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ARTICLE INFO ABSTRACT

Article history:

Asthma is an inflammatory disease of the airways, characterized by lung eosinophilia, mucus
hypersecretion by goblet cells and airway hyperresponsiveness to inhaled allergens. The purpose of this
study was to evaluate the effects of Six1 on airway inflammation and remodeling and the underlying
mechanisms in a murine model of chronic asthma. Female BALB/c mice were randomly divided into four
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of mice. Additionally, downregulation of Six1 dramatically decreased OVA-challenged inflammation,
infiltration, and mucus production. Moreover, silencing of Six1 resulted in decreased levels of
immunoglobulin E and inflammatory mediators and reduced inflammatory cell accumulation, as well as
inhibiting the expression of important mediators including matrix metalloproteinase MMP-2 and MMP-
9, which is related to airway remodeling. Further analysis indicated that silencing of Six1 can significantly
inhibit NF-kB pathway activation in the lungs. .In conclusion, these findings indicated that the
downregulation of Six1 effectively inhibited airway inflammation and reversed airway remodeling,

Airway inflammation
Airway remodeling
Nuclear factor kB

which suggest that Six1 represents a promising therapeutic strategy for human allergic asthma.

© 2016 Published by Elsevier Masson SAS.

1. Introduction

Asthma is a common chronic inflammatory disease with an
incidence that has markedly increased over the past two decades
[1,2]. Asthma is characterized by chronic airway inflammation,
with the infiltration of T-lymphocytes, eosinophils, and mono-
cytes/macrophages, and is associated with the increased expres-
sion of several inflammatory proteins, including cytokines,
enzymes, receptors and adhesion molecules [3,4]. In addition to
the presence of inflammatory cells in the airway, the airways
demonstrate varying levels of structural changes termed airway
remodeling [5]. Currently, no effective therapy is clinically
available to treat asthma. Therefore, it is important to explore
the mechanisms and seek new strategies for the prevention and
treatment of airway inflammation and remodeling.
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Sine oculis homeobox homolog 1(Six1), which belongs to the
sine oculs homeobox gene family, plays extensive roles in
regulating the development of many tissues and organs [6,7].
Six1 was initially identified as a TGF-3-inducible gene and has
been cloned in mouse and human. Six1 is generated in particular
by nonhematopoietic cells such as cells of the mesenchymal
lineage by stimuli including TGF-[3, IL-13, TNF-a, IL-6, and LPS. Six1
released from these mesenchymal cells targets immune cells to
express proinflammatory cytokines and chemokines [8]. The
mechanism by which Six1 influences signaling events in target
cells has been the focus of several studies that have identified at
least five potential Six1 signaling pathways including Six1
influencing the bone morphogenic protein (BMP) pathway to
inhibit pSmad 1, 5, 8 signaling, as well as Six1 influencing the AKT
pathway, the AMP activated protein kinase pathway, the TLR4/
CD14 pathway, and Na/K-ATPase membrane potential [9]. Six1 has
not previously been reported in asthma or allergy but has been
studied in embryogenesis, tumor development, cardiac disease,
arthritis, and wound healing [10,11]. The predominant effect of
Six1 appears to be proinflammatory, although anti-inflammatory
effects of Six1 have also been described [12].
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Based on this evidence, we hypothesized that Six1 may be
involved in the pathogenesis of airway inflammation and
remodeling. The purpose of this study was to investigate the
therapeutic effect of Six1 in OVA-induced asthma and the
underlying mechanisms.

2. Materials and methods
2.1. Animal experimental protocols

Thirty-six healthy female BABL/c mice, 6-8 weeks old, weighing
18-24¢g were randomly divided into four groups: phosphate
buffered saline control (PBS), OVA-induced asthma group (OVA),
OVA+siNC and OVA +siSix1. The asthmatic models were estab-
lished by OVA. The mice were sensitized on days 0, 7 and 14 by
intraperitoneal injection of 20mg OVA emulsified in 1mg of
aluminum hydroxide in a total volume of 0.2 mL 7 days after the
last sensitization, the mice were exposed to 1% OVA aerosol for up
to 30 min every other day for 7 days. The 1% OVA aerosol was
generated by a compressed air atomizer driven by filling a perspex
cylinder chamber (diameter 50 cm, height 50 cm) with a nebulized
solution. The mice in the PBS group were treated with PBS instead
of OVA. To assess the effect of Six1 on pulmonary inflammation and
fibrosis, mice received a single i.n. instillation of 30 L of a
lentiviral vector expressing siSix1 and GFP or GFP alone (5 x 108
lentiviral particles/mice) 1 day after intratracheal injection of OVA.
All the experiments described below were performed in accor-
dance with the regulations of the Center of Animal Experiments of
The Affiliated Hospital of Qingdao University.

2.2. Bronchoalveolar lavage fluid analysis

At 24h after the last challenge, bronchoalveolar lavage fluid
(BAL) was obtained from the mice under anesthesia using 1 mL
sterile isotonic saline. Lavage was performed 4 times in each
mouse, and the total volume was collected separately. Cells from
BAL fluid were suspended in phosphate-buffered saline and
counted, and cytospins were prepared (2000 rpm, 10 min) and
stained with Wright-Giemsa. Differential counts of at least 400
cells were carried out in the high-power field of a microscope, and
cells were identified based on their morphologic features.

2.3. Tissue samples

Lungs were removed from the mice after killing 24 h after the
last challenge. The tissues from the left lung were directly obtained
from the surgical suite and immediately fixed in 10% buffered
formalin and then embedded in paraffin. Sections (5 um) were
prepared and stained with hematoxylin and eosin. Additionally,
periodic acid-Schiff staining was performed to identify mucus
production in epithelial cells, and the number of positive cells per
unit length of basement membrane perimeter was determined.
Quantitative analysis was performed blinded as described.

2.4. Immunohistochemistry

The expression of Six1 was assessed by semiquantitative
immunohistochemistry. After being deparaffinized, the sections
were incubated in 0.01 mol/L citric acid buffer (pH 6.0) for 15 min
in a microwave for antigen retrieval. After cooling, the sections
were incubated in 3 g/L H,0, for 30 min, to inactivate endogenous
peroxidase. After blocking by 1:10 normal horse serum for 30 min,
the supernatant was discarded. Primary anti-mouse Six1 (1:300
dilution) was added overnight at 4 °C. Then, biotinylated goat anti-
rat secondary antibody and streptavidin horseradish peroxidase
were added to the slides and incubated for 30 min at room

temperature. Staining was completed by incubation with diami-
nobenzidine chromogen solution at room temperature. The
stained cells were mounted and viewed under light microscopy.

2.5. Enzyme linked immunosorbent assay (ELISA)

At 24 h after the last challenge, BAL was obtained from the mice
under anaesthesia using 1 mL sterile isotonic saline. Lavage was
performed four times in each mouse and the total volume was
collected separately. The lavage fluid sample was immediately
centrifuged at 2000rpm for 10 min at room temperature, and
stored at —80 °C until use. The [L-4, IL-13 and IFN-r levels were then
assayed with ELISA kit according to the manufacturer's instruc-
tions.

2.6. Western blotting

Total protein was isolated from the right lung using a lysis buffer
and quantified using protein quantification reagents from Bio-Rad.
Next, 100 g of the protein were suspended in 5x reducing sample
buffer, boiled for 5 min, electrophoresed on 10% SDS-PAGE gels, and
then transferred to polyvinylidene difluoride membranes by
electroblotting. The membrane was blocked in 1% BSA/0.05%
Tween-20/PBS solution overnight at 4°C, followed by incubation
with the primary antibody for 24h. A horseradish peroxidase-
labeled IgG was used as the secondary antibody. The blots were
then developed by incubation in a chemiluminescence substrate
and exposed to X-ray films.

2.7. Statistical analysis

Data are expressed as mean + SD. Statistical comparisons of the
data from the various groups were performed using the Student’s
t-test. Differences between groups were considered statistically
significant at P < 0.05.

3. Results

We have developed a mouse model of airway remodeling
through repetitive OVA challenge. Mice were subjected to OVA and
developed significant eosinophilic inflammation and airway
remodeling similar to that observed in human chronic asthma.

3.1. The expression of Six1 in OVA-induced asthma model

We first examined the expression of Six1 in control and OVA-
challenged mice lungs, using western blotting. The results as
shown in Fig. 1A, Six1 expression was significantly higher in the
lungs of OVA-induced asthmatic mice than in those of PBS-treated
mice. We further demonstrated the effect of the knockdown of Six1
on the expression of Six1 determined by western blotting,
respectively, in each group. The results showed that Six1 silencing
effectively downregulate the expression of Six1 (Fig. 1B and C).

3.2. Knockdown of Six1 alleviated airway inflammatory in OVA-
induced asthma model

We further determined the effects of Six1 silencing on OVA-
specific IgE by measuring the levels of OVA-specific IgE in the
serum. As shown in Fig. 2A, OVA-specific IgE was increased in
asthmatic mice, and the downregulation of Six1 resulted in a
significant reduction in the levels of OVA-specific IgE. To
investigate whether the absence of Six1 regulated the level of
inflammatory cytokines after OVA challenge, inflammatory cyto-
kine concentrations in supernatants were measured in BALF. As
expected, OVA-challenged mice demonstrated increased
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Fig. 1. The expression of Six1 in OVA-induced asthma model. (A) Expression of Six1 in lung tissue was determined by immunohistochemical staining. Positive staining is
depicted in brown. Positive staining showed Six1 expression in the epithelium, macrophage leukocytes and in smooth muscle. a, PBS control group; b, chronic asthma group;
¢, siNC+OVA; d, siSix1 + OVA. (B) Western blotting analysis of Six1 levels in lung tissue. (C) The effect of silencing of Six1 on Six1 protein expression, as determined by western
blotting. *P < 0.05 vs. PBS, # P < 0.05 vs. OVA +siNC.

concentrations of inflammatory cytokines (such as IL-4, IL-13 and
IFN-r) (Fig. 2B). In fact, these inflammatory cytokine concen-
trations appeared to be higher in OVA-induced mice. Knockdown
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of Six1 significantly reduced total cell numbers in bronchoalveolar
lavage fluid (BALF). The increase in Eosinophils is generally
considered the hall-mark of asthma onset and neutrophils is
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Fig. 2. Knockdown of Six1 reduced OVA-induced airway inflammation. (A) The level of OVA-specific IgE in serum. (B) Effects of Six1 blockade on BALF cytokine concentrations
in a murine model of asthma. The concentrations of IL-4, IL-13 and IFN-r were analyzed using ELISA. (C)Inflammatory cell counts in BALF were obtained from challenged mice
after their final OVA challenge. (D) Differential cell counts were performed on a minimum of 400 cells to identify Neutrophils, Eosinophils, Macrophages and Lymphocytes.
*P < 0.05 vs. PBS, # P < 0.05 vs. OVA +5siNC.
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Fig. 3. The effect of Six1 on airway remodeling in an OVA-induced asthma model. (A) Lung tissue sections obtained from mice 24 h after the last OVA challenge were stained
with H&E. (B) Periodic acid-Schiff staining for mucus secretion. a, PBS control group; b, chronic asthma group; c, siNC + OVA; d, siSix1 + OVA. all photos were captured at x 100

magnification.

considered the indicator of inflammation. The total number of
inflammatory cells, including neutrophils, eosinophils, macro-
phages and lymphocytes, was increased in the BALF from mice in
the OVA-induced asthmatic group compared to PBS control mice.
Moreover, Six1 blockade significantly reduced the numbers of
neutrophils, eosinophils, macrophages and lymphocytes, in
comparison with OVA-challenged mice (Fig. 2C and D). Knock-
down of Six1 significantly reduced the level of cytokines. Thus,
these results may partly reflect the possibility of promising clinical
effects for the Six1 in asthma.
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3.3. Knockdown of Six1 relieved airway remodeling in OVA-induced
asthma model

Histological analyses showed that OVA-induced inflammation,
infiltration, and pathological changes in the lung tissues, and
knockdown of Six1 significantly reduced the extent of inflamma-
tion and cellular infiltration. In addition, the pathological changes
of the lung tissues were milder (Fig. 3A). Furthermore, in the OVA-
challenged mice, mucus secretion and goblet cell hyperplasia were
clearly observed, as a violet color in the bronchial airways,
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Fig. 4. The effect of Six1 on airway remodeling in an OVA-induced asthma model. (A) Real time PCR analysis of MMP-2 and MMP-9 expression in BALF. (B and C) The protein
expression of MMP-2 and MMP-9 in lung tissue, as detected by western blotting. (D) The activities of MMP-2 and MMP-9 were detected by using Biotrak TM activity assay.

*P <0.05 vs. PBS, # P <0.05 vs. OVA +siNC.



1824 Z.-C. Yang et al./Biomedicine & Pharmacotherapy 84 (2016) 1820-1825

N
c, “,
9 oA\ o \'s
& & & &

L T— m— -~

GAPDH | e e eam—

B o
(O?_ 1l g *
(Al
“60.75-
.
905-
© H
> osp
pwr
> [I
s L. N ..
o
7] \g & .
& & &£ g
R
SR

Fig. 5. Silencing of Six1 inhibits NF-kB signaling pathway. (A) Effect of Six1 on OVA-
induced NF-kB activation. (B) Quantification of band intensity in Fig. A. GAPDH was
used as an internal loading standard. *P < 0.05 vs. PBS, # P < 0.05 vs. OVA +siNC.

compared with the control group. Intervention by Six1 signifi-
cantly reduced goblet cell hyperplasia (Fig. 3B).

MMPs are a significant pathogenic factor in asthmatic airway
remodeling. The level of MMP-2 and MMP-9 (Fig. 4A) were
significantly reduced in the BALF from mice in the silencing of Six1
group compared with the mice in the OVA-induced group. We
further confirmed the changes in MMP-2 and MMP-9 expression
levels by western blot analysis of lung tissue (Fig. 4B and C). In
addition, the high MMP-2 and MMP-9 activity detected using
Biotrak TM activity assay from the chronic asthmatic mice
decreased following the knockdown of Six1 (Fig. 4D). The above
results demonstrated that Six1 silencing dramatically impaired
airway remodeling in OVA-induced asthma model.

3.4. Silencing of Six1 suppressed NF-kB pathway activation

It has been reported that OVA-induced airway inflammation
was mediated by upregulation of the NF-kB pathway [13]. To
uncover the potential mechanism of inhibitory effects induced by
silencing of Six1, the western blotting results showed that p65 was
significantly decreased in Six1 silenced group compared to that in
control (Fig. 5). Our results showed that silencing of Six1 can
significantly inhibit NF-kB pathway activation in the lungs.

4. Discussion
In the present study, we demonstrated that silencing of Six1

inhibits airway inflammation and remodeling in an OVA-induced
mice model of chronic asthma. First, we showed that Six1

expression was significantly higher in chronic asthmatic mice.
Moreover, in comparison with OVA-induced asthmatic mice, the
knockdown of Six1 exhibited reduced airway inflammation. We
also showed that downregulation of Six1 directly affects the
expression and secretion of MMP-2 and MMP-9, which are
important mediators of airway remodeling. Additionally, we
showed that silencing of Six1 can significantly inhibit NF-kB
pathway activation in the lungs. For the first time, our study
demonstrated that Six1 may be involved in the pathogenesis of
asthma, including airway inflammation and remodeling.

Airway inflammation and remodeling are the two most
characterized pathological features of asthma [14,15]. Airway
inflammation is a characteristic feature of allergic airway disease,
and inflammatory cells that infiltrate the airways are thought to
contribute to remodeling by increasing the proliferation and
migration of airway SMCs. Resulting from activation of inflamma-
tory cells including eosinophils, neutrophils, macrophages, mast
cells, and T lymphocytes, asthma is now generally accepted as a
chronic airway inflammatory disorder [16,17]. In this study, we
found that the number of these cells was higher in the chronic
asthmatic mice than in the PBS-treated control mice, and that the
knockdown of Six1 significantly reduced inflammatory cell
accumulation. It was believed that the inflammatory mediators
and cytokines released by accumulated eosinophils in airway
resulted in mucus hypersecretion, increased vascular permeability,
bronchial hyper-responsiveness, and smooth muscle contraction
[18]. Furthermore, cytokines and growth factors released by
inflammatory cells such as neutrophils are also involved in
initiation of airway remodeling. A recent study reported that
concentrations of Th2 cell-derived cytokines, such as IL-4, IL-5, and
IL-13, are elevated in BALF after airway allergen challenge in
patients with asthma [19]. The results indicated that silencing of
Six1 downregulated the level of inflammatory cytokines. There-
fore, we concluded that silencing of Six1, leading to reduce airway
inflammation, might exert beneficial effects on the expression of
genes associated with lung remodeling.

The pivotal importance of NF-kB activation in bronchial
epithelial cells and immune cells has been demonstrated both
in murine models of asthma and in asthma patients [20].
Therefore, NF-kB has emerged as a promising molecular target
for the treatment of asthma. NF-kB activation within airway
epithelium is necessary to fully induce the recruitment of
inflammatory cells. NF-kB activation in airways drives a majority
of the Ag-induced inflammation and is a significant contributor to
adaptive immune responses and structural remodeling of the
airway wall [21]. Its increased activation has been demonstrated in
lungs after allergen challenge and in airway epithelial cells and
macrophages [22]. Results in this study indicated that OVA
significantly increases p65 protein expression in lung tissues,
whereas downregulation of Six1 markedly suppresses NF-kB
activity in an OVA-induced model of asthma. These findings
suggested that the therapeutic effects of Six1 were correlated with
NF-kB signaling.

In conclusion, this study demonstrated that Six1 plays an
important role in the development of OVA-induced chronic airway
remodeling in a mice model. Inhibition of Six1 markedly reduces
the development of airway inflammation and remodeling that
contributes to asthma. The targeted disruption of Six1 may provide
a therapeutic rationale for combating obstructive airway diseases
such as asthma.
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