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Abstract

Aims: Congenital diaphragmatic hernia (CDH) is a lethal birth defect characterized by
congenital lung malformation, and the severity of pulmonary hypoplasia directly
affects the prognosis of infants with CDH. Using a nitrofen-induced CDH rat model,
we previously reported that Foxa2 expression was downregulated in CDH lungs by
proteomics analysis. Here, we investigate the role of miR-130a-5p/Foxa2 axis in lung
development of the nitrofen-induced CDH and evaluate its potential role in vivo
prenatal therapy.

Main methods: Nitrofen was orally administrated on embryonic day (E) 8.5 to
establish a rat CDH model, and fetal lungs were collected on E13.5, E15.5, E17.5,
E19.5 and E21.5. The binding sites of miR-130a-5p on Foxa2 mRNA were identified
using bioinformatics prediction software and were validated via luciferase assay. The
expression levels of miR-130a-5p and Foxa2 were detected using gRT-PCR, ISH,

IHC and western blotting. The role of miR-130a-5p/Foxa2 axis in CDH-associated
lung development was investigated in ex vivo lung explants.

Key findings: We found that Foxa2 was downregulated in CDH lung tissues, and
Foxa2 upregulating improved CDH branching morphogenesis in ex vivo lung
explants. Meanwhile, we also showed that miR-130a-5p was significantly upregulated
in CDH lungs and thus inversely correlated with Foxa2. Increasing miR-130a-5p
abundance with mimics decreases Foxa2-driven Shh/Glil signaling and inhibits
branching morphogenesis in ex vivo lung explants.

Significance: This study was the first to show that the miR-130a-5p/Foxa2 axis played
a crucial role in CDH-associated pulmonary hypoplasia. These findings may provide
relevant insights into the prenatal diagnosis and prenatal therapy of CDH.
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1. Introduction

Congenital diaphragmatic hernia (CDH) is the incomplete formation of the
diaphragm, leading to abdominal organ herniation into the thoracic cavity [1]. The
incidence is about 1/2000-3000 live births [2]. At present, the diagnosis and treatment
of CDH have matured and become standardized, and most children can get effective
treatment [3]. However, CDH-associated pulmonary hypoplasia and pulmonary
hypertension increase rates of poor prognosis and mortality [4]. Therefore, it is
particularly important to study the molecular mechanism of CDH-associated
pulmonary hypoplasia, which can provide a new means of diagnosis and treatment,
and effectively improve the prognosis of children with CDH.

Embryonic lung development is a complex coordinated process requiring cell
differentiation and interaction between respiratory epithelial cells and the surrounding
mesenchymal environment [5]. CDH-associated pulmonary hypoplasia is
characterized by fewer effective pulmonary surface areas, fewer distal branches of
pulmonary parenchyma and fewer alveoli [6]. The alveolar wall is thickened, and the
interstitial components of the lung are abnormal, while compliance is decreased.
Morphological characteristics of branching arrest or delay in the pseudoglandular
stage of fetal lung development are observed in patients with severe fatal CDH [7].
Several evolutionarily conserved signaling pathways are involved in different stages
of embryonic lung development. In particular, fibroblast growth factor, bone
morphogenetic protein, wingless secretory glycoprotein (WNT) and Hedgehog/Gli
signaling are involved in lung morphogenesis and epithelial differentiation [8,9]. In
addition, a good balance and interaction between these signaling pathways and key
transcription factors of lung development, including TTF1, GATAG and Foxa2, are
essential for normal lung morphogenesis.

The Foxa transcription factor family has a wide range of functions in embryonic
development, cell cycle regulation, glycolipid metabolism, aging, immune regulation
and so on [10]. Foxa2 expression in the lungs is limited to a subset of respiratory
epithelial cells [11]. Foxa2 is a key transcriptional regulator in airway epithelial cell
differentiation and lung development, and it contributes to normal branching and cell
commitment [12]. Transcription factors and signaling events mediating early lung
formation have been extensively studied. Foxa2 regulates Shh and Shh-dependent
genes in respiratory epithelial cells, thereby affecting the expression of genes required
for lung branching [13]. We compared the lung tissues of fetal rats with and without
CDH by proteomic analysis and found that Foxa2 expression was downregulated in
CDH lung tissue. However, the temporal and spatial expression of Foxa2 in CDH
lung tissue and its regulatory mechanism in lung development are still unclear.

Although about 10% of CDH patients have chromosomal abnormalities, the genetic
causes of 85% of CDH patients are still unclear [14]. The inconsistency of
monozygotic twins (one fetal diaphragmatic hernia) also emphasizes the importance
of considering epigenetic factors [15]. MicroRNAs (miRNAS) are important
epigenetic regulators [16]; they are small RNAs that regulate the expression of target
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genes at the post-transcriptional level and are essential for normal organogenesis
during embryonic development. Analysis of the expression of miRNAs at different
developmental stages of human and rat lung morphogenesis has shown that the
function of miRNAs is evolutionarily conserved to some extent [17,18]. Dicer is a key
component in the processing of miRNAs, and its inactivation during lung
development has been found to lead to inhibition of lung epithelial branching [19].
Keijzer et al. found that miRNA-200b was increased in abnormally developed lung
tissues of children with CDH. In subsequent animal experiments, this group
demonstrated that prenatal intrauterine intervention with miRNA-200b improved lung
development and lowered CDH incidence [20]. miRNAs regulating the activity of
Foxa2 are considered major molecular mediators in lung development.

In the present study, we evaluated miR-130a-5p as a specific regulator of Foxa2
expression in epithelial cells during CDH lung development. Using a loss- and
gain-of-function approach, we analyzed the role of the miR-130a-5p/Foxa2 axis in ex
vivo lung explants.

2. Materials and Methods

2.1. Bioinformatics Prediction

Three types of bioinformatics software, TargetScan (http://www.targetscan.org/),
miRDB (http://mirdb.org/) and DIANA (diana.imis.athena-innovation.gr), were used
to predict miRNAs with potential binding sites on Foxa2 mRNA.

2.2. CDH Rat Model

Our study was approved by the Animal Research Committee of China Medical
University. Sprague Dawley rats were provided by Liaoning Changsheng
Biotechnology, and were maintained according to the “Guide to the Care and Use of
Experimental Animals.” The animals were mated at night, and the next day was
considered embryonic day zero (E0). On E9, pregnant rats were administered either
100 mg nitrofen (N141413; Aladdin, Shanghai, China) in olive oil or olive oil alone
[21]. On E13.5, E15.5, E17.5, E19.5 and E21.5, fetuses were removed by cesarean
section to examine the diaphragm and harvest the lungs under the microscope. Fetuses
were divided into two groups, the control group (CON) exposed to olive oil only, while
the CDH group (CDH) was exposed to nitrofen and had CDH. During embryonic
development in rat, the diaphragm is completely closed on E17. Regarding this
experimental design, the occurrence of diaphragmatic hernia could not be determined
on E13 and E15. Therefore, for this early gestational age, CDH group refers to the
fetuses exposed to nitrofen (independently of CDH development). Lungs were either
stored at -80°C or fixed in 4% paraformaldehyde.

2.3. RNA Extraction and Quantitative qRT-PCR

Total RNA was extracted from fetal lung tissues or cells with RNAiso Plus extraction
reagent (Takara, Beijing, China). After measurement of the RNA concentration, cDNA
corresponding to the mRNAS was reverse transcribed using PrimeScript™ RT reagent
kit with gDNA Eraser (Takara), and SYBR® Premix Ex Taq™ II (Takara) was used to
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perform quantitative real-time PCR (QRT-PCR) according to the manufacturer’s
instructions. cDNA corresponding to the miRNAs was reverse transcribed using
miRNA 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China), and miRNA
Universal SYBR gPCR Master Mix (Vazyme, Nanjing, China) was used to perform
gRT-PCR according to the manufacturer’s instructions. The specific mRNA PCR
primers were designed by Sangon Biotech Co. Ltd. (Shanghai, China), as described in
Supplementary Table S1. Specific miRNA PCR primers were designed by RiboBio
(Guangzhou, China). f-Actin and U6 were used as internal controls to determine
fold-changes by the 2-AACt method.

2.4. Western Blotting

Total protein was extracted using a protein extraction kit (Beyotime Biotechnology,
Shanghai, China). Protein was separated by 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, MA, USA). The membranes were incubated
with primary antibody overnight at 4°C (the primary antibodies listed in Supplementary
Table S2) and then with secondary antibody for 2 hours at room temperature. After
being washed, the bands were visualized using Quantity One imaging software
(Bio-Rad, CA, USA).

2.5. Immunohistochemistry (IHC), Immunofluorescence (IF) and in situ hybridization
(ISH)

The paraffin- embedded lungs (2.5- pm sections) were deparaffinized in
dimethylbenzene and hydrated in an ethanol series. After heat repair and endogenous
enzyme blocking, IHC and IF was performed using the streptavidin- peroxidase
method (OriGene Technologies, Beijing, China) according to the kit protocol. The
primary antibodies are listed in Supplementary Table S2. For in situ hybridization
(ISH), the experiments were performed according to the kit instructions (Boster
Biological Technology, Nanjing, China), and the digoxigenin-labeled oligonucleotide
miR-130a-5p detection probe sequence was as follows: (5'-3")
AGTAGCACAATGTGAAAAGA.

2.6. Fetal Lung Explant Culture

The fetal lungs were isolated from E13.5 embryos, transferred to Costar Transwell cells
(Corning Incorporated, Corning, NY, USA), and cultured at the air- liquid interface in
serum- free DMEM/F12 medium (Biological Industries). The explants were treated
with 200 nM miR-NC, miR-130a-5p mimic and miR-130a-5p inhibitor (GenePharma,
Shanghai, China) or recombinant Foxa2 (R&D Systems, MN, USA), and cultured for 4
days. The miRNA and protein treatments were repeated every 24 hours. Branching
morphogenesis, number of peripheral airway buds and explant surface were monitored
daily. The differences between day 0 and day 4 of culture were expressed as the D4/D0
ratio. After 96 hours, the lungs were harvested for RNA and protein isolation. The
sequences of RNA mimic/inhibitor are listed in Supplementary Table S3.

2.7. Cell Culture



HEK293T cells (human embryonic kidney cells; Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences, Shanghai, China) and BEAS-2B cells (human
bronchial epithelial cells; Chinese Academy of Sciences, Shanghai, China, Manassas,
VA) were maintained in high-glucose DMEM (Biological Industries). Fetal bovine
serum (FBS, 10%) (Biological Industries), 50 IU/mL penicillin, and 50 ug/mL
streptomycin (Invitrogen, Carlsbad, CA, USA) were added to the culture medium. All
cells were grown at 37°Cin a humidified incubator in 5% CO2.

2.8. Luciferase Assay

HEK293T cells were seeded in 96-well plates. The cells were co-transfected with 5
nmol of miR-130a-5p mimic or scrambled NC (GenePharma) and 100 ng of wild-type
or mutant dual-luciferase reporter vector carrying a Foxa2 gene fragment
(pmiR-RB-Report-Foxa2) (GenePharma) using Lipofectamine 3000. At 48 hours
post-transfection, luciferase activity was measured using the Dual-Luciferase Reporter
Assay System (Promega,Madison, WI, USA) according to the manufacturer’s protocol.
2.9. EdU Proliferation Assay

5-ethynyl-2'-deoxyuridine (EdU) was added to ex vivo lung explant cultures, and the
tissue was incubated for 4 hours before harvesting. After fixing, a click reaction was
performed according to the manufacturer's protocol (C0078S, Beyotime, Beijing,
China). The positive rate was determined by Image Pro Plus 6.

2.10. Statistical Analysis

Data are presented as means + SD of three independent experiments. Statistical
analyses were performed with GraphPad Prism 6.0 software (La Jolla, CA). Statistical
comparison of experimental groups was done using the unpaired Student t- test or
one- way analysis of variance. P < 0.05 was considered statistically significant.

3. Results

3.1. Temporal and Spatial Expression of Foxa2 in CDH Fetal Lung Tissues

The gene expression of Foxa2 was determined in CDH and control fetal lung tissues
during lung development by qRT-PCR. There was no significant difference at E15.5,
while the expression of Foxa2 decreased significantly in CDH lung tissues at E17.5,
E19.5 and E21.5 (Figure 1A). Western blot analysis also showed that the difference in
protein expression between the two groups was more evident in later embryonic age
(Figure 1B).The IHC results indicated that Foxa2 was consistently expressed in
epithelial cells at different stages of lung development and that the expression level was
lower in the CDH group than control group (Figure 1C).

In late embryonic development, the expression of Foxa2 was significantly lower in
the distal epithelium at the canalicular (E19.5) and saccular (E21.5) stages in CDH
group (Figure 1C). Immunofluorescence double staining at E21.5 showed that the
expression of bronchia epithelial markers (CCSP) and alveoli epithelial markers (SP-C)
decreased in the distal lung epithelial cells of CDH (Figure 2A), and western blot
analysis also confirmed this result (Figure 2C and D). H&E staining at E21.5 showed
that CDH lungs have fewer alveoli and thicken lung parenchyma (Figure 2B). IHC
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staining showed decreased levels of proliferation markers (PCNA and Ki-67) in CDH
lung epithelial cells (Figure 2B), which consistent with the western blot results (Figure
2C and D). In addition to cell proliferation, cell apoptosis-related proteins, Bax and
Bcl2 were also dectected and showed increased expression levels in CDH lungs (Figure
2C and D). To summarize, Foxa2 downregulated in CDH lungs, associated with
decreased cell proliferation, increased apoptosis and reduced differentiation of the
distal airway epithelium.
3.2. Effect of Foxa2 on Branching Morphogenesis in Ex Vivo Lung Explants

Ex vivo lung explants were used to clarify the role of Foxa2 in the development of
fetal lungs in nitrofen-induced CDH (Figure 3A-D). We dissected control and CDH rat
lungs at E13.5, and CDH lungs were incubated with 0.01 pg/ml of recombinant Foxa2.
The expression level of Foxa2 was evaluated by western blot after treated with
recombinant protein (Figure 3E). Peripheral airway buds and lung explant surface were
evaluated at day 0 (DO) and day 4 (D4), and these were significantly lower in the CDH
group than control group, while treatment of CDH with recombinant Foxa2 promoted
the formation of peripheral airway buds and lung explant surface (Figure 3B and C).
EdU staining in cultured lungs showed that the proliferation of tip distal lung
epithelium was weaker in the CDH group, while the proliferation level increased after
treatment with recombinant Foxa2 (Figure 3D). Meanwhile, western blot analysis
showed that the treatment of Foxa2 recombinant protein increased lung differentiation
and decreased apoptosis in CDH group (Figure 3F and G).
3.3. Expression of MiR-130a-5p is High in CDH Fetal Lung Tissues, and Foxa2 is a
MiR-130a-5p Target

The results of the three bioinformatics prediction programs (TargetScan, miRDB and
DIANA) simultaneously identified 4 miRNAs that potentially bind to Foxa2 (Figure
4A). And we showed all miRNAs and scores predicted by the three bioinformatic
software in Supplementary Table S4. We then co-transfected HEK293T cells
with these 4 miRNAs and wild-type (WT) dual-luciferase vector-mediated Foxa2
constructs and performed the dual-luciferase assays. We found that miR-130a-5p and
miR-876 exhibited a strong interaction with Foxa2 (Figure 4B). The expression levels
of miR-130a-5p and miR-876 were determined in fetal lung tissues of the control and
CDH groups using gRT-PCR. MiR-876 expression showed no significant
differences between control and CDH fetal lung tissues (Supplementary Figure S1). On
the other hand, miR-130a-5p was significantly upregulated in CDH fetal lung tissues
compared with control group during lung development (Figure 4C). We performed in
situ hybridization to evaluate the tissue distribution of miR-130a-5p in control and
CDH lungs (Figure 4G). During the canalicular (E19.5) and saccular (E21.5) stages of
lung development, the expression of miR-130a-5p was higher in the proximal epithelial
lining of the large airways compared to the epithelial cells in the distal terminal
saccules. We observed higher miR-130a-5p expression in CDH fetal lungs (Figure 4G).

The results of bioinformatics predictions indicated one site that could interact with
miR-130a-5p. Luciferase assays were conducted to ascertain whether Foxa2 could
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directly target miR-130a-5p via these putative binding sites (Figure 4D). The luciferase
activity of the miR-130a-5p and Foxa2 WT co-transfected group was greatly reduced
compared with other groups (Figure 4E). Meanwhile, Foxa2 expression was
significantly decreased when BEAS-2B cells were transfected with miR-130a-5p
mimic (Figure 4F), which indicates that Foxa2 expression is likely regulated by
miR-130a-5p.
3.4. Introducing MiR-130a-5p Inhibitor Corrects CDH-associated Abnormal
Branching Morphogenesis in Ex Vivo Lung Explants

To investigate if miR-130a-5p can directly affect lung branching morphogenesis in
control or CDH fetal lungs, we performed ex vivo lung explant culture (Figure 5A-C).
We incubated control rat lungs (at E13.5) with 200 nM of either negative control
MiRNA (miR-NC) or miR-130-5p mimic. And the lungs from the CDH group were
incubated with 200 nM of miR-130a-5p inhibitor or negative control. Lung explant
surface and peripheral airway buds were evaluated at day 0 (D0O) and day 4 (D4).
MiR-130a-5p mimic decreased D4/DO0 of the total number of peripheral airway buds
and lung explant surface indicating a direct inhibitory effect of increased miR-130a-5p
expression on airway branching. The treatment of CDH lung explants with
miR-130a-5p inhibitor improved the formation of peripheral airway buds and lung
explant surface (Figure 5A-C). To ensure transfection efficiency, gRT-PCR was used
to determine the expression of miR-130a-5p after lung explant cultures (Figure 5D).
Western blot analysis also showed that miR-130a-5p mimic reduced lung
differentiation and increased apoptosis in control group, and miR-130a-5p inhibitor
increased lung differentiation and decreased apoptosis in CDH group (Figure 5E and
F).
3.5. MiR-130a-5p Regulates Foxa2-Driven SHH Signaling in Ex Vivo Lung Explants

To further clarify the mechanism by which the miR-130a-5p-Foxa2 axis regulates
lung morphogenesis in nitrofen-induced CDH rats, we dissected CDH rat lungs at
E13.5, and incubated them with miR-130a-5p mimic and/or recombinant Foxa2 protein
for 96 hours. We found that recombinant Foxa2 promoted lung branching
morphogenesis. When miR-130a-5p mimic and recombinant Foxa2 protein were added
to the culture medium at the same time, lung branching was inhibited to some extent
(Fig. 6A-C). Western blot analysis was performed on the cultured lung tissues.
Activation of the Shh signaling pathway was detected by measuring the protein
expression of Shh and Glil. In the CDH group, the expression of Shh and Glil was low
(Fig. 6D linel and E), but it increased after treatment with recombinant Foxa2 protein
(Fig. 6D line2 and E). Interestingly, when miR-130a-5p mimic was added to the lung
explant culture treated with recombinant Foxa2 protein, Foxa2 expression was reduced
and the activation of the SHH signaling pathway was inhibited (Fig. 6D line3 and E).
RT-PCR was performed to determine the gene expression of Foxa2, Shh and Glil, and
the results were consistent with protein expression findings (Fig. 6F).

4. Discussion



Our protein expression profiles from CDH fetal lung tissue in the pseudoglandular to
canalicular stages of lung development revealed several differentially expressed
proteins and signing pathways. In the present research, the downregulated Foxa2 and
Shh signaling pathways were further studied, and miR-130a-5p was predicted and
verified as an epigenetic regulator of Foxa2. We found that miR-130a-5p inhibitor and
recombinant Foxa2 protein can improve CDH lung branching morphogenesis in ex
vivo lung explants. When miR-130a-5p expression is increased in vitro, Shh/Glil
signaling is inhibited and the expression of miR-130a-5p target Foxa2 decreases.

Foxa2 is a key transcription factor in lung development, and its expression is
limited to a subset of respiratory epithelial cells. Previous in vitro studies have found
that Foxa2 enhances the expression of CCSP [22] and TTF-1 and SP-C [23], supporting
its potential role in regulating gene expression and differentiation in respiratory
epithelial cells. To our knowledge, this is the first report on the function of Foxa2 in
CDH-associated pulmonary hypoplasia. Our results showed that Foxa2 expression was
downregulated in CDH lung tissues, and IHC results indicated that Foxa2 was localized
in respiratory epithelial cells. We also found that the expression of Foxa2 in the distal
epithelium decreased significantly in CDH at the canalicular (E19.5) and saccular
(E21.5) stages (Figure 1C). Whitsett et al. demonstrated that the ectopic expression of
Foxa2 in the distal respiratory epithelial cells impairs the branching and differentiation
of peripheral lung epithelial cells in the late stage of lung development [12]. The
expression of bronchia epithelial markers (CCSP) and alveoli epithelial markers (SP-C)
in fetal respiratory epithelium was determined by immunofluorescence double staining
(Figure 2A). A decreased level of cell proliferation and increased level of cell apoptosis
were also observed in CDH lungs (Figure 2B-D). Our results demonstrated that Foxa2
is required for normal lung develoment, and the differentiation defect of the distal
airway epithelium in CDH lungs associated with the downregulated of Foxa2.

To further clarify the effect of Foxa2 on the lung branching, we simulated the in
vivo environment in in vitro lung tissue cultures at E13.5 [24]. After 96 hours of
culture, we found that lung branching in the CDH group was significantly delayed.
These results are consistent with the findings of Keijzer et al. [25]. Our results also
showed that increasing Foxa2 expression in fetal lung explants with recombinant
protein treatment led to improved branching morphogenesis in the CDH group (Fig.
3A-C). EdU staining in cultured lungs showed that the proliferation of tip distal lung
epithelium was weaker in the CDH group, while the proliferation level increased after
treatment with recombinant Foxa2 (Figure 3D). Meanwhile, increasing expression
level of Foxa2 can improve lung differentiation and inhibit apoptosis in CDH group
(Figure 3F and G). Therefore, in the CDH group, the downregulation of Foxa2
expression may impair the differentiation of distal lung epithelial cells and lung
branching.

MiRNAs are a class of non-coding small RNAs that target mRNA and have
post-transcriptional gene regulatory activity. Some significant progress has been made
in understanding the role of miRNAs in lung development and the pathogenesis of lung
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diseases [26]. Mice conditionally knocked out for dicer in pulmonary epithelial cells
showed impaired epithelial branching, emphasizing the important regulatory role of
miRNAs in pulmonary epithelial morphogenesis. Keijzer et al. were the first to report
that miRNA can be used to treat CDH and related pulmonary dysplasia through the
placental barrier [27]. In the present study, miR-130a-5p was predicted by
bioinformatics software (TargetScan, miRDB and DIANA) to be able to bind to the
3’-UTR of Foxa2 as demonstrated by the dual-luciferase reporter assay. MiRNA-130a
IS a vertebrate-specific miRNA, which is widely used in angiogenesis and the cell cycle
[28]. The miR-130/301 family is the main regulator of hypoxic pulmonary
hypertension cell proliferation [29]. In this study, we demonstrated that the expression
of miR-130a-5p is high in the CDH group and observed in the respiratory epithelium
during lung development. We also demonstrated earlier that the expression level of
Foxa2 was decreased after overexpression of miR-130a-5p in human bronchial
epithelial cells. These results indicate that Foxa2 is a target gene of miR-130a-5p in
CDH lung development. To investigate the role of miR-130a-5p in CDH lung
development, miRNA was added to the culture medium in vitro. MiR-130a-5p mimic
inhibited the development of control lung branching, while mir-130a-5p inhibitor
promoted the development of branching in the CDH group (Figure 5A-C). Mir-130a-5p
and Foxa2 had opposite effects on the development of lung branching in ex vivo lung
explants.

To further explore the mechanism of the miR-130a-5p/Foxa2 axis in the
development of pulmonary branching, mir-130a-5p mimic and recombinant Foxa2
protein were added to the CDH culture medium (Figure 6A-C). MiR-130a-5p mimic
inhibited the improvement of branching by recombinant Foxa2 protein in the CDH
group. Gli zinc finger proteins Glil, Gli2 and Gli3 are the main transcription factors
mediating Shh signaling. Glil is the transcriptional target of the Shh pathway [30],
which plays a transcriptional activation role in response to Shh signaling [31]. Foxa2
can negatively regulate several components of the Shh signaling pathway by binding to
the same enhancer region, thereby inhibiting the expression of Glil and some common
Glil upregulated target genes [32]. In this study, the cultured lung tissue results showed
that Foxa2 overexpression activated Shh/Glil signaling pathway activity, while
miR-130a-5p negatively regulated this process by binding to Foxa2.

MiR-130a-5p mimic and Foxa2 recombinant significantly improved lung
branching morphology in the CDH rat model cultured in vitro, but the effect of prenatal
intervention in vivo needs to be further studied. To determine the optimal dose and time
of miR-130a-5p in prenatal treatment, levels and metabolism of miR-130a-5p need to
be further studied in cell experiments.

5. Conclusions

Our findings demonstrated that miR-130a-5p/Foxa2 axis play a crucial role in
pulmonary hypoplasia of the nitrofen-induced CDH rat model. Furthermore, we
observed that upregulating Foxa2 with recombinant protein improved lung branching

9



morphogenesis in ex vivo explants in CDH group, which was inversely correlated with
increasing miR-130a-5p abundance. Ultimately, these findings indicate that
miR-130a-5p/Foxa2 axis may be a potential target in vivo prenatal therapy to improve
abnormal lung development in CDH.
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Acknowledgments: We appreciate BioMed Proofreading for editing the manuscript.
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Figure 1. Temporal and spatial expression of Foxa2 in the lungs of the CDH and CON groups.
(A) mRNA levels of Foxa2 in developing lungs were determined by gRT-PCR and results were
expressed relative to the control at E15.5, E17.5, E19.5 and E21.5. (B) Representative
immunoblots and densitometric analysis of expression of Foxa2 proteins in the fetal lungs at
E15.5, E17.5, E19.5 and E21.5. Results were normalized relative to the expression of B-Actin.
(C) Representative photomicrographs of IHC staining for Foxa2 in the lung sections from CON
and CDH groups at five gestational stages: E13.5, E15.5, E17.5, E19.5 and E21.5 days. Foxa2
exhibited marked epithelial expression. The expression of Foxa2 was lower in the CDH group
than in the CON group. Original magnification, x200, scale bar=100 um. All results are
presented as the mean + standard error of the mean. * P<0.05, and all n= 6 per group.

Figure 2. Characterization of distal lung defects in in CDH lung at E21.5. (A)
Immunostaining for E-cadherin shows a decrease in distal epithelium in CDH compared to
control. Fluorescent co-labeling of CCSP (green), SP-C (green) and Foxa2 (red) was used to
determine the localization of Foxa2, and cell type specific markers reveal defects of distal
lung that large decreases in the bronchial epithelium (CCSP) and alveolar epithelium (SP-C)
in CDH lung. All images are displayed at 400x magnification. Scale bars: 50 um. (B) H&E
staining shows less saccule formation and thickening of the lung perenchyma in CDH
compared CON. IHC staining shows decreased expression levels of PCNA and Ki-67 in CDH
lung epithelial cells. (C) and (D) Protein extracts from the CDH and CON lungs were
analyzed by western blot using the differentiation and apoptosis antibodies. B-Actin was used
as loading control. * P<0.05, Student’s t test, n=6 per group.

Figure 3. Increased Foxa2 partially rescued the CDH-associated pulmonary hypoplasia
phenotype. (A) Lung explant culture of CDH lungs treated with Foxa2 recombinant protein.
The upper panel is representative of lung explants at Day Zero and the bottom panel represents
lung explants treated with Foxa2 recombinant protein for 4 days. Scale bars, 500 um. (B) The
number of peripheral airway buds and (C) the surface of explant lung was significantly
decreased in CDH group, and it can be partially increased when treated with Foxa2
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recombinant protein. (D) EdU staining in cultured lungs showed that the proliferation of tip
distal lung epithelium was weaker in the CDH group, while the proliferation level increased
after treatment with recombinant Foxa2. Scale bars, 500 um. (E) Foxa2 expression is
significantly upregulated in CDH lungs treated with Foxa2 recombinant protein. (F) and (G)
Protein extracts from the lung explants treated as in A were analyzed by western blot using the
differentiation and apoptosis antibodies. (D0: Day Zero) (D4: Day 4), * P < 0.05, 1-way
ANOVA, n=9 lungs per group.

Figure 4. Foxa2 is a target of miR-130a-5p. (A) A total of 4 miRNAs were predicted to have
potential binding site with Foxa2 by bioinformatics programs. (B) Among the 4 miRNAs
co-transfected with the reporter vector Foxa2-WT in HEK293T cells, the relative luciferase
activities of 2 miRNAs were most inhibited. (C) MiR-130a-5p was downregulated in CDH lung
tissues compared with control tissues via qRT-PCR during lung development. (D) and (E)
Predicted miR-130a-5p binding sites in the 3’-UTR of wild-type (Foxa2-WT-3’UTR) and
mutant (Foxa2-Mut-3’UTR) Foxa2 sequences. Luciferase reporter assay using HEK293T cells
co-transfected with Foxa2-WT (or Foxa2-Mut) and miR-130a-5p mimic. (F) Foxa2 expression
was significantly decreased when transfected with mir-130a-5p mimic in BEAS-2B cells. (G)
In situ hybridization detected the tissue distribution of miR-130a-5p in control and CDH lungs
at E19.5 and E21.5. Scale bars, 500 um. All data are presented as the mean + SEM, * P<0.05,
** P<0.01, and n=5 per group.

Figure 5. MiR-130a-5p effects branching morphogenesis in CDH lung development. (A) Lung
explant culture of control lungs treated with miR-130a-5p mimic, and CDH lungs treated with
miR-130a-5p inhibitor. The upper panel is representative of lung explants at Day Zero and the
bottom panel represents lung explants treated with the miR-130a-5p mimic/inhibitor for 4 days.
Scale bars, 500 um. (B) and (C) The number of peripheral airway buds and the surface of
explant lung was significantly decreased in CON lungs transfected with miR-130a-5p mimic,
and introducing miR-130a-5p inhibitor can normalize CDH abnormal branching
morphogenesis. (D) MiR-130a-5p expression is significantly upregulated in control lungs
treated with miR-130a-5p mimic, while the expression is significantly downregulated in CDH
lungs treated with miR-130a-5p inhibitor. (E) and (F) Protein extracts from the lung explants
treated as in A were analyzed by western blot using the differentiation and apoptosis antibodies.
(DO: Day Zero) (D4: Day 4), * P < 0.05, 1-way ANOVA, n=9 lungs per group.

Figure 6. MiR-130a-5p regulate Foxa2-driven Shh/Glil signaling in ex vivo lung explants. (A)
CDH embryonic lung explants were treated with control or Foxa2 recombinant protein together
with the miR-130a-5p mimic for 4 days. Scale bars, 500 um. (B) and (C) The number of
peripheral airway buds and the surface of explant lung were quantified. (D) and (E) Protein
extracts from the lung explants treated as in A were analyzed by western blot using the
Shh/Glil antibodies. (F) Expression analysis of the indicated genes by quantitative RT-PCR in
embryonic lung explants that were treated as in A. (DO: Day Zero) (D4: Day 4), * P < 0.05,
1-way ANOVA, n=9 lungs per group.
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