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Bronchopulmonary dysplasia (BPD) is characterized by a severe impairment in lung alveolarization and vascular development. We
have previously shown that pulmonary angiogenesis is preserved in hyperoxia-exposed female mice accompanied by increased
miR-30a expression, which is a proangiogenic miRNA. Also, miR-30a expression is decreased in human BPD. HIF-1α plays an
essential role in postnatal lung development, especially in recovery from hyperoxic injury. Snai1 activation promotes
pathological fibrosis through many mechanisms including Endo-MT, which may in turn adversely impact lung vascular
development. Our objective was to test the hypothesis that higher miR-30a expression through HIF-1α decreases Snai1
expression in females and attenuates injury in the developing lung. Neonatal male and female mice (C57BL/6) were exposed to
hyperoxia (P1-5, 0.95 FiO2) and euthanized on P21. Neonatal human pulmonary microvascular endothelial cells (HPMECs; 18-
24-week gestation donors; 3/group either sex) were subjected to hyperoxia (95% O2 and 5% CO2) or normoxia (air and 5%
CO2) up to 72 h. Snai1 expression was measured in HPMECs in vitro and in neonatal mouse lungs in vivo. Also, Snai1
expression was measured in HPMECs after miR-30a mimic and miR-30a inhibitor treatment. To further establish the potential
regulation of miR-30a by Hif-1α, miR-30a expression after Hif-1α inhibition was measured in HPMECs. In vivo, Snai1
expression was decreased in neonatal female lungs compared to males at P7. Increased Snai1 expression was seen in male
HPMECs upon exposure to hyperoxia in vitro. Treatment with the miR-30a mimic decreased Snai1 expression in HPMECs,
while miR-30a inhibition significantly increased Snai1 expression in HPMECs. siRNA-mediated loss of Hif-1α expression in
HPMECs decreased miR-30a expression. Hif-1α may lead to differential sex-specific miR-30a expression and may contribute to
protection from hyperoxic lung injury in female neonatal mice through decreased Snai1 expression.

1. Introduction

With the increasing survival of extremely premature babies,
the incidence of bronchopulmonary dysplasia (BPD) has
remained steady, despite the advances in neonatal intensive
care. BPD is the cause of significant morbidity and leads to
prolonged impairment in lung function in this group of
patients. Many prenatal and postnatal factors are involved
in the pathogenesis of BPD, and exposure to supraphysiolo-
gical concentrations of oxygen contributes to its develop-
ment. Murine models have utilized varying durations of
postnatal hyperoxia exposure to simulate the human disease
in neonatal mice [1, 2].

Bronchopulmonary dysplasia (BPD) is characterized
mainly by an arrest in lung development with severe impair-

ment of alveolar septation and vascular development, and
pathological fibrosis in severe cases [3–6]. Histopathological
analysis in neonates with “new BPD” shows evidence of
variable interstitial fibroproliferation compared to extensive
fibroproliferation in “old BPD” [7]. BPD disproportionately
affects male infants compared to females. The molecular
mechanisms underlying this sex bias are not known.We have
previously shown that alveolarization and pulmonary angio-
genesis is preserved in hyperoxia-exposed female neonatal
mice compared to males [8]. The protective effect in females
is accompanied by an increase in pulmonary miR-30a
expression in females [9]. miR-30a has proangiogenic, anti-
inflammatory, and antifibrotic effects in many diseases
processes [10–17], including those affecting the lung. Signif-
icantly, miR-30a expression is decreased in human patients
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with BPD [9]. The upstream regulation ofmiR-30a leading to
differential expression in males and females has not been elu-
cidated. Previously published work has shown that Hif-1α
may increase miR-30a expression [18]. HIF-1α plays a vital
role in postnatal lung development [19], especially in recov-
ery from hyperoxic injury [20] and acute lung injury [21].
Overexpression of Hif-1α in hyperoxia-exposed neonatal
mice attenuates lung injury [20]. HIF-1α binding to its target
genes is higher in female lungs after hyperoxia exposure [22].
Whether HIF-1α increases miR-30a expression in the
pulmonary microvascular endothelium is not known. Snai1
is a transcriptional repressor and a profibrotic molecule
[23–28]. Studies have shown that miR-30a downregulates
Snai1 [10, 14, 17].

However, the mechanistic role of the intersection
between HIF-1α, miR-30a, and Snai1 in neonatal hyperoxic
lung injury has not been studied. Our objective was to test
the hypothesis that HIF-1α increases the miR-30a expression
in females and decreases the Snai1 expression in the
developing lung.

2. Methods

2.1. Animals. All experiments were performed per relevant
guidelines and regulations. The care of animals was as per
the 8th edition of the guide for the care and use of laboratory
animals and other IACUC protocols. Timed pregnant
C57BL/6J WT mice were obtained from Charles River
Laboratories (Wilmington). The sex in neonatal mouse pups
was determined as described before and with PCR analysis
for the Sry gene [8].

2.1.1. Mouse Model of BPD. Mouse pups were exposed to
normoxia (21% O2) or hyperoxia (95% O2), within 12h of
birth for five days. Neonatal mice are at the saccular stage
of lung development during this period, equivalent to 26-36
weeks in human gestation. The dams were rotated between
air- and hyperoxia-exposed litters every 24 hours to prevent
oxygen toxicity in the dams. Oxygen exposure was conducted
in plexiglass chambers as previously described [8]. Mice were
euthanized on P7 and P21 (after recovery in room air). The
mice were euthanized with sodium pentobarbital, 100mg/kg,
i.p. For the in vivo experiments, neonatal mice from different
litters were randomly allocated to room air or hyperoxia. The
experimental unit was a single neonatal mouse pup and data
from 4-6 animals/group were used for analysis.

2.1.2. Cell Culture and Hyperoxia Treatment. Neonatal
human pulmonary microvascular endothelial cells (HPMEC;
male: #10885, #11367, and #10899; female: #5016, #10160,
and #10169; 6 biological replicates in total) were purchased
from ScienCell and maintained in Endothelial Cell Medium
(Cat # 1001, ScienCell) at 37°C in 5% CO2. The gestational
age of the donors varied from 18 to 24 weeks. Male and
female HPMECs were used from passages 3 to 5 to ensure
their endothelial characteristics. Male or female HPMEC
cells (1 × 105) were seeded in a 6mm dish. 24 h later, these
cells were incubated at 37°C in room air condition (21% O2,
5% CO2) or in hyperoxia (95% O2, 5% CO2) as described

before for 72 h. For measuring SNAI1 expression, both male
and female HPMECs were used. For the rest of the in vitro
experiments, female HPMECs were used as the miR-30a
expression was increased only in female HPMECs [9].

2.1.3. miRNA and Plasmid Transfection in HPMECs.
miR30a-5p mimic (HMI0454), miR30a-5p inhibitor
(HSTUD0454), Hif-1α-siRNA (3017635209), and negative
control siRNA (NCSTUD001) were purchased from
MilliporeSigma. Hif-1α overexpression plasmid (#18948)
was purchased from Addgene. pcDNA3.1 (V79020) plasmid
was purchased from Thermo Fisher. MicroRNA negative
control (30 pmol), miR30a-5p mimic (30 pmol), or miR30a-
5p inhibitor (30 pmol) were used for HPMEC transfection
separately using a Lipofectamine 2000 reagent (Cat
#11668019; 6 μl per well of a 6-well plate). Hif-1α plasmid
(2 μg) with or without miR30a-5p inhibitor (60 pmol) was
transfected using a Lipofectamine 2000 reagent (6 μl per well
of a 6-well plate). pcDNA3.1 plasmid (2 μg/well) was
transfected as a negative control of Hif-1α. After six hours,
fresh medium was added to the plate. After 48 h incuba-
tion in room air (21% O2, 5% CO2), cells were harvested
for later use.

2.1.4. Quantitative PCR. Total RNA and microRNA was
extracted from the lung tissues and cell lines using TRIzol
(Cat #15596026, Thermo Fisher) and chloroform (Cat
#C2432, Millipore-Sigma) and then treated with DNase I
(Cat #K1622, Invitrogen). cDNA was prepared using a
RevertAid Reverse Transcriptase (Thermo Fisher). Micro-
RNA cDNA was generated using a MystiCq microRNA
cDNA Synthesis Mix (MilliporeSigma). Quantitative PCR
was performed using the QuantStudio 7 Flex Real-Time
PCR Detection System (Thermo Fisher) and SYBR Green
(Cat #1725274, Bio-Rad). The thermal cycling conditions
used were as follows: one cycle at 95°C for 1min, 40 cycles
at 95°C for 15 s, and one cycle at 60°C for 30 s. The primers
used in the real-time PCR test were listed as follows: Snai1
(NM_005985, human) forward primer: GCGAGCTGCAG
GACTCTAAT, reverse primer: GGACAGAGTCCCAGAT
GAGC; Snai1 (NM_011427, mice) forward primer: CACC
CTCATCTGGGACTCTC, reverse primer: GAGCTTTTG
CCACTGTCCTC; Hif-1α (NM_001243084, human) for-
ward primer: GATGTAATGCTCCCCTCACC, reverse
primer: CTTGATTGAGTGCAGGGTCA; Hif-1α (NM_
001313919, mice) forward primer: ATTCTCCAAGCCCT
CCAAGT, reverse primer: TCATCAGTGGTGGCAGTTG
T; β-actin (NM_001101, human) forward primer: CATC
GAGCACGGCATCGTCA, reverse primer: TAGCACAGC
CTGGATAGCAAC; β-actin (NM_007393, mice) forward
primer: GATCTGGCACCACACCTTCT, reverse primer:
GGGGTGTTGAAGGTCTCAAA; beta 2-microglobulin
(NM_009735.3, mouse) forward primer: CTGACCGGCCT
GTATGCTAT, reverse primer: CCGTTCTTCAGCATTT
GGAT; and beta 2-microglobulin (NM_00408.3, human)
forward primer: TGCTGTCTCCATGTTTGATGTATCT,
reverse primer: TCTCTGCTCCCCACCTCTAAGT.
miR30a-5p (MIRAP00079), MystiCq Universal PCR
(MIRUP), and U6 (MIRCP00001) primers were purchased
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from MilliporeSigma. Relative mRNA levels were calculated
using the 2-ΔΔCT method and normalized by β-actin or beta
2-microglobulin in the same sample.

2.1.5. Western Immunoblotting. Protein was isolated from
murine lung tissue and HPMECs using RIPA buffer (Thermo
Fisher) containing protease mixture inhibitors (Thermo
Fisher). Proteins were separated by 4–12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis, then transferred
to a PVDF membrane using a Mini-PROTEAN Tetra Cell
system (Bio-Rad). The following primary antibodies were
used: goat anti-Snai1 (1 : 1000, Abcam, ab53519), rabbit
anti-β-actin (1 : 5000, Cell Signaling, 4970), and rabbit anti-
vinculin (1 : 1000, Cat#4650, Cell Signaling). Pierce ECL plus
a Western blotting substrate (Cat #32132, Thermo Fisher)
was used for visualizing immunoreactive protein bands.
The protein bands were normalized by β-actin or vinculin
on the same membrane.

2.1.6. Statistical Analysis. GraphPad version 7 was used for
the analysis of our data. Data are expressed as means ± SD.

Data were analyzed by two-way ANOVA to test for the inde-
pendent effects of sex and hyperoxia and to look for any
interaction (sex × hyperoxia) or by Mann-Whitney U test.
Multiple-comparison testing (Bonferroni) was performed if
statistical significance (P < 0:05) was noted by ANOVA.

3. Results

3.1. Differential Sex-Specific Expression of Snai1 in Neonatal
Mice after Postnatal Hyperoxia Exposure. WT male and
female neonatal mice were exposed to hyperoxia (0.95 FiO2
from P1-5) during the saccular stage of lung development,
and Snai1 mRNA and protein expression were measured
at P7 (early) and P21 (during recovery in normoxia) and
compared to respective normoxic controls. Snai1 mRNA
expression (β-actin as housekeeping gene) was decreased
in female neonatal mice at P7 after hyperoxia exposure
compared to female normoxic controls. No difference in
expression was seen in males (Figure 1(a)). The results
were similar with another housekeeping gene (β2-micro-
globulin) as shown in Supp. Figure 1. Similarly, Snai1

Male
0.0

0.5

1.0

1.5

2.0

SN
A
I1

 m
RN

A
re

la
tiv

e e
xp

re
ss

io
n

Female

PND7

⁎⁎
⁎⁎

Normoxia
Hyperoxia

(a)

Male

Normoxia
Hyperoxia

0.0

0.5

1.0

1.5

2.0

Sn
ai
1 

pr
ot

ei
n

re
la

tiv
e e

xp
re

ss
io

n

Female

Snai1
𝛽-Actin

Male Female
N NH H

⁎

(b)

Sn
ai
1 

m
RN

A
re

la
tiv

e e
xp

re
ss

io
n

PND21

Male
0.0

0.5

1.0

1.5

Female

Normoxia
Hyperoxia

(c)

Male
0.0

0.5

1.0

1.5

Snai 1

Male Female
N NH H

𝛽-Actin

Sn
ai
1 

pr
ot

ei
n

re
la

tiv
e e

xp
re

ss
io

n

Female

Normoxia
Hyperoxia

(d)

Figure 1: Differential sex-specific expression of Snai1 in neonatal mice after postnatal hyperoxia exposure: Snai1 mRNA (β-actin as
housekeeping gene) and protein expression neonatal male and female mice exposed to hyperoxia (P1-5, 0.95 FiO2) during the saccular
stage of lung development. Snai1 mRNA (a, c) and protein expression (b, d) were measured in the lungs at P7 (a, b) immediately after
hyperoxia exposure and at P21 (c, d) after recovery in normoxia. Values are means ± SD. n = 5 − 6 mice per group. Significant differences
between groups indicated by ∗P < 0:05 and ∗∗P < 0:01.
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protein expression in the lungs was also decreased in
females compared to female normoxic controls and
compared to hyperoxia-exposed male mice (Figure 1(b)).
Snai1 mRNA and protein expression did not show
statistically different expression levels between any of the
groups at P21 (Figures 1(c) and 1(d)). Protein expression
was repeated with vinculin as the loading control; female
mice tended to have lower Snai1 protein in the lungs at
P7 compared to males, and in HPMECs, males tended to
have a greater increase in Snai1 expression. These results
however, were not statistically significant (Supp. Figure 1).

3.2. Snai1 mRNA and Protein Expression Are Increased in
Male Human Pulmonary Microvascular Endothelial Cells
upon Exposure to Hyperoxia. Next, we wanted to elucidate
the response to hyperoxia in neonatal human pulmonary
microvascular endothelial cells (HPMECs). These cells were
exposed to hyperoxia (0.95 FiO2) for up to 72hours, and
SNAI1 mRNA (Figure 2(a)) and protein expression
(Figure 2(b)) were measured. SNAI1 mRNA expression was
significantly higher in male HPMECs compared to female.
Male HPMECs showed increased SNAIL1 protein upon
exposure to hyperoxia, while female HPMECs did not show
this change.

3.3. Snai1 Regulation by miR-30a. TargetScan reported
miR-30a binding sites 630-637 bp in the 3′UTR of SNAI1
(Figure 3(a)). miR30a-5p expression was increased in female
HPMECs using the miR30a-5p mimic (Figure 3(b)). Follow-
ing treatment with the mimic, miR30-5p expression was
increased in female HPMECs. SNAI1 mRNA (Figure 3(c))
and protein expression (Figure 3(d)) were decreased follow-
ing miR30a-5p overexpression. In contrast, SNAI1 protein
expression was increased following treatment with a
miR30a-5p inhibitor (Figure 3(e)).

3.3.1. Regulation of miR30a-5p by HIF-1α. We have previ-
ously shown that Hif-1α expression was increased in female
mice at P7 and decreased in male mice at P21 after hyperoxia
exposure [29] and that HIF-1α binding to its target genes is
more significant in female lungs after hyperoxia exposure
[22]. HIF-1α protein expression was decreased in both male
and female HUVECs upon exposure to hyperoxia [29]. Motif
analysis revealed a hypoxia response element (HRE)
[AG]CGTG site 428 base pairs upstream of miR-30a
(Figure 4(a)). To further establish the potential regulation of
miR-30a by Hif-1α, we used the siRNA-mediated loss of the
Hif-1α expression in female human pulmonarymicrovascular
endothelial cells and its effect on miR30a-5p expression.
Treatment of female HPMECs with HIF-1α siRNA signifi-
cantly decreased HIF-1α expression (Figure 4(b)). Also, the
expression of miR30a-5p was decreased in pulmonary micro-
vascular endothelial cells transfected with HIF-1α siRNA
compared to cells treatedwith scrambled siRNA (Figure 4(c)).

3.3.2. SNAI1 Expression following HIF-1α Silencing in Female
Human Pulmonary Microvascular Endothelial Cells.We next
wanted to see if HIF-1α played a role in regulating SNAI1
expression in human pulmonary microvascular endothelial
cells. Following the silencing of HIF-1α in female HPMECs,
SNAI1 mRNA (Figure 5(a)) and protein expression
(Figure 5(b)) were decreased in female HPMECs.

3.3.3. SNAI1 Expression following miR30a-5p Inhibition,
HIF-1α Overexpression, or Both in Female HPMECs. Since
both miR30a-5p and HIF-1α had opposing effects on SNAI1
expression, we wanted to determine the independent and
additive effects of miR30a-5p inhibition and HIF-1α overex-
pression in female HPMECs. HIF-1α overexpression and
miR30a-5p inhibition both independently increased SNAI1
mRNA expression in female HPMECs (Figure 6(a)).
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Figure 2: Snai1mRNA and protein expression is increased in human pulmonary microvascular endothelial cells upon exposure to hyperoxia:
SNAI1 mRNA (a) and protein expression (b) were measured in neonatal human pulmonary microvascular endothelial cells exposed to
normoxia or hyperoxia (0.95 FiO2 up to 72 hrs). Values are mean ± SD. n = 3 per group. Significant differences between indicated groups
are indicated by ∗P < 0:05.
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HIF-1α overexpression had a more significant effect on
SNAI1 expression compared to miR30a-5p inhibition.
Combined HIF-1α overexpression and miR30a-5p inhibi-
tion increased SNAI1 expression compared to controls,
but there was no additive effect (Figure 6(a)). SNAI1 pro-
tein was increased by miR30a-5p inhibition or HIF-1α
overexpression independently and by the combined treat-
ment with miR30a-5p inhibition and HIF-1α overexpres-
sion compared to controls. No statistically significant
changes in protein levels were noted between the individ-
ual treatment groups (Figure 6(b)).

4. Discussion

Sex-specific differences exist in many neonatal morbidities
including bronchopulmonary dysplasia (BPD), which
adversely affects a significant number of extremely premature
newborns. Elucidation of mechanisms responsible for the
sex-specific differences in the development of this disease is
critical for the development of individualized therapies. We
identified miR-30a as a potential modulator of many of the
genes differentially expressed in the angiogenesis pathway
[9]. Interestingly, miR-30a expression was increased in the
female lung after exposure to hyperoxia. These findings were
replicated in neonatal human pulmonary microvascular
endothelial cells (HPMECs), with higher miR-30a expression
in female HPMECs upon exposure to hyperoxia. miR-30a

modulates many biological processes and has proangiogenic
and antifibrotic properties. A miRNA can have many puta-
tive mRNA targets. Snai1 (a profibrotic gene) is a miR-30a
target. We show that Snai1 expression is decreased in female
neonatal mice in vivo. On the other hand, male HPMECs
show increased SNAI1 expression in vitro after exposure
to hyperoxia. Also, we show that Hif-1α could modulate
miR-30a expression in HPMECs. Interestingly, Hif-1α also
increases Snai1 expression, and the net protective effect in
females could be mediated through a Hif-1α-mediated
increase in the miR-30a expression which keeps the Snai1
expression in check during exposure to hyperoxia
(Figure 7).

Snai1 (Snai Family Transcriptional Repressor 1) is a zinc
finger transcriptional repressor protein and plays a central
role in both epithelial to mesenchymal (EMT) [30] and
endothelial to mesenchymal (Endo-MT) in many disease
processes. Exposure to hyperoxia leads to a profibrotic phe-
notype leading to an increase in myofibroblasts [31–34].
Endo-MT is a complex biological process in which endothe-
lial cells lose their surface expression of endothelial-specific
markers (e.g., CD31 and vWF) and acquire a mesenchymal
phenotype (elongated and fusiform) and express mesenchy-
mal markers (like α-SMA and vimentin) [35]. The role of
Endo-MT is known in lung diseases such as idiopathic pul-
monary fibrosis (significant contribution to fibrosis and vas-
cular regression) and pulmonary arterial hypertension (by
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Figure 3: miR30a-5p decreases SNAI1 expression in female neonatal human pulmonary microvascular endothelial cells: (a) TargetScan
reported miR-30a binding sites 630-637 bp in the 3′UTR of SNAI1. Treatment with the miR30a-5p mimic increased the miR30a-5p
expression (b) in HPMECs. SNAI1 mRNA (c) and protein (d) expressions were decreased in neonatal HPMECs after miR30a-5p
overexpression. In contrast, treatment with the miR30a-5p inhibitor increased SNAI1 protein (e) expression (n = 3 − 4 experimental
replicates/group). Values are means ± SD. Significant differences between nontreated controls are indicated by ∗P < 0:05 and ∗∗P < 0:01.
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causing pulmonary vascular remodeling and endothelial dys-
function) [36–38]. We have previously shown that male
HPMECs show higher expression of α-SMA upon exposure
to hyperoxia accompanied by a decrease in CD31 expression
[39]. In this study, SNAI1 mRNA expression was signifi-
cantly higher in male HPMECs compared to female. Male
HPMECs showed increased SNAIL1 protein upon exposure
to hyperoxia, while female HPMECs did not show this
change. In vivo, Snai1 expression was decreased in females
immediately after (P7) hyperoxia exposure.

Since our group had discovered sex-specific differences in
miR-30a expression with females showing higher expression
than males [9], we wanted to elucidate the possible regulation
of SNAI1 expression by miR-30a in female HPMECs. Other
studies have shown miR-30a mediated downregulation
of Snai1 [10, 14, 17]. Zhang et al. reported that miR-30a

targeted and downregulated SNAI1 in a diabetic cataract
model in vitro. Similar antifibrotic effects were reported in
non-small cell lung cancer [40], atrial fibrillation-induced
myocardial fibrosis [14], and TGF-β1-induced peritoneal
fibrosis [10]. In female HPMECs, in the present study, we
show decreased expression of SNAI1 with miR-30a overex-
pression and increased expression with miR-30a inhibition.
To our knowledge, this is the first study to show that miR-
30a targets SNAI1 in neonatal HPMECs.

Even though we had reported sex-specific differences in
miR-30a expression [9], upstream modulation of miR-30a
was not elucidated. Hif-1α is expressed in early lung develop-
ment and slowly decreases expression as the lung matures,
with a second transient peak at the alveolar stage of lung
development around PND10 [20, 41]. Use of prolyl hydrox-
ylase domain (PHD) inhibitors to increase HIF protein levels
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Figure 4: miR-30a regulation by HIF-1α. (a) Motif search revealed a hypoxia response element [AG]CGTG site 428 base pairs upstream of
miR-30a, based on the mm10 genome build. (b) HIF-1α mRNA expression in female HPMECs after HIF-1α knockdown using siRNA
(Ctl-siRNA: control siRNA). (c) miR30a-5p expression in female HPMECs after HIF-1α knockdown. Values are expressed as mean ± SD.
N = 4 experimental replicates for each group in each test. Significant differences from baseline are indicated by ∗∗P < 0:01.
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Figure 5: HIF-1α knockdown decreased SNAI1 mRNA and protein expression in neonatal female human pulmonary microvascular
endothelial cells. SNAI1 mRNA (a) and protein (b) expression in HPMECs after HIF-1α knockdown using siRNA (Ctl-siRNA: control
siRNA). Values are expressed as mean ± SD. N = 3 experimental replicates for each group in each test. Significant differences from
baseline are indicated by ∗P < 0:05.
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improved lung growth in a preterm baboon model of BPD
[42] Interestingly, Hif-1α activity is increased, when human
umbilical vein endothelial cells are returned to normoxic
conditions after being exposed to hyperoxia [43]. We had
previously reported that HIF-1α binding to its target genes
is more significant in female lungs after hyperoxia exposure
[22]. In contrast to male mice, females did not show a
decrease inHif-1α expression at PND21 after early hyperoxia
exposure. Yang et al. showed that HIF-1α inhibition abro-
gated miR-30a upregulation in cardiomyocytes [18]. In this
study, we were able to show that the silencing of HIF-1α in
HPMECs significantly decreased miR-30a expression in
HPMECs, thus postulating a role for HIF-1α in increasing
miR-30a expression in the hyperoxia model, especially dur-
ing the normoxic recovery phase after exposure to hyperoxia.

Many factors including HIF-1α, NFKB, STAT3, and
NICD can induce Snai1 expression [30]. Xu et al. showed
that HIF-1α could induce Snai1, independent of TGF-β,
and that SNAI1 is a direct target of HIF-1α in human
coronary endothelial cells [23]. We wanted to see if HIF-1α
modulated SNAI1 expression in HPMECs. HIF-1α knock-
down in HPMECs decreased SNAI1 mRNA and protein
expression. Similar results were reported by Zhu et al. in pan-
creatic cancer cells [44]. Hypoxia-induced Endo-MT in a
model of radiation-induced pulmonary fibrosis was mediated
through HIF-1α [45]. HIF-1α may be thus inducing both
profibrotic (SNAI1) and antifibrotic (miR-30a) pathways
in HPMECs. The balance of expression between the two
mediators may eventually predispose or protect the lung
from pathologic fibrosis. In our study, HIF-1α overexpres-
sion and miR30a-5p inhibition either separately or in com-
bination increased SNAI1 expression, but the combined
treatment did not produce an additive effect in SNAI1
expression.

We recognize the following limitations in this study. Our
study only evaluated two time points in vivo after hyperoxia
exposure during the saccular stage of lung development in
mice. Later time points may have sustained differences in
Snai1 expression, or these differences may be lost. Also, we
used high oxygen concentration (0.95 FiO2) for our hyper-
oxia exposure protocol based on the reproducible BPD-like
phenotype produced in mice. Even though this limits hyper-
oxia exposure to the saccular stage of lung development,
which equates to 26-36 weeks in human neonates, this oxy-
gen concentration is much higher than what is used in the
human NICU. Also, these results may be different from other
models, where hyperoxia exposure is continued for longer
durations [2]. We are also aware that findings in the murine
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Figure 6: SNAI1 expression following miR30a-5p inhibition, HIF-1α overexpression, or both in female HPMECs: SNAI1 mRNA (a) and
protein (b) expression in female HPMECs transfected with HIF-1α overexpression plasmid (HIF-1α-pcDNA3), miR30a-5p inhibitor, or
both. Values are expressed as mean ± SD. N = 4 experimental replicates for each group. Significant differences between the indicated
groups are shown by ∗P < 0:05 and ∗∗P < 0:01.
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Figure 7: Overall schematic. Hyperoxia increases SNAI1 expression
in vitro, but females show decreased expression in vivo. miR-30a
decreases Snai1 expression, and females show higher expression.
HIF-1α increases both the miR-30a and Snai1 expressions, but
HIF-1α-mediated miR-30a expression in females keeps the Snai1
expression in check upon exposure to hyperoxia.
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model may be strain-specific [46]. Our in vivo data is from
whole lung tissue and does not show endothelial-specific
expression. Our future studies will seek to validate the cell-
specific expression of Snai1 in primary mouse endothelial
cells and BPD and non-BPD patient samples. In conclusion,
we show that the intersection between HIF-1α, miR-30a, and
Snai1 may play a role in driving sex-specific differences in
after neonatal hyperoxic lung injury.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This work was supported by grants from NIH (K08-
HL127103, R03-HL141572, and R01-HL144775 to KL).

Supplementary Materials

Supplementary Figure 1: Snai1 expression in vivo and
in vitro: Snai1 mRNA (A–C) and protein (D–F) expression
in neonatal male and female mice exposed to hyperoxia
(P1-5, 0.95 FiO2) during the saccular stage of lung develop-
ment at P7 (A, D) and P21 (B, E) and in male and female
neonatal human pulmonary microvascular endothelial cells
(HPMECs) (C, F). Significant differences between the indi-
cated groups is shown by ∗P < 0:05. (Supplementary
Materials)

References

[1] C. Nardiello, I. Mižíková, D. M. Silva et al., “Standardisation of
oxygen exposure in the development of mouse models for
bronchopulmonary dysplasia,” Disease Models & Mechanisms,
vol. 10, pp. 185–196, 2017.

[2] J. Berger and V. Bhandari, “Animal models of bronchopul-
monary dysplasia. I: the term mouse models,” American Jour-
nal of Physiology-Lung Cellular and Molecular Physiology,
vol. 307, pp. L936–L947, 2014.

[3] A. J. Jobe, “The new BPD: an arrest of lung development,”
Pediatric Research, vol. 46, pp. 641–643, 1999.

[4] C. D. Baker and C. M. Alvira, “Disrupted lung development
and bronchopulmonary dysplasia: opportunities for lung
repair and regeneration,” Current Opinion in Pediatrics,
vol. 26, pp. 306–314, 2014.

[5] C. D. Baker and S. H. Abman, “Impaired pulmonary vascular
development in bronchopulmonary dysplasia,” Neonatology,
vol. 107, pp. 344–351, 2015.

[6] C. D. Baker, S. H. Abman, and P. M. Mourani, “Pulmonary
hypertension in preterm infants with bronchopulmonary
dysplasia,” Pediatric Allergy, Immunology and Pulmonology,
vol. 27, pp. 8–16, 2014.

[7] J. J. Coalson, “Pathology of new bronchopulmonary dyspla-
sia,” Seminars in Neonatology, vol. 8, pp. 73–81, 2003.

[8] K. Lingappan, W. Jiang, L. Wang, and B. Moorthy, “Sex-spe-
cific differences in neonatal hyperoxic lung injury,” American
Journal of Physiology-Lung Cellular and Molecular Physiology,
vol. 311, pp. L481–L493, 2016.

[9] Y. Zhang, C. Coarfa, X. Dong et al., “MicroRNA-30a as a can-
didate underlying sex-specific differences in neonatal hyper-
oxic lung injury: implications for BPD,” American Journal of
Physiology-Lung Cellular and Molecular Physiology, vol. 316,
pp. L144–L156, 2018.

[10] Q. Zhou, M. Yang, H. Lan, and X. Yu, “miR-30a negatively
regulates TGF-β1–induced epithelial-mesenchymal transition
and peritoneal fibrosis by targeting Snai1,” The American
Journal of Pathology, vol. 183, pp. 808–819, 2013.

[11] Y.-H. Chung, S. C. Li, Y. H. Kao et al., “miR-30a-5p inhibits
epithelial-to-mesenchymal transition and upregulates expres-
sion of tight junction protein claudin-5 in human upper tract
urothelial carcinoma cells,” International Journal of Molecular
Sciences, vol. 18, p. 1826, 2017.

[12] Z. Liu, K. Tu, and Q. Liu, “Effects of microRNA-30a on migra-
tion, invasion and prognosis of hepatocellular carcinoma,”
FEBS Letters, vol. 588, pp. 3089–3097, 2014.

[13] R. Peng, L. Zhou, Y. Zhou et al., “miR-30a inhibits the epithe-
lial—mesenchymal transition of podocytes through downreg-
ulation of NFATc3,” International Journal of Molecular
Sciences, vol. 16, pp. 24032–24047, 2015.

[14] C.-T. Yuan, X. X. Li, Q. J. Cheng, Y. H. Wang, J. H. Wang, and
C. L. Liu, “MiR-30a regulates the atrial fibrillation-induced
myocardial fibrosis by targeting snail 1,” International Journal
of Clinical and Experimental Pathology, vol. 8, pp. 15527–
15536, 2015.

[15] J. Chen, Y. Yu, S. Li et al., “MicroRNA-30a ameliorates
hepatic fibrosis by inhibiting beclin1-mediated autophagy,”
Journal of Cellular and Molecular Medicine, vol. 21,
pp. 3679–3692, 2017.

[16] C. Mao, J. Zhang, S. Lin et al., “miRNA-30a inhibits AECs-II
apoptosis by blocking mitochondrial fission dependent on
Drp-1,” Journal of Cellular and Molecular Medicine, vol. 18,
pp. 2404–2416, 2014.

[17] L. Zhang, Y. Wang, W. Li et al., “MicroRNA-30a regulation of
epithelial-mesenchymal transition in diabetic cataracts
through targeting SNAI1,” Scientific Reports, vol. 7, article
1117, 2017.

[18] Y. Yang, Y. Li, X. Chen, X. Cheng, Y. Liao, and X. Yu, “Exoso-
mal transfer of miR-30a between cardiomyocytes regulates
autophagy after hypoxia,” Journal of Molecular Medicine,
vol. 94, pp. 711–724, 2016.

[19] L. A. Shimoda and G. L. Semenza, “HIF and the lung: role of
hypoxia-inducible factors in pulmonary development and
disease,” American Journal of Respiratory and Critical Care
Medicine, vol. 183, pp. 152–156, 2011.

[20] A. Vadivel, R. S. Alphonse, N. Etches et al., “Hypoxia inducible
factors promote alveolar development and regeneration,”
American Journal of Respiratory Cell and Molecular Biology,
vol. 50, pp. 96–105, 2014.

[21] T. Eckle, K. Brodsky, M. Bonney et al., “HIF1A reduces acute
lung injury by optimizing carbohydrate metabolism in the
alveolar epithelium,” PLoS Biology, vol. 11, article e1001665,
2013.

[22] C. Coarfa, Y. Zhang, S. Maity et al., “Sexual dimorphism of the
pulmonary transcriptome in neonatal hyperoxic lung injury:
identification of angiogenesis as a key pathway,” American

8 Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2019/8327486.f1.pdf
http://downloads.hindawi.com/journals/omcl/2019/8327486.f1.pdf


Journal of Physiology-Lung Cellular and Molecular Physiology,
vol. 313, no. 6, pp. L991–L1005, 2017.

[23] X. Xu, X. Tan, B. Tampe, E. Sanchez, M. Zeisberg, and
E. M. Zeisberg, “Snail is a direct target of hypoxia-
inducible factor 1α (HIF1α) in hypoxia-induced endothelial
to mesenchymal transition of human coronary endothelial
cells,” Journal of Biological Chemistry, vol. 290, pp. 16653–
16664, 2015.

[24] T. Kokudo, Y. Suzuki, Y. Yoshimatsu, T. Yamazaki, T.Watabe,
and K. Miyazono, “Snail is required for TGFβ-induced
endothelial-mesenchymal transition of embryonic stem cell-
derived endothelial cells,” Journal of Cell Science, vol. 121,
pp. 3317–3324, 2008.

[25] M. M. Mahmoud, J. Serbanovic-Canic, S. Feng et al., “Shear
stress induces endothelial-to-mesenchymal transition via the
transcription factor Snail,” Scientific Reports, vol. 7, p. 3375,
2017.

[26] J.-X. Sun, T. F. Chang, M. H. Li et al., “SNAI1, an endothelial–
mesenchymal transition transcription factor, promotes the
early phase of ocular neovascularization,” Angiogenesis,
vol. 21, pp. 635–652, 2018.

[27] C. Sahlgren, M. V. Gustafsson, S. Jin, L. Poellinger, and
U. Lendahl, “Notch signaling mediates hypoxia-induced
tumor cell migration and invasion,” Proceedings of the
National Academy of Sciences, vol. 105, pp. 6392–6397,
2008.

[28] Y. Matsuno, A. L. Coelho, G. Jarai, J. Westwick, and C. M.
Hogaboam, “Notch signaling mediates TGF-β1-induced epi-
thelial–mesenchymal transition through the induction of
Snai1,” The International Journal of Biochemistry & Cell Biol-
ogy, vol. 44, pp. 776–789, 2012.

[29] Y. Zhang, W. Jiang, L. Wang, and K. Lingappan, “Sex-specific
differences in the modulation of growth differentiation factor
15 (GDF15) by hyperoxia in vivo and in vitro: role of Hif-
1α,” Toxicology and Applied Pharmacology, vol. 332, pp. 8–
14, 2017.

[30] S. Kaufhold and B. Bonavida, “Central role of Snail1 in the reg-
ulation of EMT and resistance in cancer: a target for therapeu-
tic intervention,” Journal of Experimental & Clinical Cancer
Research, vol. 33, p. 62, 2014.

[31] L. G. Boros, J. S. Torday, W.-N. Paul Lee, and V. K. Rehan,
“Oxygen-induced metabolic changes and transdifferentiation
in immature fetal rat lung lipofibroblasts,” Molecular Genetics
and Metabolism, vol. 77, pp. 230–236, 2002.

[32] J. Ni, Z. Dong, W. Han, D. Kondrikov, and Y. Su, “The role of
RhoA and cytoskeleton in myofibroblast transformation in
hyperoxic lung fibrosis,” Free Radical Biology & Medicine,
vol. 61, pp. 26–39, 2013.

[33] D. Kondrikov, R. B. Caldwell, Z. Dong, and Y. Su, “Reactive
oxygen species-dependent RhoA activation mediates collagen
synthesis in hyperoxic lung fibrosis,” Free Radical Biology &
Medicine, vol. 50, pp. 1689–1698, 2011.

[34] J. M. S. Sucre, P. Vijayaraj, C. J. Aros et al., “Posttranslational
modification of β-catenin is associated with pathogenic fibro-
blastic changes in bronchopulmonary dysplasia,” American
Journal of Physiology-Lung Cellular and Molecular Physiology,
vol. 312, pp. L186–L195, 2017.

[35] S. Piera-Velazquez, F. A. Mendoza, and S. A. Jimenez, “Endo-
thelial to mesenchymal transition (EndoMT) in the pathogen-
esis of human fibrotic diseases,” Journal of Clinical Medicine,
vol. 5, p. 45, 2016.

[36] Y. Li, K. O. Lui, and B. Zhou, “Reassessing endothelial-to-
mesenchymal transition in cardiovascular diseases,” Nature
Reviews Cardiology, vol. 15, pp. 445–456, 2018.

[37] R. B. Good, A. J. Gilbane, S. L. Trinder et al., “Endothelial to
mesenchymal transition contributes to endothelial dysfunc-
tion in pulmonary arterial hypertension,” The American Jour-
nal of Pathology, vol. 185, pp. 1850–1858, 2015.

[38] N. Hashimoto, S. H. Phan, K. Imaizumi et al., “Endothelial–
mesenchymal transition in bleomycin-induced pulmonary
fibrosis,” American Journal of Respiratory Cell and Molecular
Biology, vol. 43, pp. 161–172, 2010.

[39] Y. Zhang, X. Dong, J. Shirazi, J. P. Gleghorn, and
K. Lingappan, “Pulmonary endothelial cells exhibit sexual
dimorphism in their response to hyperoxia,” American Journal
of Physiology-Heart and Circulatory Physiology, vol. 315,
pp. H1287–H1292, 2018.

[40] R. Kumarswamy, G. Mudduluru, P. Ceppi et al., “MicroRNA-
30a inhibits epithelial-to-mesenchymal transition by targeting
Snai1 and is downregulated in non-small cell lung cancer,”
International Journal of Cancer, vol. 130, pp. 2044–2053, 2012.

[41] J. P. Bridges, S. Lin, M. Ikegami, and J. M. Shannon, “Condi-
tional hypoxia inducible factor-1α induction in embryonic
pulmonary epithelium impairs maturation and augments lym-
phangiogenesis,” Developmental Biology, vol. 362, pp. 24–41,
2012.

[42] T. M. Asikainen, L. Y. Chang, J. J. Coalson et al., “Improved
lung growth and function through hypoxia-inducible factor
in primate chronic lung disease of prematurity,” The FASEB
Journal, vol. 20, pp. 1698–1700, 2006.

[43] F. Cimino, C. Balestra, P. Germonpre et al., “Pulsed high oxy-
gen induces a hypoxic-like response in human umbilical endo-
thelial cells and in humans,” Journal of Applied Physiology,
vol. 113, pp. 1684–1689, 2012.

[44] G.-H. Zhu, C. Huang, Z.-Z. Feng, X.-H. Lv, and Z.-J. Qiu,
“Hypoxia-induced snail expression through transcriptional
regulation by HIF-1α in pancreatic cancer cells,” Digestive Dis-
eases and Sciences, vol. 58, pp. 3503–3515, 2013.

[45] S.-H. Choi, Z.-Y. Hong, J.-K. Nam et al., “A hypoxia-induced
vascular endothelial-to-mesenchymal transition in develop-
ment of radiation-induced pulmonary fibrosis,” Clinical
Cancer Research, vol. 21, pp. 3716–3726, 2015.

[46] S. Leary, P. Das, D. Ponnalagu, H. Singh, and V. Bhandari,
“Genetic strain and sex differences in a hyperoxia-induced
mouse model of varying severity of bronchopulmonary
dysplasia,” The American Journal of Pathology, vol. 189,
pp. 999–1014, 2019.

9Oxidative Medicine and Cellular Longevity


	Role of HIF-1α-miR30a-Snai1 Axis in Neonatal Hyperoxic Lung Injury
	1. Introduction
	2. Methods
	2.1. Animals
	2.1.1. Mouse Model of BPD
	2.1.2. Cell Culture and Hyperoxia Treatment
	2.1.3. miRNA and Plasmid Transfection in HPMECs
	2.1.4. Quantitative PCR
	2.1.5. Western Immunoblotting
	2.1.6. Statistical Analysis


	3. Results
	3.1. Differential Sex-Specific Expression of Snai1 in Neonatal Mice after Postnatal Hyperoxia Exposure
	3.2. Snai1 mRNA and Protein Expression Are Increased in Male Human Pulmonary Microvascular Endothelial Cells upon Exposure to Hyperoxia
	3.3. Snai1 Regulation by miR-30a
	3.3.1. Regulation of miR30a-5p by HIF-1α
	3.3.2. SNAI1 Expression following HIF-1α Silencing in Female Human Pulmonary Microvascular Endothelial Cells
	3.3.3. SNAI1 Expression following miR30a-5p Inhibition, HIF-1α Overexpression, or Both in Female HPMECs


	4. Discussion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

