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Abstract

Bronchopulmonary dysplasia (BPD) is a severe complication of preterm infants char-
acterized by increased alveolarization and inflammation. Premature exposure to hy-
peroxia is believed to be a key contributor to the pathogenesis of BPD. No effective
preventive or therapeutic agents have been created. Stimulator of interferon gene
(STING) is associated with inflammation and apoptosis in various lung diseases. Long
non-coding RNA MALAT1 has been reported to be involved in BPD. However, how
MALAT1 regulates STING expression remains unknown. In this study, we assessed
that STING and MALAT1 were up-regulated in the lung tissue from BPD neonates,
hyperoxia-based rat models and lung epithelial cell lines. Then, using the flow cy-
tometry and cell proliferation assay, we found that down-regulating of STING or
MALAT1 inhibited the apoptosis and promoted the proliferation of hyperoxia-treated
cells. Subsequently, gqRT-PCR, Western blotting and dual-luciferase reporter assays
showed that suppressing MALAT1 decreased the expression and promoter activ-
ity of STING. Moreover, transcription factor CREB showed its regulatory role in the
transcription of STING via a chromatin immunoprecipitation. In conclusion, MALAT1
interacts with CREB to regulate STING transcription in BPD neonates. STING, CREB
and MALAT1 may be promising therapeutic targets in the prevention and treatment
of BPD.
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1 | INTRODUCTION

Bronchopulmonary dysplasia (BPD) is a serious chronic complication
and a leading cause of respiratory morbidity. It requires supplemen-
tal oxygen or assisted ventilation, occurring almost exclusively in
preterm infants.! Poor outcomes even persist into their adulthood,
like cardiovascular and chronic respiratory damage, neurocognitive
disorder and growth failure.>* However, the pathogenesis of BPD is
not fully understood. Currently, few evidence-based strategies on
BPD prevention and treatment are available.

Stimulator of interferon genes (STING; encoded by TMEM173;
also known as MPYS and MITA) is a transmembrane protein mainly
located on the endoplasmic reticulum of endothelial cells, epithelial
cells as well as macrophages and dendritic cells (DCs).>¢ STING is
involved in lung inflammation and cell apoptosis, two processes in-
dispensable in preterm BPD pathogenesis.”*° However, no research
has gone further into the relevancy between STING and BPD.

Interestingly, our previous study has found that CREB is re-
lated to STING in other diseases. Cyclic adenosine monophosphate
(cAMP) response element-binding protein (CREB) is activated ensu-
ing phosphorylation in response to cAMP.** CREB can function as
a transcription factor to regulate cellular gene expression through
phosphorylation at serine residue 133.2 Many studies have found
that CREB is associated with various inflammation-related signal-
ling pathways, such as AMPK, Akt and STAT3 pathways.'*"* Hence,
we speculate that CREB might participate in the development
of BPD. Surprisingly, investigators verified that long non-coding
RNA MALAT1 could regulate retinal neurodegeneration through
CREB signalling.*® Long non-coding RNAs (IncRNAs) is a family of
non-coding RNAs with a sequence of exceeding 200 nucleotides.’’
In this family, metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1; also called NEAT2) shows a high expression in
metastatic lung cancer.’® It is now well established that MALAT1
is involved in several physiopathological process, including inflam-
mation.” Preceding research showed that MALAT1 could promote
cell apoptosis and inhibit cell proliferation in various diseases.?%?
Interestingly, much literature has validated that MALAT1 expression
was elevated in BPD patients, implying its participation in the patho-
genesis in BPD.?? Nevertheless, the underlying mechanism remains
largely obscure.

Herein, this study was designed to explore the roles of STING,
CREB and MALAT1 in the pathogenesis and development of BPD,
hoping to provide a new therapeutic target in the treatment of BPD
infants.

2 | MATERIALS AND METHODS
2.1 | Subjects and sample collection
Atotal of 57 newborns with bronchopulmonary dysplasia (BPD) cases

and unrelated healthy controls from the First Affiliated Hospital of

Nanjing Medical University were enrolled on our study. The diagnosis
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of BPD was according to the paediatrician's diagnosis based on the
National Institute of Child Health and Human Development (NICHD,
2000) guidelines.23'24 Both 30 BPD infants’ and 27 normal controls’
blood were collected at 36 weeks post-menstrual age (PMA). BPD
severity was classified based on oxygen use at 36 weeks PMA, with
a scale of mild (room air), moderate (<30% supplemental oxygen) and
severe (>30% supplemental oxygen or positive pressure) according
to National Heart, Lung, and Blood Institute (NHLBI) workshop defi-
nition.?* Infants with proven sepsis evidenced by a positive blood
culture, major congenital anomalies or perinatal asphyxia were ex-
cluded from the study. Peripheral blood mononuclear cell (PBMC)
specimens were obtained from the cases and controls with appropri-
ate parents’ informed consent before participation. This study was
approved by the Institutional Research Ethics Committee of the First
Affiliated Hospital of the Nanjing Medical University. We announced
that the study was based on the Helsinki Declaration of the World
Medical Association.

2.2 | The hyperoxia-based rat model of BPD

All procedures were approved by the Animal Care and Use
Committee of Nanjing Medical University. All studies used new-
born rats and litter sizes for each experiment were adjusted to 5
pups in every treatment group to minimize the impacts of differ-
ences in nutrition on lung development. Fifty premature rats were
randomly divided into two groups: the hyperoxia group and nor-
moxia group. Rat pups were maintained in paired chambers (21% or
85% oxygen) for 1-, 3-, 7-, 14- or 21-day exposure periods. Nursing
dams were switched between normoxic and hyperoxic chambers
every 24 hours to limit oxygen toxicity. In all experiments, rat
pups were euthanized at selected time points with intraperitoneal
pentobarbital, and lung tissues were processed for RNA, protein

and histology evaluation.

2.3 | Cell culture and reagents

Human embryonic kidney 293 cells (HEK293), Human type Il alveo-
lar lung epithelium cells (A549) and human bronchial epithelium cells
(Beas-2B) were obtained from the American Type Culture Collection
(ATCC). Cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) containing 10% heat-inactivated foetal bovine serum (FBS),
penicillin (100 unit/mL) and streptomycin (100 mg/mL) at 37°C sup-
plied with 5% CO2.

2.4 | Plasmids and small interfering RNA (siRNA)

Transcriptional start site (TSS) of human STING promoter was set
as +1 according to our previous study and the STING genomic
DNA fragment (pGL-126/+1) was inserted into the pGL3-Basic
vector (Promega, USA) designated as pGL-126/+1. Mutations of
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the CREB-binding sites on the STING minimal promoter were
constructed as previously described. The pcDNA3.1-STING and
pcDNAS3.1-CREB expression plasmid as well as pcDNA3.1-basic vec-
tor are kept by our laboratory. The double-stranded siRNAs were
designed and synthesized by the GenePharma company (Shanghai,
China). The sequences targeted in the CREB and STING mRNA, as
well as the IncRNA MALAT1 and negative control sequences were
listed as follows:

CREB: 5'-AGUAAAGGUCCUUAAGUGCTT-3'

STING: 5-CGAAAUAACUGCCGCCUCATT-3'

MALAT1: 5-GAGCAAAGGAAGUGGCUUATT-3’

Control: 5-UUCUCCGAACGUGUCACGU-3".

2.5 | Cell transfection and dual-luciferase
reporter assays

Transient transfections were carried out into A549, Beas-2B and
HEK293 cells by using Lipofectamine™ 3000 (Invitrogen) accord-
ing to the manufacturer's protocol. Cells were seeded into 96-well
plates (1.5 x 10*/well) 24 hours before transfection. Then, 100 ng
of each luciferase containing plasmid together with 4 ng of a con-
trol pRL-TK plasmid were cotransfected into cells. Luciferase assay
was conducted 24 hours after transfection by a Dual Reporter Assay
System (Promega, USA) and TD-20/20 Turner Designs Luminometer
according to the manufacturer's suggestion. All results were repre-
sentative of at least three independent experiments performed in

triplicate.

2.6 | RNA extraction and quantitative real-time
polymerase chain reaction(qRT-PCR)

Total RNA was extracted using RNAiso Plus (Takara, Japan) ac-
cording to the manufacturer's protocol and was then reverse tran-
scribed into first-strand cDNA by PrimeScript RT reagent Kit with
gDNA Eraser (Takara, Japan). Quantitative real-time PCR (qRT-PCR)
was performed with SYBR Green | Master Mix (Takara, Japan) in
the StepOne Plus Real-Time PCR System (Thermo Fisher Scientific,
USA). The specificity of amplification was confirmed by a melting
curve. Each sample was analysed in triplicate and was normalized to
the expression level of human p-actin. The relative mRNA expres-
sion level was calculated with 2-AACt method. The primer pairs used
for gRT-PCR are listed below:

CREB: 5'-CATTAACCATGACCAATGCAG-3'(sense),

5'-CTGTGCGAATCTGGTATGTTT-3' (antisense);

STING: 5-GGGCTGGCATGGTCATATTA-3'(sense),

5-TACTCAGGTTATCAGGCACC-3'(antisense);

MALAT1: 5-AAGATGAGGGTGTTTACG-3'(sense),

5-AAGCCTTCTGCCTTAGTT-3'(antisense);

B-actin: 5'-~AAAGACCTGTACGCCAACAC-3'(sense),

5'-GTCATACTCCTGCTTGCTGAT-3'(antisense).

2.7 | Western blotting analysis

To determine the levels of protein expression, protein of A549
and Beas-2B cells was extracted by a Total Protein Extraction Kit
(Keygentec, China). The concentrations were measured by a BCA
Protein Assay Kit (Pierce, USA). Samples were run on 8% and 12%
SDS-PAGE gels, and then, separated proteins were transferred onto
PVDF membranes (Millipore, USA). The membranes were blocked
for 2 hours with 5% dry milk in Tris-buffered saline plus Tween 20
(TBST, pH 7.4) and then immunodetected with rabbit anti-STING
(1:1000), rabbit anti-CREB (1:500), rabbit anti-p-CREB (1:500), rab-
bit anti-B-actin (1:1000), rabbit anti-PARP (1:1000) and rabbit anti-
caspase-3 (1:1000) antibodies overnight at 4°C. STING antibodies
was from ProteinTech (USA), CREB and p-CREB antibodies were
purchased from Santa Cruz (USA), p-actin antibodies was got from
Abcam (UK) and other antibodies were obtained from Cell Signaling
Technology (USA). After three washes with TBST, membranes were
treated with a horseradish peroxidase (HRP)-labelled secondary an-
tibody (1:10 000, Santa Cruz) for 1 hour at room temperature. Signals
of membranes were visualized by enhanced chemiluminescence
(ECL) detection systems (Pierce, USA) with a Bio-Rad ChemiDoc
XRS (USA).

2.8 | Chromatin immunoprecipitation (ChIP)

The chromatin immunoprecipitation assay was performed by using
the Magna ChIP G Chromatin Immunoprecipitation Kit (Millipore,
USA) following the manufacturer's instructions. In brief, about
1 x 107 A549 cells were fixed in 1% formaldehyde and the cell
lysates were sonicated into DNA fragments in the range of 200-
1000 bp. The antibody used in the ChIP assays was an anti-CREB
antibody (Abcam, UK), and an anti-IgG control antibody (Millipore,
USA) was used as a negative control. The purified DNA from
input or immunoprecipitated samples were assayed by qPCR with
SYBR Green SYBR Green | Master Mix (Takara, Japan) after re-
verse cross-linking and DNA purification. The primers used were
listed as follows: 5'-GCTCCTACCTAATATCATCCCC-3' (sense);
5'-AGTTATTTCCGGTAACAAGAGC-3' (antisense).

2.9 | Flow cytometry

To access apoptosis levels of different groups, we used a Annexin
V Alexa Fluro 647-A apoptosis detection kit (Fcmacs, China) fol-
lowing the manufacturer's instructions. In brief, different groups
of A549 and Beas-2B cells were seeded in a 6-well plate, trans-
fected with siRNAs or plasmids and then challenged with hyper-
oxia conditions. After 48 hours, cells were harvested and rinsed
twice with PBS at 4°C. After 1 x binding buffer was used to resus-
pend cells, cells were incubated in the dark with Annexin V Alexa

Fluro 647 and propidium iodide (Pl) for approximately 15 min at
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room temperature. Cé6 Flow Cytometer™ system (BD Biosciences,
CA, USA) was employed to analyse the apoptotic rate of cells.

2.10 | Cell proliferation assay

Cell proliferation assays were carried out using Cell Counting Kit-8
(CCK-8) assay (Synthgene, China) according to the manufacturer's in-
structions. Briefly, cells were seeded in a 96-well plate in 5 replicates
at a density of 3000 cells with 100 uL of culture medium per well.
Then, cells were put into a high oxygen incubator. At the indicated
time point, 10 pL of the CCK-8 reagent was added to each well, and
cells were incubated for an additional 4 hours at 37°C. Viable cells
were counted by recording the absorbance at a reference wave-
length of 450 nm with a microplate reader (Varioskan Flash; Thermo
Scientific, Waltham, MA, USA). The experiments were repeated in

triplicate on separate occasions independently.

2.11 | Haematoxylin and eosin staining (H&E)

H&E staining was performed on deparaffinized tissue sections ac-
cording to standard protocols. Sections were cut into 5-um slices
for pathological evaluation and observation under a microscope
(Olympus, Tokyo, Japan). The lung tissues were stained with HE
method in order to assess lung histological changes. The radial al-
veolar count (RAC) was determined using the method developed by
Emery and Mithal®® in order to evaluate the development of pulmo-
nary alveoli. The RAC of each section was evaluated by two inde-

pendent pathologists who were blinded to the experimental design.

2.12 | Immunohistochemistry (IHC)

Specimens were stained with antibodies for STING (1:100),
CREB (1:100), a-SMA (1:320) and E-Cadherin (1:100). STING and
E-Cadherin antibodies were from ProteinTech (USA), CREB anti-
bodies was purchased from Santa Cruz (USA) and other antibodies
were obtained from Cell Signaling Technology (USA). The sections
were heated at 70°C for 1 hour, deparaffinized in xylene twice and
rehydrated through a gradient concentration of alcohol five times.
To block endogenous peroxidase and reduce non-specific reaction,
sections were stained with 3% hydrogen peroxide and normal bo-
vine serum, then incubated with primary antibody against STING or
CREB overnight at 4°C. The slides were then incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody at 37°C for
10 minutes. Signals were detected by diaminobenzidine (DAB) solu-
tion. Finally, sections were counterstained with haematoxylin, dehy-
drated and mounted. Images were acquired for examination. Scoring
was comprehensively conducted depending on the staining intensity
(0 for no staining, 1 for weak staining, 2 for moderate staining and 3
for strong staining) and percentage of positively stained cells (O for
0%-5% of cells, 1 for 6%-25% of cells, 2 for 26%-50% of cells, 3 for

51%-75% of cells and 4 for 76%-100% of cells). The product of both
grades was calculated as the final expression score.

2.13 | Immunofluorescence (IF)

Cells on glass slides were fixed by neutral paraformaldehyde (4%)
for 30 minutes and permeabilized using PBS containing 0.01% Triton
X-100 for 15 minutes. Next, cells were incubated with rabbit anti-
STING (1:50) antibody or rabbit anti-CREB (1:50) antibody at 37°C
for 2 hours, followed by incubation with the appropriate secondary
antibody (Jackson, USA) for 1 hour at 37°C. STING antibody was from
ProteinTech (USA) and CREB antibody was purchased from Santa Cruz
(USA). Additionally, cells were incubated with 4',6-diamidino-2-phe-
nylindole (DAPI) as a nuclear counterstain. A confocal laser scanning

microscope (Olympus BX43, Japan) was used for confocal microscopy.

2.14 | Statistical analysis

The results were presented as the mean + standard deviation (SD),
and experiments were repeated at least three independent experi-
ments. Statistical analysis was performed using GraphPad Prism 7
and SPSS 22.0. Results were considered statistically significant at
*P <0.05, **P < 0.01, ***P < 0.001.

3 | RESULTS

3.1 | STING and MALAT1 were highly expressed in
PBMC specimens of BPD patients

The basic characteristics of subjects and controls are listed in
Figure 1A. STING and MALAT1 expression levels were analysed in
PBMC specimens. The mRNA levels of both STING and MALAT1
were greatly increased in BPD patients, compared with those
in normal subjects (Figure 1B: mean + SD =1.022 + 0.1106 vs

6.459 + 0.9367, P < 0.001; Figure 1C: mean + SD = 1.578 + 0.3565
vs 5.451 + 0.75, P < 0.001).

3.2 | STING and MALAT1 were highly expressed
in the lung tissue of BPD rats

Rats exposed to hyperoxia had enlarged air spaces and fewer al-
veolar septa compared with those exposed to normoxia. Alveolar
development in the hyperoxia group rats was inhibited (Figure 2A).
RACs of the hyperoxia group were significantly lower than those in
the normoxia group. The RACs in the normoxia group gradually in-
creased over time after birth, becoming higher on 7, 14 and 21 days
as compared to 1 day (Figure 2B). The E-Cadherin and a-SMA in
the lung tissues of rats, which were markers of BPD, have been as-

sessed by immunohistochemical staining. «-SMA was up-regulated
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FIGURE 1 STING and MALAT1 were highly expressed in PBMC specimens of BPD infants compared with controls. A, Characteristics
of enrolled infants. B and C, mRNA levels of STING and MALAT1 between controls and BPD infants were analysed by qRT-PCR. Data were
determined using Student's t test and expressed as mean =+ SD of three independent experiments (***P < 0.001)

whereas E-Cadherin was down-regulated in hyperoxia-exposed rats
(Figure 2C). Then, the expression of CREB and STING in the lung
tissues of rats were assessed. A gradual upward trend was found
in STING and CREB protein expression in hyperoxia-exposed rats
(Figure 2D). We also examined STING protein levels by Western
blotting and mRNA levels by gRT-PCR in lung tissues. Compared
with that in the normoxia group, the mRNA and protein levels of
STING expression in the hyperoxia group were gradually increased
from Day 1 to 21 after birth. Meanwhile, the mRNA level of MALAT1
was also increased in premature rats exposed to hyperoxia, which is
similar to that of STING (Figure 2E,F).

3.3 | STING and MALAT1 were up-regulated in
hyperoxia-stimulated lung epithelial cells

Hyperoxia conditions is generally considered to be related to high
incidence of BPD.?° Thus, we investigated the potential relevance
of MALAT1 and STING in hyperoxia-induced lung epithelial cells.

A549 and Beas-2B cells were treated with hyperoxia or normoxia for
24 hours, 48 hours and 72 hours, respectively. The mRNA levels of
both MALAT1 and STING were significantly increased after 48 hours
of hyperoxic stimulation and then decreased over time, indicating
that MALAT1 might act with STING reciprocally (Figure 3A,B).

3.4 | Silencing both STING and MALAT1
promoted the proliferation and repressed the
apoptosis of cells

We transfected STING siRNA, STING overexpression plasmids and
MALAT1 siRNA into hyperoxia-induced A549 and Beas-2B cells.
According to the results of flow cytometry, the apoptotic rate
of cells decreased after STING or MALAT1 was knocked down,
and then increased after STING was overexpressed (Figure 4A,B).
According to the results of Western blotting, PARP and Caspase-3
(two indicators of apoptosis) were down-regulated after STING
or MALAT1 was silenced, but up-regulated after STING was
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FIGURE 2 STING and MALAT1 were highly expressed in the lung tissue of BPD rats. A, H&E-stained lung sections in hyperoxia-exposed
lungs and normoxia lungs from Day 1 to 21 rats. B, Comparison of radial alveolar count (RAC) between the two groups. C, The expression

of «-SMA and E-Cadherin in hyperoxia tissues and normoxia tissues detected by IHC. The data have been quantified by expression score.

D, The expression of STING and CREB in hyperoxia tissues and normoxia tissues detected by IHC. The data have been quantified by
expression score. E, The mRNA levels of STING and MALAT1 in hyperoxia tissues and normoxia tissues were analysed by qRT-PCR. F, STING
and CREB protein levels were determined by Western blotting analysis and protein grey were scanned in hyperoxia and normoxia rats. All
measurements are shown as the mean + SD from three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001)
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FIGURE 3 STING and MALAT1 were
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lung epithelial cells. A and B, A549
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hyperoxia or normoxia for 24 h, 48 h and
72 h, respectively. qRT-PCR was used to
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overexpressed (Figure 4C). The results of CCK-8 assay validated
these effects of STING and MALAT1. We also discovered the
increased viability in siRNA-STING- or siRNA-MALAT1-treated
cells, and decreased viability in pcDNA3.1-STING-treated cells
(Figure 4D). In summary, silencing both STING and MALAT1 could
promote the proliferation and repress the apoptosis of A549 and
Beas-2B cells.

3.5 | Knockdown of MALAT1 suppressed
expression and transcriptional promoter activity of
STING in hyperoxia-induced lung epithelial cells

To investigate the role of MALAT1 in the regulation of STING expres-
sion, we knocked down MALAT1 into Beas-2B and A549 cells and then
exposed the cells to hyperoxia for 48 hours. The level of MALAT1 ex-
pression decreased in both cell lines. We observed that the mRNA level
of STING was down-regulated after the transfection with siMALAT1
by gRT-PCR (Figure 5A). We also cotransfected plasmids pGL-126/+1
and pRL-TK together with MALAT1 siRNA into Beas-2B, A549 and
HEK293 cells to evaluate whether MALAT1 affects the promoter
activity of STING. As expected, suppressing MALAT1 induced a de-
crease in luciferase activity of STING in the three cell lines (Figure 5B).
Additionally, the STING protein level decreased in siRNA-MALAT1-
treated cells compared with that in sSiRNA-NC-treated cells (Figure 5C).
These data demonstrate that knocking down MALAT1 suppressed the
expression and transcriptional promoter activity of STING in hyper-

oxia-induced lung epithelial cells.

w2
. . | ’LI ’—I
0.0 0
24h 48 h

72h
3.6 | Hyperoxia-induced STING transcription
depended on CREB

Through the cell immunofluorescence, we observed that STING
was located mainly in the cytoplasm while CREB was located in
both cytoplasm and nucleus (see Appendix 1). First, we trans-
fected siRNAs targeting CREB (siRNA-CREB) and overexpression
plasmids (pcDNA3.1-CREB) into the cell lines and exposed them
to hyperoxia for 48 hours. We found that both the mRNA and pro-
tein levels of STING were down-regulated after CREB knockdown
and then up-regulated after CREB overexpression (Figure 6A,C).
Furthermore, we constructed a plasmid with the core region con-
taining the sequence between -126 and +1 upstream of human
STING promoter. To determine whether CREB directly regulates
STING transcription, we cotransfected pcDNA3.1-CREB plasmid
or siRNA-CREB with pGL-126/+1 plasmid into A549, Beas-2B and
HEK293 cells under hyperoxia. As shown in figures, the overex-
pression of CREB increased the luciferase activity and siRNA-
CREB decreased this activity (Figure 6B). To confirm the binding
of CREB to the STING promoter, we performed a ChIP assay for
hyperoxia-treated A549 cell extracts using anti-CREB and anti-
IgG antibody. As is observed in figures, compared with the non-
specific IgG control antibody, the STING promoters and the CREB
antibodies were significantly enriched (Figure 6D). Therefore, it
was elucidated that CREB could directly bind to the promoter of
STING to regulate its transcription. Based on these data, we con-
cluded that hyperoxia-induced STING transcription depended on
CREB.
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FIGURE 4 Silencing both STING and MALAT1 promoted the proliferation and repressed the apoptosis of cells. A, pcDNA3.1-STING

or the empty vector, siRNA-STING or siRNA-NC and siRNA-MALAT1 or siRNA-NC were transfected into A549 cells. The cell apoptosis
rates were tested by a flow cytometry. Red numbers showed the apoptosis district and proportion. B, pcDNA3.1-STING or the empty
vector, siRNA-STING or siRNA-NC and siRNA-MALAT1 or siRNA-NC were transfected into Beas-2B cells. C, Meanwhile, STING, PARP and
caspase-3 protein expression were detected by western blotting analysis. Protein levels have been quantified. D, Viability of A549 and Beas-
2B cells after silencing STING or MALAT1 or overexpressing STING was assessed by CCK-8 assay at indicated times (*P < 0.05, **P < 0.01,

***P <0.001)
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FIGURE 5 Knockdown of MALAT1 suppressed expression and transcriptional promoter activity of STING in hyperoxia-induced lung
epithelial cells. A, A549 and Beas-2B cells were transfected by siRNA-MALAT1 or siRNA-NC. Relative RNA levels of MALAT1 and STING
were analysed by qRT-PCR. B, A549, Beas-2B and HEK293 cells were cotransfected with the luciferase reporter plasmid containing the wild-
type STING promoter (pGL-126/+1) and MALAT1 siRNA. Cells were harvested to measure luciferase activity (**P < 0.01, ***P < 0.001). C,
A549 and Beas-2B cells were transfected with MALAT1 siRNA or NC siRNA. STING protein level was detected by Western blotting analysis
after stimulating in hyperoxia. Data are representative of three independent experiments

3.7 | MALAT1 worked with CREB to modulate the
transcription of STING

We examined whether STING transcription is modulated via the
MALAT1-CREB signalling pathway. CREB showed decreased RNA
expression in response to MALAT1 silence (Figure 7A). Additionally,
consistent with the finding in preceding research, our Western blot-
ting verified that CREB phosphorylation was depressed after siRNA-
MALAT1 transfection (Figure 7B). We performed a ChIP analysis for
hyperoxia-stimulated A549 cells. Silencing MALAT1 decreased the
binding of CREB to STING promoter (Figure 7C). Therefore, MALAT1
can affect the mRNA expression, phosphorylation and binding (to
STING promoter) of CREB.

To confirm whether MALAT1-induced STING promoter activity
was dependent on CREB, we transfected the hyperoxia-induced
A549 and Beas-2B cells with previously constructed plasmids con-
taining mutated CREB-binding sites. Then, the transfected cells were
treated with siRNA-MALAT1 for 48 hours before luciferase assay.
We observed that the STING promoter activity was suppressed in

wild-type plasmids-treated cells while there is no activity change in
mutant CREB-binding sites plasmids-treated cells after MALAT1 si-
lencing (Figure 7D). Herein, a mechanism map was constructed to elu-
cidate the interaction among STING, MALAT1 and CREB (Figure 8).
Based on these findings, we advocated that MALAT1 modulated the
transcription of STING through MALAT1-CREB signalling pathway.

4 | DISCUSSION

Up to now, extensive research has shown that BPD has a multifac-
torial pathogenesis, especially imbalanced inflammation,” which is
considered to be a major underlying mechanism. A body of inflam-
mation-related factors and mediators is involved in the development
of BPD, such as IL1p,2” NLRP3,?® angiotensinogen (AGT),? IL-6 *°
and tumour necrosis factor « (TNF-u).3 Another factor is oxidative
stress that may lead to the stimulation of inflammatory cells, activa-
tion of pro-inflammatory cytokines, impairment or apoptosis of res-

piratory tract epithelium.3%33
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FIGURE 6 Hyperoxia-induced STING transcription depended on CREB. A, A549 and Beas-2B cells were transfected with CREB siRNA
or pcDNA3.1-CREB plasmids. CREB and STING RNA levels were analysed then. B, A549, Beas-2B and HEK293 cells were transiently
transfected with CREB expression plasmid or CREB siRNA and pGL-126/+1. A dual-luciferase assay was performed to detect the activity

of STING promoter. C, A549 and Beas-2B cells were transfected with siRNA-CRAB or CREB overexpression plasmids. CREB and STING
protein levels were monitored then. D, A representative gel image of PCR products obtained by ChlIP. A549 cells were induced in hyperoxia.
Anti-CREB antibodies were used to precipitate proteins bound to the amplified sequence of the endogenous STING promoter. In contrast,
no signal was apparent in the negative control. The chromatin fragments were PCR-amplified using primers specific for the proximal
CREB-binding site of the STING promoter and presented on an agarose gel. The chromatin fragments were quantified by gRT-PCR.

Each experiment was performed in triplicate, and significant differences were determined with an unpaired t test (*P < 0.05, **P < 0.01,
***P < 0.001)
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This is the first study to delve into the role of MALAT1 and STING
in the pathogenesis of BPD. We collected PBMC specimens from
57 BPD newborns and unrelated healthy controls. We found that
both STING and MALAT1 were significantly up-regulated in BPD pa-
tients. Afterwards, we established a BPD model using neonatal rats
exposed to hyperoxia. Compared with that of the normoxia group,
the mRNA and protein levels of STING and MALAT1 expression in
the hyperoxia group was gradually increased during Day 1-21 after

birth, which was also confirmed by the results of immunohistochem-
istry. We also detected the gene expression of STING and MALAT1
in hyperoxia-induced lung cells. Results showed that the mRNA lev-
els of both MALAT1 mRNA and STING were significantly increased
after 48 hours of hyperoxia exposure and then decreased gradually,
which was consistent with what we observed in BPD children and rat
model. Given that, we hypothesized that MALAT1 may be relevant
to STING in BPD development.
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FIGURE 8 MALAT1 interacts with CREB to regulate STING
transcription in BPD neonates. In the nucleus, MALAT1 contributes
to the phosphorylation of CREB, then increases the binding (to the
promoter of STING) of CREB and further triggers the transcription
of STING

STING can activate interferons (IFN) regulatory factor 3 (IRF3)
and nuclear factor (NF)-xB transcription pathways to produce var-
ious cytokines, including type | IFNs and pro-inflammatory cyto-
kines.>* Recent evidence suggests that self-DNA leaking from the
nucleus of the host cells may also activate the STING pathway, giving
rise to various inflammatory diseases including STING-associated
vasculopathy with onset in infancy (SAVI), Aicardi-Goutiéres syn-
drome (AGS), systemic lupus erythematosus (SLE) and even in-
flammation-associated cancer.®>¢ STING also acts as an essential
sensor in chronic lung inflammation caused by long-term exposure
to airborne pollutants (eg cigarette smoke) or particulate toxicants
(eg crystalline silica),’ asthma characterized by airway remodel-
ling and hyper-responsiveness,®” respiratory infection by viruses
and bacteria and other lung diseases.*® Prior studies have noted
the importance of STING in antiviral and antitumor function.3?*°
Additionally, it is now well established that STING is remarkably re-
lated with miscellaneous pulmonary diseases. Silencing STING may
lead to primary resistance to immunotherapy in non-small-cell lung
cancer (NSCLC).*' STING is also engaged in the pathophysiological
course of pulmonary tuberculosis through producing type | IFNs.42
Overactivated STING by gain-of-function mutations in TMEM173 ap-
pears to relate to dysfunction of endothelium and causes interstitial
lung disease in SAVI.** However, no study used to investigate the im-
pact of STING on BPD. It is elucidated that overexpression of STING
triggers the apoptosis of primary and malignant T or B cells.8444°
In our study, the apoptosis of hyperoxia-induced A549 and Beas-2B
cells were significantly decreased after STING knockdown and then
increased after STING overexpression. CCK-8 assay also confirmed
that STING repressed the proliferation of hyperoxia-induced A549
and Beas-2B cells. Thus, it is indicated that STING may take part in
the process of BPD via affecting the apoptosis and the proliferation
of lung epithelial cells.

Dozens of IncRNAs can regulate gene expression in various
biological processes, including apoptosis, proliferation, migration,
differentiation, autophagy and pyroptosis.**® In a recent report,

researchers have screened differentially expressed IncRNAs in a
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hyperoxia-induced neonatal mouse BPD model, indicating that
IncRNAs might participate in BPD development.*” MALAT1, one
IncRNA, is involved in several physiopathological process includ-
ing angiogenesis,50 diabetes progression,51 tumour progression,52
cardiovascular remodelling >° and tissue inflammation.? It can
play multiple roles, like promoting protein localization, acting as a
competing endogenous RNA, or regulating protein activity, gene
transcription and epigenetic changes.54 Interestingly, it has been
reported that MALAT1 expression was elevated in BPD patients,
implying its linkage with BPD.?? Preceding research showed that
MALAT1 could promote cell apoptosis and inhibit cell prolifera-
tion in various diseases.?>?! Our results showed that knockdown
of MALAT1 inhibited the apoptosis and promoted the proliferation
of hyperoxia-induced lung cells. Its performance showed accor-
dance with that of STING, which further cemented the relevance
between STING and MALAT1 in BPD. To explore the role of STING
and MALAT1 in BPD, we suppressed MALAT1 at an optimum level
in the cell models. As a consequence, the mRNA and protein lev-
els of STING were down-regulated by after transfection with
siRNA-MALAT1 in A549 and Beas-2B cells, compared with those
transfected with siRNA-NC. What's more, the promoter activity
of STING was detected to be decreased when cotransfected siR-
NA-MALAT1 and pGL-126/+1 plasmid, suggestive of the positive
correlation between MALAT1 and STING.

CREB, a classical transcription factor, was found mainly involv-
ing in the synchronization of circadian rhythmicity and the syn-
thesis of many neurotrophic factors. Its implication in Alzheimer's
disease (AD) has been verified.'? Besides, it can also modulate basic
metabolic processes, including glucose metabolism, fatty acid ox-
idation and hepatic lipid mobilization.’® CREB-binding protein
(CBP) and p300 are recruited upon the phosphorylation of CREB
at Ser-133 (p-CREB), allowing the transcription of target genes.'?
Our previous research has found out the cooperative mechanism
between CREB and STING, and then, we advanced to prove this
mechanism in BPD. As expected, the present study identified that
overexpression of CREB increased the promoter activity, mRNA
and protein expression of STING gene, which were all reversed
after CREB expression was repressed. Next, our ChIP results
showed that CREB could directly bind to the promoter of STING to
regulate its transcription. Based on these data, we announce that
CREB can regulate the promoter activity and expression of STING
and that hyperoxia-induced STING transcription may depend on
CREB.

LncRNA MALAT1 can affect gene transcription through form-
ing RNA-protein complexes with proteins.>* For example, investi-
gators found that MALAT1 inhibited NF-xB activity via preventing
p65 it from binding to target DNA.>® Another study also showed
that MALAT1 inhibited CD80 transcription by interfering with the
binding of transcription factor NF-kB to CD80 promoter.’” Hence,
we hypothesized that down-regulating MALAT1 may modulate
CREB expression and phosphorylation, and its binding to STING.
According to the results, CREB expression was decreased after
MALAT1 knockdown and CREB phosphorylation was inhibited after
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siRNA-MALAT1 transfection. Moreover, ChIP assay also showed
that silencing MALAT1 curbed the binding of CREB to STING pro-
moter. Meanwhile, we found that mutation of CREB binding sites
relieved the suppression on STING promoter activity after 48 hours
of MALAT1 siRNA transfection. Based on these findings, we pro-
pose that MALAT1 can regulate the transcription of STING through
MALAT1-CREB signalling pathway.

In conclusion, MALAT1 interacts with CREB to regulate STING
transcription in BPD neonates. STING, CREB and MALAT1 may be
promising therapeutic targets in the prevention and treatment of
BPD.
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APPENDIX 1

DAPI STING Merge

DAPI CREB Merge

FIGURE A1 Thelocation of STING and CREB in cells. Through the cell immunofluorescence, STING was located mainly in the cytoplasm
while CREB was located in both cytoplasm and nucleus.




