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KEYWORDS Abstract

bronchopulmonary Background: Long-term hyperoxia impairs growth of the lungs and contributes to develop-
dysplasia; ment of bronchopulmonary dysplasia. Ectodysplasin A (EDA) binds to ectodysplasin A2 recep-

EDAZR; tor (EDA2R) and is essential for normal prenatal development. The functioning of EDA2R in

hyperoxia; bronchopulmonary dysplasia is investigated in this study.

inflammation; Methods: Murine lung epithelial cells (MLE-12) were exposed to hyperoxia to induce cell injury.

lung epithelial cells; Cell viability and apoptosis were detected, respectively, by MTT (3-(4,5-dimethylthiazol-2-yl)-

NF-kB pathway; 2,5-diphenyl-2H-tetrazolium bromide) assay and flow cytometry. Inflammation and oxidative

oxidative stress stress were evaluated by enzyme-linked immunosorbent serologic assay.

Results: Hyperoxia decreased cell viability and promoted cell apoptosis of MLE-12. EDA2R was
elevated in hyperoxia-induced MLE-12. Silencing of EDA2R enhanced cell viability and reduced
cell apoptosis of hyperoxia-induced MLE-12. Hyperoxia-induced up-regulation of tumor necro-
sis factor alpha (TNF-a), Interleukin (IL)-18, and IL-18 as well as MLE-12 was suppressed by
knockdown of EDAZR. Inhibition of EDA2R down-regulated the level of malondialdehyde (MDA),
up-regulated superoxide dismutase (SOD), catalase (CAT), and glutathione (GSH) in hyperoxia-
induced MLE-12. Interference of EDA2R attenuated hyperoxia-induced increase in p-p65 in
MLE-12.

Conclusion: Knockdown of EDA2R exerted anti-inflammatory and antioxidant effects against
hyperoxia-induced injury in lung epithelial cells through inhibition of nuclear factor kappa B
(NF-kB) pathway.
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Introduction

Hyperoxia is often administered to premature babies, and
a long-term exposure to hyperoxia potentially induces oxy-
gen toxicity, chronic lung injury, and bronchopulmonary
dysplasia." Bronchopulmonary dysplasia induces arrest of
vascular and alveolar development, and refers to common
cause of respiratory disease with leading mortality and
morbidity rates.? Bronchopulmonary dysplasia is charac-
terized by fibrosis, abnormal lung function, mesenchymal
cell hyperplasia, pulmonary growth arrest, and enlarged
alveoli.? Several therapeutic strategies, such as Interleukin
(IL)-1 receptor antagonist, surfactant therapy, and antena-
tal glucocorticoids, are currently used in the treatment of
bronchopulmonary dysplasia.* However, the limited clini-
cal efficiency of these therapies raises prospects of novel
therapies for bronchopulmonary dysplasia.

Long-term exposure to hyperoxia induces alveolar endo-
thelial and epithelial cell death through necrosis or apop-
tosis.* Moreover, hyperoxia could also stimulate production
of reactive oxygen species (ROS), and promote expression
of proinflammatory cytokines in alveolar epithelial cells,
thus exacerbating lung injury and cell death in the devel-
opment of bronchopulmonary dysplasia.* Therefore, anti-
oxidant and anti-inflammatory therapies might be regarded
as promising treatment for bronchopulmonary dysplasia.’

Ectodysplasin-A2 receptor (EDA2R) is a tumor necrosis
factor receptor (TNFR) that binds to ectodysplasin A (EDA)
ligand and recruits intracellular adapter proteins to partici-
pate in normal prenatal development.® EDA2R is associated
with diabetic nephropathy, metabolic diseases, and tumor-
igenesis through various signaling pathways.® For example,
EDA2R was involved in isoform EDA-A2-induced apoptosis
of hair follicle cells’” and osteosarcoma cells® through acti-
vation of cleaved caspase-3. EDA2R was reduced in breast
cancer,’ and functioned as a tumor suppressor in colorectal
cancer through p53-regulated anoikis pathway.”® Moreover,
EDA2R suppressed colonic stemness and epithelial repair,
thus contributing to intestinal inflammation." Silencing
of EDAZR inhibited high glucose-induced accumulation of
reactive oxygen species and cell apoptosis of podocytes."”
Therefore, EDA2R might be involved in hyperoxia-induced
lung epithelial cell injury through inflammatory and oxi-
dant properties. A previous study has demonstrated that
EDA2R was up-regulated in the lungs of hyperoxia-induced
neonatal mouse.” The effects of EDA2R on cell apoptosis,
inflammation, and oxidative stress of hyperoxia-induced
lung epithelial cells were investigated in this study.

Materials and methods
Cell culture, treatment, and transfection

Murine lung epithelial cells (MLE-12) were acquired from
ATCC (Manassas, VA, USA) and cultured in Dulbecco’s
modified eagle medium (DMEM)/F-12 with 2% fetal bovine
serum (FBS), 10-nM hydrocortisone, and 10-nM B-estradiol
(Thermo Fisher Scientific, Waltham, MA, USA) at 37°C. In
order to induce oxygen toxicity, MLE-12 cells were kept
in hyperoxic condition with 85% O, for 24 h. Cells in the

control group were exposed to normoxic condition with
21% 0,. For cell transfection, MLE-12 cells were seeded in
96-well plates and transfected with plasmid cloning DNA
(pcDNA) vector, pcDNA-EDA2R, small hairpin negative con-
trol (shNC), shEDA2R (GenePharma, Suzhou, China) via lipo-
fectamine 2000 (Thermo Fisher Scientific) under hyperoxic
condition.

Cell viability and apoptosis assays

MLE-12 cells were seeded in 96-well plates and subjected
to various transfections for 24 h. Cells were treated with
MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo-
lium bromide); Beyotime, Beijing, China) for 4 h, and incu-
bated with dimethyl sulfoxide (DMSO). Absorbance at 490
nm was measured using microplate autoreader (Thermo
Fisher Scientific). In order to detect cell apoptosis, MLE-
12 was trypsinized and re-suspended in binding buffer of
annexin V-fluorescein isothiocyanate (V-FITC)/propidium
iodide (PI) staining kit (BD Bioscience, San Diego, CA, USA).
Cells were treated with annexin V-FITC and PIl, and ana-
lyzed under FACSCanto Il flow cytometer (BD Bioscience).

Enzyme linked immunosorbent serologic assay
(ELISA)

Cell culture supernatants of MLE-12 cells were collected
via centrifugation at 500x g for 5 min. Levels of IL-1B
(@ab100704), 1L-18 (ab216165), and TNF-a (ab100747) were
detected by commercial ELISA kits (Abcam, Cambridge,
MA, USA). MLE-12 cells were lysed in radioimmunoprecipi-
tation assay (RIPA) buffer (Beyotime), and centrifuged at
12,000x g to collect supernatants. Levels of SOD, MDA,
CAT, and GSH were also determined by ELISA kits.

Western blot analysis

Protein samples of MLE-12 were segregated by using
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and then transferred on nitrocellulose
membranes. Membranes were blocked in 5% dry milk, and
incubated with primary antibodies: anti-EDA2R and anti-B-
actin (1:2000), anti-Bax and anti-Bcl-2 (1:3000), anti-p-IkBa
(p-nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor, alpha) and anti-IkBa (1:4000), and anti-
p-p65 and anti-p65 (1:5000). The membranes were incu-
bated with secondary antibodies (1:5000), and subjected
to electrochemiluminescence (ECL) reagent kit (Beyotime).
All antibodies were purchased from Abcam.

Statistical analysis

All the data were expressed as mean + standard error
of mean (SEM) and analyzed by Student’s t-test or one-
way analysis of variance (ANOVA) with SPSS 21 software.
Bonferroni correction was used to control family-wise error
rate; P < 0.05 was considered as statistically significant.
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Results

EDA2R was elevated in hyperoxia-induced lung
epithelial cell

In order to induce oxygen toxicity, MLE-12 was kept in hyper-
oxic condition. Protein expression of EDA2R was up-regu-
lated in hyperoxia-induced MLE-12 (Figure 1A). Hyperoxic
condition reduced cell viability of MLE-12 (Figure 1B).
Hyperoxia-induced MLE-12 cells were then transfected with
shEDA2R or pcDNA-EDA2R to decrease or increase EDA2R
expression (Figure 1A). Over-expression of EDA2R decreased
cell viability of hyperoxia-induced MLE-12 (Figure 1B),
while silencing of EDA2R increased the cell viability of
hyperoxia-induced MLE-12 (Figure 1B), suggesting the anti-
proliferative effect of EDA2R against hyperoxia-induced
lung epithelial cell.

EDA2R promoted cell apoptosis of
hyperoxia-induced lung epithelial cell

Protein expression of Bax was up-regulated, while Bcl-2
was down-regulated in MLE-12 by hyperoxic condi-
tion (Figures 2A, A1, and A2). Overexpression of EDA2R
reduced Bcl-2 and enhanced Bax in hyperoxia-induced
MLE-12 (Figures 2A, A1, and A2). Moreover, silencing of
EDA2R reduced Bax and enhanced Bcl-2 in hyperoxia-
induced MLE-12 (Figures 2A, A1, and A2). Overexpression
of EDA2R promoted cell apoptosis of hyperoxia-induced
MLE-12 (Figure 2B). Knockdown of EDA2R attenuated
hyperoxia-induced increase in cell apoptosis in MLE-12
(Figure 2B), revealing pro-apoptotic effect of EDA2R
against hyperoxia-induced lung epithelial cell.

EDA2R promoted inflammation of
hyperoxia-induced lung epithelial cell

Hyperoxia induced up-regulation of IL-18, IL-18, and TNF-a
in MLE-12 (Figure 3). Overexpression of EDA2R aggravated
hyperoxia-induced inflammation in MLE-12 by further up-
regulation of IL-18, IL-18, and TNF-a (Figure 3). However,
loss of EDA2R exerted anti-inflammatory effect on hyper-
oxia-induced MLE-12 through down-regulation of IL-18,
IL-18, and TNF-a (Figure 3).
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EDA2R promoted oxidative stress of
hyperoxia-induced lung epithelial cell

Level of MDA in MLE-12 was enhanced, while that of SOD, CAT,
and GSH were reduced by hyperoxic condition (Figure 4).
Interference of EDA2R reduced MDA but enhanced SOD,
CAT, and GSH in hyperoxia-induced MLE-12 (Figure 4).
Moreover, overexpression of EDA2R promoted oxidative
stress of hyperoxia-induced MLE-12 by increasing MDA but
decreasing SOD, CAT, and GSH (Figure 4).

EDA2R promoted activation of nuclear factor
kappa B (NF-kB) signaling in hyperoxia-induced
lung epithelial cell

Overexpression of EDA2R aggravated hyperoxia-induced
decrease of IkBa expression but increased p-lkBa and
p-p65 expression in MLE-12 (Figure 5). However, silencing of
EDAZR increased protein expression of IkBa but decreased
p-IkBa and p-p65 expression in hyperoxia-induced MLE-12
(Figure 5).

Discussion

EDA-EDAR axis activates multiple signaling pathways, such
as fibroblast growth factor pathway, c-Jun N-terminal
kinase pathway, bone morphogenetic protein pathway,
and Wnt/B-catenin signaling, to regulate hair development
and skeletal muscle homeostasis.® EDA2R was reported to
be the the most highly induced gene in hyperoxia-induced
neonatal mouse lungs.” This study, for the first time,
determined that EDA2R was involved in hyperoxia-induced
lung epithelial cell injury by promoting inflammation and
oxidative stress. Silencing of EDA2R reduced hyperoxia-
induced inflammation and oxidative stress in lung epithelial
cell, thus ameliorating progression of bronchopulmonary
dysplasia.

A previous study has shown demonstrated that hyper-
oxia promoted airway resistance and inhibited dynamic
lung compliance, contributing to impairment of lung func-
tion." Therefore, hyperoxia-induced oxygen toxicity in
MLE-12 was widely used to establish in vitro cell model of
bronchopulmonary dysplasia.’ In this study, hyperoxic con-
dition decreased cell viability and increased cell apoptosis
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Figure 1 EDA2R was elevated in hyperoxia-induced lung epithelial cell. (A) EDA2R was up-regulated in hyperoxia-induced
MLE-12; transfection with shEDA2R or pcDNA-EDA2R decreased or increased EDA2R expression in hyperoxia-induced MLE-12.
(B) Overexpression of EDA2R decreased cell viability of hyperoxia-induced MLE-12, while silencing of EDAZR increased cell viability
of hyperoxia-induced MLE-12. ***vs. control, P < 0.05, P < 0.01. ##ys. hyperoxia + NC, P < 0.05, P < 0.01. &&&ys, hyperoxia + shNC,
P < 0.05, P <0.01.
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Figure 2 EDAZ2R promoted cell apoptosis of hyperoxia-induced lung epithelial cell. (A) Overexpression of EDA2R reduced Bcl-2 and
enhanced Bax in hyperoxia-induced MLE-12 (Figures 2A, A1, and A2); silencing of EDA2R reduced Bax and enhanced Bcl-2 in hyperoxia-
induced MLE-12. (B) Overexpression of EDA2R promoted cell apoptosis of hyperoxia-induced MLE-12; knockdown of EDAZ2R inhibited
cell apoptosis of hyperoxia-induced MLE-12. **vs. control, P < 0.01. #vs. hyperoxia + NC, P < 0.01. &vs, hyperoxia + shNC, P < 0.01.
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Figure 3 EDAZ2R promoted inflammation of hyperoxia-induced lung epithelial cell. Overexpression of EDA2R up-regulated levels
of IL-1B8, IL-18, and TNF-a in hyperoxia-induced MLE-12; loss of EDA2R down-regulated IL-1B8, IL-18, and TNF-a in hyperoxia-induced
MLE-12. **vs. control, P < 0.01. #vs. hyperoxia + NC, P < 0.05. &&&ys, hyperoxia + shNC, P < 0.05, P < 0.01.

in MLE-12. EDA2R was up-regulated in hyperoxia-induced resistance of colorectal cancer cell to p53-induced apop-
MLE-12. Alveolar death by apoptosis or necrosis is a com- tosis.’ This study also established that loss of EDA2R
mon feature of hyperoxia-induced toxicity in the lungs.' decreased protein expression of Bax and increased Bcl-2 to
Inhibition of hyperoxia-induced cell apoptosis was consid- inhibit cell apoptosis of hyperoxia-induced MLE-12, suggest-
ered to be a promising strategy for the treatment of bron- ing the antiapoptotic effects of EDA2R silencing on bron-
chopulmonary dysplasia.”® Inactivation of EDA2R conferred chopulmonary dysplasia.
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Figure 4 EDA2R promoted oxidative stress of hyperoxia-induced lung epithelial cell. Overexpression of EDA2R increased level of
MDA, and decreased SOD, CAT, and GSH in hyperoxia-induced MLE-12; interference of EDA2R reduced MDA, and enhanced SOD,
CAT, and GSH in hyperoxia-induced MLE-12. **vs. control, P < 0.01. #vs. hyperoxia + NC, P < 0.05. & &&ys, hyperoxia + shNC, P <

0.05, P < 0.01.
shRNA - - - - NC EDA2R
pcDNA - - NC EDA2R - -
Hyperoxia - + + + + + ° £ 8 w g < 2.0 "
s2 S2
52 50
IKBa|--——-_-| sg‘z‘ g£810 N
03 QB
PPOS5 [ G— a— GEED S o— L I‘I‘ £80°
240 E2op0
P65 | D G G S S— ~| ] CONFO' O HVPGFOX|3+EDA2R M Control O Hyperoxia+EDA2R
B Hyperoxia [ Hyperoxia+shNC [ Hyperoxia O Hyperoxia+shNC

e ——

O Hyperoxia+NC [ Hyperoxia+shEDA2R

O Hyperoxia+NC [ Hyperoxia+shEDA2R

Figure 5 EDA2R promoted activation of NF-kB signaling in hyperoxia-induced lung epithelial cell. Overexpression of EDA2R
decreased protein expression of IkBa, increased p-IkBa and p-p65 in hyperoxia-induced MLE-12, silencing of EDA2R increased
protein expression of IkBa, decreased p-lkBa and p-p65 in hyperoxia-induced MLE-12. **vs. control, P < 0.01. #vs. hyperoxia + NC,

P < 0.01. &&&ys, hyperoxia + shNC, P < 0.05, P < 0.01.

Inflammatory responses and oxidative damage are the
primary manifestations of hyperoxia-induced lung injury."”
Hyperoxic condition stimulated accumulation of reactive
oxygen species to promote oxidative stress, and the oxi-
dative stress promoted secretion of proinflammatory cyto-
kines, thus leading to inflammatory and oxidative damage
in alveolar epithelial cells during development of broncho-
pulmonary dysplasia.’”® Suppression of oxidative stress and
inflammatory response ameliorated hyperoxia-induced
lung injury.'’® EDA2R contributed to generation of reactive
oxygen species in podocytes,”? and aggravated intestinal
inflammation." Results of this study demonstrated that

loss of EDA2R reduced levels of IL-18, IL-18, and TNF-a in
hyperoxia-induced MLE-12. Moreover, knockdown of EDA2R
reduced MDA, and enhanced SOD, CAT, and GSH in hyper-
oxia-induced MLE-12, indicating anti-inflammatory and anti-
oxidant effects of EDA2R silencing on bronchopulmonary
dysplasia.

NF-kB, essential for production of proinflammatory fac-
tors," is important for inflammatory response in hyperoxia-
induced alveolar epithelial cells.? Inactivation of NF-kB
signaling protected the lungs against hyperoxia-induced
injury.?” EDA-A2-EDA2R complex recruited tumor necrosis
factor receptor-associated factor 6 (TRAF6) and promoted
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activation of IkappaB (IkB) kinase complex through phos-
phorylation of inhibitor of nuclear factor kappa B alpha
(IkBa), thus facilitating nuclear translocation of NF-kB.?
This study revealed that knockdown of EDA2R decreased
phosphorylation of IkBa and pé65 in hyperoxia-induced
MLE-12, suggesting that loss of EDA2R might suppress acti-
vation of NF-kB signaling to attenuate bronchopulmonary
dysplasia.

Conclusions

EDA2R was elevated in hyperoxia-induced MLE-12, and
knockdown of EDA2R reduced cell apoptosis of hyperoxia-
induced MLE-12. Moreover, silencing of EDA2R exerted
anti-inflammatory and antioxidant effects on hyperoxia-
induced MLE-12 through inactivation of NF-kB signaling.
However, as limitations to this study, we explored only the
role of EDAZR in one cell line. The effect of EDA2R on in
vitro model of hyperoxia-induced primary or human cells
must be investigated in the future studies. In addition, the
effect of EDA2R on animal model of hyperoxia-induced
bronchopulmonary dysplasia should also be explored in the
future investigation.
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