Xu et al. Respir Res (2021) 22:121

https://doi.org/10.1186/512931-021-01728-6 Respl ratory Resea rCh

RESEARCH Open Access

. ®
The role of RNA m°A methylation i

in the regulation of postnatal hypoxia-induced
pulmonary hypertension

Shanshan Xu', Xuefeng Xu?, Ziming Zhang', Lingling Yan', Liyan Zhang® and Lizhong Du'

Abstract

Background: Pulmonary hypertension (PH) is a complex pulmonary vascular disease characterized by an imbalance
in vasoconstrictor/vasodilator signaling within the pulmonary vasculature. Recent evidence suggests that exposure to
hypoxia early in life can cause alterations in the pulmonary vasculature and lead to the development of PH. How-
ever, the long-term impact of postnatal hypoxia on lung development and pulmonary function remains unknown.
NS-methyladenosine (m°®A) regulates gene expression and governs many important biological processes. However,
the function of m®A in the development of PH remains poorly characterized. Thus, the purpose of this investigation
was to test the two-fold hypothesis that (1) postnatal exposure to hypoxia would alter lung development leading to
PH in adult rats, and (2) m®A modification would change in rats exposed to hypoxia, suggesting it plays a role in the
development of PH.

Methods: Twenty-four male Sprague—-Dawley rats were exposed to a hypoxic environment (F,O,: 12%) within 24 h
after birth for 2 weeks. PH was defined as an increased right ventricular pressure (RVP) and pathologic changes of
pulmonary vasculature measured by a-SMA immunohistochemical staining. Methylated RNA immunoprecipitation
sequencing (MeRIP-seq) was performed to analyze m°A modification changes in lung tissue in 2- and 9-week-old rats
that were exposed to postnatal hypoxia.

Results: Mean pulmonary arterial pressure, lung/body weight ratio, and the Fulton index was significantly greater
in rats exposed to hypoxia when compared to control and the difference persisted into adulthood. m°A methyl-
transferase and demethylase proteins were significantly downregulated in postnatal hypoxia-induced PH. Distinct
m°A modification peak-related genes differed between the two groups, and these genes were associated with lung
development.

Conclusions: Our results indicate postnatal hypoxia can cause PH, which can persist into adulthood. The develop-
ment and persistence of PH may be because of the continuous low expression of methyltransferase like 3 affecting
the m°A level of PH-related genes. Our findings provide new insights into the impact of postnatal hypoxia and the
role of mPA in the development of pulmonary vascular pathophysiology.

Keywords: Pulmonary hypertension, Postnatal hypoxia, N®-methyladenosine, RNA methylation

Introduction
Pulmonary hypertension (PH) is a complex pathology
. , regulated by a multitude of molecular pathways and pro-
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alterations in pulmonary maturation and function could
result in the development of PH in adulthood, increase
morbidity and mortality, and significantly reduce the
quality of life of this population. Previous results from
our laboratory revealed that embryonic growth is related
to PH and pulmonary vascular function, as intrauterine
growth retardation (IUGR) resulted in decreased pulmo-
nary vascular growth [1] and extrauterine growth retar-
dation (EUGR) was associated with varying degrees of
pulmonary arterial hypertension (PAH) later in life [I,
3]. These results suggest that environmental factors in
early life play a critical role in developing PH and result
in long-term ramifications for pulmonary function.

As part of the epigenetic regulation in mammals, RNA
modifications, similar to DNA and histone modifications,
play an essential role in various physiological and patho-
logical processes [4, 5]. More than 100 distinct modifi-
cations of RNA can occur [6], with N®-methyladenosine
(m°A) being the most abundant and prevalent chemical
modification. This dynamic and reversible modification
is regulated by the methyltransferase (methyltransferase
like 3 (METTL3), methyltransferase like 14 (METTL14),
and wilms’ tumor 1-associating protein (WTAP), called
“writers”), demethylase (fat mass- and obesity- associated
protein (FTO) and a-ketoglutarate-dependent dioxyge-
nase alkB homolog 5 (ALKBHS5), called “erasers”), and
RNA-binding proteins (e.g., the YTH domain-contain-
ing family (YTH family), called “readers”) [7, 8]. Several
investigations have demonstrated that m®A regulates
mRNA stability [9], translation [10], nuclear export [11],
and decay [12] and participates in many biological pro-
cesses [13—16]. Of note, m°A levels change during organ
maturation and early life processes [17-19], and several
investigations have suggested a temporal progression of
m®A modification of different tissues and different stages
of life [20, 21]. Despite these prospects, the dynamic m®A
changes in lung or pulmonary vascular diseases remain
to be elucidated.

In addition to hypoxia-induced changes in pulmonary
function, several investigations have shown that epige-
netic modifications, including DNA methylation and his-
tone modification, play a vital role in the development of
pulmonary diseases [22, 23]. While many investigations
have provided insight into the epigenetic mechanisms of
PH, few have focused on RNA modifications and their
impacts on the development of this disease [24]. Recent
investigations suggest that environmental factors in early
life could predispose individuals to PH via epigenetic
mechanisms [25]. However, whether RNA modifications
are associated with the development of PH following
postnatal exposure to hypoxia remains unknown.

Considering the essential role of m°®A in tissue struc-
ture and function throughout life and the potential for
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postnatal exposure to hypoxia to alter lung development,
the purpose of this investigation was to assess the impact
of postnatal exposure to hypoxia on long-term lung mat-
uration, the development of PH, and the role of m®A in
these changes. We tested the two-fold hypothesis that (1)
postnatal exposure to hypoxia would alter lung develop-
ment leading to PH in adult rats and (2) m®A modifica-
tions would be altered in rats exposed to hypoxia. Using
a postnatal hypoxia rat model, we assessed pulmonary
arterial pressure and evaluated pulmonary vasculature
function. We also performed methylated RNA immu-
noprecipitation sequencing (MeRIP-seq) to confirm the
potential role of m°A in pulmonary vascular function fol-
lowing exposure to hypoxia.

Methods

Ethical approval and animal care

All procedures outlined herein followed the guidelines
established by the National Institutes of Health of China.
All animal procedures were reviewed and approved by
the Institutional Animal Care and Use Committee of
Zhejiang University (ZJU20160215).

Sprague—Dawley rats were purchased from the Slac-
cas Company (Shanghai, China) and bred in our labo-
ratory. The hypoxia model was established in a hypoxia
chamber (Biospherix, USA), where pups were exposed
to hypoxia together with their dams. Each dam was kept
in an individual cage with her pups and she had free
access to water and food. The whole cage was placed into
the hypoxia chamber. The pups assigned to the hypoxia
group (n=24) were exposed to hypoxia (F,0, 11-12%)
within 24 h after birth for 2 weeks before being returned
to normoxic conditions (four pups died during hypoxia).
The control group (n=16) lived under normoxic condi-
tions throughout their life. Eight control and 12 hypoxia
animals were sacrificed at 2 weeks; another 8 control and
8 hypoxia animals were sacrificed at 9 weeks. From each
group, 5 animals’ left lung were used for histological anal-
ysis, 6—8 animals’ right lung were used to extract RNA
and protein for qPCR, m°A level detecting and western
blot, and 3 animals were used for RNA sequencing. All
animals were sacrificed using sodium pentobarbital anes-
thesia at either 2 weeks or 9 weeks old. Normal saline
(10-20 ml) was injected from the pulmonary artery to
reduce the effect of red blood cells. The right lung tis-
sue was removed and then transferred to liquid nitrogen
immediately. The left lung was fixed in 10% formalin for
at least 48 h before being cut for slides.

Pulmonary arterial pressure assessment

Prior to euthanasia, right ventricular pressure (RVP) was
measured in 2-week-old rats and mean pulmonary arte-
rial pressure (mPAP) in 9-week-old rats as described
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previously [26]. Briefly, 2% pentobarbital sodium (50 mg/
kg, intraperitoneally) was used to anesthetize rats. They
were then placed on a surgical table. In 2-week-old anes-
thetized rats, tracheal intubation was performed, and the
thorax was opened. A catheter was then inserted into the
right ventricle to measure the right ventricular pressure.
For the measurement of mPAP (9 weeks), a polyethylene
catheter (PE-50) was inserted into the pulmonary artery
via the jugular vein and the right heart to measure pul-
monary arterial pressures. RVP or mPAP was recorded
when the waveform was stable. The Fulton index [RV /
(LV+5S)] was also used to determine the degree of car-
diac remodeling, where RV represents the weight of the
right ventricle and (LV +S) represents the weight of the
left ventricle plus septum.

Hematoxylin-eosin staining (HE)

and Immunohistochemical staining (IHC)

Pulmonary pathological changes were analyzed by HE
and IHC, as described in detail previously [3]. The paraf-
fin blocks were cut into sections of 5 pm thickness. The
primary antibodies used in IHC were anti-a-SMA (1:500,
Servicebio, China). All image data were processed using
Image-Pro Plus software. Microphotographs of HE-
stained sections were taken under a 200 x microscope
and those without trachea or large blood vessels were
selected at random from each HE-stained section. The
area (A) of the image and number of alveoli (Na) were
then calculated in each image. The mean alveolar number
(MAN) was Na/A (pieces/cm?). MAN reflects alveolar
density [27]. Microphotographs of IHC-stained sections
were taken under a 200 x microscope and 400 x micro-
scope. We used microphotographs under a 400 x micro-
scope for data analysis. The area of the pulmonary
vascular adventitia, the area of the pulmonary vascular
intima, and the outer perimeter of pulmonary vascular
basement membrane (Pbm) were then calculated. The
area of the pulmonary vascular intima was subtracted
from the area of the pulmonary vascular adventitia to
obtain the a-SMA-stained area. The a-SMA-stained
area/Pbm reflects the pulmonary vascular musculariza-
tion [28]. For MAN, at least 6 fields of view per animal
were analyzed. For pulmonary arterial medial wall thick-
ness assessment, 5-10 pulmonary arteries per animal
were analyzed, and arteries with a diameter between 50
and 150 um were selected.

Pulmonary vascular endothelial cell (PVEC) isolation

Magnetic activated cell sorting (MACS) was used to sep-
arate PVECs from lung tissue. The required reagents and
consumables were purchased from Miltenyi (Germany),
and the extraction steps were performed according to the
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manufacturer’s instructions. Separated cells were frozen
at — 80 °C for further use.

Quantitative real-time PCR (qPCR)

Lung tissue total RNA was isolated using a Multisource
RNA Miniprep kit (Axygen, USA). The total RNA was
reverse transcribed into cDNA using PrimeScript’ RT
Master Mix (Perfect Real Time) Kit (Takara, China).
qPCR was performed using an ABI Prism 7500 instru-
ment following the SYBR-Green reagent protocol
(Takara, China). Data were analyzed as fold change by
the 2724C method. Primers used in this study are listed
below: B-actin forward: 5'-gccaaccgtgaaaagatg-3’, f-actin
reverse: 5'-tgccagtggtacgaccag-3’; Rras2 forward: 5'-gac-
catggcttttgettget-3’, Rras2 reverse: 5'-tagcggggacatt-
gaacgtg-3; Ttll12 forward: 5'-gcatccagagagttcgcaga-3/,
Ttll12 reverse: 5'-gggtctcgggtgtaacacag-3'; Nog forward:
5'-tgtacgcgtggaacgaccta-3/, Nog reverse: 5'-ggcttacacac-
catgcecte-3'; Vangl2 forward: 5'-tgatccecgattgettggte-3/,
Vangl2 reverse: 5'-ccagaccactcggetgttt-3'; Gli3 forward:
5'-atcagccctgetttgagett-3/, Gli3 reverse: 5'-gatgggtctct-
gegttggaa-3’;  Trpsl forward: 5'-gagcagcagaggatctg-
gag-3’, Trpsl reverse: 5'-cctagtctgctececgtttg-3’; Tcl
forward: 5'- ctcttcgagtaagceegtee-3/,  Tcl
5'-gggctcgagttttctectee-3.

reverse:

Protein and western blot

Lung tissue was lysed in a RIPA buffer (Beyotime Bio-
technology, China) with PMSF (Thermo Fisher, USA);
and a phosphatase inhibitor cocktail (Thermo Fisher,
USA) was also added to the RIPA buffer when p-eNOS
was to be analyzed. The lysate was then centrifuged for
10 min at 12,000g, and the supernatant was collected. An
enhanced BCA protein assay kit (Beyotime Biotechnol-
ogy, China) was used to measure the protein concentra-
tion. A 10% SDS-PAGE gel was used for electrophoresis,
and the electrotransfer occurred for 90 min at 110 V
with 0.45 pm PVDF membranes (Merck Millipore, USA).
The membranes were incubated with antibodies, and a
chemiluminescence method was used for color devel-
opment. The G:BOX system (Syngene, USA) was used
to generate gray-scale images. Image-Pro Plus software
(Media Cybernetics, USA) was used to quantify the
amount of protein as gray value. The primary antibodies
used in the western blots were as follows: anti-METTL3
(1:1000, ab195352, Abcam, UK), anti-METTL14
(1:2000, #51104, Cell Signaling Technology, USA),
anti-WTAP (1:1000, #56501, Cell Signaling Technol-
ogy), anti-FTO (1:1000, ab92821,Abcam), anti-ALKBH5

(1:500, 16837-1-AP,Proteintech, USA), anti-VEGF
(1:200, 26157-1-AP,Proteintech), anti-eNOS (1:1000,
ab199956,Cell  Signaling Technology), anti-p-eNOS
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(1:1000, #9570, Cell Signaling Technology), and anti-f3-
actin (1:5000, A1978, Sigma-Aldrich, USA).

Total RNA m®A level detection
We used an EpiQuik’ m°®A RNA Methylation Quantifi-
cation Kit (Colorimetric) (Epigentek, USA) to determine
the total m°®A level in the lung tissue. The main proce-
dure included three steps: RNA combination, m°A RNA
capturing, and absorbance detection. The total mP°A level

was calculated using formulas provided in the kit.

Methylated RNA immunoprecipitation sequencing
(MeRIP-seq)

MeRIP was based on the m°A-seq protocol [29]. In brief,
RNA samples were purified and then fragmented into 100
nt through chemical fragmentation. We then used anti-
m®A antibodies to immunocapture m®A-modified RNA
fragments. After elution with free m°®A, library prepara-
tion and massively parallel sequencing was performed.

MeRIP data analysis

Distributions of peaks and motifs were analyzed using
MACS2 and HOMER software. Gene Ontology (GO)
analysis and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis were applied to
analyze differentially expressed genes (DEGs) related to
m°A modification. GO analysis was used to classify DEG
functions into biological process, molecular function,
and cellular component. KEGG analysis was performed
to identify the pathways the DEGs were enriched in.

Statistical analysis

All results were obtained from at least three biological
replicates and shown as means=standard error of the
mean (means + SEM). GraphPad Prism 6.0 and SPSS 23.0
were used for statistical analyses. The Student’s ¢-test was
used to analyze the difference between independent sam-
ples. Comparisons were considered statistically signifi-
cant when the P-value was <0.05.

Results

Postnatal hypoxia dysregulates lung development

and leads to PH

Lung/body wet weight ratio increased after 2 weeks
of exposure to hypoxia (hypoxia vs. control groups:
2.034+0.05% vs. 1.2540.01%), suggesting that pul-
monary edema occurred in the hypoxia group. RVP
(23.47+0.44 mmHg vs. 14.91+0.88 mmHg) and
RV/(LV+S) (36.78+1.44% vs. 21.73+£1.24%) were
both significantly increased, suggesting that postna-
tal hypoxia caused PH and the associated remodeling
of cardiac tissue (Fig. la—c). The MAN suggested that
the development of alveoli in the hypoxia group was
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delayed when compared to controls (Fig. 1d,e). a-SMA
immunostaining indicated that the pulmonary arterial
intima was thickened in the hypoxia group (Fig. 1d,f).
We also assessed the expression of endothelial nitric
oxide synthase (eNOS) and vascular endothelial growth
factor (VEGF), which play essential roles in the devel-
opment of PH (Fig. 1g). The two proteins were both
highly expressed in the lung tissue of the hypoxia
group. Collectively, postnatal hypoxia of newborn rats
dysregulated lung development and led to PH.

Postnatal hypoxia decreased the expression of m°A related
proteins

To further explore m®A methylation after exposure to
postnatal hypoxia, we determined the expression of
five m®A-related proteins in lung tissue. A decrease in
the m®A methyltransferases METTL3 and METTL14
was found (Fig. 2a,c,d). The demethylase proteins FTO
and ALKBH5 were also decreased following postnatal
hypoxia (Fig. 2b, e, f), but the expression of WTAP was
not different between groups (data not shown). There
was no clear impact of postnatal hypoxia on total m°A
in the lung tissue (Fig. 2g).

Postnatal hypoxia changed the m®A methylation in lung
tissue

MeRIP was then utilized to assess the specific m°A
methylation changes following hypoxia. We identified
9488 methylated poly(A) peaks in the control group
and 9842 in the hypoxia group (Fig. 3a). By compar-
ing the m®A methylation peaks in the two groups,
we found that 21 peaks were hyper-methylated, and
5 peaks were hypo-methylated in the hypoxia group
(Fig. 3b). Then we performed GO analysis to identify
the possible functions of the genes related to these dif-
ferential peaks. As shown in Fig. 3¢, these genes acted
in many biological processes associated with organ
morphogenesis and development. Data showed three of
them- Nog, Vangl2 and Gli3 participated in lung devel-
opment, respiratory tube development, and respiratory
system development.

Further verification was done by qPCR as we tested
five differential peak-related genes (Rras2, Ttll12, Ccr3,
Ccr6 and Trpsl) with known contributions to lung dis-
eases. mRNA levels from three genes (Rras2, Ttll12 and
Trpsl) changed in coordination with their m®A modifi-
cation (Fig. 3d). Also, mRNA levels of Nog, Vangl2 and
Gli3 were decreased after postnatal hypoxia (Fig. 3d). In
summary, m°A methylation participates in the regulation
of vascular-related gene expression following postnatal
hypoxia.
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The long-term effect of postnatal hypoxia on pulmonary
vascular in adult rat

To assess the influence of postnatal hypoxia on pulmo-
nary function in adulthood, we measured the lung/body
wet weight ratio, RV/(LV +S), and mPAP in 9-week-old
rats. We found that the lung/body wet weight ratio, RV/

(LV+S), and mPAP were significantly higher in the
hypoxia group than in the controls (Fig. 4a—c). a-SMA
immunostaining indicated that the thickness of pulmo-
nary arterial intima had no difference between the two
groups (Fig. 4d). These results suggest that postnatal
hypoxia-induced PH could continue to adulthood and
the proliferation of pulmonary vascular smooth muscle
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cells may not be the main reason for the increase in
pulmonary artery pressure over long durations.

Western blot was used to assess eNOS and VEGF
protein levels. VEGF and phosphorylated (p-eNOS)
were lower in the hypoxia group than in the controls
(Fig. 4e,h,i), although there was no difference in eNOS
protein expression between the two groups (Fig. 4e,f).
Also, the expression of eNOS in PVECs was lower in
the hypoxia group than in the controls (Fig. 4e,g). These
results suggest that pulmonary vasculature dysfunction
perpetuates in adult rats that have experienced postnatal
hypoxia.

The long-term effect of postnatal hypoxia on m°A
methylation in the adult rat

The expression of five m®A-related proteins during adult-
hood was measured in lung tissue from both groups.
METTL3 was lower in the hypoxia group than in the con-
trols (Fig. 5a), but there were no differences in the other

four m®A-related proteins between the groups (data not
shown).

Next, we performed MeRIP again to find the between-
group specific m°A methylation changes. Although there
were only 7 peaks hyper-methylated and 13 peaks hypo-
methylated in the adult rats who were exposed to post-
natal hypoxia (Fig. 5b), GO analysis showed that Tcl was
involved in the regulation of Notch signal pathways and
the activation of endothelial cells (Fig. 5¢c). We also did
qPCR to verify mRNA level, data showed mRNA levels of
Tcl and Trpsl were increased in adult rat after postnatal
hypoxia (Fig. 5d).

Discussion

The present investigation explored the acute and long-
term impacts of postnatal hypoxia on pulmonary vas-
cular function and remodeling and the role of m®A in
the development of PH. Consistent with our original
hypothesis, postnatal exposure to hypoxia resulted in
significant remodeling of the pulmonary vasculature,
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increased mPAP, and reduced levels of m°A-related
proteins. The reduced METTL3 expression was sus-
tained into adulthood. These results suggest that m®A
modification might be involved in the PH pathological
process initiated by postnatal exposure to hypoxia.

Based on many epidemiological reports, the Develop-
mental Origins of Health and Disease (DOHaD) theory
suggests that exposure to adverse environmental fac-
tors (e.g., poor diet, stress, or infection) early in life
can increase the likelihood of chronic diseases in adult-
hood. Recent reports found that transient hypoxemia
during the perinatal period can increase pulmonary
vasoconstriction during hypoxia exposure in adulthood
[30]. Previous work from our laboratory showed that
both IUGR and EUGR led to an exacerbated response
to hypoxia and the development of PH in adult rats [1-
3]. The results from this investigation are in agreement
with the findings from previous studies, and therefore
support the premise that pulmonary vascular disease in
adulthood is closely related to environmental factors in
early life.

Postnatal exposure to hypoxia alters pulmonary vascular
function

PH is a progressive disease consisting of multi-factorial
pathogeny, which results in right heart failure with poor
prognosis [31]. It is well established that there is an
interaction between hypoxia and PH, thus underscoring
the importance of understanding the complex interac-
tions between hypoxia and the development of pulmo-
nary diseases. NO signaling pathways play a key role in
hypoxic PH [32]. In animal models of chronic hypoxia
in adulthood, the expression of eNOS protein increases
after hypoxia. However, the expression of eNOS in neo-
natal rats after hypoxia is still unclear. Chicoine et al.
found that chronic hypoxia in neonatal rats led to a
decreased expression of eNOS protein [33]. Whereas
Sheak et al. showed that the expression of eNOS pro-
tein in neonatal rats did not change after hypoxia, but
the expression of p-eNOS increased [34]. In the pre-
sent investigation, eNOS increased following postnatal
exposure to hypoxia but decreased in the adult rat. This
change could suggest that eNOS expression increased
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when PVECs were exposed to hypoxia. However, as PH  on the pulmonary vascular endothelium [34]. Consist-
progressed, PVECs became dysfunctional even under a  ent with previous investigations [36], our results showed
normoxic state and they produced less eNOS. Regulated  that the expression of VEGF in the lung tissue is consist-
by a variety of molecules and pathways such as VEGF, ent with the levels of p-eNOS in both 2- and 9-week-old
the dysfunction of PVECs plays a key role in the develop-  rats. VEGF can also affect eNOS phosphorylation, which
ment of PH [35]. VEGF promotes angiogenesis and the likely alters local NO bioavailability and vasodilator sign-
proliferation, migration, and differentiation of endothe-  aling. These findings indicate that the mutual regulation
lial cells by binding to the VEGF receptor 2 (VEGFR2) between VEGF and p-eNOS is involved in the regulation
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of adult pulmonary vascular function following postnatal
hypoxia.

Potential role of m®A in the development

of hypoxia-induced PH

Compelling evidence suggests that epigenetic modi-
fication plays an essential role in the development of
PH [37]. In our previous study, we discovered that the
binding of histone acetylation and hypoxia-inducible
factor-la (HIF-1a) to the endothelin-1 (ET-1) gene pro-
moter increased in PAH following IUGR [3]. We also
demonstrated the epigenetic regulation of Notchl in
the pulmonary microvascular rarefaction following

EUGR [2]. Another study found that nitric oxide syn-
thase (NOS) upregulation was associated with increased
H3 and H4 histone acetylation in the eNOS promoter in
a neonatal rodent persistent PH of the newborn (PPHN)
model [25]. However, the epigenetic regulation of these
factors in mammals and whether m°A mediates PH
remains unknown. Since m°A is a common chemical
modification of RNAs in mammals, it functions in vari-
ous vital biological pathways such as tumorigenesis [5,
38] and embryonic [13, 39] and neuronal development
[21, 40]. Considerable attention has been given to the
essential role of m®A in embryonic development and
spermatogenesis [15]. Still, there is little focus on the
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function of m®A in the lung or pulmonary vascular dis-
ease development.

We hypothesized that m°®A also participates in PH fol-
lowing postnatal exposure to hypoxia. m®A methyltrans-
ferase and demethylase proteins exhibited lower levels in
the postnatal hypoxia group than in the controls, while
the total level of m°A in lung tissue was not affected by
postnatal hypoxia. Among m°®A-related proteins, WTAP
levels did not change. This might be related to the fact
that WTAP has no methyltransferase activity. Instead,
it regulates m°®A levels by combining with METTL3/
METTL14 complex [41]. Future investigations should
seek to identify other m®A-related proteins, which may
help identify the specific role that m®A plays in the patho-
genesis of hypoxia-induced PH.

METTL3 expression was consistently lower in the
hypoxia group than in the controls. METTL3 participates
in the development of tumors and the development of
early embryos by regulating m®A modification [42-44].
In a recent investigation [45], METTL3 expression was
significantly upregulated in patients with lung adeno-
carcinoma. Cytological experiments have demonstrated
that METTL3 affects the growth, survival, and inva-
sion of human lung cancer cells [45], which implies that
METTL3 plays an important role in the long-term effects
on pulmonary vasculature function following postnatal
exposure to hypoxia.

The present investigation utilized MeRIP to analyze
the specific m®A methylation changes following exposure
to hypoxia. We found 21 hyper-methylated and 5 hypo-
methylated peaks in 2-week-old rats exposed to hypoxia.
In comparison, 7 peaks were hyper-methylated, and 13
peaks were hypo-methylated in adult rats who had suf-
fered from postnatal hypoxia. While these might not
seem like a significant finding, these differential peak-
related genes are involved in many respiratory-related
physiological processes such as respiratory tube devel-
opment, Notch signal pathways, and the activation of
endothelial cells. Thus, it is likely that m®A participates
in the pathogenesis of PH. Interestingly, we found that
the tricho-rhino-phalangeal syndrome 1 (Trpsl) gene
was hypomethylated in both the 2-week-old and 9-week-
old rats who were exposed to postnatal hypoxia. TRPSI,
a member of the GATA transcription factor family, is
widely expressed in many tissues and organs and plays
a critical role in mammalian development and differen-
tiation [46, 47]. TRPS1 is also highly expressed in lung
cancer [48] and is involved in regulating epithelial-to-
mesenchymal transition (EMT) during embryonic devel-
opment [49]. While EMT plays an important role in the
occurrence and development of PH [50], it has not been
reported whether Trpsl is also involved in the regula-
tion of PH pathogenesis. Our results suggest that Trpsli
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mRNA methylation can regulate PH following postnatal
hypoxia by affecting EMT in the newborn rat, and this
effect can persist into adulthood. Future investigations
will identify the specific role(s) of EMT in the develop-
ment of hypoxia-induced PH.

Experimental considerations and future directions

While this investigation demonstrated that postnatal
exposure to hypoxia impacts pulmonary vascular func-
tion and development, it is unclear if this results in
impaired functional capacity (i.e., exercise tolerance)
of these animals. Considering that PH leads to reduced
maximal oxygen uptake and exercise capacity in humans
[51], it is likely that the impaired pulmonary vascular
function in rats exposed to postnatal hypoxia studied
herein would have reduced exercise capacity. Future
investigations into the interplay between postnatal
hypoxia-induced PH and reduced exercise tolerance may
aid in the bench-to-bedside translation of our under-
standing of this disease and the associated molecular
mechanisms.

This investigation sheds light on the long-term effect
of postnatal exposure to hypoxia on pulmonary vascular
functions and the role of m°A in regulating PH. These
results suggest that m®A methylation is a biomarker of
epigenetic modification of critical genes that regulate
pulmonary arterial pressure and lung development and,
therefore, may be potential therapeutic targets. However,
additional investigations are required to delineate the
specific regulatory mechanisms between m°A and PH
and test the possibilities of regulating m®A methylation
to treat PH.

Conclusions

To summarize, our results suggest that postnatal hypoxia
can cause PH, which can persist into adulthood. The
development of PH may be due to the continuous low
expression of METTL3, which impacts the m°A level of
PH-related genes. These findings offer a new perspective
to explain the molecular mechanisms of lung diseases
and provide a reference for future investigations into
therapeutic development.
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