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KEY WORDS Abstract Pulmonary hypertension (PH) is an extremely malignant pulmonary vascular disease of un-
known etiology. ADARI is an RNA editing enzyme that converts adenosine in RNA to inosine, thereby
affecting RNA expression. However, the role of ADARI in PH development remains unclear. In the pre-
Circular RNA: sent study, we investigated the biological role and molecular mechanism of ADARI in PH pulmonary
Vascular remodeling; vascular remodeling. Overexpression of ADARI1 aggravated PH progression and promoted the prolifer-
Cell proliferation ation of pulmonary artery smooth muscle cells (PASMCs). Conversely, inhibition of ADARI1 produced
opposite effects. High-throughput whole transcriptome sequencing showed that ADAR1 was an important
regulator of circRNAs in PH. CircCDK17 level was significantly lowered in the serum of PH patients.
The effects of ADAR1 on cell cycle progression and proliferation were mediated by circCDK17. ADAR1
affects the stability of circCDK17 by mediating A-to-I modification at the A5 and A293 sites of
circCDK17 to prevent it from mlA modification. We demonstrate for the first time that ADARI1
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contributes to the PH development, at least partially, through m1A modification of circCDK17 and the
subsequent PASMCs proliferation. Our study provides a novel therapeutic strategy for treatment of PH
and the evidence for circCDK17 as a potential novel marker for the diagnosis of this disease.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pulmonary hypertension (PH) is a progressive cardiopulmonary
disorder characterized by elevated pulmonary vascular resistance
and high pulmonary artery pressure, which eventually results in
right ventricular failure and death. The exact cause of PH is still
unclear. Hypoxia is the common cause of a variety of common
clinical lung diseases, like chronic obstructive pulmonary disease,
chronic mountain sickness' ~, and hypoxic pulmonary hyperten-
sion*”. In particular, more than 140 million people live above
2500 m from sea level and are exposed to chronic hypoxia and
some people have symptoms of hypoxic PH, which the same is
true for the clinical implications®’. The basic pathological
changes of PH include persistent pulmonary arteriolar contraction,
hypoxic pulmonary vascular remodeling (HPVR), and pulmonary
vascular fibrosis. Pulmonary artery media thickening is a major
pathological process of HPVR mainly caused by excessive pro-
liferation and apoptosis inhibition of pulmonary artery smooth
muscle cells (PASMCs)®”. Therefore, exploring new pathological
mechanisms underlying the proliferation of PASMCs and identi-
fying potential therapeutic targets are still an urgent task for PH
therapy.

ADARI, a member of the adenosine deaminase RNA specific
(ADAR) family, converts adenosine (A) to inosine (I) in RNA. A-
to-I modification is a widespread RNA editing process in mam-
mals'®!'". This modification leads to nonsynonymous codon
changes in transcription and alternative splicing. The RNA editing
enzyme family consists of three major members: ADARI,
ADAR?2, and ADAR3. The gene sequences of the three enzymes
are highly conserved in vertebrates'>'>. ADARI is widely
expressed and has three subtypes, namely p150, p110, and p80.
p150 mainly exists in the cytosol, whereas p110 and p80 are
mainly expressed in the nucleus and nucleolus respectively'®'".
Studies have shown that both p150 and p110 travel freely between
cytoplasm and nucleus'™'®. Recent studies have revealed that
ADARLI is involved in the development of various tumors by
editing a variety of tumor suppressors and proto-oncogenes. Loss
of function of ADARI in tumor cells increases tumor sensitivity to
immunotherapy'’. On the contrary, blockade of ADAR1 was also
found to down-regulate smooth muscle contractile protein and
attenuate vascular remodeling'®. Furthermore, silencing of
ADARI in hypoxic tumor cells has been shown to promote
apoptosis via FGFR2'"°.

In hypoxic situation, an increase of A-to-I RNA editing was
found in the 3'UTR of the F11R RNA, to promote F11R
expression”’. Moreover, ADARI also regulated HIF 1« signaling
by affecting the antisense chain transcripts of HIF1a-AS2'.
These results indicate that ADARI is related to many hypoxia-
related diseases of nervous, immune, and cardiovascular sys-
tems. However, the role of ADARI in hypoxia-induced PH re-
mains unclear.

In eukaryotic cells, circular RNAs (circRNAs) are special non-
coding RNAs that produced by reverse splicing of exons of protein-
coding genes, sometimes with introns attached to introns®> **.
They exist in mammalian cells and have many important regulatory
functions at the post-transcription level””. Emerging evidence in-
dicates that circRNAs are involved in the pathogenesis of many
diseases, including PH. As circRNAs are more stable and conserved
than linear RNAs, they may serve as better diagnostic markers for
PH. Importantly, studies have shown that ADAR1 can regulate
circRNAs production by affecting intron splicing”®, suggesting that
ADARI1 may be involved in regulating dysregulation circRNAs in
hypoxic PH, but the mechanism is unclear.

In the current study, we aimed to investigate the role of
ADARI in the pathogenesis of PH and explore the molecular
mechanism of ADARI regulating PASMCs hyperproliferation
mediated vascular remodeling in PH. Our study provides a novel
strategy to treat PH and a new serum biomarker for PH diagnosis.

2. Materials and methods

The authors declare that all supporting data are available within
the article and its online-only Supporting Information. Expanded
Methods can be found in the online-only Supporting Information.

2.1.  Study approval

All human samples were collected with the informed consent of the
patients and the procedures were approved by the Ethics Committee
for the Use of Human Subjects of the Shenzhen People’s Hospital
(China) which was in accordance with The Code of Ethics of the
Helsinki Declaration of World Medical Association for experiments
involving humans. All animal study protocols were reviewed and
approved by the Ethics Committee of Shenzhen People’s Hospital.
This study was in accordance with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

2.2.  Study design

Animals were randomly assigned to the experimental groups.
Following the principle of equal opportunity, the random number
table method was used to assign each animal. No samples or
animals were excluded from analysis. All quantifications (cell
viability, cell cycle, proliferation, histology analyses, confocal
imaging) were performed in a blind fashion. All figures are
representative of at least three experiments unless otherwise noted.

2.3.  Clinical sample collection

Lung tissue samples from patients with preoperative hypoxic PH
and matched healthy control samples were from the lung
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transplantation group of Wuxi People’s Hospital, Affiliated to
Nanjing Medical University, China. Healthy controls collected
from donors not suitable for transplantation. Clinical sample in-
formation was shown in Supporting Information Table S1.

2.4.  Animal experimental protocols

All animals were housed in specific pathogen-free microisolator
cages, kept on a 12-h light cycle, and fed autoclaved food and
reverse-osmosis water. Mouse hypoxia-PH models were generated
by exposing mice (6 weeks old) to 10% oxygen for 4 weeks. For
the Sugen-hypoxia (SuHx) model of PH, mice (6 weeks old) were
injected subcutaneously with a single dose of the VEGFR inhib-
itor Su5416 (20 mg/kg, Sigma—Aldrich, USA). Su5416 was sus-
pended in carboxymethylcellulose (CMC) solution (0.5% [w/v]
carboxymethylcellulose sodium, 0.9% [w/v] sodium chloride,
0.4% [v/v] polysorbate 80, and 0.9% [v/v] benzyl alcohol
indeionized water). Control mice received vehicle injection
instead. Animals injected with Su5416 were exposed to chronic
hypoxia (10% O,) in the ventilation chamber for 3 weeks and
normal oxygen (21% O,) for 2 weeks”’.

2.4.1.  Serotype 9 adenovirus-associated virus (AAV9) hypoxia
PH model

AAV9 overexpression plasmid (rAAV-CMV-ADAR-P2A-EGFP-
WPRE-hGH pA) targeting ADARI was constructed
(GOSV0313962, Genechem, China). 10'°-10"" genome equiv-
alent vectors were prepared in Hank’s Balanced Salt Solution
(HBSS) with 30 pL*®. Six-week-old male C57BL/6 mice
(weighing approximately 25 g each) anesthetized with isoflurane
were infected with two vectors AAV-ADARI and AAV negative
control (AAV-NC) via nasal drip, and the infected mice were
randomly divided into the normal oxygen group and the hypoxia
group (n = 6 mice each), and the hypoxia PH mouse model was
created as described above.

2.4.2.  8-Azaadenosine (8Aza) treatment PH model
Six-week-old male C57BL/6 mice (weighing approximately 25 g
each) were randomly divided into six groups as follows: normoxic
environment plus vehicle (NOR + vehicle) group, normoxic
environment plus 8Aza (NOR-+8Aza) group, hypoxic environ-
ment plus intraperitoneal injection of vehicle (HYP + vehicle)
group, hypoxic environment plus intraperitoneal injection of 8Aza
(HYP+8Aza) group, hypoxia combined with Su5416 environment
plus intraperitoneal injection of vehicle (SuHx + vehicle) and
Hypoxia combined with Su5416 environment plus intraperitoneal
injection of 8Aza (SuHx+8Aza) (n = 6 mice each). 8Aza
(2 mg/kg) (HY-115686, MedChemExpress, USA) was suspended
in 10% dimethylsulfoxide, 40% Polyethylene glycol 300, 5%
Tween-80, and 45% saline, and injected intraperitoneally every
four days for 28 days in hypoxia alone or 35 days SuHx PH
models as previously mentioned, respectively”’. Control mice
received vehicle injections instead.

2.5.  Transcriptome sequencing analysis

Total RNA was extracted using the mirVana miRNA Isolation Kit
(Ambion) following the manufacturer’s protocol. RNA integrity
was evaluated using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The samples with RNA
Integrity Number (RIN) > 7 were subjected to the subsequent
analysis. The libraries were constructed using TruSeq Stranded

Total RNA with Ribo-Zero Gold according to the manufacturer’s
instructions. Then these libraries were sequenced on the Illumina
sequencing platform (HiSeqTM 2500 or other platform) and 150
bp/125 bp paired-end reads were generated.

2.6. Cell lines and cell culture

Human pulmonary artery smooth muscle cells (PASMCs) and
pulmonary artery endothelial cells (PAECs) were obtained from
Meisen Chinese Tissue Culture Collections (Zhejiang, China). Ten
milliliters fetal bovine serum (FBS), 5 mL smooth muscle cell
growth supplement, and 5 mL penicillin/streptomycin solution in
smooth muscle cell medium (1101, ScienCell, USA) was added to
PASMCs cultures. Cells were then incubated at 37 °C in a 5%
CO, humidified incubator. PAECs were incubated in endothelial
cell medium (1001, ScienCell, USA) containing 25 mL FBS,
5 mL endothelial cell growth factor, and 5 mL penicillin/strep-
tomycin solution at 37 °C in a 5% CO, humidified incubator. For
the hypoxia experiments, cells were placed in the modular incu-
bator chamber (Fisher Scientific, Waltham, MA, USA) with 1%
02.

2.7.  Right ventricular systolic pressure (RVSP) and cardiac
Sfunction measurement

Mice were anesthetized by injection of pentobarbital, and a Millar
catheter (SP-836 F) was surgically inserted into the right jugular
vein, while changes in RVSP were monitored using Power Lab
monitoring equipment. Then, the thoracic cavity of the mice was
quickly cut with surgical scissors, the heart and lung tissues were
removed, the heart and lung lobes were separated, the right
ventricle was slowly separated along the ventricular septum with
the tip of surgical scissors, and the degree of right heart hyper-
trophy was evaluated by weighing.

2.8.  Hematoxylin-eosin (HE) staining

Lung tissue sections were deparaffinized, stained in hematoxylin,
and differentiated in hydrochloric alcohol. The tissue sections
were transferred to eosin solution, dehydrated, permeabilized, and
then sealed and dried. The medial wall thickness was calculated
with Image J software. The entire vessel area was identified as the
total area. The medial wall thickness ratio was calculated as (total

30
area—lumen area)/total area”" .

2.9.  Vascular muscularization analysis

The percentage of muscularized pulmonary vessels was deter-
mined by dividing the number of partially or fully muscular
vessels by the total number counted in the same experimental
group. The medial wall thickness of fully muscularized intra-
acinar arteries was calculated with Image] software. The entire
vessel area was identified as the total area. The medial wall
thickness ratio was calculated as (total area—lumen area)/total

3
area 0.

2.10.  Western blotting analysis

Proteins were extracted using lysis buffer (POO13B, Beyotime,
China). Proteins were separated by polyacrylamide gel electro-
phoresis and electrotransferred to nitrocellulose membranes. The
membranes were then incubated with antibodies against
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proliferating cell nuclear antigen (13,110, PCNA; Cell Signaling
Technology; 1:1000 dilution), cyclin A (67,955, Cell Signaling
Technology; 1:1000 dilution), cyclin-dependent kinase (67,575-1-
lg, CDKI; Proteintech; 1:5000 dilution), (-actin (3700, Cell
Signaling Technology; 1:20,000 dilution), ADAR1 (81,284, Cell
Signaling Technology; 1:1000 dilution), ALKBH1 (ab126596,
Abcam; 1:1000 dilution), YTHDCI1 (ab259990, Abcam; 1:1000
dilution) and TRMT6 (16727-1-AP, Proteintech; 1:500 dilution)
overnight at 4 °C and followed by incubation with horseradish
peroxidase-labeled secondary antibodies at room temperature, and
proteins were visualized with enhanced chemiluminescence
reagents.

2.11.  Quantitative real-time PCR analysis (qPCR)

RNA was extracted by Trizol (Invitrogen, USA) method. Real-
time quantitative two-step reverse transcription PCR kit
(Applied Biosystems, USA) was used to extract RNA from
primary cultured PASMCs, hypoxic mice and PH patients, and
the content of target RNA was determined. The cycle number
was set in a qPCR instrument (Applied Biosystems, USA), and
the data were analyzed by the solubilization curve method.
Relevant primer information was shown in Supporting Infor-
mation Table S2.

2.12.  RNA methylation immunoprecipitation (meRIP)

Experiments were performed using GenSeq® MeRIP (CloudSeq
Biotech, China) kit according to the manufacturer’s protocol.
Briefly, RNA was first fragmented into 200 bp fragments, and
immunoprecipitated magnetic beads were prepared, resuspended,
washed, and incubated with 5 pg anti-1-methyladenosine (m1A)
(ab208196, Abcam, USA) or 5 pg anti-6-methyladenosine (m6A)
(56,593, Cell Signaling Technology, USA) antibody. Then the
fragmented RNA was incubated with magnetic beads at 4 °C, and
the magnetic beads were cleaned and centrifuged for RNA
extraction and purification.

2.13.  RNA pull-down

RNA pull-down assays were performed using the RNA protein
pull-down kit (20,164, Thermo Fisher Scientific, USA) according
to the manufacturer’s protocol. Biotin-labeled probes bound to
proteins after binding to magnetic beads. RNA-bound beads were
added to cell protein lysates for immunoprecipitation. The mag-
netic beads were boiled in SDS buffer, and the recovered proteins
were then examined using Western blotting and silver staining
analysis.

2.14.  Silver staining

The silver staining of the Western blotting gel was performed
following the protocol of Pierce™ Silver Stain for Mass Spec-
trometry (24,600, Thermo Fisher Scientific, USA). In brief, the
electrophoresis gel was fixed and washed with 30% ethanol for
10 min, followed by washing with water for 10 min. After adding
100 mL of silver dye sensitizing solution (1 x), the gel was washed
twice with 100 mL of silver solution (1x) and once with water.
After adding silver dye stop solution, the gel was then developed
color and taken pictures.

2.15.  RNA binding protein immunoprecipitation (RIP)

RNA-binding protein immunoprecipitation (RIP) assays were
performed using a Magnetic RIP kit (17-700; Millipore, USA)
according to the manufacturer’s protocol. The cells were
collected, and RIP lysate was added to swell and lysate the cells.
The magnetic beads were incubated with antibodies, the RIP
lysate was centrifuged, and the supernatant was added to RIP
immunoprecipitation buffer containing magnetic bead-antibody
complex, incubated overnight at 4 °C, and then washed by
centrifugation. The final RNA was purified and subjected to sub-
sequent experiments.

2.16. Dot blotting assay

The sample was dotted onto the nitrocellulose membrane in the
center of the grid. The membrane was dried and the nonspecific
sites were blocked before incubation with the primary antibody
and the secondary antibody. The membrane was then developed
under X-rays after incubation with chemiluminescence solution
ECL reagent.

2.17.  Cell counting kit-8 assay (CCKS8)

PASMCs were cultured in 96-well plates, cell transfection
was performed when the cell density reached 60%—70%, and
the cells were cultured in hypoxia (37 °C, 5% CO,, 3% O,) for
48 h 10 pL of CCK8 (HY-K0301, MedChemExpress, USA)
solution was added to each well. The 96-well plates were
incubated in a normal cell incubator (37 °C, 5% CO,) for 4 h.
The absorbance at 450 nm was measured using a microplate
reader.

2.18.  Ethynyl-2'-deoxyuridine (EdU) assay

EdU assays were performed using the BeyoClick EAU cell pro-
liferation kit according to the manufacturer’s instructions
(C0075S, Beyotime, China). In brief, 48 h after transfection of
PASMC:s in 24-well plates, 2 x EdU working solution was added
to the wells, and fluorescence at a wavelength of 488 nm was
detected by fluorescence confocal microscopy.

2.19.  Cell cycle analysis

Cell cycle progression was detected by Cell Cycle and Apoptosis
Analysis Kit (C1052, Beyotime, China). PASMCs treated ac-
cording to experimental groups were treated with trypsin digestion
solution, centrifuged, resuspended in an ethanol solution, and
fixed at 4 °C for 24 h. The ethanol solution was removed, resus-
pended in PBS, and incubated with propidium iodide. The fluo-
rescence values of stained cells and DNA were detected by flow
cytometry for statistical analysis.

2.20. RNase R experiment

RNase R treatment Total RNA extracted was divided equally into
two aliquots according to the manufacturer’s protocol; one aliquot
of RNA was incubated without RNase R and one aliquot with
3 U/ug RNase R (RNR07250, Epicenter Biotechnologies, USA) at
37 °C and used for subsequent experiments’'.
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Figure1l ADARI was highly expressed in the lung tissues of PH patients and hypoxic mice. (A) The expression of ADAR1 in PH was analyzed

with GEO database (GSE113439). (B—C) Western blotting analysis showing that ADAR1 expression was upregulated in the lung tissues of PH
patients (B, n = 6) and SuHx-induced PH mice (C, n = 5). (D, E) Immunofluorescence (D) and immunohistochemistry (E) assays showing the
expression and distribution of ADARI in the lung tissues of PH patients, n = 6. (F, G) Representative Western blots and group data showing the
expression of ADARI in human PAECs and PASMCs, n = 6. (H) qPCR analysis showing the mRNA expression of ADARI in PASMCs, n = 6.
(I) Immunofluorescence assay showing the subcellular localization of ADARI1 in PASMCs, n = 6. PASMCs, pulmonary artery smooth muscle
cells; PAECs, pulmonary artery endothelial cells; CON (C), control; PH (P), Pulmonary hypertension; NOR, normoxia; HYP, hypoxia. SuHx,
Hypoxia combined with Su5416, ns, no significance; H, h; Statistical analysis was performed with one-way ANOVA followed by Dunnett’s test or
the Student’s r-test; All values are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

2.21.  Immunohistochemistry

Paraffin sections of mouse lung tissue were deparaffinized to
water. Antigen repair, incubation with primary antibody at 4 °C
overnight (ADAR1, 81284, Cell Signaling Technology, 1:200
dilution), with biotinylated secondary antibody, and diamine
benzidine staining were performed. Fluorescence microscopy
observation and statistical processing.

2.22.  Cell and tissue immunofluorescence

Transfected PASMCs were cultured for 48 h, washed in 1 x PBS,
fixed in 4% paraformaldehyde, lysed with 0.3% Triton, and
blocked with 5% bovine serum albumin. Cells were then incu-
bated with primary antibodies at 4 °C overnight (ADARI1, 81284,
Cell Signaling Technology, 1:200 dilution; a-SMA, 67735-1-1g,
Proteintech, 1:200 dilution), followed by incubation with
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Overexpression of ADARI aggravated hypoxia-induced PH in vivo. (A) Schematic illustration showing the construction of mice

adeno-associated virus vector 9 (AAV9) plasmid and the treatment protocol. Mice were infected with AAV9 once a day for 14 days in normoxia
situation and exposed to hypoxia for 28 days. (B) Representative Western blots and group data showing the expression of ADARI upon AAV9
treatment, n = 6. (C) Immunofluorescence assay showing the muscularization of vessels in mice infected with OE-ADARI1-AAV9, n = 6. (D, E)
Hemodynamic assay showing that OE-ADAR1 aggravated Right ventricular systolic pressure (RVSP), and right ventricle (RV)/left ventricle
(LV)+S weight ratio, n = 6. (F) Hematoxylin-eosin staining (HE) staining assay showing that OE-ADARI exacerbated pulmonary artery vascular
remodeling, n = 6. NOR, normoxia; HYP, hypoxia, NC, negative control; ns, no significance; Statistical analysis was performed with two-way
ANOVA followed by Dunnett’s test; All values are presented as mean = SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

fluorescent-labeled secondary antibodies. Nuclei were stained
with DAPI and observed using a fluorescence microscope. The
frozen sections of mouse lung tissues were analyzed in the same
manner.

2.23.  Fluorescence in situ hybridization (FISH)

Appropriate numbers of PASMCs were cultured in 24-well plates
for cell climbing and treated accordingly. The cells were prehy-
bridized after fixation and permeabilization. The corresponding

probe storage solution was added to the hybridization solution,
and the cells were incubated in a 37 °C incubator overnight. Cells
were washed with hybridization wash, stained with DAPI staining
solution, and observed using confocal microscopy.

2.24.  Quantification and statistical analysis

Representative figures/images reflected the average level of each
experiment. Normality of the data (using Shapiro—Wilk test) and
the equality of group variance (using Brown—Forsythe test) were
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Figure 3  8Aza reversed hypoxic-induced PH progression. (A) Schematic illustration showing the drug treatment protocol. 8 Aza was injected
intraperitoneally every four days for 28 days for hypoxia or 35 days for SuHx (hypoxia combined with Su5416) PH models. (B, C) Hemodynamic
analysis showing the therapeutic effects of 8Aza on Right ventricular systolic pressure (RVSP), and right ventricle (RV)/left ventricle (LV)+S
weight ratio, n = 6. (D) Ultrasound analysis showing that 8 Aza significantly attenuated the decreased pulmonary artery acceleration time (PAT)
and pulmonary artery time integral (PAVTI) caused by either hypoxia alone or SuHx, n = 6. (E) Hematoxylin-eosin staining (HE) staining
showing that 8 Aza significantly attenuated the increased median wall thickness of pulmonary vascular vessels caused by either hypoxia alone or
SuHx, n = 6. NOR, normoxia; HYP, hypoxia, ns, no significance; Statistical analysis was performed with two-way ANOVA followed by
Dunnett’s test; All values are presented as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 ADARI regulated the proliferation and cell cycle progression of PASMCs. (A) and (C) Representative Western blots and group data
showing that overexpression of ADAR1 (OE-ADARI, A) increased, whereas silencing of ADAR1 (C) decreased the protein expression of PCNA,
cyclin A and CDK1 in PASMCs, n = 6. (B) and (D) CCKS8 analysis showing that OE-ADARI increased (B), whereas silencing of ADAR1 (D)
decreased cell viability of PASMCs, n = 6. (E) Flow cytometry analysis showing the effect of silencing of ADARI on cell cycle of PASMCs,
n = 6. (F) CCKS8 analysis showing the concentration-dependent effect of 8Aza on hypoxia-stimulated cell viability, n = 6. (G) EdU staining
assay showing that 8 Aza abolished hypoxia-induced cell proliferation, n = 6. NOR, normoxia; HYP, hypoxia; NC, negative control; SI, siRNA of
ADARI1; OE, ADARI overexpression plasmid; Statistical analysis was performed with two-way ANOVA followed by Dunnett’s test or the
Student’s z-test; All values are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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performed on all data using GraphPad Prism 8.0 software
(GraphPad Software Inc., La Jolla, CA, USA). All data collection
and processing in this study are expressed as mean =+ standard
error (means = SEM). Single comparisons were made between
the two groups using paired or unpaired z-tests. Other data were
statistically analyzed using one-way ANOVA or two-way ANOVA
with Dunnett’s test where appropriate. A result of P < 0.05 was
considered statistically significant. All experiments were repeated
independently more than three times.

3. Results

3.1.  ADARI is highly expressed in the lung tissues of PH
patients and hypoxic mice

We randomly analyzed PH patient samples from the GEO data-
base (GSE113439) and found that ADARI1 expression was
increased in PH patients (Fig. 1A). To confirm this finding, we
collected lung tissue samples from PH patients and PH mice
induced by hypoxia combined with Su5416 injection (SuHx).
Western blotting analysis showed that the expression of ADARI1
was increased in these lung tissues when compared with those in
the control groups (Fig. 1B and C).

Immunofluorescence and immunostaining analysis revealed
that ADAR1 was expressed in the pulmonary arteries of PH pa-
tients and co-localized with the smooth muscle marker a-SMA,
indicating that ADAR1 was expressed in the smooth muscle layer
of pulmonary arteries (Fig. 1D and E). To further clarify the
cellular distribution of ADARI1, we detected the expression of
ADARI1 in PASMCs and pulmonary artery endothelial cells
(PAECs), and the results showed that the expression of ADARI1
was increased in both types of vascular cells, and the expression
was more significant in PASMCs (Fig. 1F and G). qPCR analysis
showed that ADARI1 level was increased in PASMCs upon hyp-
oxia treatment in a time-dependent manner and reached the peak
at 48 h (Fig. 1H). Immunofluorescence assay demonstrated that
ADARI1 was distributed in both cytoplasm and nucleus in normal
situation and hypoxia-induced relocation of more pl110 ADARI
into nucleus (Fig. 11).

3.2.  Overexpression of ADARI aggravates hypoxia-induced PH
in vivo

To explore the function of ADARI in vivo, we constructed an
adeno-associated virus vector 9 (AAV9) to overexpress ADARI
(OE-ADARI1) in mice exposed to hypoxia (Fig. 2A). Western
blotting analysis confirmed that ADAR1 was up-regulated in the
mice infected with AAV9 (Fig. 2B). Immunofluorescence assay
showed that OE-ADARI further exacerbated hypoxia-induced
muscularization (Fig. 2C). To clarify whether OE-ADARI
aggravated hypoxia-induced PH, we evaluated RV/(left
ventricle + S) and RV systolic pressure (RVSP). As shown in
Fig. 2D and E, OE-ADARI increased RVSP under normal con-
ditions and further aggravated both RVSP and RV/(left

ventricle 4+ S) in hypoxia situation. This was also confirmed with
morphological changes. HE staining showed that OE-ADARI1
aggravated smooth muscle layer thickening in distal or proximal
vascular vessel remodeling (Fig. 2F).

3.3.  Inhibition of ADARI reverses hypoxia-induced PH

To further clarify the function of ADARI in vivo, we established
mouse PH models induced by hypoxia alone or by hypoxia
combined with Su5416 (SuHx). 8-Azaadenosine (8Aza, 2 mg/kg)
was given with intraperitoneal injection every four days (Fig. 3A).
As shown in Fig. 3B and C, inhibition of ADAR1 was able to
attenuate the increased RV/(left ventricle + S) and RV systolic
pressure induced by hypoxia and SuHx. Echocardiography also
showed that 8Aza, which alone had no significant effect, signifi-
cantly improved the impaired pulmonary artery acceleration time
(PAT) and pulmonary artery velocity time integral (PAVTI) caused
by hypoxia treatment, but there was no significant effect on heart
rate (Fig. 3D, Supporting Information Fig. S1). Furthermore, HE
staining demonstrated that hypoxia-induced distal or proximal
pulmonary vascular remodeling as measured by smooth muscle
layer thickening was largely improved by inhibition of ADARI1
(Fig. 3E).

3.4. ADARI regulates the proliferation and cell cycle
progression of PASMCs induced by hypoxia

Next, we investigated the effect of ADAR1 on PASMCs prolif-
eration in vitro. Western blotting analysis showed that over-
expression of ADART1 increased the protein levels of proliferating
cell nuclear antigen (PCNA), cyclin A, and cyclin-dependent ki-
nase 1 (CDKI1) (Fig. 4A), suggesting that ADAR1 promoted
PASMC:s proliferation. These results were further confirmed with
Cell Counting Kit-8 (CCK8) (Fig. 4B) and S5-ethynyl-2-
deoxyuridine (EdU) staining (Supporting Information Fig. S2A)
assays. On the contrary, silencing of ADAR1 with its siRNA (SI)
abolished hypoxia-upregulated expressions of the above proteins
(Fig. 4C) and CCKS (Fig. 4D). In addition, flow cytometry assay
showed that knockdown of ADARI reversed hypoxia-increased
proportion of S-phase and reduced proportion of GO/G1 phase
(Fig. 4E). The opposite results were also obtained when ADARI
was overexpressed in the normoxia situation (Fig. S2B).

8Aza, a potent A-to-I editing inhibitor, at 0.005—0.1 pmol/L
concentration-dependently decreased hypoxia-upregulated protein
expression of PCNA, Cyclin A, and CDK1 measured with West-
ern blotting (Fig. S2C). This resulted in a decrease in cell pro-
liferation, which was further confirmed by CCKS8 (Fig. 4F) and
EdU (8Aza, 0.005 pmol/L) (Fig. 4G) assays.

3.5.  High-throughput transcriptome sequencing reveals the
ADARI-regulated circular RNA-circCDK17

High-throughput whole transcriptome sequencing was used to
study the mechanism underlying the effects of ADARI. It was

circCDK17 cycle-site for qPCR verification, and Sanger sequencing was performed to verify the accuracy of cycle-site. (F) RNA pull-down
experiment showing that circCDK17 bound directly to ADARI, n = 3. (G) Fluorescence in situ hybridization (FISH) showing the colocaliza-
tion of ADAR1 and circCDK17. (H) qPCR analysis showing the expression of circCDK17 in serum of PH patients (CON = 15, PH = 10). CON,
Control; PH, Pulmonary hypertension; NOR, normoxia; HYP, hypoxia; NC, negative control; SI, siRNA of ADARI; Statistical analysis was
performed with two-way ANOVA followed by Dunnett’s test or the Student’s z-test; All values are presented as mean = SEM. *P < 0.05,

*#*P < 0.01, ¥**P < 0.001.
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Figure 6
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CircCDK17 inhibited the proliferation and cell cycle progression of PASMCs. (A) Western blotting analysis showing that over-
expression (OE) of circCDK17 attenuated hypoxia-stimulated PCNA expression, n = 6. (B—C) EdU staining (B) and CCK8 (C) analysis showing
that OE-circCDK17 attenuated hypoxia-induced cell proliferation and viability, n = 6. (D) Flow cytometry showing the effect of OE-circCDK17
on cell cycle, n = 6. (E) RNA pull-down combined mass spectrometry showing circCDK17 binds with PCNA specific peptide. (F) Effect of
circCDK17 overexpression on PCNA ubiquitination level, n = 3. (G) Western blotting analysis showing that silencing of circCDK17 attenuated

6. (H—I) CCKS analysis (H) and EdU

staining (I) showing that silencing of circCDK17 abolished the effect of ADARI deficiency on cell viability and proliferation in the presence of
hypoxia, n = 6. NOR, normoxia; HYP, hypoxia; NC, negative control; SI, siRNA; OE, overexpression of circCDK17; Statistical analysis was
performed with two-way ANOVA followed by Dunnett’s test; All values are presented as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7 ADARI regulated m1A modification of circCDK17. (A) Online software deeppromise predicts the m1A and m6A modifications of
circCDK17 (https://deeppromise.erc.monash.edu/). (B) meRIP-qPCR assay showing the binding of circCDK17 to m1A antibody instead of m6A
antibody, n = 6. (C) Western blotting analysis showing protein expression of m1A modifying enzymes in response to ADARI1 overexpression,
n = 6. (D) Dot blots showing the modification of m1A upon ADAR1 knockdown. (E) meRIP-qPCR analysis showing the effect of m1A antibody
on circCDK17 enrichment in response to the knockdown of ADARI, n = 6. (F) qPCR analysis showing the expression of circCDK17
upon knockdown of mlA reader YTHDCI, n = 6. (G) Representation of Mountain plot of the MFE (minimum free energy) structure, the
partition function (pf), the thermodynamic ensemble of RNA structures, the centroid structure and present the positional entropy for each position
(http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi). (H) The optimal secondary structure in dot-bracket notation with a minimum free
energy of —150.00 kcal/mol is given. RNAfold was combined with the online software catRAPID (http://service.tartaglialab.com/page/catrapid_
group) to analyze mutant plasmid sites. (I) Western blotting analysis showing that mutation of all three m1A modification sites attenuated the
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found that 58 mRNAs, 416 long non-coding RNAs (IncRNAs),
and 1092 circRNAs were differentially expressed upon silencing
of ADARI in PASMCs under hypoxic conditions (Fig. 5A).
Among all, circRNAs change accounted for 69.8% (Fig. 5B).
These data suggest that ADAR1 may act as an important regulator
of circRNAs expression in PH. Functional enrichment analysis
(GO) and pathway enrichment analysis (KEGG) (P < 0.05, fold
change>1.5) showed that ADARI1 was involved in several
proliferating-related  signaling pathways including Hippo
signaling pathway, Notch signaling pathway, mTOR signaling
pathway, and FoxO signaling pathway. These data suggest that
ADARI might be involved in PASMCs proliferation in RNA seq
data (Figs. S3A and B). Subsequently, we selected circCDK17,
circAPBB2, circCDC14B, and circTBCD as ADARI regulated
candidate genes (Fig. 5C). With specific siRNA targeting the
circRNAs cyclization site, we found that ADARI mainly regu-
lated the expression of circCDK17 in PASMCs under hypoxia
condition (Fig. 5D). In addition, overexpression of ADARI also
inhibited circCDK17 expression in vitro (Supporting Information
Fig. S4A). Subsequently, we further analyzed the correlation be-
tween ADAR1 and circCDK17 in the lung tissues of PH patients.
The results showed a significant negative correlation between
ADARI and circCDK17 (Fig. S4B). CircCDK17 is a novel
circRNA derived from human chromosome 12 and formed by the
cyclization of exons 2-5, and we performed qPCR product sanger
sequencing with specific primers designed for the backsplice
junction site to verify the accuracy of the junction site. It was
found that circCDKI17 has a ring structure (Fig. 5E). The
expression of convergent and divergent primers designed by
circCDK17 in gDNA and cDNA was detected by agarose gel
electrophoresis, which further proved the real existence of
circCDK17 (Figs. S4C and D). Subsequently, RNase R experi-
ment showed that the addition of RNase R significantly reduced
the mRNA expression of ($-actin, but had no obvious effect on the
expression of circCDK17, which further indicate that circCDK17
was a circular molecule (Fig. S4E).

To determine whether ADARI can directly bind to circCDK17,
we designed a circCDK17-specific biotin probe for RNA pull-
down experiment. The expression of ADAR1 was detected in the
pull-down products by silver staining and Western blotting anal-
ysis (Fig. 5F). In addition, RNA immunoprecipitation (RIP)-qPCR
assay with anti-ADARI1 specific antibody detected the expression
of circCDK17 in the product (Fig. S4F), and fluorescence in situ
hybridization (FISH) assay showed that circCDK17 was distrib-
uted in both the nucleus and cytoplasm, and ADARI could
colocalize with circCDK17 in the nucleus (Fig. 5G). Furthermore,
gPCR results showed that the expression of circCDK17 was
significantly lowered in serum of PH patients, suggesting that
circCDK17 may be used as a valuable marker for the diagnosis of
PH (Fig. 5H).

3.6.  CircCDKI7 inhibits the proliferation and cell cycle
progression of PASMCs

In order to clarify the function of circCDK17, we constructed
circCDK17 plasmids and transfected them into PASMCs

(Supporting Information Figs. SS5A and B). Western blots showed
that overexpression of circCDK17 significantly reversed hypoxia-
upregulated PCNA expression (Fig. 6A). EdU, CCKS, and flow
cytometry results further confirmed that overexpression of
circCDK17 reversed cell proliferation and accelerated cell cycle
process caused by hypoxia (Fig. 6B—D). To explore the mecha-
nisms underlying the effects of circCDK17, RNA pull-down
product of circCDK17 specific biotin probe was analyzed with
mass spectrometry, and the specific peptide of PCNA was detected
in the product. PCNA as a downstream effector of circCDK17 was
further verified by Western blots (Fig. 6E, Fig. S5C).

In order to further clarify how circCDK17 regulates PCNA
expression, we performed ubiquitination analysis. As shown in
Fig. 6F, overexpression of circCDK17 reversed hypoxia-reduced
PCNA ubiquitination. These data suggest that circCDK17 regu-
lates the expression of PCNA by influencing its ubiquitination
level.

Subsequently, we designed three specific siRNAs for
circCDK17 at the cyclization site. The results showed that SI1 had
the highest knockdown efficiency, and we also verified whether
the SI1 of circCDK17 would affect the expression of its homol-
ogous CDK17 mRNA (Figs. S5D and E). We designed the primer
sequence of liner CDK17 without the same sequence interval as
circCDK17. qPCR results showed that circCDK17 siRNA did not
affect the expression of CDK17 mRNA (Fig. S5F). Western
blotting, CCKS8, and EdU assays showed that silencing of ADAR1
suppressed hypoxia-induced proliferation of PASMCs, whereas
circCDK17 siRNA reversed these trends (Fig. 6G-I). The above
results suggest that ADARI1 regulates cell cycle and proliferation
through circCDK17.

3.7.  ADARI regulates mlA modification of circCDKI17

Based on the literatures, we studied whether ADARI1 affects the
expression of circCDK17 in PH through N6-methyladenosine
(m6A) or mlA modification. Bioinformatics software Deep-
promise analysis indicates multiple m1A modification sites but no
m6A modification sites in circCDK17 (Fig. 7A, Supporting In-
formation Fig. S6A)*>. We then performed methylated RNA
immunoprecipitation (meRIP) to immunoprecipitate RNA with
mlA and m6A specific antibodies. qPCR analysis showed that the
expression of circCDK17 was detected in the precipitation pulled
down by mlA specific antibodies, but not in the precipitation of
mo6A specific antibodies (Fig. 7B). In addition, we found that the
mlA modification level of circCDK17 in the lung tissue of PH
patients was significantly down-regulated compared with healthy
donors (Fig. S6B). These results suggest that circCDK17 was
modified by mlA methylation. However, overexpression of
ADARI did not affect the expression of m1A methylation modi-
fication enzymes including TRMT6, ALKBH1, and YTHDC17*-**
(Fig. 7C), but markedly increased the level of m1A modification
as shown by dot blots (Fig. 7D). meRIP immunoprecipitation
showed that ADARI silencing reversed hypoxia-induced reduc-
tion in m1A antibodies-enriched circCDK17 (Fig. 7E), suggesting
that ADARI affected the m1A methylation modification level of
circCDK17. In addition, we found the presence of YTHDCI1

effects of overexpression of ADARI on protein expression of PCNA, Cyclin A, and CDK1, n = 6. (J) CCKS8 analysis showing the effect of site
mutations of each of the three m1A modification sites on cell viability of PASMCs, n = 6. NOR, normoxia; HYP, hypoxia; NC, negative control;
OE, overexpression; Mut, mutant; SI, siRNA; Statistical analysis was performed with two-way ANOVA followed by Dunnett’s test or the Stu-
dent’s t-test; All values are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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specific peptide in circCDK17 RNA pull-down combined mass
spectrometry, which further suggests the presence of m1A modi-
fication in circCDK17 (Fig. S6C). qPCR analysis showed that
knockdown of Reader-YTHDCI of m1A reduced the expression
of circCDK17, indicating that m1A-modified circCDK17 was
more stable (Fig. 7F).

We further investigated whether ADAR1 regulates circCDK17
mlA methylation modification through competitive binding to
modification sites. As ADARI1 usually acts on double-stranded
RNA, we analyzed the secondary structure of circCDK17 and the
interaction site between ADAR1 and circCDK17 using combining
RNAfold web server and catRAPID software (Fig. 7G and H;
Fig. S6D)***. Combined with the three circCDK17 m1A methyl-
ation modification sites with high scores in the above Deeppromise,
a full m1A methylation sites mutant in circCDK17 (A5T-A24T-
A293T) was constructed (Fig. 7H). Western blotting analysis
showed that overexpression of circCDK17 reversed the excessive
proliferation of PASMCs caused by ADAR1 overexpression, how-
ever, this phenomenon was attenuated by the above m1A modifi-
cation site mutant. These results suggest that ADAR1 mediates the
proliferation of PASMCs through m1A modification (Fig. 7I). To
identify the potential sites, single-site mutants were constructed
(Mutl: AST; Mut2: A24T; Mut3: A293T). CCK8 analysis showed
that both A5T and A293T had significant recovery effects, and the
recovery effect seemed to be stronger than A24T (Fig. 7J). These
results indicate that ADARI1 regulates circCDK17 m1A methyl-
ation and mediates PASMCs proliferation.

4. Discussion

In this study, we found a marked increase of ADARI1 levels in
lung tissues of PH patients and animal models as well as hypoxia-
treated PASMCs. We demonstrated that ADAR1 upregulation was
associated with PASMC proliferation in vitro and in vivo. More
importantly, ADAR1 functions by inhibition of circCDK17 m1A
methylation. These results suggest that ADAR1 and circCDK17
are involved in hypoxia-induced PH. More interestingly,
circCDK17 level in the serum of PH patients was also signifi-
cantly lower than those of healthy donors. Our data suggest that
ADARTI and circCDK17 may be a key targets and biomarker for
treatment and diagnosis of PH.

Abnormal proliferation of PASMCs is the main cause of PH
pulmonary vascular remodeling, and the mechanism is extremely
complicated. Therefore, it is vital to find the key factors that
mediated hypoxia induced PASMCs proliferation. ADARI-
mediated A-to-I modification was significantly increased in lym-
phoblastoid (LB) cells under hypoxia condition’”. In line with
this, we also found increased ADARI1 expression in hypoxic
PASMCs. Studies have shown that ADARI participates in rat
primary aortic SMCs phenotypic switching'®, and promotes the
progression of atherosclerotic cardiovascular disease®®, knock-
down expression of ADAR1 pl110 subtype inhibits glioma cell
proliferation®. These studies indicate that ADARI may be
involved in the hyperproliferation of PASMCs induced by hyp-
oxia. We revealed for the first time in the present study that
ADARI expression was abnormally higher in PH patients and
inhibition of ADARI significantly reversed PASMCs prolifera-
tion. Thus, ADARI is one of hypoxic responders which has a
powerful function in PH.

To clarify the biological function of ADARI1 in vivo, we
created an ADARI overexpression animal model. Interestingly,
overexpression of ADARI1 was sufficient to cause pulmonary

vascular remodeling and higher RVSP, although not enough to
induce right ventricle hypertrophy. However, under hypoxia con-
dition, ADAR1 overexpression further aggravated hypoxia-
induced PH and right ventricle hypertrophy. Furthermore, we
found that 8Aza, a specific inhibitor of ADARI, reversed pul-
monary vascular remodeling caused by hypoxia and hypoxia
combined with Su5416. Our data suggest that ADARI1 is an
important mechanism regulating pulmonary artery and right
ventricle phenotypic modulation and inhibition of this RNA
editing enzyme is an important target to treat PH.

As an important post-transcriptional modification mode,
ADARI1-mediated A-to-I RNA editing alters genetic information,
thus generating structural and functional diversity of proteins and
becoming an important supplement to the central principle. The
biological functions of ADARI1 are mainly divided into two types:
ADARI1 targets double-stranded RNA (dsRNA)40 and interacts
with RNA binding proteins*'. Interestingly, recent studies have
found that a large number of A-to-I RNA editing sites are located
in non-coding regions, suggesting a close relationship between
ADARI1 and non-coding RNAs'?. For instance, ADARI pl10,
which is highly expressed in liver cancer, inhibited the expression
of circRNA*?. ADARI also antagonized circRNAs expression by
melting the stem of the intron’®. Compared with other types of
RNA, our results suggest that ADARI tends to influence circR-
NAs expression by whole transcriptome sequencing. Thus, the
signal axis of ADARI-circRNA may play a crucial role in the
development of PH.

Previous studies have shown that circRNAs are involved in the
development of PH*****. For instance, circRNA CDR las promotes
PASMCs calcification by up-regulating the expression of
CAMK2D and CNN3 through sponge adsorption of miR-7-5p™.
CircGSAP overexpression also significantly inhibits hypoxia-
induced proliferation and promotes apoptosis of pulmonary
microvascular endothelial cells*®. Circ-calm4 regulates the pro-
liferation and pyroptosis of PASMCs by adsorbing miR-337-3p
and miR-124-3p, respectively>**. However, the upstream mech-
anism of circRNAs in PH is not clear. In this study, we identified a
novel circular RNA-circCDK17 which is regulated by ADARI to
alleviate PH. We not only find the upstream (ADART1) but also the
downstream of circCDK17. PCNA is closely related to DNA
synthesis and plays an important role in the initiation of cell
proliferation*”. We found in the present study, circCDK17 may
combine and interact with PCNA to inhibit its expression and
regulate the proliferation of PASMCs. In addition, FISH experi-
ments showed that ADARI and circCDK17 had spatial colocali-
zation in the nucleus. Consistent with Western blotting results,
ADARI1 was mainly expressed in the p110 subunit of the nucleus
in PASMCs. Therefore, ADARI functions by influencing
circCDK17 in the nucleus of hypoxic PASMCs.

mlA is a new type of methylation modification and also acts
on adenine. For this reason, these two processes may compete on
adenine with each other. Our results showed that knocking-down
ADARI increased the ml1A modification level of circCDK17.
Studies have shown that m1A modification in tRNA regulates
translation by improving tRNA stability**, whereas mlA in
mRNA and IncRNA regulates RNA processing or protein trans-
lation”®. As far as we know, there is no relevant report on
circRNAs and m1A methylation modification. Whether the m1A
methylation modification of circRNAs is involved in the devel-
opment of PH is still unclear. In this study, we first analyzed the
presence of m1A circCDK17 regulated by ADARI and verified
the presence of m1A modification but not m6A modification in
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circCDK17 by meRIP experiment. ml1A modification is also
regulated by corresponding modification enzymes. Importantly,
we found that ADAR1 did not affect the expression of mlA
modification enzymes, but acted on the ml1A site to reduce its
modification level. In short, our study reveals for the first time a
new mechanism by which ADARI1 functions, which undoubtedly
provides new insights into the upstream mechanism of circRNAs.

Interestingly, it has been proved that circRNAs are differen-
tially expressed in plasma between pediatric patients with PH due
to congenital heart disease and control subjects*’. In the current
study, the expression of circCDK17 was found significantly down-
regulated in the serum of PH patients. Due to the absence of 3" and
5’ structures, circRNASs are not sensitive to nucleases and are more
stable than traditional linear transcripts. In addition, circRNAs
exhibit tissue specificity, temporal specificity, and conservation.
Therefore, circRNAs are more suitable to be developed as a
biomarker for the diagnosis of PH disease compared to traditional
linear RNAs. For the above reasons, we proposed that circCDK17
may serve as a serum biomarker for the diagnosis of PH.

The limitation of this work is that the function of ADAR1 was
only studied in hypoxic PH. Given the multiple subtypes of PH,
whether ADAR1 and circCDK17 play the same roles in PH in
other subtypes remains to be elucidated. In addition, the function
of circCDK17 in vivo still needs to be further explored.

In conclusion, we demonstrated for the first time that ADAR1
has a critical regulatory role in PASMC proliferation in vivo and
in vitro by the interaction with circCDK17, leading to the change
at methylation level of circCDK17 m1A. This finding suggests
that ADAR1 may serve as a potential target and circCDK17 may
be developed to be a biomarker for diagnosis of PH.
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