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ARTICLE INFO ABSTRACT

Article history:

Acute lung injury (ALI) is a severe pulmonary disease that causes a high number of fatalities worldwide.
Studies have shown that FoxA1 expression is upregulated during ALI and may play an important role in
ALl by promoting the apoptosis of alveolar type II epithelial cells. However, the mechanism of FoxAl
overexpression in ALI is unclear. In this study, an in vivo murine model of ALI and alveolar type II epithe-
lial cells injury was induced using lipopolysaccharide (LPS). LPS upregulated FoxA1 in the lung tissue of
the in vivo ALI model and in LPS-challenged type II epithelial cells. In contrast, miR-17 was significantly
downregulated in these models. After miR-17 antagomir injection, the expression of FoxA1 was signifi-
cantly increased in ALI mice. MiR-17 mimics could significantly inhibit FoxA1 mRNA and protein expres-
sion, whereas the miR-17 inhibitor could significantly increase FoxA1 mRNA and protein expression in
LPS-induced type II epithelial cells. Thus, our results suggest that the downregulation of miR-17 expres-
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sion could lead to FoxA1 overexpression in ALL
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1. Introduction

Acute lung injury (ALI) is a life-threatening syndrome that
causes a high mortality rate worldwide. It is characterized by over-
whelming lung inflammation and increased microvascular perme-
ability. Restoration of the epithelial barrier following acute lung
injury is critical for the recovery of lung homeostasis. Alveolar type
I epithelial cells that secrete surfactant serve as progenitor cells
for alveolar type I cells, replenish type Il and type I epithelial cell
populations, and spread and migrate to cover the denuded surface
after lung injury [1]. Previous studies have indicated that type II
epithelial cells begin to proliferate 24 h after injury and are stimu-
lated to undergo apoptosis in response to various injuries (e.g., CS,
LPS, oxidative stress, and TNF-alpha) [2-5].

Forkhead box A1 (FoxA1) is a member of the winged helix fam-
ily of transcription factors and shares structural similarities with
FoxA2 and FoxA3. It is well accepted that FoxA1 plays a critical role
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in the development and function of the lung [2,6]. Our previous
studies have demonstrated that FoxA1 was induced in lung tissue
and type II epithelial cells during ALI, and potentially acts as a
pro-apoptotic transcription factor by inhibiting the expression of
bcl2 and UCP2, indicating FoxA1l may play an important role in
type II epithelial cell apoptosis in ALI [5,7,8]. However, the mecha-
nism of FoxA1l upregulation in ALI and type II epithelial cells is
unclear.

Recently, efforts to determine the genetic component of ALI/
ARDS pathogenesis have investigated the involvement of miRNAs
in this process. In ventilation-induced lung injury, several miRs
(miR-21, miR-155, let-7, and miR-146) are upregulated and treat-
ment of mice with antisense oligonucleotides against miR-21 before
high volume tidal ventilation ameliorated the induction of pulmon-
ary edema associated with ventilation-induced lung injury [9,10]. In
contrast, miR-127 and miR-16 are downregulated in ALI [11,12]. In
this study, the role of miR-17 was examined because miR-17 is
essential for lung development and miR-17 suppression with anti-
miR-17 treatment has been shown to significantly counteract the
pathological severity of the disease in a monocrotaline-induced
pulmonary hypertension rat model [13]. In addition, in our preli-
minary experiments, the expression of miR-17 in the lung tissue
of the in vivo lipopolysaccharide (LPS)-induced ALI model was
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downregulated. However, the role of miR-17 on its targets has not
yet been elucidated in ALl Using Targetscan at www.targets.org
and miRanda at www.microrna.org, the FoxA1 gene was found to
contain putative miR-17 binding sites in its 3'UTR.

In this study, an in vivo murine model of ALI and type II epithe-
lial cell injury was induced by LPS, and the expression of FoxA1 and
miR-17 were investigated. The role of miR-17 in the regulation of
FoxA1l gene expression was further investigated. Our results
showed that FoxAT1 is upregulated while miR-17 is downregulated
in murine lung tissue and in type II epithelial cells after being stim-
ulated by LPS, and that miR-17 could inhibit FoxA1 expression in
type Il epithelial cells. This research indicates FoxA1 overexpres-
sion could result from the inhibition of miR-17 expression in ALL

2. Materials and methods
2.1. Ethical statement

Animal care and sacrifice were conducted according to methods
approved by the Animal Care and Use Committee of Hunan Univer-
sity of Chinese Medicine. All experiments were performed in accor-
dance with the National Institute of Health Guide for the Care and
Use of Laboratory Animals.

2.2. Animals and ALI model

Healthy male C57BL/6 mice aged 8-10 weeks and weighing
17.6-25.4 g were purchased from the Experimental Animal Center
of Hunan University of Chinese Medicine (Changsha, China) and al-
lowed to acclimate for 3 days before experimentation. Animals
were fed rodent chow and water ad libitum. Mice were randomly
divided into different groups: a control group with intra-tracheal
instillation of 1.5 mg/kg normal saline (NS) and an ALI group with
intra-tracheal instillation of 3 mg/kg LPS. Mice were anesthetized
by an intraperitoneal injection of 10% chloral hydrate (YuLong
Algae Co. Ltd., QingDao, China) and kept in a supine position while
spontaneous breathing was monitored. Mice were sacrificed at
the indicated time after injury. ALI induction was verified by
pathological examination of the lung.

2.3. Lung histopathology

At necropsy (n = 3 per time-point), the left lung was excised and
fixed with 4% paraformaldehyde. After 24 h the lung tissue was
dehydrated with graded alcohol and embedded in paraffin at
52 °C. Sections were prepared and stained with hematoxylin and
eosin for evaluation of the severity of lung injury. Each lung section
was blindly assigned a lung injury score (LIS) by two pathologists
using the method described by Nishina et al. [14].

2.4. miR-17 antagomir experiments

To study the potential function of miR-17 on FoxA1 expression
in lung tissue of ALI mice, a miRNA antagomir strategy was
adopted. Antagomirs directed against miR-17 (8 mg/kg), control
antagomirs, or the solvent PBS (10 animals each) were injected
intravenously (tail vein) every third day until the ALI was induced
as described above. Single-stranded RNAs were synthesized by Ribo
Biotech (Ribo-Bio Co., Ltd., China) with the following sequences
[13]: antagomiR-17 (5'-CUACCUGCACUGUAAGCACUUUG-3') and
control antagomir (5-AAGGCAAGCUGACCCUGAAGUU-3’). Antag-
omirs were solved in prewarmed phosphate-buffered saline (PBS)
and injected intravenously. Tissue was snap-frozen and stored at
—80 °C for RNA analysis.

2.5. Isolation of murine type II epithelial cells and induction of cell
injury

Type II epithelial cells were isolated at 90-95% purity from 6-
week-old mice following the procedure described by Corti and col-
leagues [15]. For the incubation experiments, type II epithelial cells
were stimulated with LPS (1 pg/ml, Escherichia coli 0111:B4, Sig-
ma). A dose of LPS was chosen that was consistent with previous
reports and with our pilot study. At the indicated times after treat-
ment, cells were harvested and mRNA and protein extracted to
determine FoxA1 and miR-17 expression.

2.6. Transfection of miR-17 mimics or inhibitor

MiR-17 mimics (or anti-miR-17) and their negative control oli-
gonucleotides (miR-NC or anti-miR-NC) were obtained from Ribo
Biotech (Ribo-Bio Co., Ltd., China). The transfection were per-
formed using Lipofectamine™ 2000 (Invitrogen, USA) according
to the instructions provided by the manufacturer. The transected
cells were resuspended and cultured in regular culture medium
for 48-72 h before analysis.

2.7. RNA extraction and real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Five micrograms of
total RNA was then used as a template to synthesize cDNA using
the First Strand Synthesis Kit (Invitrogen). The cDNA from this syn-
thesis was then used in quantitative RT-PCR analysis with the Taq-
Man system (ABI-Prism 7700 Sequence Detection System, Applied
Biosystems) using SYBR Green dye. The following primer pairs
were used: FoxAl: 5-AGGTGTGTATTCCAGACCCG-3' and 5'-TTG
ACGGTTTGGTTTGTGTG-3'; glyceraldehyde-3-phosphate dehydro-
genase (GAPDH): 5'-GGTGGTCTCCTCTGACTTCAACA-3' and 5'-GTG
GTCGTTGAGGGCAATG-3'. RT-PCR data were normalized
through measuring average cycle threshold (C,) ratios between
candidate genes and the control gene, GAPDH. The formula
2Cr(Candidate) /5 Ce(Control) \ya5 ysed to calculate normalized ratios.

2.8. TagMan RT-PCR for miRNA quantification

Total RNA was isolated from the cell lines with Trizol™ (Invitro-
gen, USA), reverse transcribed using the Tagman™ microRNA re-
verse transcription kit, and subjected to real-time PCR using the
TagMan™ MicroRNA Assay kit (Applied Biosystems, USA) accord-
ing to the manufacturer’s instructions. Reactions were performed
in triplicate using the Stratagene Mx3000 instrument. MiRNA
expression was normalized to U6.

2.9. Western blot analysis

Proteins were isolated and separated by 12% SDS-PAGE and
then transferred onto PVDF membranes (Schleicher & Schuell).
The membranes were blocked overnight in phosphate-buffered
saline (PBS) containing 10% nonfat dry milk and 0.5% Tween-20,
and incubated with primary antibodies for 2 h. Horseradish perox-
idase-conjugated anti-rabbit or anti-goat IgG was used as second-
ary antibodies. The immunoreactive bands were visualized using
diaminobenzidine (DAB; Boster Biological Technology). Anti-GAP-
DH was used to normalize for equal amounts of proteins and to cal-
culate the relative induction ratio. The following antibodies were
used: rabbit anti-FoxA1 polyclonal antibody (Abcam), goat GAPDH
monoclonal antibody (Sigma), HRP-conjugated anti-goat and anti-
rabbit IgG (Boster Biological Technology).
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2.10. Construction of plasmid vector

To construct a luciferase reporter vector, the FoxA13'-UTR
fragment containing putative binding sites for miR-17 was
amplified by PCR using the following primers: sense (5'-ACAGGCA
CTGCAATACTCGCCTTACGGCTC-3') and reverse (5-TATCGTATTCA
GAAATATTCACTTCGGATT-3’) and inserted downstream of the
luciferase gene in the pLuc luciferase vector (Ambion, USA). Site-
directed mutagenesis of the miR-17 target-site in the FoxA1-3'-
UTR was performed using the Quick-change mutagenesis Kkit
(Stratagene, Heidelberg, Germany). The constructs were sequenced
and named pLuc-FoxA1-wt or pLuc-FoxA1-mut.

2.11. Luciferase assay

For reporter assays, type II epithelial cells were cultured in
24-well plates and each transfected with 100 ng of pLuc-FoxAl-wt
or pLuc-FoxA1-mut and 50 nM of miR-17 mimics or anti-miR-17
using Lipofectamine 2000 (Invitrogen, USA). Forty-eight hours
after transfection, cells were harvested and assayed with the
Dual-Luciferase Reporter Assay kit (Promega, USA) according to
the manufacturer’s instructions.

2.12. Statistical analysis

Data in the figures and text were expressed as the mean + SEM.
Each experiment was performed at least three times, and statistical
analyses were performed with a one-way ANOVA. Otherwise, rep-
resentative data were shown. P < 0.05 was considered statistically
significant.

3. Results

3.1. Upregulation of FoxA1 and downregulation of miR-17 in lung
tissue of ALI mice in LPS-induced type II epithelial cells

Histological examination by light microscopy revealed that in
the control lung, alveoli were fully distended and no alveolar wall
edema or congestion was found. Occasional inflammatory cells
were scattered throughout the lung. In contrast, in the lung tissue
from LPS-treated animals, features observed that were consistent
with ALI included alveolar hemorrhage, destruction of alveolar
attachment points, an increased number of interstitial cells, and
extensive neutrophil infiltration (Supplementary Fig. 1A). The LIS
significantly increased in the LPS group (Supplementary Fig. 1B).
These results demonstrated that the induction of ALI in mice using
LPS was successful.

LPS treatment led to a sustained increase in FoxA1 mRNA levels
from 2 to 24 h and FoxA1 protein levels from 16 to 24 h in lung tis-
sue of ALI mice (Fig. 1A and B). Maximal expression levels of FoxA1
mRNA and protein were observed at 24 h. However, the expression
level of miR-17 was downregulated in the lung tissue of ALl mice
(Fig. 1C).

Following treatment of type II epithelial cells from mice treated
with LPS (1 pg/ml), FoxA1 mRNA and protein increased (Fig. 2A
and B). In addition, the expression level of miR-17 was significantly
downregulated in LPS-induced type II epithelial cells from mice
(Fig. 2C).

3.2. FoxA1 expression upregulated in mice lung tissue by which miR-17
inhibited through antagomir

It has been reported that miRNAs can function post-transcrip-
tionally by reducing protein yield from specific target mRNAs.
Using bioinformatic analysis, FoxA1 was found to contain putative
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Fig. 1. Expression of FoxA1 and miR-17 in lung tissue of mice. (A) The ALI model
was induced using LPS and the mRNA or protein expression of FoxA1 in lung tissues
was determined by real-time PCR and Western analysis (B). (C) Levels of miR-17
were determined by real-time PCR in lung tissues of an ALI model induced by LPS.
*, Statistically significant difference versus control group (C), P < 0.05.

miR-17 binding sites in its 3’'UTR. We speculated that the mecha-
nism of FoxA1 overexpression might be partly due to the downreg-
ulation of miR-17 in ALL Therefore, the role of miR-17 in the
regulation of FoxA1 gene expression was further investigated.

It has been reported that miR-17 antagomirs at a concentration
of 8 mg/kg significantly suppress their targeted miR in murine
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Fig. 2. Expression of FoxA1 and miR-17 in type II epithelial cells of mice. (A) Type Il
epithelial cells of mice were induced with LPS and the mRNA or protein expression
of FoxA1 was determined by real-time PCR and Western blot (B). (C) Levels of miR-
17 were determined by real-time PCR in type II epithelial cells of mice induced by
LPS. C, Control group; L, LPS group. The relative values of all results were
determined and expressed as mean +SEM of three experiments in duplicate.
*, Statistically significant difference versus control group (C), P < 0.05.

lungs without affecting the expression of other miRs [13]. The ef-
fect reportedly lasts at least up to 3 days, therefore intravenous
injections of antagomirs at a concentration of 8 mg/kg were started
14 days before exposure of the mice to LPS and antagomirs were
injected every third day until the end of the experiment. Analysis
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Fig. 3. FoxA1l expression is upregulated in murine lung tissue when miR-17 is
inhibited through antagomirs. (A) Analysis of miR-17 expression in murine lung
tissue by real-time PCR. (B) Analysis of FoxA1 mRNA and protein expression in lung
tissue of mice by real-time PCR or Western analysis (C). PBS, mice treated with
phosphate-buffered saline; A-Co, mice treated with antagomir control; A-17, mice
treated with miR-17 antagomir. C: Control group, L: LPS group. *, Statistically
significant difference versus control group (C), P<0.05; #, Statistically significant
difference versus PBS or A-Co group, P < 0.05.

of miR-17 expression by real-time PCR revealed an efficient knock-
down in the groups treated with the miR-17 antagomir (Fig. 3A).
After antagomir injection, the expression of FoxA1 significantly in-
creased compared to PBS or antagomir-control injection for both
control and LPS groups (Fig. 3B and C).

3.3. Mir-17 directly targets FoxA1 in murine type Il epithelial cells

After type Il epithelial cells were transfected with miR-17
mimics (or miR-NC mimics) or anti-miR-17 (or anti-miR-NC) for
48 h, real-time quantitative RT-PCR was performed to detect the
expression of miR-17 in type II epithelial cells. The level of
miR-17 expression in the miR-17 mimics group significantly in-
creased by approximately 532.3% compared with the miR-NC group
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(Supplementary Fig. 2). Compared with the anti-miR-NC group, the
level of miR-17 expression in the anti-miR-17 group also signifi-
cantly decreased by approximately 53.1% (Supplementary Fig. 2).
The correlation between miR-17 and FoxA1l expression was
analyzed. After transfection of miR-17 mimics or anti-miR-17 for
48 h, type Il epithelial cells were incubated with LPS. FoxA1 mRNA
expression significantly decreased post-transfection with miR-17
mimics compared to NC in type II epithelial cells, while it signifi-
cantly increased post-transfection with anti-miR-17 (Fig. 4A). Wes-
tern blot analysis demonstrated that enforced miR-17 expression
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Fig. 4. Mir-17 directly targets FoxA1 in murine type II epithelial cells. 48 h after
transfection with miR-17 mimics (or miR-NC mimics) or anti-miR-17 (or anti-miR-
NC), type II epithelial cells were incubated with LPS, and FoxA1 mRNA or protein
expression determined by Tagman real-time quantitative RT-PCR (A) and Western
analysis (B). *, Statistically significant difference versus control group (C), P < 0.05;
# Statistically significant difference versus miR-NC(or anti-miR-NC) group, P < 0.05.
C: Control group, L: LPS group. (C) Type II epithelial cells were co-transfected with
miR-17 mimics or anti-miR-17 and pLu-FoxA1l-wt or pLu-FoxAl-mut. After 48 h,
the luciferase activity was measured. Values are presented as relative luciferase
activity after normalization to Renilla luciferase activity.

also significantly decreased or increased FoxA1l protein levels in
type Il epithelial cells after transfection with miR-17 mimics or
anti-miR-17, respectively (Fig. 4B).

To further determine the possibility that miR-17 targets FoxAl,
the miR-17 binding sequences present at the 3'UTR of FoxA1 mRNA
were subcloned downstream of the firefly luciferase reporter gene
in pLUC vectors and then cotransfected with either miR-17 mimics,
anti-miR-17, or miR-NC into type II epithelial cells. The relative
luciferase activity of the reporter containing wild-type FoxA1l
3'UTR was significantly suppressed when miR-17 mimics were
cotransfected, but not when it contained a mutant sequence with
the miR-17 binding site (Fig. 4C). Meanwhile, there was a signifi-
cant increase in luciferase activity for the reporter containing the
wild-type FoxA1l 3'UTR when anti-miR-17 was cotransfected, but
not when it contained a mutant sequence with a miR-17 binding
site. These results indicated that miR-17 suppresses FoxAl gene
expression though 3’UTR binding and silencing of FoxA1 mRNA.

4. Discussion

This study provides the first evidence for the upregulation of
FoxA1l expression by the downregulation of miR-17 in ALI. Fork-
head-box A (FoxA) family proteins are winged-helix transcription
factors involved in the cell growth and differentiation of various
organs such as the liver, pancreas, lung, and brain. FoxA1, a FoxA
family protein, has been widely investigated in both normal devel-
opment and carcinogenesis. FoxA1 has been shown to regulate sig-
naling and transcriptional programs required for morphogenesis
and cell differentiation during formation of the lung. In the lung,
FoxA1l and FoxA2 are first expressed at the onset of lung bud for-
mation and are present in the adult lung, where they are coexpres-
sed in epithelial cells of conducting airways and in type II epithelial
cells in the alveoli [16]. Studies have demonstrated that the dele-
tion of FoxA1 causes stage-specific delays in lung maturation. Be-
fore birth, FoxA1 deletion in the mouse lung delayed maturation
of alveolar type II cells and bronchiolar Clara cells [6]. A delayed
expression of both proximal and peripheral epithelial cell markers,
including CCSP, SP-A, SP-B, and SP-C, in the lung was also observed
in the FoxA1~/~ mice [17]. Because FoxA1 regulates a number of
genes critical for pulmonary homeostasis, abnormalities in the
structure, function, or regulation of FoxA1 may render individuals
susceptible to lung injury or disease after birth. Our previous stud-
ies have demonstrated that FoxAl1 is induced in rat lung tissue dur-
ing ALI and in H,0,-treated human type II epithelial cells. FoxA1l
potentially acts as a pro-apoptotic transcription factor by inhibit-
ing bcl-2 and UCP-2 expression, and may play an important role
in the apoptosis of type II epithelial cells in ALI [5,7,8]. In this re-
port, our results showed that the expression of FoxAl was also
upregulated in lung tissue of LPS-induced ALI mice and type II epi-
thelial cells, consistent with our previous studies. However, the
mechanisms of FoxAl upregulation in ALl remain poorly
understood.

Significant developments have been made towards understand-
ing the contribution of microRNAs (miRNAs) in lung development
and the pathogenesis of pulmonary diseases [18,19]. Studies on the
role of the miR-17-92 locus during lung development have found
that miRNAs at this locus are highly expressed in undifferentiated
lung progenitor epithelial cells and promote their proliferation by
regulating the cell cycle regulator gene Retinoblastoma-like
2 (Rbl2) [20,21]. Data have demonstrated that antagomirs of
miR-17 improve heart and lung function in experimental pulmonary
hypertension by interfering with lung vascular and right ventricular
remodeling. miR-17 was also selected for further study
because TagMan quantitative PCR validation from our study
showed a significant downregulation of miR-17 in LPS-induced or



Z. Xu et al./Biochemical and Biophysical Research Communications 445 (2014) 48-53 53

H,0,-induced mice lung tissues and type II epithelial cells of mice.
In addition, bioinformatic analysis showed that FoxA1l was identi-
fied as a candidate target of miR-17. Thus, the upregulation of FoxA1
likely results from the downregulation of miR-17 in ALI Thus, the
possibility of regulatory mechanisms between miR-17 and FoxAl
were further explored.

To study the potential function of miR-17 on FoxA1 expression
in lung tissue of ALI mice, the expression of miR-17 was antago-
nized in mice using an antagomir that specifically targets
miR-17. After antagomir injection the expression of FoxA1l in-
creased compared with PBS or antagomir-control injections both
in control and ALI mice. Previous studies have reported FoxAl
expression in type Il epithelial cells but not in type I epithelial cells.
Therefore, to investigate the effects of miR-17 on FoxA1 expression
in murine type II epithelial cells, type II epithelial cells of mice
were isolated and incubated with LPS (to simulate type II epithelial
cell injury in ALI), and then transfected with miR-17 mimics or
anti-miR-17. FoxA1 expression significantly decreased post-trans-
fection with miR-17 mimics compared with NC in type II epithelial
cells, while FoxA1 expression significantly increased post-transfec-
tion with anti-miR-17.

To study the mechanisms of miR-17 as a novel regulator of
FoxA1 expression in ALI, the luciferase reporter assay was used.
The results indicated that miR-17 could suppress FoxAl gene
expression though 3’UTR binding and silencing of FoxA1 mRNA.
Thus, we conclude that FoxA1 is a target gene of miR-17. Taken to-
gether, we predict that miR-17 expression downregulation and
FoxA1 upregulation are important in the mechanisms of acute lung
injury.

MiR-17 suppresses genes that stimulate or inhibit apoptosis
depending on the type of cell [22]. However, the functions of
miR-17 and its targets have not been reported in ALI and type Il
epithelial cells. In this study, miR-17 was downregulated in ALI;
furthermore, the targeting of FoxA1l, a pro-apoptosis gene in ALI
and type II epithelial cells, by miR-17 was validated. In conclusion,
the upregulation of FoxA1l is affected by the downregulation of
miR-17, which could induce type II epithelial cells apoptosis in
ALL In light of the important roles of FoxA1 and miR-17 in lung
development and many lung diseases, we predict that the induc-
tion of miR-17 may be a novel therapeutic approach to ALL In order
to understand the exact functions, further investigations are
needed.
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