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Background: According to our previous gene ChIP results, long noncoding

RNA uc.375 was down-regulated in lung tissue of bronchopulmonary dysplasia

(BPD) mice induced by hyperoxia. FoxA1 gene showed higher levels in lung

tissue of BPD mice and is reported to promote the apoptosis of alveolar

epithelial cells. We aimed to clarify the expression pattern of uc.375 in BPD

and explore the interaction between uc.375 and FoxA1.

Methods: Newborn mice were placed in a 95% high-oxygen environment for

7 days. Lung tissue samples from mice were used for lncRNA microarray to

screen BPD related lncRNAs. Mouse alveolar epithelial cell line MLE 12 was

stably transfected with uc.375 and FoxA1 silencing or overexpression lentiviral

vectors. The proliferation activity of MLE 12 cells was detected by a cell counting

kit 8 (CCK-8) assay. MLE 12 cell apoptosis was determined by Hoechst/PI

staining and flow cytometry analysis. The protein levels of Cleaved Caspase-

3, FoxA1, SP-C and UCP2 were investigated by western blot. The relative mRNA

expression levels were detected by quantitative real-time PCR.

Results: uc.375 is mainly distributed in the nucleus of alveolar epithelial cells, as

revealed by In SituHybridization assay results. uc.375 was lowly expressed in the

lung tissues of BPD mice. According to the results of CCK-8 assay, analysis of

Hoechst/PI staining and western blotting, uc.375 silencing inhibited cell

proliferation, facilitated apoptosis of MLE 12 cells, promoted caspase 3 and

FoxA1 expression, and inhibited the expression of SP-C and UCP2. On the

contrary, after overexpressing uc.375, the opposite results were obtained.

Silencing FoxA1 inhibited MLE 12 apoptosis, promoted proliferation, inhibited

apoptosis-related factor caspase 3, and promoted the expression of SP-C and

UCP2. FoxA1 silencing also reversed the effect induced by uc.375 knockdown

on the proliferation and apoptosis of MLE 12 cells.
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Conclusion: Based on the biomedical images-derived analysis results,

uc.375 negatively regulates FoxA1 expression, affects alveolar development,

and plays an important role in the initiation and progression of BPD, providing a

new molecular target for the prevention and treatment of BPD.
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uc.375 negatively regulates FoxA1 expression

Silencing FoxA1 inhibits MLE 12 apoptosis, promotes

proliferation

Introduction

Bronchopulmonary dysplasia (BPD) is a common chronic lung

disease in preterm infants, and its incidence is as high as 52% in

extremely low birth weight infants (Natarajan et al., 2012; Villosis

et al., 2021). With the increasing maturity of critical care and

management techniques for premature infants, the survival rate of

very low and extremely low birth weight infants has increased

significantly, but with it, the incidence of BPD has also shown a

continuous upward trend (Jensen and Schmidt, 2014). Children with

this disease not only suffer from repeated respiratory infections and

varying degrees of pulmonary dysfunction, but also face increased

risk of asthma and chronic obstructive pulmonary disease (COPD) in

adulthood (Teune et al., 2012). Therefore, BPD has become an

important medical problem that endangers the health of

newborns, affects the quality of our nationals, and causes a heavy

family and socioeconomic burden.

LncRNA is a type of non-coding transcript longer than

200 nucleotides and without the ability to encode proteins. In

recent years, with the rapid development of genetic information

technology and the wide application of next-generation sequencing

and gene chip technology, the understanding of the pathogenesis of

many human diseases has gradually expanded to the level of lncRNA,

which has become a research hotspot in many fields of life medicine.

It has also become a new direction for us to explore the pathogenesis

of BPD. LncRNAs have abundant biological functions in cell

development and metabolism, such as genetic imprinting (Kretz

et al., 2013), chromatin modification (Tsai et al., 2010), cell cycle

regulation (Hung et al., 2011), transcription regulation (Huarte et al.,

2010), and participation in mRNA degradation (Gong and Maquat,

2011). These are closely related to the occurrence, development and

prevention of many human diseases. Studies on the role and

mechanism of lncRNA in lung development and lung diseases

have become a hot spot of increasing attention by scholars.

Herriges et al. (2014) identified 363 lncRNAs in embryonic

mouse lungs, which interact with transcription factors spatially to

regulate lung development. The lack of certain lncRNAs in the lungs

can lead to alveolar capillary dysplasia and pulmonary vein

dislocation (ACD/MPV) (Szafranski et al., 2013). Studies have

also confirmed that lncRNA plays the role of “inducers and

terminators” of vascular development (Viereck et al., 2015), affects

the biological functions of endothelial cells, and can be used as a

target for vascular diseases (Fiedler et al., 2015). Although there have

been preliminary studies of lncRNA in the field of lung development,

further exploration of the role and mechanism of lncRNA in the

formation of BPD will inevitably promote the in-depth

understanding of the pathogenesis of BPD.

In this study, we aimed to explore the function and molecular

mechanism of the lncRNA uc.375 in BPD based on lncRNA

microarray, bioinformatics, and functional studies. We

hypothesized that lncRNA uc.375 promoted MLE 12 cell

growth in vitro. In summary, this study clarified the exact

mechanism of uc.375 in the occurrence and development of

BPD. We identified that it may provide a new molecular target

for the prevention and treatment of BPD.

Methods

RT-PCR

Total RNA was isolated from tissues and cells using TRIzol

Reagent (Applygen, Beijing, China) in accordance with the

manufacturer’s instructions. qRT-PCR was carried by using

Reverse Transcription Kit (Haigene, Harbin, China). After

reverse transcription, quantitative real-time PCR analysis was

performed as previously described (Zhao et al., 2017).

Cell culture and transfection

MLE 12 cell line was obtained from Bei Na Chuang Lian

Biotechnology Research Institute (Beijing, China) and followed

their instructions to culture at 37°C. Stably uc.375 or

FoxA1 silencing cell lines were screened out as previously

reported (Liu et al., 2018). The cells were transfected with

10 pmol/ml of uc.375 or FoxA1 short-hairpin RNA, or negative

control (Sigma-Aldrich) and selected for 4 weeks with neomycin
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(1,000 μg/ml). To up-regulate uc.375 or FoxA1, the MLE 12 cells

were transfected with uc.375 or FoxA1 overexpression lentiviral

vector according to the manufacturer’s protocols.

CCK-8 assay

Cell viability was detected by CCK-8 kit (MedChemExpress,

Shanghai, China). Cells (3,000/well) were cultured in 96-well

plates for 48 h. After incubated with 10 μl CCK8 for 3–4 h, the

absorbance was measured at 450 nm using GloMax® System

(Promega, WI, United States) (Chen et al., 2020).

Hoechst PI staining

The single cell suspension was prepared routinely. The final

concentration of Hoechst 33,258 was 1 mg/ml, and the final

concentration of Hoechst 33,258 was dissolved in water at 37°C

for 7 min. The dye solution was cooled on ice, and centrifuged

and overhung. The final concentration of PI solution was 5 mg/

ml, and the ice bath was added. The dye solution was centrifuged

and washed once by PBS, and the Blue fluorescence at

400–500 nm and the red fluorescence at 630 nm or above

were recorded by direct external laser Flow cytometry analysis.

Western blot

Total proteins were isolated from cells using a total protein

extraction kit (Keygen, Nanjing, China). A total of 40 µg protein was

separated using SDS-PAGE and transferred onto polyvinylidene

difluoride (PVDF) membranes and then blocked with 5% fat-free

milk at room temperature for 2 h. The immune-blot was incubated

with primary antibody (1:1,000 dilution; Cell signaling) including

anti-caspase 3 (ab184787, 1:2000, Abcam), anti-FoxA1 (ab170933, 1:

1,000, Abcam), anti-SP-C (PA5-119603, 1:1,000, Thermo Fisher),

anti-UCP2 (PA5-77553, 1:1,000, Thermo Fisher) and GAPDH (1:

1,000 dilution; Cell signaling) was used as a control. The signals were

detected using a Super ECL Plus Kit (Keygen) and determined by

quantitative analysis using UVP software (UVP, LLC, Upland, CA,

United States).

Flow cytometry assay

The apoptosis rate of MLE 12 cells was detected by Annexin

V-FITC/PI Apoptosis Detection Kit (Yeasen, Shanghai, China) via

flow cytometry. After cultured for 48 h, cells were collected, following

by staining with 10 μL of Annexin V-FITC and PI. Then cells were

analyzed by flow cytometer (BD, New Jersey, United States) and

quantified by the FlowJo software (Tree Star, United States) (Wang

et al., 2020).

In Situ Hybridization (ISH)

ISH assay was performed to detect the localization of

uc.375 in MLE 12 cells. The cell slides were fixed with 4%

paraformaldehyde for 20 min and added with 20 μg/ml

proteinase K for digestion. The hybridization was

conducted using uc.375 probes provided by the Boster

Biological Technology (Wuhan, China). Subsequently, the

FIGURE 1
Analysis of uc.375 expression characteristics. (A) Scatter
analysis chart of lncRNAs expression in hyperoxia-induced BPD
lung tissue and normal lung tissue. (B) Cluster analysis. (C-F)
uc.375 Bioinformatics characteristics. (G) The relative
expression level of uc.375 was detected by qRT-PCR in lung
tissues at different time points (D0, D1, D3, D5, D7) during BPD
modeling. (H) The localization of uc.375 in MLE 12 cells. **p < 0.01.
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slides were cultured with anti-DIG reagents at 37°C overnight.

The images were photographed with a Zeiss

LSM510 microscope.

Statistical analysis

Data are shown as themean ± SD. SPSS 21.0 (IBMCorp., NY,

United States) was used for statistical analysis of all data. t-test

was used for comparison between two groups, and one-way

ANOVA and Tukey’s post-tests were used for comparison

among multiple groups. The level of significance was set at

p < 0.05.

Results

Analysis of uc.375 expression
characteristics

We placed newborn mice in a 95% high-oxygen

environment for 7 days, and the pathological structure of

the mouse lung successfully simulated the characteristics of

human BPD. We selected lung tissue samples of the BPD

group and the air control group as the test objects, and used

lncRNA microarray technology (Mouse lncRNA Microarray

V3.0, Arraystar, probes covering 35,923 long non-coding

RNAs and 24,881 coding genes) to screen BPD related

lncRNAs. The results suggest that the expression of

lncRNA in lung tissue of BPD induced by hyperoxia is

quite different from that in normal lung tissue (Figure 1A:

Scattered analysis diagram; Figure 1B: Cluster analysis),

suggesting that these differences in lncRNA may be the

molecular basis for the development of BPD. When

analyzing the differentially expressed lncRNAs, we found

that there were 140 upregulated lncRNAs with five times or

more, and 71 downregulated lncRNAs with 5 times or more.

We also conducted a bioinformatics analysis on

uc.375 and identified that uc.375 has a full length of 300bp

and is located on human chromosome 14q13 (Figure 1C). It is

well-conserved among mammals (Figures 1D,E). There are

many transcriptional factor binding sites in the chromosome

region where the uc.375 sequence is located (Figure 1F),

suggesting that it may have a potentially powerful

transcriptional regulatory effect. We further investigated

the expression of uc.375 at different time points in the

development of BPD. We exposed newborn mice to 95%

oxygen, and qRT-PCR was used to detect the expression of

uc.375 in lung tissue at different time points (D0, D1, D3, D5,

D7 day). The results showed that uc.375 expression decreased

gradually with time (Figure 1G). We detected the localization

of uc.375 in MLE 12 cells by RNA ISH, and we found that

uc.375 existed in the nucleus (Figure 1H).

The effect of uc.375 silencing on MLE
12 cells function and FoxA1 expression

To assess the effect of uc.375 silencing on MLE 12 cells

function, MLE 12 cells were stably transfected with uc.375 silent

lentiviral vector to knock down uc.375. CCK-8 assay was

conducted and cell viability was diminished by sh-uc.375

(Figure 2A). In addition, the effect of sh-uc.375 on cell

apoptosis was assessed by Hoechst/PI staining and flow

cytometry. The cell apoptosis was remarkably promoted by

sh-uc.375 (Figures 2B,D). Moreover, the protein levels of

caspase 3, FoxA1, SP-C and UCP2 were investigated by

western blot in MLE 12 cells. The results showed that SP-C

and UCP2 were suppressed, whereas caspase 3 and FoxA1 were

markedly stimulated by sh-uc.375 silencing (Figure 2C). In

addition, the qRT-PCR results confirmed that uc.375 level was

significantly repressed by sh-uc.375, the SP-C and UCP2 mRNA

expression were suppressed, whereas FoxA1 was markedly

stimulated by sh-uc.375 (Figures 2E–H). Taken together,

uc.375 silencing inhibited cell proliferation and promoted

apoptosis.

The effect of uc.375 overexpression on the
function of MLE 12 cells

To further assess the effect of uc.375 overexpression on MLE

12 cell functions, MLE 12 cells were stably transfected with

uc.375 overexpression lentiviral vector to overexpress uc.375.

CCK-8 assay was conducted and cell viability was increased by

uc.375 overexpression (Figure 3A). In addition, the effect of

uc.375 overexpression on cell apoptosis was assessed by Hoechst/

PI staining and flow cytometry. The cell apoptosis was

remarkably reduced by uc.375 overexpression (Figures 3B,D).

Moreover, the protein levels of caspase 3, FoxA1, SP-C and

UCP2 were investigated by western blot in MLE 12 cells. The

results showed that SP-C and UCP2 were increased, whereas

caspase 3 and FoxA1 were markedly inhibited by

uc.375 overexpression (Figure 3C). In addition, the qRT-PCR

results confirmed that uc.375 level was significantly elevated by

uc.375 overexpression, the SP-C and UCP2 mRNA expression

were stimulated, whereas FoxA1 mRNA expression was

markedly suppressed by uc.375 overexpression (Figures

3E–H). Overall, uc.375 overexpression promoted cell

proliferation and repressed apoptosis.

Effects of uc.375 silencing and
FoxA1 silencing on the function of MLE
12 cells

To further evaluate the effect of uc.375 silencing and

FoxA1 silencing on MLE 12 cells function, MLE 12 cells were
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stably co-transfected with uc.375 silencing/FoxA1 silencing to

knock down uc.375 and FoxA1. CCK-8 assay was conducted and

cell viability was increased by FoxA1 silencing compared with the

control group. The viability of MLE 12 cells was increased in the

shuc.375 + shFoxA1 group compared with the shuc.375 group

(Figure 4A). In addition, the cell apoptosis was assessed by

Hoechst/PI staining and flow cytometry. The cell apoptosis

was notably reduced by FoxA1 silencing compared with the

control group. FoxA1 silencing also reversed the enhanced effect

of uc.375 silencing on cell apoptosis (Figures 4B,D). Moreover,

the protein levels of caspase 3, FoxA1, SP-C and UCP2 were

detected by western blot in MLE 12 cells. The results showed that

SP-C and UCP2 were increased, whereas caspase 3 and

FoxA1 were markedly inhibited by FoxA1 silencing compared

FIGURE 2
The effect of uc.375 silencing onMLE 12 cells function and FoxA1 expression. (A) The proliferation activity of MLE 12 cells was detected by CCK-
8 assay. (B) The cell apoptosis was determined by Hoechst/PI staining in MLE 12 cells. (C) The protein levels of caspase3, FoxA1, SP-C and UCP2were
investigated bywestern blot in MLE 12 cells. (D) The cell apoptosis was determined using low cytometry assay inMLE 12 cells. E-H. The relativemRNA
expression levels of uc.375, FoxA1, SP-C and UCP2 were detected by qRT-PCR in MLE 12 cells. *p < 0.05, **p < 0.01 vs. shCon.

FIGURE 3
The effect of uc.375 overexpression on the function of MLE 12 cells. (A) The proliferation activity of MLE 12 cells was detected by CCK-8 assay.
(B) The cell apoptosis was determined by Hoechst/PI staining in MLE 12 cells. (C) The protein levels of caspase3, FoxA1, SP-C and UCP2 were
investigated by western blot in MLE 12 cells. (D) The cell apoptosis was determined using low cytometry assay in MLE 12 cells. (E-H) The relative
mRNA expression levels of uc.375, FoxA1, SP-C and UCP2 were detected by qRT-PCR in MLE 12 cells. *p < 0.05, **p < 0.01 vs. Con.
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with the control. The uc.375 silencing induced elevation in

Caspase 3 and decrease in SP-C and UCP2 levels were all

reversed after FoxA1 silencing (Figure 4C). In addition, the

qRT-PCR results confirmed that uc.375 level was significantly

reduced by uc.375 silencing, and was not significantly affect by

FoxA1 silencing. The SP-C and UCP2 mRNA expression were

stimulated by FoxA1 silencing, and FoxA1 silencing was revealed

to reverse the inhibitory effect of uc.375 silencing on SP-C and

UCP2 mRNA expression (Figures 4E–H). Taken together,

FoxA1 silencing stimulated cell proliferation and suppressed

apoptosis.

Effects of uc.375 overexpression and
FoxA1 overexpression on the function of
MLE 12 cells

To further evaluate the effect of uc.375 overexpression and

FoxA1 overexpression on MLE 12 cells function, MLE 12 cells

were stably co-transfected with uc.375 overexpression/

FoxA1 overexpression to overexpress uc.375 and FoxA1.

CCK-8 assay was conducted and cell viability was decreased

by FoxA1 overexpression compared with the control group. The

viability of MLE 12 cells was also decreased in the uc.375 OEX +

FoxA1 OEX group compared with the uc.375 OEX group

(Figure 5A). In addition, the cell apoptosis was assessed by

Hoechst/PI staining and flow cytometry. The cell apoptosis

was notably increased by FoxA1 overexpression compared

with the control. The apoptosis rate of MLE 12 cells was also

significantly elevated in the uc.375 OEX + FoxA1 OEX group

compared with the uc.375 OEX group (Figures 5B,D). Moreover,

the protein levels of caspase 3, FoxA1, SP-C and UCP2 were

detected by western blot in MLE 12 cells. The results showed that

SP-C and UCP2 were reduced, whereas caspase 3 and

FoxA1 were markedly increased by FoxA1 overexpression

compared with the control. FoxA1 overexpression was also

demonstrated to reverse the enhancement of

uc.375 overexpression on SP-C and UCP2 protein levels and

the inhibition of uc.375 overexpression on caspase 3 protein

expression (Figure 5C). In addition, the qRT-PCR results

confirmed that uc.375 level was significantly elevated by

uc.375 overexpression and showed no significant change after

FoxA1 overexpression. The SP-C and UCP2 mRNA expression

were inhibited by FoxA1 overexpression, and their expression

was reduced in the uc.375 OEX + FoxA1 OEX group compared

with the uc.375 OEX group (Figures 5E–H). Taken together,

FoxA1 overexpression suppressed cell proliferation and

stimulated apoptosis.

Discussion

At present, the pathogenesis of BPD has not yet been fully

elucidated. Most scholars believe that BPD is a multifactorial

FIGURE 4
Effects of uc.375 silencing and FoxA1 silencing on the function ofMLE 12 cells. (A) The proliferation activity ofMLE 12 cells was detected by CCK-
8 assay. (B) The cell apoptosis was determined by Hoechst/PI staining in MLE 12 cells. (C) The protein levels of caspase3, FoxA1, SP-C and UCP2were
investigated by western blot in MLE 12 cells. (D) The cell apoptosis was determined using low cytometry assay in MLE 12 cells. (E-H) The relative
mRNA expression levels of uc.375, FoxA1, SP-C andUCP2were detected by qRT-PCR inMLE 12 cells. *p < 0.05, **p < 0.01 vs sh-Con. #p < 0.05,
##p < 0.01 vs.. sh uc.375.
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disease-causing syndrome. Alveolar epithelial cell apoptosis

dominates immature lung injury, and the pathological feature

of BPD is arrest of alveolar developmental with increased alveolar

epithelial cell apoptosis (Zhang et al., 2020). Alveolar epithelial

cell II is a stem cell of alveolar epithelial cells, which has the ability

of immortal proliferation and differentiation (Fehrenbach, 2001;

Toulmin et al., 2021). During lung development, alveolar

epithelial cell II continuously differentiates into alveolar

epithelial cell I (AEC I) to promote alveolar formation and

complete alveolar remodeling after epithelial injury (Wang

et al., 2013). Alveolar epithelial cell II is an important effector

cell in the pathological process of lung injury. Its function and

status determine the pathological outcome of lung injury. The

survival and apoptosis of alveolar epithelial cells affect the

outcome of lung injury repair.

Lung development is an intricate process. From a genetic

perspective, it is the result of the expression, regulation and

interaction of key lung development genes at different times and

in different spaces. A slight abnormality in any link may disrupt

normal lung development and cause varying degrees lung injury

(Ameis et al., 2017). With the rapid development of molecular

genetic research, a number of genes closely related to BPD have

been discovered, such as VEGF-α, TGF-β, IGF-1, fibronectin 1,

p21, FoxA1, etc. To a certain extent, the changes of the expression

levels of these genes in BPD lung tissues can reflect the

development trend of BPD (Ameis et al., 2017). Studies have

reported that non-coding RNA is also involved in the

pathogenesis of BPD. For example, miRNA-29 is highly

expressed in the lung tissue of newborn mice with BPD, and

it participates in the occurrence and development of BPD by

down-regulating the expression of Ntrk2 and disrupting various

biological processes of lung development (Dong et al., 2012).

Recent studies have also reported that lncRNA MALAT1 can

protect BPD by inhibiting cell apoptosis (Cai et al., 2017).

Although scholars at home and abroad have done a lot of

meaningful work on the pathogenesis of BPD, providing

molecular basis and clues for understanding the formation

process of BPD, the pathogenesis of BPD is still not fully

elucidated, and the existing pathogenesis cannot provide

effective clinical interventions, thus in-depth exploration of

new mechanisms of BPD pathogenesis is urgent.

uc.375 is a lncRNA with unknown function that is highly

conserved among different species, differentially lowly expressed

in BPD lung tissue, mainly localized in alveolar type II epithelial

cells, and obtained through microarray technology screening.

Regarding the biological information, function and role of

uc.375 in BPD, there are currently no relevant reports at

home and abroad, and there is no report on the function and

mechanism of uc.375 involved in the process of BPD alveolar

development. Our research found that the expression of uc.375 in

lung tissue of BPD mice was gradually decreased with time.

Silencing uc.375 in the mouse alveolar type II epithelial cell line

(MLE 12) can significantly promote its apoptosis and inhibit its

proliferation, while uc.375 overexpression showed opposite

FIGURE 5
Effects of uc.375 overexpression and FoxA1 overexpression on the function of MLE 12 cells. (A) The proliferation activity of MLE 12 cells was
detected by CCK-8 assay. (B) The cell apoptosis was determined by Hoechst/PI staining inMLE 12 cells. (C) The protein levels of caspase3, FoxA1, SP-
C and UCP2were investigated bywestern blot in MLE 12 cells. (D) The cell apoptosis was determined using low cytometry assay in MLE 12 cells. (E-H)
The relative mRNA expression levels of uc.375, FoxA1, SP-C and UCP2 were detected by qRT-PCR in MLE 12 cells. *p < 0.05, **p < 0.01 vs
control. #p < 0.05, ##p < 0.01 vs uc.375 OEX.
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effects. The expression of FoxA1 was negatively regulated by

uc.375, and FoxA1 overexpression or silencing showed no

significant impact on uc.375 expression. uc.375 affects the

development of alveoli, and plays an important role in the

development of BPD by regulating FoxA1.

The FoxA family is a class of proteins with important functions,

which are involved in the regulation of cell proliferation,

differentiation, embryonic development and other important life

activities. Some members of the FoxA family play an important role

in the regulation of apoptosis-related genes. For example, FoxA2 can

significantly inhibit the expression of SP-A in A549, and SP-A is an

apoptosis inhibitor of alveolar epithelial cells (White and Strayer,

2002). 2-Acetylaminofluorene promotes bile duct cell apoptosis

through FoxA3 (Bisgaard et al., 1996). FoxA1’s nuclear

localization sequence, DNA binding domain, and NH2 terminal

transcription activation are highly homologous to FoxA2 and 3.

FoxA1 is closely related to the embryonic development of

endoderm-derived tissues and organs. Lee et al. (2005) reveal

that the initiation of liver development during embryonic

development is FoxA1-dependent, and the development of fetal

lungs is also regulated by FoxA1, and FoxA1 is only found in the

lungs. It is expressed in airway epithelial cells and alveolar type II

epithelial cells in tissues (Besnard et al., 2004). Studies have also

found that the loss of FoxA1 in mouse lung tissue alveolar epithelial

cells and bronchial Clara cells will delay cell development and

maturation. In addition, the expression of SP-B and SP-C in

mice lacking FoxA1 is significantly lower than that in wild-type

mice, eventually leading to increased susceptibility to respiratory

diseases after birth (Besnard et al., 2005; Paranjapye et al., 2020). It is

more reported in the literature that FoxA1 inhibits its expression by

combining with the anti-apoptotic genes bcl2 and FoxA1 binding

elements in the promoter region of UCP2, thereby promoting

alveolar epithelial cells apoptosis and playing a role in BPD (Xu

et al., 2014). In this study, we identified that FoxA1 is the regulatory

target of uc.375. The expression of FoxA1 was increased in lung

tissue of BPD mice with time after silencing uc.375, and

FoxA1 silencing promoted the proliferation and suppressed

apoptosis of MLE 12 cells, while its overexpression showed

opposite effects. Moreover, we also found that FoxA1 silencing

reversed the effect of uc.375 knockdown on MLE 12 cell

proliferation and apoptosis. Similarly, FoxA1 overexpression also

rescued the effect exerted by uc.375 upregulation on MLE 12 cells.

Conclusion

In summary, our study used biomedical images such as

Hoechst PI staining and ISH, elucidating that

uc.375 negatively regulates FoxA1 expression, affects the

development of alveoli, and plays an important role in the

occurrence and development of BPD. It will provide a novel

idea and potential target for further study on prevention and

treatment of BPD.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, and further

inquiries can be directed to the corresponding author.

Ethics statement

All animal experiments were conducted with the approval

of the Institutional Animal Care & Use Committee of the

Affiliated Huaian No.1 People’s Hospital of Nanjing Medical

University.

Author contributions

TB and ZT conceived the project and designed the

experiments. TB performed the study, analyzed the data, and

wrote the paper. HZ, YZ, JH, HW, HC and YZ performed the

study. TB and HZ analyzed the data. ZT analyzed the data and

critically revised the manuscript.

Funding

This work was financially supported by National Natural

Science Foundation of China (81801495) and key projects of

Jiangsu Commission of Health (ZDB2020005).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary Material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.971732/full#supplementary-material

Frontiers in Physiology frontiersin.org08

Bao et al. 10.3389/fphys.2022.971732

https://www.frontiersin.org/articles/10.3389/fphys.2022.971732/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.971732/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.971732


References

Ameis, D., Khoshgoo, N., Iwasiow, B. M., Snarr, P., and Keijzer, R. (2017).
MicroRNAs in lung development and disease. Paediatr. Respir. Rev. 22, 38–43.
doi:10.1016/j.prrv.2016.12.002

Besnard, V., Wert, S. E., Hull, W. M., and Whitsett, J. A. (2004).
Immunohistochemical localization of Foxa1 and Foxa2 in mouse embryos and
adult tissues. Gene Expr. Patterns. 5 (2), 193–208. doi:10.1016/j.modgep.2004.
08.006

Besnard, V., Wert, S. E., Kaestner, K. H., and Whitsett, J. A. (2005). Stage-
specific regulation of respiratory epithelial cell differentiation by Foxa1. Am.
J. Physiol. Lung Cell. Mol. Physiol. 289 (5), L750–L759. doi:10.1152/ajplung.
00151.2005

Bisgaard, H. C., Nagy, P., Santoni-Rugiu, E., and Thorgeirsson, S. S. (1996).
Proliferation, apoptosis, and induction of hepatic transcription factors are
characteristics of the early response of biliary epithelial (oval) cells to chemical
carcinogens. Hepatology 23 (1), 62–70. doi:10.1002/hep.510230110

Cai, C., Qiu, J., Qiu, G., Chen, Y., Song, Z., Li, J., et al. (2017). Long non-coding
RNA MALAT1 protects preterm infants with bronchopulmonary dysplasia by
inhibiting cell apoptosis. BMC Pulm. Med. 17 (1), 199. doi:10.1186/s12890-017-
0524-1

Chen, C., Liu, W. R., Zhang, B., Zhang, L. M., Li, C. G., Liu, C., et al. (2020).
LncRNA H19 downregulation confers erlotinib resistance through upregulation of
PKM2 and phosphorylation of AKT in EGFR-mutant lung cancers. Cancer Lett.
486, 58–70. doi:10.1016/j.canlet.2020.05.009

Dong, J., Carey, W. A., Abel, S., Collura, C., Jiang, G., Tomaszek, S., et al. (2012).
MicroRNA-mRNA interactions in a murine model of hyperoxia-induced
bronchopulmonary dysplasia. BMC Genomics 13, 204. doi:10.1186/1471-2164-
13-204

Fehrenbach, H. (2001). Alveolar epithelial type II cell: Defender of the alveolus
revisited. Respir. Res. 2 (1), 33–46. doi:10.1186/rr36

Fiedler, J., Breckwoldt, K., Remmele, C. W., Hartmann, D., Dittrich, M., Pfanne,
A., et al. (2015). Development of long noncoding RNA-based strategies to modulate
tissue vascularization. J. Am. Coll. Cardiol. 66 (18), 2005–2015. doi:10.1016/j.jacc.
2015.07.081

Gong, C., and Maquat, L. E. (2011). lncRNAs transactivate STAU1-mediated
mRNA decay by duplexing with 3’ UTRs via Alu elements. Nature 470 (7333),
284–288. doi:10.1038/nature09701

Herriges, M. J., Swarr, D. T., Morley, M. P., Rathi, K. S., Peng, T., Stewart, K. M.,
et al. (2014). Long noncoding RNAs are spatially correlated with transcription
factors and regulate lung development. Genes Dev. 28 (12), 1363–1379. doi:10.1101/
gad.238782.114

Huarte, M., Guttman, M., Feldser, D., Garber, M., Koziol, M. J., Kenzelmann-
Broz, D., et al. (2010). A large intergenic noncoding RNA induced by p53 mediates
global gene repression in the p53 response. Cell 142 (3), 409–419. doi:10.1016/j.cell.
2010.06.040

Hung, T., Wang, Y., Lin, M. F., Koegel, A. K., Kotake, Y., Grant, G. D., et al.
(2011). Extensive and coordinated transcription of noncoding RNAs within cell-
cycle promoters. Nat. Genet. 43 (7), 621–629. doi:10.1038/ng.848

Jensen, E. A., and Schmidt, B. (2014). Epidemiology of bronchopulmonary
dysplasia. Birth Defects Res. A Clin. Mol. Teratol. 100 (3), 145–157. doi:10.1002/
bdra.23235

Kretz, M., Siprashvili, Z., Chu, C., Webster, D. E., Zehnder, A., Qu, K., et al.
(2013). Control of somatic tissue differentiation by the long non-coding RNA
TINCR. Nature 493 (7431), 231–235. doi:10.1038/nature11661

Lee, C. S., Friedman, J. R., Fulmer, J. T., and Kaestner, K. H. (2005). The initiation
of liver development is dependent on Foxa transcription factors. Nature 435 (7044),
944–947. doi:10.1038/nature03649

Liu, T., Han, Z., Li, H., Zhu, Y., Sun, Z., and Zhu, A. (2018). LncRNA
DLEU1 contributes to colorectal cancer progression via activation of KPNA3.
Mol. Cancer 17 (1), 118. doi:10.1186/s12943-018-0873-2

Natarajan, G., Pappas, A., Shankaran, S., Kendrick, D. E., Das, A., Higgins, R. D.,
et al. (2012). Outcomes of extremely low birth weight infants with
bronchopulmonary dysplasia: Impact of the physiologic definition. Early Hum.
Dev. 88 (7), 509–515. doi:10.1016/j.earlhumdev.2011.12.013

Paranjapye, A., Mutolo, M. J., Ebron, J. S., Leir, S. H., and Harris, A. (2020). The
FOXA1 transcriptional network coordinates key functions of primary human
airway epithelial cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 319 (1),
L126–L136. doi:10.1152/ajplung.00023.2020

Szafranski, P., Dharmadhikari, A. V., Brosens, E., Gurha, P., Kolodziejska, K. E.,
Zhishuo, O., et al. (2013). Small noncoding differentially methylated copy-number
variants, including lncRNA genes, cause a lethal lung developmental disorder.
Genome Res. 23 (1), 23–33. doi:10.1101/gr.141887.112

Teune, M. J., van Wassenaer, A. G., van Buuren, S., Mol, B. W. J., and Opmeer, B.
C.Dutch POPS Collaborative Study Group (2012). Perinatal risk-indicators for
long-term respiratory morbidity among preterm or very low birth weight neonates.
Eur. J. Obstet. Gynecol. Reprod. Biol. 163 (2), 134–141. doi:10.1016/j.ejogrb.2012.
04.015

Toulmin, S. A., Bhadiadra, C., Paris, A. J., Lin, J. H., Katzen, J., Basil, M. C., et al.
(2021). Type II alveolar cell MHCII improves respiratory viral disease outcomes
while exhibiting limited antigen presentation. Nat. Commun. 12 (1), 3993. doi:10.
1038/s41467-021-23619-6

Tsai, M. C., Manor, O., Wan, Y., Mosammaparast, N., Wang, J. K., Lan, F., et al.
(2010). Long noncoding RNA as modular scaffold of histone modification
complexes. Science 329 (5992), 689–693. doi:10.1126/science.1192002

Viereck, J., Kumarswamy, R., and Thum, T. (2015). Long noncoding RNAs as
inducers and terminators of vascular development. Circulation 131 (14),
1236–1238. doi:10.1161/CIRCULATIONAHA.115.015775

Villosis, M. F. B., Barseghyan, K., Ambat, M. T., Rezaie, K. K., and Braun, D.
(2021). Rates of bronchopulmonary dysplasia following implementation of a novel
prevention bundle. JAMA Netw. Open 4 (6), e2114140. doi:10.1001/
jamanetworkopen.2021.14140

Wang, X., Gao, X., Tian, J., Zhang, R., Qiao, Y., Hua, X., et al. (2020).
LINC00261 inhibits progression of pancreatic cancer by down-regulating
miR-23a-3p. Arch. Biochem. Biophys. 689, 108469. doi:10.1016/j.abb.2020.
108469

Wang, Y., Huang, C., Reddy Chintagari, N., Bhaskaran, M., Weng, T., Guo, Y.,
et al. (2013). miR-375 regulates rat alveolar epithelial cell trans-differentiation by
inhibiting Wnt/β-catenin pathway. Nucleic Acids Res. 41 (6), 3833–3844. doi:10.
1093/nar/gks1460

White, M. K., and Strayer, D. S. (2002). Survival signaling in type II pneumocytes
activated by surfactant protein-A. Exp Cell Res. 280 (2), 270–9. doi:10.1006/excr.
2002.5646

Xu, Z., Zhang, C., Cheng, L., Hu, M., Tao, H., and Song, L. (2014). The microRNA
miR-17 regulates lung FoxA1 expression during lipopolysaccharide-induced acute
lung injury. Biochem. Biophys. Res. Commun. 445 (1), 48–53. doi:10.1016/j.bbrc.
2014.01.108

Zhang, Y., Du, H., Yu, X., and Zhu, J. (2020). Fucoidan attenuates
hyperoxia-induced lung injury in newborn rats by mediating lung
fibroblasts differentiate into myofibroblasts. Ann. Transl. Med. 8 (22),
1501. doi:10.21037/atm-20-6601

Zhao, T. F., Jia, H. Z., Zhang, Z. Z., Zhao, X. S., Zou, Y. F., Zhang, W., et al. (2017).
LncRNA H19 regulates ID2 expression through competitive binding to hsa-miR-
19a/b in acute myelocytic leukemia.Mol. Med. Rep. 16 (3), 3687–3693. doi:10.3892/
mmr.2017.7029

Frontiers in Physiology frontiersin.org09

Bao et al. 10.3389/fphys.2022.971732

https://doi.org/10.1016/j.prrv.2016.12.002
https://doi.org/10.1016/j.modgep.2004.08.006
https://doi.org/10.1016/j.modgep.2004.08.006
https://doi.org/10.1152/ajplung.00151.2005
https://doi.org/10.1152/ajplung.00151.2005
https://doi.org/10.1002/hep.510230110
https://doi.org/10.1186/s12890-017-0524-1
https://doi.org/10.1186/s12890-017-0524-1
https://doi.org/10.1016/j.canlet.2020.05.009
https://doi.org/10.1186/1471-2164-13-204
https://doi.org/10.1186/1471-2164-13-204
https://doi.org/10.1186/rr36
https://doi.org/10.1016/j.jacc.2015.07.081
https://doi.org/10.1016/j.jacc.2015.07.081
https://doi.org/10.1038/nature09701
https://doi.org/10.1101/gad.238782.114
https://doi.org/10.1101/gad.238782.114
https://doi.org/10.1016/j.cell.2010.06.040
https://doi.org/10.1016/j.cell.2010.06.040
https://doi.org/10.1038/ng.848
https://doi.org/10.1002/bdra.23235
https://doi.org/10.1002/bdra.23235
https://doi.org/10.1038/nature11661
https://doi.org/10.1038/nature03649
https://doi.org/10.1186/s12943-018-0873-2
https://doi.org/10.1016/j.earlhumdev.2011.12.013
https://doi.org/10.1152/ajplung.00023.2020
https://doi.org/10.1101/gr.141887.112
https://doi.org/10.1016/j.ejogrb.2012.04.015
https://doi.org/10.1016/j.ejogrb.2012.04.015
https://doi.org/10.1038/s41467-021-23619-6
https://doi.org/10.1038/s41467-021-23619-6
https://doi.org/10.1126/science.1192002
https://doi.org/10.1161/CIRCULATIONAHA.115.015775
https://doi.org/10.1001/jamanetworkopen.2021.14140
https://doi.org/10.1001/jamanetworkopen.2021.14140
https://doi.org/10.1016/j.abb.2020.108469
https://doi.org/10.1016/j.abb.2020.108469
https://doi.org/10.1093/nar/gks1460
https://doi.org/10.1093/nar/gks1460
https://doi.org/10.1006/excr.2002.5646
https://doi.org/10.1006/excr.2002.5646
https://doi.org/10.1016/j.bbrc.2014.01.108
https://doi.org/10.1016/j.bbrc.2014.01.108
https://doi.org/10.21037/atm-20-6601
https://doi.org/10.3892/mmr.2017.7029
https://doi.org/10.3892/mmr.2017.7029
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.971732

	Expression of long noncoding RNA uc.375 in bronchopulmonary dysplasia and its function in the proliferation and apoptosis o ...
	Highlights
	Introduction
	Methods
	RT-PCR
	Cell culture and transfection
	CCK-8 assay
	Hoechst PI staining
	Western blot
	Flow cytometry assay
	In Situ Hybridization (ISH)
	Statistical analysis

	Results
	Analysis of uc.375 expression characteristics
	The effect of uc.375 silencing on MLE 12 cells function and FoxA1 expression
	The effect of uc.375 overexpression on the function of MLE 12 cells
	Effects of uc.375 silencing and FoxA1 silencing on the function of MLE 12 cells
	Effects of uc.375 overexpression and FoxA1 overexpression on the function of MLE 12 cells

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary Material
	References


