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Abstract 

Background: Premature infants, subjected to supplemental oxygen and mechanical ventilation, may develop bron-
chopulmonary dysplasia, a chronic lung disease characterized by alveolar dysplasia and impaired vascularization. We 
and others have shown that hyperoxia causes senescence in cultured lung epithelial cells and fibroblasts. Although 
miR-34a modulates senescence, it is unclear whether it contributes to hyperoxia-induced senescence. We hypoth-
esized that hyperoxia increases miR-34a levels, leading to cellular senescence.

Methods: We exposed mouse lung epithelial (MLE-12) cells and primary human small airway epithelial cells to 
hyperoxia (95%  O2/5%  CO2) or air (21%  O2/5%  CO2) for 24 h. Newborn mice (< 12 h old) were exposed to hyperoxia 
(> 95%  O2) for 3 days and allowed to recover in room air until postnatal day 7. Lung samples from premature human 
infants requiring mechanical ventilation and control subjects who were not mechanically ventilated were employed.

Results: Hyperoxia caused senescence as indicated by loss of nuclear lamin B1, increased p21 gene expression, and 
senescence-associated secretory phenotype factors. Expression of miR-34a-5p was increased in epithelial cells and 
newborn mice exposed to hyperoxia, and in premature infants requiring mechanical ventilation. Transfection with a 
miR-34a-5p inhibitor reduced hyperoxia-induced senescence in MLE-12 cells. Additionally, hyperoxia increased pro-
tein levels of the oncogene and tumor-suppressor Krüppel-like factor 4 (KLF4), which were inhibited by a miR-34a-5p 
inhibitor. Furthermore, KLF4 knockdown by siRNA transfection reduced hyperoxia-induced senescence.

Conclusion: Hyperoxia increases miR-34a-5p, leading to senescence in lung epithelial cells. This is dictated in part by 
upregulation of KLF4 signaling. Therefore, inhibiting hyperoxia-induced senescence via miR-34a-5p or KLF4 suppres-
sion may provide a novel therapeutic strategy to mitigate the detrimental consequences of hyperoxia in the neonatal 
lung.
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Introduction
Bronchopulmonary dysplasia (BPD) is the most com-
mon chronic lung disease in premature infants. Most 
preterm infants can survive due to medical advances [1]. 
However, the prevalence of BPD is increasing, most likely 
due to the increased survival of newborns with extremely 
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low gestational age. BPD increases the risk of pulmo-
nary morbidity and adverse neurodevelopmental out-
come [2–5]. Risk factors for BPD are complex, including 
inflammation, surfactant deficiency, ventilation, and oxy-
gen toxicity [6]. A key pathophysiological feature of BPD 
is alveolar dysplasia and impaired vascularization along 
with inflammatory responses and fibrogenesis [7].

Genomic-wide expression profiling using DNA micro-
arrays has recently identified novel-BPD-related genes 
and pathways [8, 9]. A complementary approach to 
profile gene expression in BPD is to analyze microRNA 
(miRNA, miR) expression signatures [10, 11]. These 
miRNAs are 21–24 nucleotide non-coding RNAs that 
regulate gene expression through post-transcriptional 
repression by binding to the 3′-untranslated region (3′-
UTR) of target gene mRNA or mRNA translation at the 
initiation, post-initiation and elongation steps [12]. They 
play important roles in modulating cell differentiation, 
proliferation, inflammation, cell death, and senescence 
[13–16]. Recent studies support the hypothesis that dys-
regulation of multiple proteins by miRNAs contributes 
to the pathogenesis of BPD [17–19]. Therefore, miRNAs 
have been considered as promising candidates for novel 
targeted therapeutic approaches to BPD.

Senescence is a protective response to stress in which 
cells acquire a non-proliferative state and develop a pro-
inflammatory senescence associated secretory pheno-
type (SASP) that mediates paracrine effects [20]. The 
senescence response causes striking changes in cellular 
phenotype, including a permanent arrest of cell pro-
liferation, development of resistance to apoptosis, and 
an altered pattern of gene expression [21]. Senescence-
inducing signals usually engage either the p53-p21 or the 
p16-retinoblastoma protein (pRB) pathways. Develop-
mental senescence, which allows for tissue remodeling 
and organ differentiation, is regulated by p21 [22]. In 
contrast, stress-induced senescence occurs after dam-
age to double-stranded DNA through reactive oxygen 
species. This type of senescence is usually mediated by 
p53 and pRB but is also stress specific [23]. The p21 pro-
tein has been shown to inhibit cell proliferation thereby 
inducing cell senescence to allow cells to repair damaged 
DNA [24, 25]. A previous study, using a mouse model, 
reported that a high concentration of oxygen (hyperoxia) 
induces lung growth and cell cycle arrest and increased 
p21 expression [26]. We and others have shown that 
hyperoxia causes senescence in cultured lung epithelial, 
fibroblast, and smooth muscle cells [27–29]. The mecha-
nisms underlying hyperoxia-induced senescence are not 
fully understood.

We and others have shown that miR-34a was the most 
increased lung miRNA species using a miRNA array in 
a mouse model of BPD [18, 30]. Moreover, increased 

miR-34a expression has been reported in cells isolated 
from tracheal aspirate of neonates who subsequently 
developed BPD, in the first post-natal week [19] and that 
increased lung miR-34a-5p impaired endothelial angio-
genesis in neonatal mice exposed to hyperoxia [19]. Most 
miRNAs modulate senescence by directly or indirectly 
regulating the p53/p21 or p16/pRB pathways [14]. More-
over, previous studies show that there may be two posi-
tive feedback loops among p53, miR-34a, and miR-34a 
target genes during senescence [14, 31–33]. We, there-
fore, hypothesized that hyperoxia causes senescence in 
lung epithelial cells by upregulating miR-34a.

Materials and methods
Cell culture
Mouse lung epithelial (MLE-12) cells and human small 
airway epithelial cells (SAECs) were purchased from 
ATCC (CRL-2110, Manassas, VA, USA) and Lonza (CC-
2547, Basel, Switzerland), respectively. MLE-12 cells 
were maintained with 5%  CO2, at 37℃, in DMEM/F12 
media containing 2% FBS, insulin (5 µg/mL), transferrin 
(10 µg/mL), sodium selenite (30 nM), hydrocortisone (10 
nM), β-estradiol (10 nM), HEPES (10 nM), glutamine (2 
mM), and 1% P/S (100 units/mL penicillin and 100  µg/
mL streptomycin). SAECs were maintained with 5%  CO2, 
at 37 ℃, in SABM Basal Medium (CC-3119, Lonza) and 
SAGM SingleQuots supplements (CC-4124, Lonza) con-
taining bovine pituitary extract, insulin, hydrocortisone, 
gentamicin/amphotericin-B, retinoic acid, fatty acid-free 
bovine serum albumin (BSA), transferrin, triiodothyro-
nine, epinephrine and human epidermal growth factor.

Hyperoxic exposure
Cells at 70–80% confluence were exposed to hyperoxia 
(95%  O2 and 5%  CO2) or air (21%  O2 and 5%  CO2) for 
24 h. Culture media were changed every 24 h. Newborn 
C57BL/6J mice (< 12 h old) along with their mother were 
exposed to room air or hyperoxia (> 95%  O2) for 72 h in 
an A-chamber (BioSpherix). The dams were switched 
every 24 h between room air and hyperoxia to avoid lung 
injury. Some pups were allowed to recover in room air 
until postnatal day (pnd) 7.

Lung tissues from premature infants
Human lung samples were obtained from premature 
infants between 23- and 29-weeks postmenstrual age, 
who lived 5–15 days and required mechanical ventila-
tion (short-term), and controls were premature infants 
who were not mechanically ventilated and survived less 
than 24 h. The clinical data of these infants are shown in 
Table  1. These samples were described in our previous 
report [34].
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Immunofluorescence staining
Cells were fixed in 10% neutral buffered formalin (#245–
684, ThermoFisher Scientific, Wilmington, DE, USA) for 
15 min, followed by permeabilization with 0.2% Tween-
20 (BP337, fisher scientific, Waltham, MA, USA) for 
15 min at room temperature. The cells were then blocked 
in PBS with 0.02% Tween-20 and 1% dry milk powder 
(M17200, Research products international, Prospect, IL, 
USA) for 15 min at room temperature and subsequently 
incubated overnight at 4  °C with an anti-lamin B1 rab-
bit polyclonal antibody (ab16048, Abcam, Waltham, 
MA, USA, 1:200 dilution) and an anti-surfactant pro-
tein c (Spc) mouse monoclonal antibody (sc-518029, 
Santa Cruz, Dallas, Texas, USA, 1:50 dilution). Subse-
quently, the cells were incubated with secondary antibod-
ies that include an Alexa Fluor 488 Goat anti-Rabbit IgG 
(A11034, Invitrogen, Waltham, MA, USA, 1:250 dilution) 
and an Alexa Fluor 568 Goat anti-Mouse IgG (A11004, 
Invitrogen, 1:250 dilution) at room temperature for 1 h. 
Both the primary and secondary antibodies were diluted 
in 0.1% BSA or 0.5% milk. After washing the cells, a cov-
erslip was placed on the cells and they were mounted 
with VECTASHIELD containing DAPI (H-1200, Vector 
Laboratories, Burlingame, CA, USA) to detect nuclei. 
Images were captured using a Zeiss Axiovert 200 M Fluo-
rescence Microscope.

For lung tissues, samples were de-paraffinized, rehy-
drated, and subjected to heat mediated antigen retrieval 
in an antigen unmasking citrate-based buffer solution 
(H-3300-250, Vector Labs, CA, USA). Samples were then 
permeabilized with 0.2% Tween-20 (BP337, fisher scien-
tific) for 15 min at room temperature. Non-specific bind-
ing was blocked in PBS with 0.02% Tween-20 and 1% dry 
milk powder (M17200, Research products international, 
Mt Prospect, IL, USA) for 15 min at room temperature, 
and subsequently incubated overnight at 4  °C with an 
anti-KLF4 goat polyclonal antibody (AF3158, Novus 

Biologicals, Centennial, CO, USA, 1:200 dilution), an 
anti-KLF4 rabbit polyclonal antibody (ab129473, Abcam, 
1:200 dilution), an anti-Spc rabbit polyclonal antibody 
(AB3786, Millipore, Burlington, MA, USA, 1:200 dilu-
tion), an anti-Spc mouse monoclonal antibody (sc-
518029, Santa Cruz, 1:50 dilution), an anti-Hopx mouse 
monoclonal antibody (sc398703, Santa cruz, 1:50), an 
anti-von Willebrand Factor (vWF) rabbit polyclonal anti-
body (ab6994, abcam, 1:200), or anti-vimentin rabbit 
monoclonal antibody (ab92547, abcam, 1:200) as primary 
antibodies. Subsequently, samples were incubated with 
secondary antibodies that included an Alexa Fluor 488 
goat anti-rabbit IgG (A11034, Invitrogen, 1:250 dilution), 
an Alexa Fluor 488 goat anti-mouse IgG (A11001, Inv-
itrogen, 1:250 dilution), an Alexa Fluor 594 rabbit anti-
goat IgG (A21223, Invitrogen, 1:250 dilution), or an Alexa 
Fluor 594 goat anti-rabbit IgG (A11072, Invitrogen, 1:250 
dilution) at room temperature for 1 h. Both the primary 
and secondary antibodies were diluted in PBS containing 
0.1% BSA or 0.5% milk. After washing samples, a cover-
slip was placed on the samples and they mounted with 
VECTASHIELD with DAPI (H-1800-10, Vector Labo-
ratories) to detect nuclei. Images were captured using a 
Zeiss Axiovert 200  M Fluorescence Microscope. Cells 
showing co-localization of Spc with KLF4 were counted 
in three randomly selected high-power fields (HPF) per 
sample, and normalized to the number of  DAPI+ nuclei. 
These experiments were carried out in a single-blinded 
manner.

Measurement of miRNA and mRNA levels by qRT‑PCR
Total RNA was extracted using QIAzol lysis reagent and 
purified using the miRNeasy Mini Kit (#217084, Qiagen, 
Valencia, CA, USA). RNA concentrations were meas-
ured spectrophotometrically (NanoDrop One Micro-
volume UV–Vis Spectrophotometer, ThermoFisher 
Scientific). A total of 10 ng or 400 ng RNA was used 

Table 1 Clinical data

BPD: bronchopulmonary dysplasia; F: female; M = male; NEC: necrotizing enterocolitis; PROM: :premature rupture of membranes

Values represent means ± SD of (n) patients

*Age and corrected age reflect postmenstrual age

Control (n = 4) Short‑term ventilated (n = 3)

Age at birth, wk* 23.8 ± 1.0 24.3 ± 0.65

Postnatal age, d < 1 7.3 ± 3.1

Corrected age at death, wk* 23.8 ± 1.0 25.0 ± 1.0

Sex 3 M/1F 2 M/1F

Body weight at autopsy, g 622 ± 82 796 ± 181

Clinical/autopsy diagnosis extreme prematurity + abruption (2); PROM/abruption 
(1); acute chorioamnionitis + sepsis (1)

early BPD with complications of prematurity, includ-
ing sepsis (1), sepsis/pneumonia (1), NEC/pneumonia 
(1)
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for reverse transcription using the Taqman MicroRNA 
Reverse Transcription Kit (4366596, ThermoFisher Sci-
entific) and Taqman Reverse Transcription Reagents 
(N8080234, ThermoFisher Scientific) for miRNA and 
mRNA, respectively. Real-time qPCR was performed 
using 1.5 µL and 1 µL of cDNA in a 7300 Real-time PCR 
System (Applied Biosystems, Waltham, MA, USA) or 
QuantStudio 3 (ThermoFisher Scientific) for miRNA 
and mRNA, respectively. All Taqman probes were pur-
chased from ThermoFisher Scientific. Gene expression 
was normalized to U6 and 18s rRNA levels. Relative 
RNA abundance was quantified by the comparative  2−
ΔΔCt method. According to the manufacturer’s recom-
mendations, the TaqMan assay IDs were 001973 (U6 
snRNA), 000426 (miR-34a-5p), Hs99999901_s1 (18  S), 
Mm01721290_g1 (Trp53), Mm04205640_g1 (Cdkn1a), 
Mm0049449_m1 (Cdkn2a), Mm00434228_m1 (Il1b), 
Mm00436450_m1 (Cxcl2), Mm00435858_m1 (Serpine1), 
and Mm00516104_m1 (Klf4) (Applied Biosystems).

Luminex multiplex immunoassay
Cytokine levels in cell culture supernatants were meas-
ured using a custom R&D systems Murine Premixed 
Multi-Analyte Kit (R&D Systems, Inc., Minneapolis, 
MN) and a Luminex 200 Instrument (Luminex Cor-
poration, Austin, TX) according to the manufacturer’s 
instructions. Samples were stored at -80 °C until the day 
of analysis when they were then thawed and centrifuged 
to pellet debris. Levels of TNF-α, IL-1α, IL-1β, Cxcl2/
MIP-2, IL-10, Serpin E1/PAI-1, TNFSF12/Tweak, Cxcl12, 
MMP-8, MMP-12, and TNFRII/TNFRSF1B were meas-
ured. Samples were run in duplicate and analyte concen-
trations were reported in picograms per milliliter (pg/
mL). Cytokine concentrations were calculated using a 
six-point standard curve derived from measurement of 
serially-diluted panel-specific standards run in duplicate. 
Panel-specific standards were used to determine analyte 
upper and lower limits of detection based on individual 
analyte standard curves.

Detection of proteins by Western blot
Cells or lung tissues were homogenized with a RIPA 
buffer plus protease inhibitor cocktail (P8340, Sigma-
Aldrich, St. Louis, MO, USA) and a phosphatase inhibi-
tor cocktail set I (#524624, Sigma-Aldrich) using a 
tissue homogenizer for 5  s at 25,000  rpm (IKA; T25 
digital Ultra Turrax, Staufen, Germany). Protein con-
centration was determined with the Pierce BCA assay 
kit (#23225, ThermoFisher Scientific). Proteins (20  μg) 
were separated using a NuPAGE™  4–12% Bis-Tris pro-
tein gel (NP0335OX, Invitrogen) and transferred to 
PVDF membranes (IPVH00010, Millipore, Burlington, 
MA, USA). The membranes were blocked for 1  h at 

room temperature with 5% milk and then probed with 
primary antibodies against p53 (ab131442, Abcam), 
p21 (ab109199, Abcam), p16 (ab108349, Abcam), 
MDM4 (ab222905, Abcam or sc-74468, Santa Cruz), 
E2F1 (ab137415, Abcam), E2F3 (sc-56665, Santa Cruz), 
CCND1 (ab134175, Abcam), KLF4 (ab129473, Abcam), 
β-actin (ab8227, Abcam) and calnexin (ADI-SPA-860-F, 
Enzo, New York, NY, USA) to determine the correspond-
ing proteins. Horseradish peroxidase conjugated second-
ary antibodies were used for visualization with Luminate 
Crescendo (WBLUR0500, EMD Millipore, St. Louis, MO, 
USA) or SuperSignal™  West Femto Maximum Sensitiv-
ity Substrate (#34095, ThermoFisher Scientific) using the 
ChemiDoc Touch Imaging System (BioRAD, Hercules, 
CA, USA). Equal loading of the samples was determined 
by quantification of proteins as well as by reprobing 
membranes for the reference controls β-actin or calnexin.

Lung miR‑34a detection by in situ hybridization
An miRNAScope HD (RED) Assay (ACDBio, Newark, 
CA, USA) was performed as previously described with 
modifications for miRNA [35]. In brief, lung sections 
were deparaffinized using xylene followed by incubation 
with hydrogen peroxide to block endogenous peroxidase 
activity. The slides were incubated with a heat-mediated 
target retrieval solution to unmask the target miRNA 
and protein. Lung sections were stained overnight at 4 ℃ 
with a Spc antibody (AB3786, Millipore, at a 1:200 dilu-
tion or sc-518029, Santa Cruz, 1:50 dilution). After fix-
ing with 10% neutral buffered formalin and incubation 
with RNAscope protease III, a scramble negative control 
probe, an RNU6 positive control probe, and a mmu-miR-
34a-5p probe were added to lung slides and incubated at 
40 ℃ for 2  h using the HybEZ oven (ACDBio). Signals 
were amplified by six amplifiers with sequential hybridi-
zation of miRNAscope HD AMP 1 to AMP 6. The ampli-
fied signal was detected using an miRNAscope HD Fast 
Red (1:60 dilution) followed by incubation with Alexa 
Fluor-conjugated anti-rabbit or anti-mouse secondary 
antibody 488 (1:250 dilution) for 30  min at room tem-
perature. After the staining was completed, slides were 
washed with PBS containing 0.1% Tween 20 and mounted 
with VECTASHIELD containing DAPI (H-1800-10, Vec-
tor Laboratories). Images were taken using a Zeiss Axio-
vert 200  M Fluorescence Microscope. Cells showing 
co-localization of pro-Spc with miR-34a-5p were counted 
and normalized to the number of  DAPI+ nuclei. These 
experiments were carried out in a single-blinded manner.

In vitro miR‑34a inhibitor transfection
MLE-12 cells were transfected with a mixture of Lipo-
fectamine RNAiMAX Transfection Reagent (#13778-150, 
Invitrogen), mmu-miR-34a-5p mirVana miRNA inhibitor 
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(miR-34a inhibitor, 20  nM) (#4464084, MC11030, 
MIMAT0000542, ThermoFisher Scientific) or mir-
Vana miRNA inhibitor as a negative control (negative 
control, 20  nM) (#4464076, ThermoFisher Scientific). 
The complexes were mixed in Opti-MEM™ I Reduced 
Serum Medium (#31985070, ThermoFisher Scientific) for 
5  min prior to transfection and added directly to MLE-
12 cells in culture medium grown in 6 well plates or 
60 mm×15 mm dishes. After 24 h, transfected cells were 
used for experiments.

In vitro KLF4 siRNA treatment
MLE-12 cells were transfected with a mixture of Lipo-
fectamine RNAiMAX Transfection Reagent (#13778-150, 
Invitrogen) and Klf4 Silencer® Select (Klf4 siRNA, 30nM) 
(#490771, siRNA ID, s68837, ThermoFisher Scientific), or 
Silencer Select Negative Control No, 1 siRNA (negative 
control, 30 nM) (#4390843, ThermoFisher Scientific). The 
complexes were mixed in Opti-MEM™ I Reduced Serum 
Medium (#31985070, ThermoFisher Scientific) for 5 min 
prior to transfection and added directly to MLE-12 cells 
in culture medium grown in a 60 mm×15 mm dish. After 
24 h, transfected cells were used for experiments.

Statistics
Statistical analyses were performed using Graph-
Pad Prism 8 (GraphPad Inc.). Results are expressed as 
mean ± SEM of individual samples. Two-group com-
parisons were analyzed by unpaired Student’s t-test, and 
multiple-group comparisons were performed using a 
one-way ANOVA followed by a Tukey’s post hoc analy-
sis. Statistical significance was accepted at p < 0.05 vs. 
controls.

Results
Hyperoxia causes senescence in both MLE‑12 cells 
and SAECs
Nuclear lamin B1 exclusion can serve as a biomarker of 
senescence both in  vitro and in  vivo [36]. Using immu-
nofluorescence of lamin B1 in MLE-12 cells and SAECs 
exposed to hyperoxia, we observed that 29.5% and 17.4% 
of cells respectively, excluded lamin B1, whereas in air 
exposed controls, 11.4% and 4.53% of these cells lacked 
lamin B1 (Fig.  1A–D). We also measured p53, p21, and 
p16 gene transcripts, which are senescence-associated 
markers. In MLE-12 cells, Taqman assay revealed sig-
nificant upregulation of p53 and p21 mRNA in hyperoxia 
group compared to air controls, while p16 mRNA levels 
were unchanged between hyperoxia-exposed cells and air 
controls (Fig. 1E). Furthermore, we measured SASP solu-
ble protein levels in the supernatants of the MLE12 cells. 
Luminex analysis revealed that the protein levels of IL-1β, 
Cxcl2, and PAI-1 were significantly increased, while the 

level of TNFRSF1B was decreased in the supernatants of 
the MLE-12 cells exposed to hyperoxia compared to air 
(Fig.  1F). In corroboration with the protein levels, the 
mRNA levels of the Cxcl2 and PAI-1 were significantly 
increased by hyperoxia in MLE-12 cells whereas IL-1β 
mRNA was undetectable in both hyperoxia-exposed cells 
and air controls (Fig. 1G). These data suggest that hyper-
oxia induces senescence in cultured lung epithelial cells 
by mechanisms not involving p16 and that hyperoxia 
modulates specific SASP markers.

Hyperoxia causes senescence in newborn mouse lungs
To extrapolate above in vitro findings to an in vivo mouse 
model of BPD, we evaluated p21, p53 and p16 gene 
expression in the lung of mice exposed to hyperoxia for 
3 days as neonates. As with the cultured cells, lung p21 
mRNA was increased at pnd3 in mice exposed to hyper-
oxia as neonates, whereas p53 and p16 mRNA levels were 
unchanged by hyperoxia compared to the air-exposed 
control group (Fig.  2A). Similarly, lung p21 protein was 
increased at pnd3 in mice exposed to hyperoxia, whereas 
p53 and p16 protein levels were unchanged (Fig. 2B, C). 
Additionally, as with the cultured cells exposed to hyper-
oxia, mRNA levels for the SASP markers Cxcl2 and PAI-1 
were increased in mice exposed to hyperoxia at pnd3 
(Fig.  2D). However, this increase was not observed at 
pnd7. As with cells in culture, IL-1β mRNA levels were 
unchanged in lung homogenates between air and hyper-
oxia groups at any time point (Fig.  2D). Overall, these 
data indicate that hyperoxia causes senescence in new-
born mouse lungs by upregulating the p21 pathway, and 
leads to increased expression of specific SASP markers.

Lung miR‑34a‑5p is upregulated in newborn mice, MLE‑12 
cells, and SAECs exposed to hyperoxia, and in premature 
infants requiring mechanical ventilation
Although neonatal hyperoxia increases miR-34a in the 
lung [19], it is unclear which lung cells are targeted. Here, 
we assessed whether hyperoxia upregulates miR-34a in 
lung epithelial cells. Hyperoxia significantly increased 
miR-34a-5p expression in the lung of neonatal mice (2.6-
fold and 1.7-fold increase at pnd3 and pnd7, respectively, 
Fig. 3A), as well as in MLE-12 cells (1.6-fold, Fig. 3B) and 
SAECs (2.6-fold, Fig.  3C). In addition, dual immuno-
fluorescence showed that the number of miR-34a-5p+/
Spc+ cells were increased at pnd3 and pnd7 in the lungs 
of mice exposed to hyperoxia compared to correspond-
ing air controls (Fig. 3D and E), despite miR-34a-5p was 
also expressed in other cells. Finally, the number of miR-
34a-5p+/Spc+ cells was significantly increased in the 
lungs of premature human infants requiring mechanical 
ventilation compared to non-ventilated controls (Fig. 3F 
and G). These results suggest that miR-34a-5p expression 
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is increased in the lung of hyperoxia-exposed mice and 
cultured lung epithelial cells as well as in the lung of pre-
mature infants requiring ventilation.

miR‑34a‑5p inhibitor reduces hyperoxia‑induced 
senescence in MLE‑12 cells
To determine the role of miR-34a in modulating hyper-
oxia-induced senescence, we transfected MLE-12 cells 
with a miR-34a-5p inhibitor and determined senescence 
indicators after hyperoxic exposure. First, we verified 
that transfection of the miR-34a-5p inhibitor suppressed 
miR-34a-5p expression (Fig. 4A). Then we observed that 
hyperoxia-induced nuclear lamin B1 loss was reduced 
from 30.1 to 16.9% after transfection with the miR-
34a-5p inhibitor. In contrast, under normoxic condi-
tions, the miR-34a-5p inhibitor had no significant effects 
on lamin B1 expression (Fig.  4B, C). Additionally, we 
found that hyperoxia-induced upregulation of p53 and 
p21 mRNA was reduced after transfection with the miR-
34a-5p inhibitor, whereas under normoxic conditions 

the miR-34a-5p inhibitor repressed p53 but not p21 gene 
expression (Fig.  4D). The hyperoxia-induced increase in 
Cxcl2 and PAI-1 gene expression was unchanged after 
transfection with the miR-34a-5p inhibitor (Fig.  4E). 
Overall, these results demonstrate that the miR-34a-5p 
inhibitor partially reduces hyperoxia-induced senescence 
and senescence signaling in MLE-12 cells.

Hyperoxia increases KLF4 protein expression which 
is reduced by transfection with a miR‑34a‑5p inhibitor 
in MLE‑12 cells
To determine the downstream signals of miR-34a-5p, we 
used bioinformatics tools (i.e., Targetscan and miRDB) 
to identify the regulators of senescence. We predicted 
possible miR-34a-5p downstream molecules, including 
MDM4, E2F3, CCND1, and KLF4, as they had a con-
served miR-34a-5p seed sequence in their 3’UTR. The 
expression level of MDM4, E2F3, E2F1, and CCND1 
were first evaluated in MLE-12 cells exposed to hyperoxia 
transfected with a miR-34a-5p inhibitor. We were unable 

Fig. 1 Hyperoxia causes senescence in cultured lung epithelial cells. MLE-12 cells and human SAECs were exposed to 21%  O2/5%  CO2 (Air) or 95% 
 O2/5%  CO2  (O2) for 24 h. A, B Senescence was measured by the nuclear lamin B1 loss using immunofluorescence in MLE-12 cells. The number of 
nuclear lamin B1 exclusion was counted in two randomly selected HPF in each sample (n = 12). C, D Senescence levels in Air and  O2 were measured 
by the nuclear lamin B1 loss using immunofluorescence in SAECs. The number of nuclear lamin B1 exclusion was counted in two randomly selected 
HPF in each sample (n = 12). For immunofluorescence, Blue = DAPI, nuclei; Green = nuclear lamin B1; Red = Spc. The arrows indicate the nuclear 
lamin B1 loss. Bar size: 50 μm. E Transcription levels of p53, p21, and p16 were measured by RT-qPCR in MLE-12 cells (n = 9). F Luminex analysis was 
performed to evaluate soluble protein levels of SASP factors in MLE-12 cell culture supernatants (n = 5). (G) Transcription levels of IL-1β, Cxcl2, and 
PAI-1 were measured by RT-qPCR in MLE-12 cells (n = 9). Data are expressed as mean ± SEM. **p < 0.05, **p < 0.005, ***p < 0.001 versus Air group, 
RT-qPCR, quantitative real-time PCR
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to detect MDM4 protein in cells in hyperoxia with or 
without miR-34a inhibitor transfection (data not shown). 
After hyperoxia, E2F3 and E2F1 were unchanged, 
whereas CCND1 was decreased in MLE-12 cells. How-
ever, transfection with the miR-34a-5p inhibitor did not 
change the levels of these proteins in cells exposed to 
hyperoxia (Fig. 5A and B).

Nevertheless, in MLE-12 cells transfected with the 
miR-34a-5p inhibitor control, KLF4 protein levels were 
significantly increased by hyperoxic exposure (Fig.  5C). 
Conversely, the miR-34a-5p inhibitor significantly 
reduced hyperoxia-induced KLF4 protein levels, but not 
mRNA (Fig.  5C–E). These data suggest that KLF4 is a 
functional downstream molecule of miR-34a-5p during 
hyperoxia-induced senescence in lung epithelial cells, 
and that the mechanism by which miR-34a inhibitor sup-
presses KLF4 is via post-transcriptional mechanisms.

Klf4 siRNA knockdown reduces hyperoxia‑induced 
senescence in MLE‑12 cells
To determine the role of KLF4 in mediating hyperoxia-
induced senescence, we transfected MLE-12 cells with 

Klf4 siRNA and evaluated senescence indicators. Trans-
fection of the Klf4 siRNA suppressed KLF4 protein and 
mRNA expression (Fig.  6A–C). In addition, hyperoxia-
induced nuclear lamin B1 loss was reduced from 22.5 
to 13.6% after transfection with Klf4 siRNA, while Klf4 
siRNA had no such effect under normoxic conditions 
(Fig.  6D and E). Moreover, we found that hyperoxia-
induced up-regulation of p21 mRNA was reduced after 
transfection with Klf4 siRNA, whereas these effects were 
unchanged by Klf4 siRNA transfection under normoxic 
conditions (Fig.  6F). Nevertheless, hyperoxia-induced 
up-regulation of Cxcl2 and PAI-1 mRNA was unchanged 
after transfection with Klf4 siRNA (Fig.  6G). These 
results suggest that increased KLF4 contributes to hyper-
oxia-induced senescence in MLE-12 cells.

KLF4 protein expression is increased in the lung 
of hyperoxia‑exposed mice and premature infants 
requiring mechanical ventilation
To further determine whether hyperoxia increases 
KLF4 expression in  vivo, we measured KLF4 protein 
expression in lung AT2 cells after neonatal hyperoxia 

Fig. 2 Hyperoxia causes senescence in mouse newborn lungs. Newborn C57BL/6J mice (< 12 h old) were exposed to 21%  O2/5%  CO2 (Air) or 
95%  O2/5%  CO2  (O2) for 3 days and then allowed to recover in the air until pnd 7. A Transcription levels of p53, p21 and p16 were measured by 
RT-qPCR. B p53, p21, and p16 protein levels were measured by Western blot. Calnexin (CNX) was used as a loading control. C Densitometry analysis 
of p53, p21, and p16 levels after normalization. D Transcription levels of IL-1β, Cxcl2, and PAI-1 were measured by RT-qPCR. Data are expressed as 
mean ± SEM (n = 6). ***p < 0.001 versus Air group at pnd3, RT-qPCR, quantitative real-time PCR
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in newborn mice. Hyperoxia significantly increased 
KLF4 protein expression in the lung of neonatal mice 
exposed to hyperoxia at pnd3, whereas neonatal hyper-
oxia did not change Klf4 mRNA expression at pnd3 
or pnd7 (Fig.  7A–C). Furthermore, we found that the 
numbers of  KLF4+/Spc+,  KLF4+/Hopx+,  KLF4+/vWF+, 
and  KLF4+/vimentin+ cells were increased at pnd3 
in hyperoxia compared to air controls (Figs.  7D and 
E and 8A and B). Finally, the number of  KLF4+/Spc+ 
cells was significantly increased in the lungs of prema-
ture human infants requiring mechanical ventilation 
compared to non-ventilated controls (Fig.  7F and G). 
These results suggest that KLF4 protein is expressed in 
many cell types, including AT1, AT2, endothelial and 

mesenchymal cells, in the hyperoxia-exposed mouse 
lung, and that it regulates senescence signaling.

Discussion
The present study reports two significant and novel find-
ings. First, hyperoxia increases the expression of miR-
34a-5p in cultured lung epithelial cells and in mouse lung 
tissues and that miR-34a-5p regulates hyperoxia-induced 
senescence in lung epithelial cells. Secondly, KLF4 is 
a downstream signal of miR-34a-5p, which mediates 
hyperoxia-induced senescence in lung epithelial cells. 
These results indicate the potential therapeutic value of 
miR-34a-5p inhibitors in the treatment of BPD.

Fig. 3 Hyperoxia up-regulates miR-34a-5p in mouse newborn lungs and in cultured lung epithelial cells. Newborn C57BL/6J mice (< 12 h old) were 
exposed to 21%  O2/5%  CO2 (Air) or 95%  O2/5%  CO2  (O2) for 3 days and then allowed to recover in the air until pnd 7. MLE-12 cells and human SAECs 
were exposed to Air or  O2 for 24 h. A miR-34a-5p expression was measured by qPCR in mouse newborn lungs (n = 6). B miR-34a-5p expression 
was measured by qPCR in MLE-12 cells (n = 9). C miR-34a-5p expression was measured by RT-qPCR in SAECs (n = 8–9). D, E miRNAscope and 
immunofluorescence were performed to detect co-localization of miR-34a-5p with Spc. The number of co-localized cells was counted in three 
randomly selected HPF in each mouse (n = 3). This was normalized to Dapi + cells. Bar size: 50 μm. F, G miRNAscope and immunofluorescence were 
performed to detect miR-34a-5p with Spc in the lungs of premature infants requiring mechanical ventilation. The number of co-localized cells was 
counted in three randomly selected HPF per sample (n = 3). This was normalized to Dapi + cells. Bar size: 50 μm. Data are expressed as mean ± SEM. 
*p < 0.05, ***p < 0.001 versus Air group at pnd3, †p < 0.05, †††p < 0.001 versus Air group at pnd7, RT-qPCR, quantitative real-time PCR
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Several studies have shown that hyperoxia causes 
senescence in cultured lung epithelial, fibroblasts, and 
smooth muscle cells [27–29]. However, there are no 
unique biomarkers of senescence. Senescent cells are gen-
erally identified by a combination of indicators including 

an absence of proliferation markers, loss of the nuclear 
lamina protein lamin B1, increased senescence-associ-
ated β galactosidase, increased expression of cell-cycle 
inhibitors, such as the cyclin-dependent kinase inhibitors 
p21 and p16, as well as evidence of DNA damage [37]. 

Fig. 4 miR-34a-5p inhibitor reduces hyperoxia-induced senescence in cultured lung epithelial cells. MLE-12 cells were transfected with miR-34a-5p 
inhibitor (Inh) or negative control (NC) at 20 nM. 24 h after transfection, MLE-12 cells were exposed to 21%  O2/5%  CO2 (Air) or 95%  O2/5%  CO2 
 (O2) for 24 h. For immunofluorescence, Blue = DAPI, nuclei; Green = nuclear lamin B1. Bar size: 50 μm. A miR-34a-5p expression was measured 
by RT-qPCR (n = 10–11). B, C Senescence levels in Air and  O2 were measured by the nuclear lamin B1 exclusion using immunofluorescence. The 
number of nuclear lamin B1 exclusion was counted in two randomly selected HPF in each sample (n = 12). D Transcription levels of p53 and p21 
were measured by RT-qPCR (n = 10–11). E Transcription levels of Cxcl2 and PAI-1 were measured by RT-qPCR (n = 10–11). Data are expressed as 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus NC in Air group, ††p < 0.005, †††p < 0.001 versus NC in  O2 group, RT-qPCR, quantitative real-time 
PCR

Fig. 5 miR-34a-5p inhibitor reduces hyperoxia-induced KLF4 protein expression in cultured lung epithelial cells. MLE-12 cells were transfected 
with miR-34a-5p inhibitor (Inh) or negative control (NC) at 20 nM. 24 h after transfection, MLE-12 cells were exposed to 21%  O2/5%  CO2 (Air) or 95% 
 O2/5%  CO2  (O2) for 24 h. A–D E2F3, E2F1, CCND1, and KLF4 protein levels were measured by Western blot. Densitometry of bands was normalized 
using calnexin (CNX) levels. E Transcription levels of Klf4 were measured by RT-qPCR. Data are expressed as mean ± SEM (n = 6). *p < 0.05, **p < 0.01, 
***p < 0.001 versus air NC, group, †p < 0.05 versus NC in  O2 group, RT-qPCR, quantitative real-time PCR
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We previously reported that hyperoxia causes senescence 
in MLE-12 cells [28]. This is associated with increased 
double-stranded DNA damage, p53 phosphorylation and 
nuclear localization. Furthermore, hyperoxia-induced 
senescence was p53-dependent, but not pRB-dependent, 
in these cells [28]. Nuclear lamin B1 exclusion is a robust 
hallmark of senescence in culture and in  vivo. It serves 
as an easily detectable biomarker of the senescent state 
[36]. Here we demonstrated that hyperoxia increased 
nuclear lamin B1 exclusion, the expression of p53 and 
p21 mRNA, and specific SASP factors. These findings 
indicate that hyperoxia induces senescence in  vitro and 
in vivo. We observed that p53 mRNA and protein levels 
were unchanged in the lung of mice exposed to hyper-
oxia, suggesting that hyperoxia causes a cell-specific 
increase of p53 expression. Interestingly, p16 mRNA was 
also not altered by hyperoxia in both cultured lung epi-
thelial cells and mouse lungs, suggesting that p16 may 
not participate in hyperoxia-induced senescence.

BPD is characterized by a simplified alveolar epi-
thelium, increased inflammation, dysregulated 

vascularization and disrupted angiogenesis as well as 
decreased cell proliferation, increased cell death, and 
possible cellular senescence with associated mitochon-
drial dysfunction [38]. Several studies have investigated 
the role of specific miRNAs in the mechanisms under-
lying the pathogenesis of BPD. For example, miR-34a 
targets the key contributing factors leading to BPD 
[38, 39]. Syed et  al. reported that miR-34a modulates 
inflammatory responses, angiogenesis, proliferation, 
and apoptosis-related proteins, including Sirt1, Ang1, 
Akt, Dll1, Notch1/Notch2, and Bcl2 in AT2 cells in a 
mouse model of BPD [19]. Ruiz-Camp et  al. reported 
that miR-34a targeted Pdgfra to regulate alveolar cell 
proliferation and alveolarization in BPD lungs [30]. 
Others suggested that cellular senescence is a status 
of irreversible growth arrest which may participate in 
the development of BPD [40]. The role of miR-34a in 
senescence has been demonstrated by several groups 
[41–43]. Nevertheless, it is unclear whether increased 
miR-34a contributes to hyperoxia-induced senes-
cence. In the present study, we showed that hyperoxia 

Fig. 6 Klf4 siRNA reduces hyperoxia-induced senescence in cultured lung epithelial cells. MLE-12 cells were transfected with Klf4 siRNA or 
negative control (NC) at 30nM. At 24 h after transfection, MLE-12 cells were exposed to 21%  O2/5%  CO2 (Air) or 95%  O2/5%  CO2  (O2) for 24 h. For 
immunofluorescence, Blue = DAPI, nuclei; Green = nuclear lamin B1. A, B KLF4 protein levels were measured by Western blot. Densitometry of 
bands was normalized using β-actin levels (n = 9–10). C Transcription levels of Klf4 were measured by RT-qPCR (n = 9). D, E Senescence levels in Air 
and  O2 were measured by the nuclear lamin B1 exclusion using immunofluorescence. The number of nuclear lamin B1 exclusion was counted in 
two randomly selected HPF in each sample (n = 12). F Transcription levels of p53 and p21 were measured by RT-qPCR (n = 9). G Transcription levels 
of Cxcl2 and PAI-1 were measured by RT-qPCR (n = 9). Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus NC in Air group, 
†p < 0.05, ††p < 0.01, †††p < 0.001 versus NC in  O2 group, RT-qPCR, quantitative real-time PCR
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increased senescence by upregulating miR-34a-5 in 
AT2 cells. Interestingly, transfection with an miR-34a 
inhibitor did not attenuate hyperoxia-induced Cxcl2 or 
PAI-1 SASP factor gene expression. This may mean that 
the changes in Cxcl2 and PAI-1 are not regulated by 
miR-34a. However, Barazzone et al. reported that lung 
of mice exposed to hyperoxia overproduce PAI-1 and 
that PAI-1 upregulation impairs fibrinolytic activity in 
the alveolar compartment [44]. Li et  al. reported that 
lung of mice exposed to hyperoxia exhibits increased 
Cxcl2 production and airway epithelial cell apopto-
sis [45]. These observations are in agreement with 
our findings showing increased PAI-1 and Cxcl2 in 
the supernatants of hyperoxia-exposed MLE-12 cells. 
Further study is warranted to determine whether and 
which SASP factors secreted from senescent cells con-
tribute to hyperoxia-induced lung injury.

To understand the downstream mechanism dictating 
miR-34a-5p-mediated senescence, we used the miRNA 
databases TargetScan and miRDB, and identified KLF4 
as a senescence-associated molecule. Others have shown 
that KLF4 is an important target gene for miR-34a [46, 
47]. It functions as an oncogene and tumor-suppressor 
gene, which activates the transcription of p21, a key sig-
nal in hyperoxia-mediated senescence. The latter is an 
important inhibitor of cell-cycle progression and a key 
downstream factor of multiple tumor-suppressor path-
ways. Ectopic expression of KLF4 results in cell-cycle 
arrest and its transcriptional targets are involved in cell 
differentiation and cell-cycle inhibition [48]. Here, the 
expression of KLF4 protein and mRNA were increased 
after hyperoxia. Transfection of miR-34a-5p inhibitor 
attenuated hyperoxia-induced KLF4 protein levels. We 
observed that KLF4 mRNA expression was unchanged 

Fig. 7 KLF4 protein expression is increased in the lung of mice exposed to hyperoxia and premature infants requiring mechanical ventilation. 
Newborn C57BL/6J mice (< 12 h old) were exposed to 21%  O2/5%  CO2 (Air) or 95%  O2/5%  CO2  (O2) for 3 days and then allowed to recover in the 
air until pnd 7. A Transcription levels of Klf4 were measured by RT-qPCR. B, C KLF4 protein levels were measured by Western blot. Densitometry of 
bands was normalized using calnexin (CNX) levels. D, E Double immunofluorescence was performed to detect co-localization of KLF4 with Spc. 
The number of co-localized cells was counted in three randomly selected HPF in each mouse (n = 3). This was normalized to  Dapi+ cells. Bar size: 
50 μm. F, G Double immunofluorescence were performed to detect co-localization of KLF4 with Spc in the lungs of premature infants requiring 
mechanical ventilation. The number of co-localized cells was counted in three randomly selected HPF per sample (n = 3). This was normalized to 
Dapi + cells. Bar size: 50 μm. Data are expressed as mean ± SEM. ***p < 0.001 versus air group at pnd3
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by an miR-34a inhibitor after hyperoxia. Although miR-
NAs usually recognize complementary sequences in the 
3′UTR of their target mRNAs, Vasudevan et al. reported 
that they also upregulate mRNA translation under 
growth arrest conditions [49]. Further study is warranted 
to determine whether miR-34a inhibitor suppresses 
KLF4 protein levels by downregulating its mRNA trans-
lation, or promoting its protein degradation by interme-
diary factors. Overall, increased miR-34a contributes to 
hyperoxia-induced senescence by upregulating KLF4 
protein expression.

Conclusion
Hyperoxia increased the expression of miR-34a-5p, 
leading to senescence by upregulating KLF4 and p21 
signaling pathways in lung epithelial cells (Fig.  8C). As 
miR-34a-5p has been shown to have a significant role 
in the pathogenesis of BPD, inhibiting miR-34a-5p or 
associated senescence molecules such as KLF4 may be a 
promising therapeutic intervention for BPD.
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