammatory mediators, as well as oxidant
and antioxidant dysregulation.1,2 It is estimated that more than
200 million people are suffering from COPD globally, and
COPD accounts for about 3.4% of the total health care cost in
the European Union and $50 billion in the United States.3 We
have very few treatment options for COPD, and we mainly rely
on corticosteroids and phosphodiesterase-4 (PDE4) inhibitor as
anti-inflammatory agents, both of which come with dose-limiting
adverse effects.4 There is an urgent need to discover novel thera-
pies for COPD.
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Nuclear factor kB (NF-kB), a master switch for pro-inflammatory
gene transcription, may play a vital role in the pathogenesis of
COPD. Elevated NF-kB activities have been observed in bronchial bi-
opsies and sputum macrophages from COPD patients.5,6 Cigarette
smoke (CS) is a rich source of oxidants and free radicals and the pre-
dominant risk factor for COPD, causing oxidative damage, inflamma-
tory cell infiltration, and imbalance of oxidants and antioxidants in
the lungs.7,8 Nuclear translocation of NF-kB p65 subunit and
NF-kB transcriptional activities were upregulated in human lung
epithelial cells exposed to cigarette smoke extract (CSE).9,10 In CS-
induced experimental COPD models showing airway inflammation
and tissue oxidative damage, increased NF-kB nuclear accumulation
in lung tissues was observed.11,12 Cumulative evidence points to the
NF-kB pathway as a target for pharmacological intervention for
COPD therapy.

Ribosome is the enzyme complex that catalyzes protein synthesis,
consisting of a small 40S subunit and a large 60S subunit. Ribosomal
protein S3 (RPS3), a component of the small 40S ribosomal subunit, is
known to be involved in the initiation of mRNA translation via its
interaction with the eukaryotic initiation factors eIF-2 and eIF-3.13

Nevertheless, recent reports have unraveled an extra-ribosomal func-
tion of RPS3 as an integral part of the NF-kB complex.14,15 RPS3 was
found to bind to the p65 subunit of the NF-kB, promote the nuclear
accumulation of NF-kB complex, and enhance the binding affinity of
NF-kB to the kB sites of a number of target genes. In addition, we
have recently reported that gene silencing of RPS3 attenuated inflam-
mation in a house dust mite asthma mouse model.16

Small interfering RNA (siRNA), a synthetic RNA duplex consist-
ing of usually 21-mer oligonucleotides, is designed to specifically
knock down target mRNA.17 Gene silencing by siRNA is a highly
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target-sequence-specific process, and synthetic siRNA can be
delivered via inhalation route into the airway of experimental an-
imal models to silence the target gene of interest.18 The lung has a
large absorption surface area and is lined with surfactants that can
facilitate siRNA uptake into the lung cells.15 The objective of the
present study was to investigate whether gene silencing of RPS3
in vivo could protect against CS-induced acute lung injury in a
mouse model.

RESULTS
In Vitro Characterization of RPS3 siRNA

The gene silencing effects of RPS3 siRNA were confirmed in RAW
264.7 and LA-4 cells by real-time qPCR and immunoblotting. RPS3
siRNA markedly silenced RPS3 mRNA expression by about 70% in
both cell lines, as compared to the control siRNA (Figure 1A).
RPS3 protein expression was reduced by at least 60%–80% in both
cell lines (Figure 1B). An MTS assay reveals that RPS3 siRNA had
no negative impact on the proliferation of cell lines tested, as
compared with control siRNA (Figure 1C).

We observed an upregulation of RPS3 mRNA expression in CSE-
stimulated cell lines, which can be significantly suppressed by
RPS3 siRNA (Figure 2A). CSE-induced gene expression of GM-
CSF (granulocyte-macrophage colony-stimulating factor), MMP-9
(matrix metallopeptidase 9), and iNOS (inducible nitric oxide syn-
thase) in RAW 264.7 cells (Figure 2B) and LA-4 cells (Figure 2C)
was significantly abated by RPS3 gene silencing. MCP-1 was
increased in both cell lines upon CSE exposure and was only signif-
icantly decreased by RPS3 siRNA in RAW 264.7 cells. In addition,
RPS3 siRNA markedly suppressed CSE-induced increases in super-
natant levels of cytokines including interleukin (IL)-1b and tumor
necrosis factor alpha (TNF-a) in both cell lines, IL-6 in RAW
264.7 cells, and keratinocyte chemokine (KC) in LA-4 cells (Figures
2B and 2C). Notably, KC was not increased by CSE in RAW 264.7
cells. IL-6 was not significantly reduced by RPS3 siRNA in LA-4
cells.

To ensure that CSE-induced upregulation of RPS3 expression in
mouse cell lines is similarly observable in human airway cells, we
are able to demonstrate that RPS3 mRNA (Figure 2D) and RPS3 pro-
tein (Figure 2E) were upregulated in CSE-stimulated BEAS-2B hu-
man bronchial epithelial cells, indicating a potential relevance of
RPS3 in human COPD.

In Vivo Characterization of RPS3 siRNA

After 3 consecutive daily intratracheal administrations of 5 nmol
RPS3 siRNA to naive mice, lung RPS3 protein levels were knocked
down for up to 72 hr (Figure 3A). In mice exposed to CS, plasma co-
tinine levels were sharply elevated, as compared with those of the
sham-air control group (Figure 3B). A 2-week CS-induced acute
lung injury mouse model was established according to our previous
report.16 Based on our preliminary study, we gave six consecutive
daily intratracheal doses of RPS3 siRNA to CS-exposed mice to
silence the RPS3 gene in the lungs (Figure 3C). We observed for
the first time that CS exposure significantly raised the lung RPS3 pro-
tein level, and RPS3 siRNA significantly reduced the CS-induced
RPS3 protein level to the basal level (Figure 3D).

In an attempt to visualize the distribution of intratracheally adminis-
trated siRNA in the lungs, mice were exposed to CS and then admin-
istered with Cy5-labeled RPS3 siRNA. At 1 hr and 12 hr after siRNA
instillation, lung sections were probed with Alexa Fluor 488-labeled
anti-CD68 antibody to detect macrophages. Red-labeled siRNA was
detected on the airway epithelial layer in a band-like deposition
pattern 1 hr after administration. Green-labeled macrophages were
found clustered around the deposited siRNA. Twelve hours later,
the red dots of siRNA were noticeable beneath the airway basement
membrane and co-localized with submucosal macrophages, indi-
cating that siRNA diffused through the epithelial barrier and endocy-
tosed by macrophages (Figure 3E).

RPS3 Gene Silencing Attenuates CS-Induced Airway

Inflammation

CS exposure significantly increased total cell, macrophage, neutro-
phil, eosinophil, and lymphocyte counts in bronchoalveolar lavage
(BAL) fluid, as compared with the sham-air control (Figure 4A).
Intratracheal RPS3 siRNA at 5 nmol significantly reduced total
cell, neutrophil, lymphocyte, and eosinophil counts in BAL fluid,
as compared with control siRNA (5 nmol) (Figure 4A). Noticeably,
macrophage counts were not reduced by RPS3 siRNA. Histological
analyses revealed significant inflammatory cell infiltration and
epithelium thickening in CS-challenged mouse lungs. Epithelium
thickness was quantified with a total of 4 additional mice per treat-
ment group and 10 images per mouse. RPS3 gene silencing signif-
icantly reduced epithelium thickness compared with control
siRNA (Figure 4B). Six doses of RPS3 siRNA treatment did not
alter peripheral blood counts or kidney and liver enzyme levels
(Table S1).

RPS3 Gene Silencing Attenuates CS-Induced Inflammatory

Mediators and Oxidative Damage Markers

CS exposure significantly raised BAL fluid levels of inflammatory
mediators, including IL-1b, IL-6, KC, IL-12, and TNF-a (Fig-
ure 5A), and oxidative damage markers such as 3-NT, 8-isopros-
tane, and 8-OHdG (Figure 5B). RPS3 siRNA dose-dependently
suppressed BAL fluid levels of inflammatory mediators and oxida-
tive damage markers, as compared with the non-targeting control
siRNA (5 nmol) (Figures 5A and 5B). Based on protein analysis
data from Figures 5A and 5B, primarily the higher dose of RPS3
siRNA (5 nmol) was able to significantly (p < 0.05) reduce CS-
induced BAL fluid cytokine levels and oxidative damage markers.
As such, we analyzed gene expression in lung tissues samples from
mice treated with the higher dose of RPS3 siRNA at 5 nmol. Gene
expression of inflammatory mediators, including GM-CSF, KC,
MMP-12, TNF-a, and MCP-1 were also significantly suppressed
by a higher dose of RPS3 siRNA (5nmol) in CS-challenged mouse
lung, as compared with non-targeting control siRNA (5 nmol)
(Figure 5C).
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Figure 1. Gene Silencing Effects of RPS3 siRNA on

RPS3 mRNA and Protein Levels in RAW 264.7 and

LA-4 Cells

(A) Total mRNAs were extracted 24 hr after siRNA

transfection (n = 3 separate experiments). (B) Total protein

lysates were prepared 24, 48, and 72 hr after siRNA

transfection (n = 3 separate experiments per time point).

The immunoblot band intensities were analyzed using

ImageJ software and normalized to endogenous control

b-actin. (C) Effects of RPS3 siRNA on cell viability was

detected by MTS assay (n = 6 separate experiments).

Veh, Lipofectamine 2000; Con, control siRNA. Values are

expressed as means of triplicate ± SEMs. *Significant

difference from control siRNA, p < 0.05.
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Figure 2. Gene Silencing Effects of RPS3 siRNA on CSE-Induced RPS3 and Inflammatory Biomarker Expressions In Vitro

(A) CSE significantly increased RPS3mRNA expression in RAW 264.7 and LA-4 cell lines, and the RPS3mRNA levels were significantly downregulated by RSP3 siRNA (n = 6

separate experiments). Gene silencing by RPS3 siRNA significantly decreased CSE-induced gene expression of inflammatory markers in RAW 264.7 cells (B) and LA-4 cells

(C). In addition, RPS3 siRNA significantly suppressed CSE-induced increases in supernatant levels of cytokines in RAW 264.7 cells (B) and LA-4 cells (C) (n = 6 separate

experiments). CSE upregulated RPS3 mRNA level (D) and RPS3 protein level (E) in BEAS-2B cells (n = 6 separate experiments). Values are shown as means of duplicate ±

SEMs of 6 separate experiments. *Significant difference from control siRNA (Con), p < 0.05; #significant difference from control media group, p < 0.05.
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Figure 3. Regulation of RPS3 Levels by CS and Characterization of RPS3 siRNA In Vivo

(A) Representative immunoblots showing the duration of gene silencing effects of RPS3 siRNA (5 nmol) in mouse lungs for 24, 48, and 72 hr after intratracheal administration

(n = 3mice per group). Naive mice are mice without CS exposure. (B) Comparison of serum cotinine levels between sham-air-exposed (SA) and CS-exposed (CS) mice (n = 3

mice per group). (C) A 2-week CS-induced acute lung injury mouse model based on our previous report.41 Mice were given six consecutive daily intratracheal doses of RPS3

siRNA to silence the RPS3 gene in the lungs. (D) Gene silencing effects of RPS3 siRNA (5 nmol) in CS-exposedmouse lungs (n = 6mice per group). Control siRNA (Con) refers

to 5 nmol non-targeting siRNA. (E) Distribution of Cy5-labeled RPS3 siRNA (5 nmol, red) in CS-exposed mouse lungs 1 hr and 12 hr after intratracheal siRNA administration

(n = 3 mice per group). Lung sections were prepared and probed with Alexa Fluor 488-conjugated anti-CD68 antibody and DAPI. Values are shown as means of triplicate ±

SEMs. *Significant difference from control siRNA, p < 0.05; #significant difference from the SA group, p < 0.05.
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RPS3 Gene Silencing Interferes with NF-kB Signaling Pathway

Using Alexa Fluor 633 to probe for NF-kB p65 subunit cellular distri-
bution (Figure 6A, red signal), we observed that the p65 subunit was
mainly located in the cytosol under resting conditions but that it
began to translocate into the nucleus of RAW264.7 cells upon stimu-
lation with CSE. Nuclei were stained with DAPI (Figure 6A, blue
signal). RPS3 siRNA significantly inhibited CSE-induced nuclear
accumulation of p65 subunit in RAW 264.7 cells, as shown by the
drop in red fluorescence staining in the nucleus, as compared with
the non-targeting control siRNA. The percentages of the cells in
374 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
which the p65 staining overlapped with the DAPI nuclear staining
were quantitated (Figure 6A). NF-kB p65 subunit and RPS3 nuclear
accumulation were elevated in CS-challenged mouse lung tissues. In-
tratracheal administration of RPS3 siRNA (5 nmol) significantly
reduced nuclear p65 and RPS3 levels, as compared with non-targeting
control siRNA (5 nmol) (Figure 6B). CS challenge also increased nu-
clear p65 DNA-binding activity in lung tissue, which could be
reversed by RPS3 siRNA treatment (Figure 6C). In an NF-kB secreted
embryonic alkaline phosphatase (SEAP) reporter gene assay in vitro,
RPS3 siRNA (5 nmol) was found to suppress CSE-induced SEAP
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A Figure 4. Anti-inflammatory Effects of RPS3 siRNA

in CS-Induced Acute Lung Injury In Vivo

(A) BAL fluid total and differential cell counts from CS-

exposed (CS) mice with RPS3 siRNA (1 nmol and 5 nmol)

or control siRNA (5 nmol) treatment (n = 9 mice per

treatment group). SA, sham air exposed; Eos, eosinophil;

Mac, macrophage; Neu, neutrophil; Lym, lymphocyte.

(B) Representative H&E-stained lung sections at 200�
magnification. Quantitative analysis of epithelium thick-

ness was performed blinded (n = 4 mice per treatment

group). Values are shown as means ± SEMs. *Significant

difference from control siRNA, p < 0.05; #significant dif-

ference from the SA group, p < 0.05.
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protein levels in the supernatant of the NF-kB/SEAP reporter RAW
264.7 cells (Figure 6D).

DISCUSSION
CS is the major risk factor for COPD, and CS exposure of mice al-
lows for translational investigation of the pathophysiology of COPD
and proof-of-concept drug study for the treatment of COPD.7,19 CS
activates epithelial cells and macrophages, leading to NF-kB
pathway activation and inflammatory cell lung infiltration.2,7 Infil-
trated cells are attributable to the increased pro-inflammatory cyto-
kine and chemokine levels, as well as the production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS). In this
study, we revealed for the first time that RPS3 protein levels were
elevated in CSE-exposed mouse cell lines and CS-challenged mouse
lungs, and intratracheal administration of RPS3 siRNA markedly
attenuated airway inflammation and oxidative damage. We have
also observed elevated p65 and RPS3 nuclear translocation in CS-
challenged mouse lungs, and RPS3 gene silencing significantly
inhibited their nuclear accumulation. In addition, RPS3 siRNA-
mediated inhibition of NF-kB nuclear translocation and activation
were captured by immunofluorescence staining and NF-kB/SEAP
reporter gene assay.

NF-kB plays a central role in the airway inflammation in COPD.20

Bronchial biopsies of smokers revealed elevated p65 nuclear protein
Molecular Therap
levels and nuclear translocation in bronchial
epithelium, as compared with non-smokers.
Increased NF-kB-DNA-binding activity was
also observed in lung tissues of smokers, as
compared with non-smokers.6 In addition, elec-
trophoretic mobility shift assay (EMSA) has
shown a significant increase in NF-kB nuclear
translocation in the lung tissues from COPD
patients.21 In experimental models, NF-kB ac-
tivity was found upregulated in CS-challenged
mouse lung and CSE-stimulated lung epithelial
cells.9–12 Li et al.22 reported that intratracheal
NF-kB decoy oligodeoxynuleotides significantly
ameliorated airway inflammation and pre-
vented lung dysfunction in a CS-induced mouse
COPD model, probably through the inhibition of NF-kB activity. In
addition, the anti-inflammatory bioactive molecule andrographolide
was found to mitigate the inflammatory response of human alveolar
epithelial cells through inhibition of NF-kB activity via upregulation
of miR-218.23

RPS3 has been shown to bind to the p65 subunit of the NF-kB com-
plex via its KH domain, promote nuclear translocation of NF-kB
complex, and enhance the binding affinity of the p65 subunit to
downstream target gene promoters.14 In addition, inhibitory kB ki-
nase b (IKKb), an essential upstream kinase of the NF-kB pathway,
has been shown to phosphorylate RPS3 at Ser209, crucial for subse-
quent RPS3 nuclear translocation.24 Overexpression of p65 did not
enhance NF-kB activity when RPS3 was downregulated, indicating
the obligatory role of RPS3 in activating NF-kB complex.14 Gene
silencing of RPS3 has also shown to disrupt RPS3-p65 interaction
and significantly attenuate cytokine production, T cell proliferation,
and immunoglobulin k light-chain gene expression in B cells.25

We observed significant elevation of BAL fluid total and differential
cell counts, inflammatory cell infiltration into the peribronchiolar
tissues, and substantial bronchial epithelium thickening in the CS-
induced acute lung injurymodel. RPS3 knockdownmarkedly reduced
total and neutrophil counts and, to a lesser extent, lymphocyte and
eosinophil counts in BAL fluid. There was no significant change in
y: Nucleic Acids Vol. 12 September 2018 375
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Figure 5. Gene Silencing of RPS3 on BAL Fluid

Cytokine and Oxidative Damage Marker Levels and

Lung Tissue Inflammatory Gene Expression in CS-

Induced Acute Lung Injury

(A) BAL fluid cytokine levels of IL-1b, IL-6, KC, IL-12, and

TNF-a. SA, sham air exposed; CS, CS exposed. (B) BAL

fluid oxidative damage markers 3-NT, 8-isoprostane, and

8-OHdG. (C) Lung tissue inflammatory gene expression

modulated by RPS3 siRNA at 5 nmol. The relative quantity

of target gene expression was normalized to that of

b-actin as an internal control. Values are expressed as

means of triplicate ± SEMs of 9 mice per treatment group.

*Significant difference from control siRNA, p < 0.05;
#significant difference from the SA group, p < 0.05.
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macrophage counts, implying that RPS3 gene silencing may alter the
functions of macrophages but was not able to significantly reduce the
macrophage numbers. In the sputum and BAL fluid from COPD pa-
tients, the levels of TNF-a, IL-1b, and IL-6 are elevated, probably
376 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
through activation of NF-kB-sensitive gene
expression.26 TNF-a, as well as IL-8, enhances
neutrophil trafficking into the lungs7. TNF-a
also plays a predominant role in CS-induced
emphysema.27 IL-1b can activate alveolar mac-
rophages isolated from patients with COPD to
secrete more inflammatory cytokines, chemo-
kines, and MMP-9.26 IL-6 level is further
elevated in the sputum and plasma in COPD
patients with exacerbation.28 KC specifically re-
cruits neutrophils to the airways, and neutro-
phils contribute to the release of proteases and
additional KC in the lungs.29 Proteases,
including MMP-8, MMP-9, and MMP-12 are
elevated in the sputum of COPD patients,
contributing to parenchymal destruction and
emphysema in COPD.30–32 MCP-1 is a potent
chemoattractant for monocytes, leading to the
accumulation of macrophages in the lungs of
COPD patients.33 CS induces GM-CSF secre-
tion from airway epithelial cells, which triggers
macrophage activation and accumulation, lead-
ing to persistent and progressive lung inflam-
mation and fibrosis.7 In the present study,
RPS3 gene silencing was able to suppress a
wide spectrum of NF-kB-sensitive pro-inflam-
matory mediators in CSE-stimulated cells and
CS-challenged mouse lungs by the disruption
ofNF-kBnuclear translocation and transactiva-
tion. RPS3 siRNA underscores its protective ef-
fects against CS-mediated acute lung injury.

Oxidative stress is heightened in COPD as a
result of massive inhaled free radicals from CS
as well as the release of ROS and RNS by the inflammatory and
epithelial cells in the airway.34,35 All these free radicals cause DNA,
lipid, and protein damage, as shown by the production of 3-NT,36

8-isoprostane,37 and 8-OHdG,38 respectively, in BAL fluid or sputum
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Figure 6. Effects of RPS3 Gene Silencing on NF-kB Translocation and Activity

(A) Nuclear translocation of p65 induced by CSE was captured using immunofluorescence staining in RAW 264.7 cells. Percentage of cells with p65 nuclear staining was

quantified (n = 4 separate experiments). (B) Immunoblot of nuclear NF-kB 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) mAbS. TBP was used as a nuclear protein loading control (n = 9 mice per treatment group).

SA, sham air exposed. CS, CS exposed. (C) Nuclear p65 DNA-binding activity was determined using a TransAM p65 transcription factor ELISA kit (n = 9 mice per treatment

group). (D) NF-kB reporter gene assay in NF-kB/SEAP reporter RAW 264.7 cells pre-treated with RPS3 siRNA and then stimulated with CSE. Results are expressed as fold

change relative to media control. The SEAP assay was conducted in duplicate with three independent experiments. Values are shown as means of triplicate ± SEMs.

*Significant difference from control siRNA, p < 0.05; #significant difference from the SA or control media group, p < 0.05.
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from COPD patients. ROS and RNS are also involved in enhancing
inflammation through the activation of NF-kB, which results in
increased expression of pro-inflammatory mediators.38 We observed
strong upregulation of all three oxidative damage markers in CS-
induced acute lung injury model. RPS3 siRNA dose-dependently
reduced all these markers in BAL fluid of CS-exposed mice, probably
via inhibition of NF-kB pathway by mitigating iNOS expression and
inflammatory cell infiltration.

Taken together, we report here for the first time that lung RPS3 level
was significantly elevated in CS exposure, and lung RPS3 gene
silencing protected against CS-induced airway inflammation, likely
via disruption of the NF-kB pathway. Our findings strongly impli-
cate RPS3 as a potential therapeutic target for the treatment of
COPD.

MATERIALS AND METHODS
In Vitro Characterization of RPS3 siRNA

Mouse RAW 264.7 macrophages and mouse LA-4 epithelial cells
(American Type Culture Collection, Rockville, MD, USA) were main-
tained, respectively, in complete DMEM (Invitrogen, Carlsbad, CA,
USA) and in Ham’s F12 medium (Biowest, Rue de la Caille, Nuaille,
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 377
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France) containing 1%MEM non-essential amino acids (Invitrogen).
Human bronchial epithelial BEAS-2B cells were maintained in
BEpiCM Bronchial Epithelial Cell Medium (ScienCell, San Diego,
CA, USA). To silence RPS3 genes, cells were transfected with
100 nM RPS3 siRNA or non-targeting control siRNA for 6 hr at
37�C inOptiMEM (Invitrogen) containing Lipofectamine 2000 (Invi-
trogen). ON-TARGETplus siRNA and siSTABLE siRNA targeting
mouse RPS3 mRNA, 50-UCAUGUGAGCAUCGUGGAA-30, and
non-targeting control siRNA, 50-UGGUUUACAUGUCGACU
AA-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 hr before they were
analyzed for RPS3 mRNA and protein expression. CSE was freshly
prepared as previously described.8 To detect potential anti-inflamma-
tory effects of RPS3 siRNA in vitro, transfected cells were stimulated
with 4% CSE for 24 hr before analysis of pro-inflammatory gene and
protein expression. To detect cytotoxicity of RPS3 siRNA, transfected
cells were allowed to recover for 18, 42, or 66 hr before they were eval-
uated with an MTS assay (Promega, Madison, WI, USA).

Animals

Female BALB/c mice 6 to 8 weeks old were purchased from InVivos
Pte. (Singapore). Mice were exposed to 3 sticks of 3R4F research
cigarettes (Tobacco and Health Research Institute, University of Ken-
tucky, Lexington, KY, USA) three times per day for 2 weeks (5 consec-
utive days/week). They were placed in a ventilated chamber filled with
4%CS or sham air delivered by peristaltic pumps (Masterflex L/S, Cole-
Parmer Instrument Co., Niles, IL, USA) at a constant rate of 1 L/min.
RPS3 siRNA (1 and 5 nmol) or non-targeting control siRNA (5 nmol)
in 30 mL PBS was given once daily via intratracheal route on days 6 and
7 and 2 hr before CSE on days 8–11. Mice were euthanized by an i.p.
injection of 300 mL of an anesthetic mixture (7.5 mg mL�1 ketamine
plus 0.1 mg mL�1 medetomidine, obtained from the National Univer-
sity of Singapore Animal Holding Unit) on day 12 (Figure 3C). Animal
experiments were performed following the guidelines of the Institu-
tional Animal Care and Use Committee of the National University
of Singapore under the protocol number 109/12.

BAL Fluid and Serum Analyses

BAL was performed as previously described,39 and BAL fluid total
and differential cell counts were determined by flow cytometer (For-
tessa, BD Biosciences, San Diego, CA, USA).40 BAL fluid levels of pro-
inflammatory and oxidative markers were measured using ELISA
(BD Biosciences and Cayman Chemical, Ann Arbor, MI, USA). Blood
was collected by cardiac puncture immediately after last sham air or
CS exposure for serum cotinine measurement using ELISA (Novus
Biologicals, Littleton, CO, USA).

Lung Tissue and Histological Analyses

Total protein lysates and nuclear extracts (20 mg per lane) were sepa-
rated by 10% SDS-PAGE and probed with anti-p65 mAb (Cell
Signaling Technology, Beverly, MA, USA) or anti-RPS3mAb (Abcam,
Cambridge, MA, USA), and with anti-b-actin mAb (Cell Signaling
Technology) or anti-TATA binding protein mAb (TBP; Abcam) as
378 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
the internal control. Band intensity was quantitated using ImageJ soft-
ware (NIH, Bethesda, MD, USA). Nuclear proteins were also analyzed
for NF-kB p65 DNA-binding activity using the TransAM NF-kB p65
transcription factor assay kit (Active Motif, Carlsbad, CA, USA). Total
mRNA was extracted using TRIzol reagent (Invitrogen). PCR amplifi-
cationswereperformedusingprimers listed inTable S2, andPCRprod-
ucts were analyzed by real-time qPCR (ABI 7500 Cycler; Applied
Biosystems, Carlsbad, CA). ThemRNA expression levels were normal-
ized to the level of b-actin internal control. Lungs were fixed in 10%
neutral formalin, paraffinized, cut into 5-mm sections, and stained
with H&E for examining airway inflammation. Quantitative analyses
of epithelium thickness were performed blinded as described.41 To
visualize the lung distribution of RPS3-siRNA, mice were exposed to
CS for 5 consecutive days, followed by intratracheal administration
of 5 nmol Cy5-labeled RPS3 siRNA (red) (Thermo Scientific) on
day 6. Mice were sacrificed 1 hr and 12 hr later, and lung sections
were probedwith anti-CD68primary antibody followed byAlexa Fluor
488 fluorescent dye-conjugated secondary antibody (green) (Abcam).
Nuclei were stained with DAPI (Sigma-Aldrich, St. Louis, MO,
USA). Images were captured with an Olympus FluoView FV1000
confocal microscope (Olympus, Shinjuku, Tokyo, Japan).

NF-kB/SEAP Reporter Gene Assay

NF-kB/SEAP reporter RAW 264.7 cells (Novus Biologicals) were
seeded in a 96-well plate at 5 � 104 cells in 100 mL and transfected
with 100 nM RPS3 siRNA or non-targeting control siRNA for 6 hr.
Transfected cells were then allowed to recover for 18 hr before stim-
ulation with 4% CSE for another 24 hr. Quantitative measurements of
SEAP protein levels were performed by using an NF-kB/SEAP assay
kit (Novus Biologicals).

Immunofluorescence Staining

Raw 264.7 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 hr followed by stimulation
with 4% CSE for 6 hr at 37�C. Cells were fixed, permeabilized, and
probed with primary antibody targeted at NF-kB p65 (Cell Signaling)
and Alexa Fluor 633 fluorescent dye-conjugated secondary antibody
(Thermo Scientific), followed by DAPI (Sigma-Aldrich) staining. Im-
ages were captured with an Olympus FluoView FV1000 confocal mi-
croscope and quantified with ImageJ software (NIH). Experiments
were repeated for four times, and percentages of p65 positive cells
were quantified.

Statistical Analysis

Data are presented as mean ± SEM. Normal distribution was
confirmed by the Kolmogorov-Smirnov test. A one-way ANOVA fol-
lowed by Dunnett’s test was used to determine significant differences
between treatment groups. Significant level was set at p < 0.05, as
compared with non-targeting control siRNA.
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