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Abstract

Hypoxic pulmonary hypertension (HPH) is a pathophysiological syndrome in which pulmonary vascular pressure increases
under hypoxic stimulation and there is an urgent need to develop emerging therapies for the treatment of HPH. LncRNA
MIR210HG is a long non-coding RNA closely related to hypoxia and has been widely reported in a variety of tumor
diseases. But its mechanism in hypoxic pulmonary hypertension is not clear. In this study, we identified for the first time
the potential effect of MIR210HG on disease progression in HPH. Furthermore, we investigated the underlying mecha-
nism through which elevated levels of MIR210HG promotes the transition from a contractile phenotype to a synthetic
phenotype in PASMCs under hypoxia via activation of autophagy-dependent ferroptosis pathway. While overexpression
of HIF-2a in PASMCs under hypoxia significantly reversed the phenotypic changes induced by MIR210HG knockdown.
We further investigated the potential positive regulatory relationship between STAT3 and the transcription of MIR210HG
in PASMCs under hypoxic conditions. In addition, we established both in vivo and in vitro models of HPH to validate
the differential expression of specific markers associated with hypoxia. Our findings suggest a potential mechanism of
LncRNA MIR210HG in the progression of HPH and offer potential targets for disease intervention and treatment.

Keywords Autophagy - Ferroptosis -+ Hypoxic pulmonary hypertension - MIR210HG - Phenotype switching

Introduction

Pulmonary hypertension (PH) is a clinical and pathophysi-
ological syndrome characterized by elevated pulmonary
artery pressure resulting from structural or functional
changes in the pulmonary vessels [1]. In recent years, there
has been a significant increase in the prevalence of PH
across all age groups [2]. Hypoxic pulmonary hypertension
(HPH) represents the third category of pulmonary hyper-
tension. Prolonged exposure to hypoxia stimulates irrevers-
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ible proliferation of pulmonary artery smooth muscle cells
(PASMCs) and damages endothelial cells, leading to exten-
sive pulmonary vascular lesions (such as intimal hyperpla-
sia and thickening of the middle and outer membrane layers
of muscular arteries, luminal stenosis and increased tension
in non-muscular arteries, etc.), and eventually forming pul-
monary hypertension [3].

Excessive proliferation of PASMCs serves as the under-
lying pathogenesis of PH, accompanied by the transition
of PASMCs from a contractile phenotype to a synthetic
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phenotype [4, 5]. Normal PASMCs are highly differenti-
ated elongated spindle-shaped cells, responsible for main-
taining pulmonary vascular pressure through regulation
of blood vessel contractility, but they lack the ability to
proliferate and invade [6]. Nevertheless, when exposed to
environmental factors such as hypoxia, PASMCs undergo
transformation into undifferentiated rhombohedral synthetic
cells, characterized by decreased expression of contractile
markers (e.g., a-SMA, SMMHC), increased expression of
synthetic cell markers (e.g., OPN, VIM), reduced cell con-
tractile function and enhanced cell proliferation [7].

Ferroptosis is an iron-dependent programmed cell death
process. When intracellular iron overload occurs, exces-
sive Fe?* catalyzes the production of lipid peroxides (LPO)
and reactive oxygen species (ROS) through enzymatic or
non-enzymatic reactions (Fenton reaction), and then accu-
mulates cytotoxic aldehydes to induce cell death [8, 9].
Although the role of ferroptosis in PH remains controver-
sial, it is evident that HPH pathogenesis involves an imbal-
ance in iron homeostasis and an increase in intracellular
LPO and ROS [10-12]. Autophagy represents one of the
classical regulatory pathways associated with ferroptosis. In
PASMCs of HPH, abnormal activation of autophagy pro-
vides ample nutrients for cell proliferation while exacerbat-
ing disease progression [12—14]. However, there have been
no reports regarding whether autophagy regulates ferropto-
sis in PASMC:s.

LncRNA MIR210HG is transcribed from the host gene
MIR210HG, which is located on human chromosome
11p15.5. It is a long non-coding RNA closely related to
hypoxia and has been widely reported in a variety of tumor
diseases [15—17]. Previous studies have demonstrated that
MIR210HG can interact with hypoxia-inducible factor fam-
ily proteins through distinct mechanisms, leading to tumor
cell proliferation, invasion, and epithelial-mesenchymal
transition [16, 17]. However, the precise involvement of
MIR210HG in regulating ferroptosis and its role in hypoxic
pulmonary hypertension remains elusive. Signal transducer
and activator of transcription 3 (STAT3) is a classical tran-
scription factor, which participates in the transcription of
multiple regulators of PH and induces the proliferation of
PASMCs under hypoxia [18, 19].

In this study, we identified the potential effect of
MIR210HG on phenotypic switching of PASMCs under
hypoxia. Furthermore, we investigated the underlying
mechanism through which MIR210HG affected disease pro-
gression in HPH by regulating PASMCs phenotypic switch-
ing. We further investigated the potential positive regulatory
relationship of STAT3/MIR210HG/HIF-2a signaling axis in
PASMCs under hypoxic conditions. In addition, we estab-
lished both in vivo and in vitro models of HPH to validate

the differential expression of specific markers associated
with hypoxia.

Materials and methods
Cell culture and treatment

Primary human pulmonary arterial smooth muscle cells
(hPASMCs) were purchased from the American Type Cul-
ture Collection (ATCC, VA, USA) and cultured in smooth
muscle cell medium (ScienCell, CA, USA) supplemented
with 10% fetal bovine serum (FBS), 1% SMC growth fac-
tor, and 1% penicillin/streptomycin. The cells were main-
tained in a normoxic environment at 21% O,, 5% CO,, and
37°C. To induce hypoxia, the cells were exposed to a culture
condition consisting of 1% O,, 5% CO,, and 99% N, for a
duration of 24 to 48 h [20, 21]. Prior to treatment, all cells
underwent a serum-free medium incubation period of 24 h.

Animal models

Twenty male Wistar rats, aged 6—8 weeks and weighing
(210+10 g), were procured from the Laboratory Animal
Center of Anhui Medical University (Anhui, China). The
rats were housed in cages under a 12-hour light/dark cycle
with free access to water and food. They were randomly
assigned into two groups: negative control (NC) group and
HPH group, each consisting of 10 rats. The HPH model
was induced by subjecting rats to an 8-hour daily exposure
of air containing 10.0% oxygen, while the NC group was
exposed to fresh air containing 21% oxygen [22]. After four
weeks, hemodynamic parameters were measured to confirm
the successful establishment of the HPH model. Pulmonary
artery smooth muscle tissues from both groups were col-
lected for subsequent research. This study protocol was
approved by the Animal Ethics Committee of Anhui Medi-
cal University (Anhui, China).

Western blot

Cells and tissues were lysed using RIPA lysis buffer (Ser-
vicebio, Wuhan, China) supplemented with protease inhibi-
tors for 30 min on ice, and the supernatant was collected.
Total proteins were separated by electrophoresis on a 10%
SDS-PAGE (Servicebio, Wuhan, China) and subsequently
transferred onto polyvinylidene difluoride membranes.
After blocking with 5% skim milk powder for 1 h, the mem-
branes were incubated overnight at 4°C with primary anti-
bodies. Subsequently, the membranes were incubated with
horseradish peroxidase-conjugated IgG secondary antibody
(Servicebio, Wuhan, China) for 1 h at room temperature
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[23, 24]. Western blot analysis was performed using a gel
imaging system (Tanon, Shanghai, China). Primary anti-
bodies used were as follows: STAT3 at 1:1000 (Bioworld,
MN, USA); HIF-2a at 1:1000 (Bioworld, MN, USA);
HIF-1a at 1:1000 (Bioworld, MN, USA); PTGS2 at 1:1000
(Bioworld, MN, USA); a-SMA at 1:1000 (Bioworld, MN,
USA); OPN at 1:2000 (Abcam, Cambridge, UK); LC3B-
II at 1:2000 (Abcam, Cambridge, UK); Beclin-1 at 1:1000
(Bioworld, MN, USA); B-actin at 1:5000 (Bioworld, MN,
USA); GAPDH at 1:5000 (Bioworld, MN, USA).

Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from cell samples using an RNA
Quick Purification kit (Genuine, Henan, China). Comple-
mentary DNA (cDNA) templates were synthesized in accor-
dance with the total RNA [25, 26]. Following the protocols
provided by the assay kit and instrument manufacturers,
the relative expression of MIR210HG was determined by
real-time PCR using SYBR™ green master mix (Thermo,
MA, USA) in a PRISM®7500 real-time PCR machine
(ABIL, CA, USA) and had been normalized by the expres-
sion of GAPDH. Nuclear and cytoplasmic RNA was iso-
lated from the PASMCs under hypoxia using PARIS™ Kit
(Thermo, MA, USA) to detect the subcellular localization
of MIR210HG. GAPDH and U6 were used to normalize
nuclear and cytoplasmic RNA, respectively. The primer
pairs used were: MIR210HG-Forward: 5'-GCAGGCACA
GGTGTGGTCATATC-3' and MIR210HG-Reverse: 5'-AG
GCAGGCTCAGCAGACAGG-3"; GAPDH-Forward: 5'-A
GGTCGGTGTGAACGGATTTG-3' and GAPDH-Reverse:
5'-TGTAGACCATGTAGTTGAGGTCA-3; Ué6-Forward:
5'-CTCGCTTCGGCAGCACA-3" and U6-Reverse: 5'- AA
CGCTTCACGAATTTGCGT-3.

Cell transfection

GP-transfect-Mate (Genepharma, Shanghai, China) reagent
was employed for the transfection of small interfering
RNA (si-RNA, Genepharma, Shanghai, China) and pCM V-
HIF-10/HIF-20/STAT3-3XFLAG-Neo (Fig. S1, Geneph-
arma, Shanghai, China) into PASMCs in the logarithmic
growth phase. The sequences for transfection were as fol-
lows: si-MIR210HG, sense: 5'-CAACACAGUUCACAA
UAUATT-3"; anti-sense: 5'-UAUAUUGUGAACUGUGU
UGTT-3'; si-HIF-2a, sense: 5'-CAGCAUCUUUGAUAG
CAG-3’; anti-sense: 5'-ACUGCUAUCAAAGAUGCU-3';
si-STAT3, sense: 5-GGGACCUGGUGUGAAUUAUT
T-3'; anti-sense: 5'- AUAAUUCACACCAGGUCCCTT-3".
si-NC, sense: 5-UUCUCCGAACGUGUCACGUTT-3%
anti-sense: 5'-ACGUGACACGUUCGGAGAATT-3".
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Dataset collection and bioinformatics analysis

Gene expression data from human pulmonary artery tis-
sue are available on the GEO (https://www.ncbi.nlm.nih.
gov/geo) dataset GSE236251 (platform: GPL11154), which
contains 8 PAH patients (age 57.9+4.1) and 8 control
individuals (age 57.9+2.7), and GSE188938 (platform:
GPL23227), which contains 6 PAH patients (age 58.3 +8.8)
and 4 control individuals (age 57.8 +8.5). HDOCK (http://
hdock.phys.hust.edu.cn/) database was used to predict
the binding ability of MIR210HG to HIF-2a protein, and
LGscore>1.5 and MaxSub>0.1 were considered to have
potential molecular interaction. JASPAR database (http://
jaspar.genereg.net/) is used to predict the potential bind-
ing sites between STAT3 and MIR210HG promoter. The
optimal promoter region was determined based on positive
Strand and the highest Score as the selection criterion.

RNA pull-down assay

Biotin-labelled total MIR210HG probe and its antisense
probe were synthesized from Genepharma (Genepharma,
Shanghai, China), and PureBinding® RNA-protein pull-
down Kit (Geneseed, Guangzhou, China) was used to
perform the RNA pull-down assay. In brief, after hypoxic
intervention of PASMCs for 24 h, the probes were incubated
with cell lysates to form RNA-protein complexes. Subse-
quently, RNA-binding proteins were specifically captured
using Streptavidin Magnetic Beads and HIF-2a enrichment
levels were detected using Western Blot.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was conducted using the ChIP assay kit
(Beyotime, Shanghai, China). PASMCs were incubated in
a medium containing 1% formaldehyde for 10 min to cross-
link chromatin and proteins, and the cross-linking was ter-
minated with glycine. After collecting and lysing the cells,
the chromatin was ultrasonically fragmented into 200—
500 bp fragments. One-tenth of the sonicated lysate served
as the Input group, while the remaining lysates were incu-
bated overnight at 4°C with STAT3 antibody and rabbit IgG
separately. Protein A/G agarose was employed to enrich the
antigen-antibody complex. The complex underwent delink-
ing of crosslinking by heating at 65°C for 4 h after addition
of 5 M NaCl. The products were digested with proteinase K,
and the recovered DNA was utilized for PCR analysis. The
primers designed to recognize the MIR210HG promoter
sequence are provided below: MIR210HG-Forward: 5'- T
GCAAAGATGCTTTCTCCCGAT -3’ and MIR210HG
-Reverse: 5'- GGCACCTTTTCTCAGCATCTGT —3'.
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Luciferase assay

The wild-type sequence containing the MIR210HG pro-
moter was inserted into the pGL3-Basic vector (Fig. S1B,
Genepharma, Shanghai, China) [22, 27]. Mutants were gen-
erated using a QuickChange® Il mutagenesis kit (Agilent,
CA, USA) and subsequently incorporated into the vector.
GP-transfect-Mate (Genepharma, Shanghai, China) was
employed for co-transfection the empty pGL3-basic vector
or MIR210HG-WT plasmids or MIR210HG-MUT plasmids
with the oe-STAT3 plasmid into PASMCs. Renilla lucifer-
ase was employed as the internal control gene and luciferase
activity was assessed utilizing a Dual-Luciferase® assay kit
(Promega, WI, USA).

Hematoxylin-eosin (HE) staining

According to the previous method [28], rat lung tissues were
embedded in paraffin. After baking the paraffin sections at
65°C for 2 h, they were washed using xylene and alcohol.
Sections were stained according to the HE staining method
and the pulmonary arteries were captured through imaging
with an orthotopic microscope (Leica, Wetzlar, Germany).

Immunofluorescence (IF) staining

The tissues and cells were fixed with 4% paraformaldehyde
(Servicebio, Wuhan, China), followed by incubation with
Triton-X100 (Servicebio, Wuhan, China) to permeabilize
the membranes. After inactivating endogenous peroxidases,
the samples were incubated overnight at 4°C with primary
antibodies targeting PTGS2, OPN, and a-SMA. Afterward,
they were exposed to Cy3 conjugated Goat Anti-Rabbit
IgG (1:300, Servicebio, Wuhan, China) for 1 h at room
temperature in the dark. To visualize nuclear morphology,
counterstaining was performed using 4’,6-diamidino-2-phe-
nylindole (DAPI, Servicebio, Wuhan, China). Pulmonary
arterial images were acquired using an orthostatic fluores-
cence microscope while PASMCs were imaged utilizing a
fluorescent inverted microscope (Olympus, Tokyo, Japan).

Cell counting Kit-8 (CCK-8) assay

Cell viability was detected using the CCK-8 kit (Service-
bio, Wuhan, China). According to the reagent instructions,
PASMCs (5*10%/well) were seeded in 96-well plates and
incubated in the CCk-8 working solution for 2 h in the
dark after 24 h of hypoxic stimulation. The absorbance at
450 nm was measured using a microplate reader (Bio Tek,
VT, USA).

ROS detection

The intracellular ROS level was detected by Reactive
Oxygen Species Assay Kit (Servicebio, Wuhan, China).
PASMCs were incubated in the dark at 37°C for 30 min
using the DCFH-DA probe according to the manufacturer’s
protocol. The fluorescence intensity was observed using a
fluorescent inverted microscope (Olympus, Tokyo, Japan)
an excitation wavelength of 488 nm and an emission wave-
length of 525 nm.

LPO detection

The intracellular LPO level was detected by Cell Lipid-
peroxides Detection Kit (Dojindo, Kumamoto, Japan).
PASMCs were incubated in the dark at 37°C for 30 min
using the Liperfluo working solution according to the manu-
facturer’s protocol. The fluorescence intensity was observed
using a live cell imager with an excitation wavelength of
488 nm and an emission wavelength of 525 nm.

GSH/GSSG assay

The intracellular reduced glutathione level was detected by
GSH and GSSG Assay Kit (Beyotime, Shanghai, China).
PASMCs were incubated in the dark at 25°C for 25 min
using the total glutathione assay working solution accord-
ing to the manufacturer’s protocol. The absorbance of the
samples at a wavelength of 412 nm was measured using a
microplate reader (Bio Tek, VT, USA).

Statistical analysis

All data were subjected to statistical analysis using
GraphPad Prism 9.0 software. The non-parametric tests
(Mann-Whitney test) was used to compare the significant
differences between the two groups. A significance level of
P <0.05 was considered statistically significant.

Results

Hypoxia induces autophagy, ferroptosis and
phenotype switching in pulmonary arteries of rats

In order to examine the programmed cell death patterns
and phenotypic changes in the pulmonary vasculature of
HPH rats, we established the hypoxia-induced rat model
of PH. Histological analysis through HE staining revealed
that, compared to the control group, the HPH group had
significant thickening of the pulmonary arteries (Fig. 1A).
Meanwhile, the hemodynamic measurements revealed a
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Fig. 1 Autophagy, ferroptosis, and phenotypic switching in HPH rat
model. (A) HE staining showed pulmonary artery thickening in the
HPH rat model. (B-D) The levels of mPAP, RVSP, and RV/(LV +S)
exhibited an increase in the HPH rat model. (E-J) The expression of
Beclin-1, LC3B-1I, PTGS2, OPN proteins was enhanced in a HPH
rat model. While the expression of a-SMA was inhibited. (K, L) The

significant increase in mean pulmonary arterial pressure
(mPAP), right ventricular systolic pressure (RVSP), and
the ratio of right ventricular to left ventricular plus inter-
ventricular septum thickness (RV/(LV + S) within the HPH
group, confirming the successful construction of the model
(Fig. 1B-D). We collected total protein extracts from the
pulmonary artery smooth muscle layers of the two rat
groups. WB results showed that, in comparison to the control
group, the autophagy markers Beclin-1 (Fig. 1F) and LC3-II
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(Fig. 1G) were significantly elevated in the HPH group.
Additionally, ferroptosis markers PTGS2 (Fig. 1H) showed
a significant increase, and the phenotype switching mark-
ers OPN (Fig. 11) was upregulated, while a-SMA (Fig. 1J)
was downregulated. Immunofluorescence was employed to
further validate the expression levels of PTGS2 and OPN
in the pulmonary artery smooth muscle layers of HPH rats
(Fig. 1K-L). Compared to the control group, both proteins
exhibited a significant increasing trend. In conclusion, we
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propose that in the pulmonary vasculature of HPH rats, the
pulmonary artery smooth muscle layer undergoes autoph-
agy, ferroptosis, and phenotype switching.

MIR210HG regulates autophagy, ferroptosis and
phenotype switching in PASMCs under hypoxia

According to the previous method, we analyzed LncRNA
expression profiles in two groups of hPASMCs (n=3) sub-
jected to normoxic or hypoxic stimulation [29]. A total of
154 differentially expressed genes (DEGs) were identified,
consisting of 85 upregulated and 69 downregulated genes.
The top 20 upregulated genes and the top 20 downregulated
genes were visualized via a heatmap (Fig. 2A). Among the
top 20 upregulated DEGs, LncRNA MIR210HG, which is
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Fig. 2 LncRNA MIR210HG regulates autophagy, ferroptosis, and
phenotype switching in PASMCs under hypoxia. (A) The expres-
sion of the top 20 upregulated DEGs and the top 20 downregulated
DEGs. (B) The expression of MIR210HG in PASMCs at 0, 4, 8,
12, 24, 36 h under hypoxia. (C) The expression of MIR210HG was
increased under hypoxia, but was significantly inhibited after trans-
fection with si-MIR210HG. (D-I) Si-MIR210HG inhibited the
expression of Beclin-1, LC3B-II, PTGS2, OPN proteins in PASMCs
under hypoxia. While the expression of a-SMA was enhanced. (J)

T

%/‘, R\

closely associated with hypoxia, was identified as a pivotal
molecule potentially involved in the regulation of HPH.
Subsequently, we used GEO database to verify the expres-
sion of LncRNA MIR210HG (Fig. S2). Compared to con-
trols, LncRNA MIR210HG showed significant elevation
in lung tissue from PAH patients in both datasets. In addi-
tion, consistent with previous reports, PAH patients also
had increased expression of ferroptosis markers PTGS2 or
TFRI1 (Fig. S2).

We detected MIR210HG expression under different
hypoxia induction time, and found that its highest expression
was induced after 24 h of hypoxia (Fig. 2B). Consequently,
we determined this time point as the optimal duration for
hypoxic treatment in cellular experiments. Subsequently, we
constructed siRNA targeting MIR210HG and qPCR results
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MIR210HG enhanced the fluorescence signal of a-SMA in PASMCs
under hypoxia. DEGs: differential expression genes, LPO: Lipid per-
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demonstrated that siRNA significantly inhibited the expres-
sion of MIR210HG (Fig. 2C). Inhibition of MIR210HG
under hypoxia led to a significant decrease in autophagy
markers LC3-II, Beclin-1, and ferroptosis marker PTGS2
(Fig. 2E-G) compared with the control group. Simultane-
ously, after silencing MIR210HG, the intracellular GSH was
significantly increased (Fig. 2J), and the levels of LPO and
ROS were significantly decreased (Fig. 2K-L), which meant
that ferroptosis was significantly inhibited in PASMCs. In
addition, after MIR210HG inhibition, the expression of
OPN was inhibited (Fig. 2H), the expression of SMA was
enhanced (Fig. 2I), and the fluorescence signal of a-SMA
was significantly enhanced compared with the control group
(Fig. 2M), indicating that PAMSCs were reversed from syn-
thetic phenotype to contractile type.

Fig. 3 MIR210HG regulates A
the phenotypic switching of
PASMCs under hypoxia through
ferroptosis. (A) Erastin enhanced
the fluorescence signal of LPO
with ROS in PASMCs under
normoxia, but ferrostatin-1
inhibited the fluorescence signal
of LPO and ROS in PASMCs in
PASMCs under hypoxia. (B-C)
Erastin enhanced the OPN and
inhibited the a-SMA in PASMCs
under normoxia, but ferrostatin-1
inhibited the OPN and enhanced
the a-SMA in PASMCs in
PASMCs under hypoxia. (D)
Erastin reversed the expression of
OPN in PASMCs under hypoxia
reduced by Si-MIR210HG. (E)
Erastin reversed the fluorescence OPN
signal of a-SMA in PASMCs
under hypoxia enhanced by
Si-MIR210HG. LPO: Lipid
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Ferroptosis regulate the phenotypic switching
of PASMCs under hypoxia, which is mediated by
MIR210HG

Subsequently, we validated whether the phenotype switch-
ing of PASMCs was regulated by ferroptosis. PASMCs
were treated with the ferroptosis activator Erastin (MCE,
USA) 10 um for 24 h under normoxia according to previ-
ous research [30]. Compared to the control group, intracel-
lular levels of LPO (Fig. 3A) and ROS (Fig. 3A) exhibited
a significant increase, and there was an elevation in OPN
(Fig. 3B), while a-SMA expression decreased (Fig. 3C).
Meanwhile, under hypoxic conditions, we treated PASMCs
with the ferroptosis inhibitor Ferrostain-1 (MCE, USA)
at 5 um for 24 h (Fig. S3). In comparison to the hypoxia
group, Ferrostain-1 markedly suppressed intracellular
LPO, ROS and OPN levels, and enhanced SMA expression
(Fig. 3A—C). Rescue experiments further demonstrated that
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the Erastin could restore the decrease in OPN (Fig. 3D) and
evidenced 0-SMA fluorescence signals (Fig. 3E) caused by
silencing MIR210HG under hypoxia. In conclusion, we sug-
gest that MIR210HG can regulate the phenotypic switching
of PASMCs under hypoxia through ferroptosis.

Ferroptosis regulates the phenotypic switching
of PASMCs under hypoxia, which depends on the
autophagy pathway

Previous literature indicates that ferroptosis is regulated by
the autophagy pathway in various diseases. In accordance
with prior research, we inhibited autophagy in PASMCs
using the autophagy inhibitor 3-Methyladenine (3-MA,
MCE, USA) at 5 mM. Compared to the control group, inhi-
bition of hypoxia-induced autophagy in PASMCs resulted
in a significant reduction in autophagy makers Beclin-1
(Fig. 4A), LC3-II (Fig. 4B). Despite an increase in PTGS2
(Fig. S4), the ferroptosis marker TFR1 was markedly sup-
pressed (Fig. 4F). Additionally, intracellular levels of LPO
(Fig. 4H) and ROS (Fig. 4I) were significantly reduced, indi-
cating that the ferroptosis in PASMCs remained inhibited.
Furthermore, after inhibiting autophagy of PASMCs under
hypoxia, OPN decreased (Fig. 4D) while SMA increased
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Fig. 4 Autophagy regulates ferroptosis, and phenotype switching in
PASMCs under hypoxia. (A-F) 3-MA inhibited the expression of
Beclin-1, LC3B-1I, TFR1, OPN proteins in PASMCs under hypoxia.
While the expression of a-SMA was enhanced. (G) 3-MA significantly
increased reduced glutathione levels in PASMCs under hypoxia. (H-I)

(Fig. 4E) and the fluorescence signal of a-SMA was notably
enhanced (Fig. 4J), marking the cells by synthetic pheno-
type reply for the contractive phenotype.

MIR210HG regulates ferroptosis and phenotype
switching of PASMCs under hypoxia through
autophagy

The potential regulatory mechanism of MIR210HG on
phenotypic switching of PASMCs was further verified by
rescue experiments. Based on our previous research, the
autophagy activator rapamycin 50 um (Rapa, MCE, USA)
was used to induce autophagy of PASMCs. Compared with
si-MIR210HG group, Rapa inducing autophagy flux LC3-
II reactivated (Fig. 5C), and make the intracellular PTGS2
(Fig. 5D), ROS (Fig. 5A), LPO (Fig. 5A) significantly
increased. In addition, Rapa also reversed the decrease in
OPN (Fig. 5E), and an enhancement of the fluorescence sig-
nal of a-SMA (Fig. 5F) caused by inhibition of MIR210HG.
Our results confirmed that MIR210HG could promote
phenotypic switching of PASMCs under hypoxia through
autophagy-dependent ferroptosis pathway.

I

LPO Bright field I ROS Bright field
- & S, s . g bt T

Control
Control

3-MA

3-MA reduced the fluorescence signal of LPO and ROS in PASMCs
under hypoxia. (J) 3-MA enhanced the fluorescence signal of a-SMA
in PASMCs under hypoxia. 3-MA: 3-Methyladenine, LPO: Lipid per-
oxides, ROS: reactive oxygen species. "P<0.05, as compared with
control, “P<0.01, as compared with control
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MIR210HG. (B-E) Rapa enhanced the expression of LC3B-II, PTGS2,
OPN proteins in PASMCs under hypoxia reduced by Si-MIR210HG.

MIR210HG regulates autophagy, ferroptosis, and
phenotypic switching in PASMCs under hypoxia
through HIF-2a

Multiple HIF family proteins are involved in the regula-
tion of ferroptosis, and MIR210HG has been reported to
bind to HIF to promote tumor cell proliferation. There-
fore, we examined the expression of HIF-1a and HIF-2a in
PASMC:s under different treatments. Consistent with previ-
ous reports, hypoxia significantly increased the expression
of HIF-1a (Fig. S5B) and HIF-2a (Fig. 6A) in PASMCs,
while both were significantly inhibited when MIR210HG
was silenced in the cells. Subsequently, by separating
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(F) Rapa inhibited the fluorescence signal of 0-SMA in PASMCs under
hypoxia enhanced by Si-MIR210HG.Rapa: Rapamycin, LPO: Lipid
peroxides, ROS: reactive oxygen species. "P<0.05, as compared with
control, ¥P<0.05, as compared with hypoxia, P <0.05, as compared
with hypoxia +si-MIR210HG

nuclear and cytoplasmic RNA, we found that MIR210HG
mainly localized in the cytoplasm of PASMCs (Fig. 6B).
The secondary structure analysis using the HDOCK data-
base revealed a good binding propensity (LGscore=3.098,
MaxSub=0.270) between MIR210HG and HIF-2a (Fig.
S5A). RNA pulldown further confirmed that MIR210HG
significantly enriched HIF-2a signaling in PASMCs under
hypoxia compared to the sense group (Fig. 6C-D).

We generated overexpression plasmids and si-RNA tar-
geting HIF-2a, and Western blot analysis demonstrated
significant activation or inhibition of HIF-2a expres-
sion (Fig. 6E). Consistent with silencing of MIR210HG,
knockdown of HIF-2a resulted in decreased protein levels



Apoptosis (2024) 29:1648-1662

1657

Hypoxia

Az’
3 B
2 s 10 3 Cytoplasm Input
S=2 2 B Nucleus ey
:
5 HIF-2
S8 S > o
2y o
& I
i S 05
T N
o E D 5 10
= s
Hip2g e S S 00k ° . g
2 2
= 5
GAPDH W W S 36kDa 5, |—I_I o
& ’ ! N S 2os
GAPDH U6 MIR210HG Ls
Hypoxia + + s
°
Si-MIR2IOHG - - + E
g
& 0.0
oogma .. G .
E S F Lesa -— >
z G
3 PTGS2 [ Wi S w sy 8 1.0
35 %
5% [ —— 23
22 588
g £<0s5
£ 0PN M W . — €
= a
oe-Nc oe-Hif-2a si-NC si-Hif-2a Lo . - o
—_— -— e 0.0
Hyposia e
B ‘ e Hypoxia  *
HIF-20 r 1 100 kDa Hypoxia A
S Si-HIF-2a ~ + si-HIF-2a0
GAPDH =~ "= S s ww— 36 kDa si-MIR210HG
Si-MIR210HG - - + + it
oe-Hif-2a
oe-Hif-2a - - - +
H, * I s ]
K 2
®
2 5 o)
o T 10 (= a
20 oI -
wo 20
8 g so
® =<
e oR)
=05 22 s
In 8
©
o © %2
- &
0.0 00 (@]
. [+4
+ o+ +
Hypoxia Hypoxi + o+ + o+
. ypoxia
-HIF-; - - -
SHIF-2 si-HIF-20 - +
i - - + +
s MIRZ10HG si-MIR210HG - - + +

oe-Hif-2a - - - + oe-Hif-20 . - R +

Fig. 6 MIR210HG regulates the autophagy, ferroptosis and pheno-
typic switching of PASMCs under hypoxia through HIF-2a. (A) Si-
MIR210HG inhibited the expression of HIF-2a in PASMCs under
hypoxia. (B) Nuclear and cytoplasmic expression levels of LncRNA
MIR210HG, GAPDH mRNA, and U6 in PASMCs under hypoxia. (C-
D) HIF-2a binding to MIR210HG was detected by RNA pulldown. (E)
Oe-HIF-2a promoted the expression of HIF-2a in hypoxic PASMCs,
but si-HIF-2a inhibited it. (F-I) Oe-HIF-2a enhanced the expression of

of LC3-II, PTGS2 and OPN in PASMCs under hypoxia.
Conversely, overexpression of HIF-2a significantly acti-
vated the expression of these markers that were suppressed
by MIR210HG knockdown (Fig. 6F-I). Silencing HIF-2a
also attenuated the fluorescence signals of LPO and ROS
in PASMCs under hypoxia, while activation of HIF-2a
reversed the ferroptosis level of PASMCs inhibited by
silencing MIR210HG (Fig. 6J). However, overexpression of
HIF-1a failed to restore ferroptosis level in PASMCs (Fig.
S5D). In addition, immunofluorescence results showed
that activation of HIF-2a in PASMCs under hypoxia
also restored the a-SMA fluorescence signal expression
enhanced by MIR210HG inhibition (Fig. 6K). These results
confirmed that MIR210HG activated autophagy, ferropto-
sis and phenotype switching in PASMCs under hypoxia by
directly targeting and regulating HIF-2a.
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LC3B-II, PTGS2, OPN proteins in PASMCs under hypoxia decreased
by si-MIR210HG. (J) Oe-HIF-2a enhanced the fluorescence signal of
LPO and ROS in PASMCs under hypoxia inhibited by si-MIR210HG.
(K) Oe-HIF-2a inhibited the fluorescence signal of a-SMA expres-
sion in PASMCs under hypoxia increased by si-MIR210HG. “P < 0.05,
as compared with control, *P<0.05, as compared with hypoxia or
hypoxia +si-MIR210HG

STAT3 regulates MIR210HG, autophagy, ferroptosis
and phenotype switching in PASMCs under hypoxia

The activation of STAT3 plays a pivotal role in promoting
the abnormal proliferation of PASMCs in HPH. Our experi-
ments also confirmed that STAT3 was significantly increased
in PASMCs under hypoxia (Fig. 7A). Then, siRNA target-
ing STAT3 was transfected into PASMCs and Western
blot results showed that si-STAT3 significantly inhibited
the expression of STAT3 (Fig. 7C). In addition, silenc-
ing STAT3 inhibited the autophagy flux LC3-II (Fig. 7D),
decreased the ferroptosis markers PTGS2 (Fig. 7E) and LPO
(Fig. 7G), and enhanced the contractile phenotype marker
a-SMA (Fig. 7F). These results provide preliminary evi-
dence that STAT3 regulates autophagy, ferroptosis and phe-
notype switching in PASMCs under hypoxia. Subsequently,
we constructed a STAT3 overexpression plasmid and used
Western blot to demonstrate that oe-STAT3 could promote
STATS3 activation (Fig. 7H). The qPCR results showed that
MIR210HG in cells was changed with the change of STAT3
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enhanced. (G) Si-STAT3 reduced the fluorescence signal of LPO in

levels (Fig. 71), implying that STAT3 is able to regulate the
expression of MIR210HG in PASMCs under hypoxia.

STAT3 regulates autophagy, ferroptosis and
phenotype switching in PASMCs under hypoxia by
promoting MIR210HG transcription

STAT3 is a classic transcription factors promote variety of
gene transcription in PASMCs. To verify whether STAT3
was involved in the transcriptional regulation of MIR210HG,
we used Jaspar database to predict whether there was a
potential binding site between STAT3 and MIR210HG
promoter region, and found a short promoter fragment at
-1610-1600 bp upstream of MIR210HG gene. We built
primers for this fragment, and ChIP assay confirmed that
the potential promoter fragments specifically pulled down
by STAT3 under hypoxia were significantly higher than
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that under normoxia (Fig. 8A). Furthermore, we extracted
2000 bp upstream of the MIR210HG gene and inserted it
into a plasmid to construct a wild-type MIR210HG pro-
moter vector (Fig. 8B). Meanwhile the potential transcrip-
tion factor binding site (TFBS) was mutated to construct the
mutant MIR210HG promoter vector (Fig. 8C). Luciferase
reporter assay showed that the luciferase activity was signif-
icantly inhibited after mutation of this site (Fig. 8D), which
further confirmed that STAT3 was the key signal promoting
MIR210HG transcription. Finally, we found that overex-
pression of STAT3 in PASMCs under hypoxia significantly
increased the levels of LC3-II, PTGS2, OPN, LPO and
ROS (Fig. 8F-J), while slightly reducing the fluorescence
intensity of a-SMA (Fig. 81) compared to the control group.
However, these observations were effectively reversed upon
inhibition of MIR210HG in PAMSCs. All in all, our results
confirmed that STAT3 could promote autophagy, ferroptosis
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Fig. 8 STAT3 promotes MIR210HG transcription and regulates the
autophagy, ferroptosis and phenotypic switching of PASMCs under
hypoxia through MIR210HG. (A) The degree of STAT3 binding to
MIR210HG promoter was higher in PASMCs under hypoxia than
under normoxia. (B-C) Wild-type and mutant MIR210HG promoter
sequences were constructed, and the binding site of MIR210HG and
STAT3 were predicted. (D) STAT3 binds the wild-type MIR210HG
promoter and promotes transcription, but mutating this binding site
inhibits this process. (E-H) Si-MIR210HG reduced the expres-

and phenotype switching in PASMCs under hypoxia by reg-
ulating the transcription of MIR210HG.

Discussion

In the advanced stage of chronic lung disease, long-term
hypoxia often leads to PH. However, vasodilators used to
treat pulmonary hypertension often aggravate the oxygen-
ation and ventilation conditions, and there is an urgent need
to develop emerging therapies for the treatment of HPH
[31]. Abnormal proliferation of PASMC:s is the basis for the
pathogenesis of pulmonary vascular hypertrophy in HPH,
while the transition of PASMCs from a contractile phenotype
to a synthetic phenotype is an early event in this phenome-
non. In recent years, more and more research focused on the
molecular pathway to regulate this process, include HIF-1a
pathway [32], MAPK pathway [33], PI3k/ATK pathway
[34], etc. Although the relationship between ferroptosis and
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sion of LC3B-II, PTGS2, OPN proteins in PASMCs under hypoxia
increased by o0e-STAT3. (I) Si-MIR210HG enhanced the fluores-
cence signal of a-SMA in PASMCs under hypoxia inhibited by oe-
STAT3. (J) Si-MIR210HG inhibited the fluorescence signal of LPO
and ROS in PASMCs enhanced by oe-STAT3. LPO: Lipid peroxides,
ROS: reactive oxygen species. "P<0.05, as compared with control,
#P<0.05, as compared with hypoxia, ¢P<0.05, as compared with
hypoxia+oe-STAT3

phenotypic switching is not clear, but hypoxia can increase
the level of nicotinamide adenine dinucleotide phosphate
oxidase in PASMCs, leading to intracellular ROS accumu-
lation and mitochondrial dysfunction. Consequently, these
alterations activate changes in markers associated with
phenotypic switching [5, 35]. In addition, the literature has
shown that ferroptosis can induce the transition of vascular
smooth muscle cells to a synthetic phenotype and neointima
formation by promoting the accumulation of ROS in carotid
artery ligation mice model [36]. In our research, we have
firstly elucidated the pivotal role of the ferroptosis pathway
in driving the phenotypic transition of PASMCs towards a
synthetic state. When we activated ferroptosis of PASMCs
under normoxia or inhibited ferroptosis of PASMCs under
hypoxia, there was a corresponding increase or decrease of
the synthetic marker OPN and a corresponding inhibition or
reactivation of the contractile marker a-SMA.

As an emerging mode of programmed cell death, the
investigation into ferroptosis in PH is still in its nascent
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stage. At present, the role of ferroptosis in PH is still contro-
versial. Although activation of ferroptosis has been reported
to inhibit PASMCs proliferation [30], most studies have
identified ferroptosis as a key contributor to pulmonary
hypertension [37-39]. On the one hand, the levels of MDA,
ROS and labile iron pool were increased and mitochondrial
damage in MCT-induced PAECs [38], on the other hand,
ferrostatin-1 can significantly alleviate right ventricular
fibrosis, remodeling and dysfunction in HPH rats [37]. We
suggest that hypoxia can reduce the threshold of ferropto-
sis induction in PASMCs by disrupting the balance between
anti-ferroptosis and pro-ferroptosis factors [12]. Consistent
with previous studies, we also observed the accumulation of
LPO and activation of ferroptosis in PASMCs under hypoxia
[30]. However, treatment with a ferroptosis inhibitor, but
not an activator, ameliorated hypoxia-induced pulmonary
hypertension by reducing the sensitivity of PASMCs to fer-
roptosis (Fig. S3). In addition, we further found that fer-
roptosis promote pulmonary hypertension is dependent on
the activation of autophagy pathway. When hypoxia induces
excessive autophagy in PSMACs cells, a large amount of
ferritin degradation leads to intracellular iron accumulation.
On one hand, excessive levels of free iron can directly trig-
ger ferroptosis through the Fenton reaction. On the other
hand, it can impair mitochondrial autophagy, resulting in
the accumulation of ROS and LPO, ultimately aggravating
ferroptosis [40]. In our study, we observed changes in intra-
cellular ROS, LPO, ferroptosis markers TFR1 and PTGS2,
as well as phenotypic switching markers by modulating
autophagy flux in PASMCs, demonstrating for the first time
the crucial involvement of the autophagy-dependent ferrop-
tosis pathway in HPH.

Long non-coding RNA (LncRNA) plays a crucial role
in regulating gene expression through various dimensions
such as epigenetics, transcriptional regulation, and post-
transcriptional regulation [41]. Recently, the involvement
of LncRNA in HPH has garnered increasing attention as a
potential therapeutic target. In our study, based on LncRNA
microarray expression profile changes in HPH, we identi-
fied LncRNA MIR210HG as an important regulatory signal
in HPH. Interestingly, the expression of MIR210HG under
hypoxia was closely related to HIF family proteins, and there
was a potential interaction between MIR210HG and HIF. In
ovarian cancer cells, MIR210HG directly bound to HIF-1a
and inhibited the degradation of HIF-1a to promote cancer
progression [42]. In cervical cancer cells, MIR210HG and
HIF-1a affected the level of cell glycolysis through a posi-
tive feedback loop, contributing to the occurrence of cer-
vical cancer [43]. A recent study also revealed abnormal
elevation of MIR210HG in pulmonary artery endothelial
cells under hypoxia, with its transcript level regulated by
KMT2E-AS1/H3K4me3 [44]. This study further found a
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positive feedback loop that the transcription of KMT2E-AS|1
was also regulated by HIF-2a, and KMT2E-ASI increased
the expression of HIF-2a by increasing HIF transcription
and controlling HIF degradation. It is worth noting that HIF
family proteins play a role in regulating ferroptosis progres-
sion in cells. Previous studies have suggested that HIF-1a
induces ferroptosis resistance in cells, while HIF-2a serves
as a crucial signal for activating ferroptosis. In addition,
HIF-2a plays a significant role in the phenotypic switching
of PASMCs in the early stage of pulmonary hypertension
[45, 46]. This study provides the pioneering evidence elu-
cidating the regulatory function of MIR210HG in PASMCs
under hypoxia. Our results confirmed that MIR210HG also
increased HIF-2a in cells by binding to HIF-2a and inhibit-
ing its degradation, thereby activating autophagy-dependent
ferroptosis and phenotype switching regulation of PASMCs
in the early stage of HPH. STAT3 is a classical transcrip-
tional regulator, and extensive research has focused on its
potential therapeutic efficacy as a signaling pathway in
HPH. Currently, many drugs have been identified to effec-
tively ameliorate pulmonary hypertension by specifically
targeting the inhibition of STAT3 phosphorylation to modu-
late the JAK-STAT pathway [47, 48]. In addition, STAT3
is also involved in the transcription of some key genes in
HPH. It is reported that STAT3 could bind to the miR-146b
promoter to induce pulmonary vascular remodeling in HPH
via the QKI-STAT3-miR-146b pathway [49]. Our study
provides additional evidence supporting the involvement
of STAT?3 in the transcriptional regulation of HPH. We first
proved that MIR210HG is under the regulation of STAT3,
which directly binds to the promoter region of MIR210HG
to promote its transcription and increase its expression level
of MIR210HG in PASMCs under hypoxia.

Our study still has some limitations. Firstly, our findings
have been substantiated through rigorous external experi-
mental validation. However, comprehensive investigations
involving human subjects are need to provide further evi-
dence for targeted therapy. In addition, we take hypoxia as
the sole cause of this disease, and more realistic environ-
mental factors need to be simulated to clarify the pathogen-
esis of PAH.

Conclusion

In this study, we demonstrated a novel mechanism by
which MIR210HG regulates the progression of HPH.
Specifically, the transcription of MIR210HG is regulated
by STAT3 and activated MIR210HG promotes the transi-
tion from a contractile phenotype to a synthetic phenotype
in PASMCs under hypoxia by interacting with HIF-2a to
increase intracellular levels of HIF-2a and then activating
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the autophagy-dependent ferroptosis pathway. Our findings
provide new insights into the pathogenesis of HPH and offer
potential targets for disease intervention and treatment.
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