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1. Introduction

1.1 Cardiovascular diseases

Cardiovascular disease (CVD) is a group of disorders that affect the heart and blood
vessels. It remains a leading cause of morbidity and mortality worldwide, accounting for
an estimated 17.9 million deaths in 2019 (GBD 2017 Causes of Death Collaborators,
2018). The pathogenesis of CVD is complex, involving multiple genetic and environmental
factors. The development of atherosclerosis, which is characterized by the buildup of
plagque within the arterial walls, is a key mechanism underlying many forms of CVD.
Among the various subtypes of CVD, coronary artery disease (CAD) and aortic valve
stenosis (AVS) are two of the most common conditions that require clinical attention.

CAD is a condition characterized by the narrowing or blockage of the coronary arteries
due to the buildup of plaque, which can ultimately lead to myocardial infarction and/or
sudden cardiac death (Libby, 2021). It is responsible for approximately 1 in 7 deaths in
the United States (Benjamin, et al., 2019). CAD is a complex disease involving multiple
mechanisms, including oxidative stress, inflammation, lipid metabolism dysfunction, and
endothelial dysfunction, all of which contribute to the development of atherosclerotic
lesions in the coronary arteries (Hansson and , et al., 2011, Libby, 2013). Endothelial
dysfunction is an early event in the pathogenesis of CAD. It is characterized by impaired
production and bioavailability of nitric oxide, which contributes to vasoconstriction, platelet
activation, and leukocyte adhesion (Cyr, et al., 2020). Endothelial dysfunction also leads
to increased permeability of the arterial wall, allowing for the infiltration of low-density
lipoprotein (LDL) cholesterol and immune cells into the subendothelial space (Widmer, et
al., 2014). The accumulation of LDL cholesterol in the arterial wall triggers an inflammatory
response, characterized by the recruitment of monocytes and T lymphocytes. Activated
inflammatory cells release cytokines, chemokines, and growth factors that promote further
recruitment of immune cells and smooth muscle cells, leading to the formation of
atherosclerotic plaques (Tabas, 2010). Chronic inflammation plays a critical role in the
progression of atherosclerotic lesions. Inflammatory mediators such as interleukin-6, C-
reactive protein, and tumor necrosis factor alpha (TNF-a) have been shown to promote
plaque instability and rupture, leading to acute coronary syndromes (Libby, et al., 2011).



Similar to CAD, AVS operates through a shared mechanism of action, where reduced
blood flow prompts the heart to engage in augmented efforts to deliver adequate blood
supply throughout the body. The presence of AVS serves as an effective surrogate marker
for cardiovascular events that are causally linked to CAD. It is worth noting that both these
pathological conditions are comprehensively encompassed by atherosclerotic disease,
rendering them amenable to similar clinical interventions and preventive measures.

AVS is a type of cardiovascular disease caused by calcific aortic valve disease (CAVD),
which is characterized by the narrowing of the aortic valve and reduced blood flow from
the heart to the rest of the body. The pathogenesis of CAVD is a complex process
involving multiple factors, including endothelial dysfunction, lipid deposition, oxidative
stress, inflammation, and genetic predisposition (Rajamannan, 2011). Valvular endothelial
cells (VECs) play an important role in maintaining valvular homeostasis by producing
protective factors such as nitric oxide and prostacyclin (Manduteanu, et al., 1988, Siney,
et al.,, 1993). However, in response to various stresses, including shear stress and
inflammation, these cells can become activated, leading to upregulation of pro-
inflammatory cytokines, chemokines, and adhesion molecules that promote leukocyte
recruitment and subsequent valvular inflammation (Butcher, et al., 2011). Proinflammatory
cytokines such as interleukin-1B (IL1B), TNF-a, and osteopontin have been shown to
promote calcification and fibrosis of the valve leaflets by promoting osteogenic
differentiation and calcification of valvular interstitial cells (VICs), which express markers
of both smooth muscle cells and fibroblasts (Mohler, et al., 2001, Aikawa, et al., 2007).
Furthermore, mutations in genes encoding proteins involved in the regulation of valvular
homeostasis, such as NOTCH1 and LRPS5, have also been associated with the
development of AVS (Nigam, et al., 2009, Rajamannan, 2011).

The development of CAVD can be seen as two distinct phases (Figure 1). The first phase
is characterized by lipid deposition, injury, and inflammation. Oxidized low-density
lipoprotein (ox-LDL) accumulates in the aortic valve leaflets, triggering an inflammatory
response that leads to the recruitment of immune cells such as macrophages and T cells
into the valve tissue (Rajamannan, 2011). These immune cells release proinflammatory
cytokines, which promote calcification and fibrosis of the valve leaflets (Mohler, et al.,
2001). Mechanical stress, such as hypertension or shear stress, can also trigger injury
and inflammation in the valve tissue (Aikawa, et al., 2007). This phase sets the stage for



the subsequent propagation of CAVD. The second phase involves osteogenic
differentiation and calcification of valve tissue. Valve interstitial cells differentiate into
osteoblast-like cells, which express bone morphogenetic proteins (BMPs) and other
signaling molecules that promote extracellular matrix mineralization (Rajamannan, et al.,
2003, Aikawa, et al., 2006, Nigam, et al., 2009). Calcium deposits accumulate in the valve
leaflets, leading to stiffening and reduced mobility of the valve cusps. The increased
expression of receptor activator of nuclear factor kappa-B (NF-KB) ligand and decreased
expression of osteoprotegerin in VICs have been implicated in the development of calcific
aortic valve disease (Willems, et al., 1994). As the disease progresses, the valve becomes
increasingly calcified and stenotic, leading to impaired cardiac function and ultimately
heart failure.

Endothelial-to-mesenchymal transition (EndMT) is a cellular process that has been
associated with the development of atherosclerosis and AVS, and it is controlled by
numerous interacting pathways. Notch, transforming growth factor (TGFB), and
Wingless/integrated-1 signaling pathway B-catenin-dependent pathway (Wnt/B-catenin)
are some of the key pathways involved in EndMT (Combs and Yutzey, 2009). For instance,
TGFp is known to be a powerful inducer of EndMT (Mahler, et al., 2013), and activates
the Wnt/B-catenin signaling pathway by promoting the translocation of B-catenin to the
nucleus, where it acts as a transcription factor (Liebner, et al., 2004). On the contrary,
Notch pathway activation leads to an elevation in TGFf levels and triggers the activation
of transcription factors, including Zinc finger protein and SNAI1/2. Subsequently, this
results in a reduction of Vascular Endothelial Cadherin (VE-cadherin), compromising the
endothelial barrier function (Timmerman, et al., 2004). EndMT is characterized by an
increase in cell invasion and motility, a decrease in endothelial markers such as vascular
endothelial cadherin, and overexpression of myofibroblast markers such as a-smooth
muscle actin (aSMA) (Paranya, et al., 2001). Moreover, EndMT is involved in
atherosclerosis by inducing a number of phenotypes ranging from endothelial cell
dysfunction to plaque formation (Evrard, et al., 2016). EndMT-derived fibroblast-like cells
show higher amounts of matrix metalloproteinase than normal fibroblasts, which is
associated with unstable atherosclerotic plaques (Furman, et al., 2004, Schneider, et al.,
2008). Risk factors associated with atherosclerosis and AVS, such as persistent
inflammation, fluid shear stress, oxLDL, and smoking, can contribute to EndMT.
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Additionally, TGFB signaling, oxidative stress, and hypoxia enhance the change of
endothelial cells (ECs) to mesenchymal cells and are all defining characteristics of
atherosclerosis and AVS (Chen, et al., 2020). Valve interstitial cells (VICs) can also
undergo phenotypic changes to become osteoblast and myofibroblast-like VICs, which
are responsible for active calcium deposition in AVS (Wirrig and Yutzey, 2014).
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Fig. 1: Schematic diagram of the phases of calcific aortic valve disease (CAVD).
CAVD can be divided into several stages: endothelial dysfunction and I|p|d
accumulation, inflammation, fibrosis, and calcification. Valvular endothelial cells
(VECs) can become dysfunctional due to mechanical or shear stress, resulting in the
infiltration of low-density lipoprotein (LDL) and lipoprotein[a] (Lp(a)). Reactive oxygen
species can be produced as a result of eNOS pathway dysregulation, leading to
further oxidation of the infiltrated lipids into oxidized LDL (ox-LDL) and ox-PLs
(oxidized phospholipids). Immune cells can enter the tissue and secrete TNF (tumor
necrosis factor), Interleukin-18 (IL1B), Interleukin-6, and receptor activator of nuclear
factor kappa B (RANKL), promoting osteogenic differentiation of VICs. The release
of matrix vesicles/calcifying microvesicles can further accelerate calcification
(Modified from Goody PR, et al., 2020).
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1.2 Long noncoding RNAs

More than 98 % of the genome does not encode proteins which are called non-coding
RNA (ncRNAs). Evidence shows that ncRNAs are one of the major regulatory networks
of gene expression at the epigenetic, transcriptional, and even post-transcriptional levels
(Kaikkonen, et al., 2011, Patil, et al., 2014, Palazzo, et al., 2015). NcRNAs are critical
regulators of cardiovascular function and thus candidates for reliable biomarkers that can
be used in clinical practice. Furthermore, ncRNAs now fundamentally act as novel
therapeutic options for CVD (Poller, et al., 2018). Long non-coding RNAs (IncRNAs) are
a class of RNA molecules that are longer than 200 nucleotides in length and do not code
for proteins. In the recent years, IncRNAs have been found to play important roles in
various biological processes, including CVD.

Several IncRNAs have been implicated in the development of CVD, such as ANRIL and
MALAT1 (Holdt, et al., 2016). For example, ANRIL has been shown to regulate the
expression of genes involved in vascular smooth muscle cell proliferation and migration,
which are crucial processes in the pathogenesis of atherosclerosis (Holdt, et al., 2016).
MALAT1 has been linked to the regulation of endothelial cell function and the development
of pulmonary arterial hypertension (Zhao, et al., 2016). Additionally, IncRNAs have been
proposed as potential biomarkers for the diagnosis and prognosis of CVD. For instance,
a study showed that low expression of the IncRNA MIAT was associated with an increased
risk of adverse cardiovascular events in patients with coronary artery disease (Ishii, et al.,
2006). Besides, IncRNAs may govern gene expression in the nucleus or regulate other
cytoplasmic processes, such as RNA stability, to carry out their intended purpose.
(Kumarswamy, et al., 2014, Uchida, et al., 2015). Our previous study revealed that
extracellular vesicles (EVs) are one of the most important carriers of circulating ncRNAs,
protecting them from circulating RNases and improving their plasma stability (Liu, et al.,
2019, Zietzer, et al., 2020, Hosen, et al., 2021, Hosen, et al., 2022). EVs have been
reported to play important roles in intercellular communication and the transfer of
biological molecules, including IncRNAs (Gan, et al., 2020).

EVs are small membrane-bound particles that are released by various cell types, including
immune cells, cancer cells, and stem cells. EVs can be divided into two subtypes based
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on their size: large EVs, which are typically between 100 and 1000 nm in diameter and
are formed by outward budding of the plasma membrane, and small EVs, which are
typically between 30 and 100 nm in diameter and are formed by the inward budding of
multivesicular bodies before being released into the extracellular space (Théry, et al.,
2018). Moreover, EV-mediated transfer of INncRNAs between cells has emerged as an
important mechanism for intercellular communication and gene regulation. In particular,
the transfer of INcRNAs by EVs could modulate the function of target ECs and further
influence disease progression. For example, EV-associated IncRNAs have been
implicated in the regulation of inflammation, angiogenesis, and apoptosis in ECs, all of
which play important roles in CVD pathogenesis (Chen, et al., 2017).

Recent studies have identified three INcRNAs that are transcribed from the same genomic
locus as HIF1a. These IncRNAs are known as HIF1a antisense RNA 1 (HIF1a-AS1),
HIF1a antisense RNA 2 (HIF1a-AS2), and HIF1a antisense RNA 3 (HIF1a-AS3).
Interestingly, HIF1a can induce the expression of HIF1a-AS1 and HIF1a-AS2 under
hypoxic conditions, HIF1a-AS1 has been identified as a negative regulator of HIF1a, while
the expression of HIF1a-AS3 is negatively regulated by HIF1a (Chen, et al., 2017, Li, et
al., 2017, Rodriguez-Lorenzo, et al., 2020). Moreover, recent studies have shown that
HIF1a is significantly upregulated in AVS and contribute to the pathogenesis of AVS
(Salim, et al., 2022). These IncRNAs have been found to play important roles in the
atherosclerosis-related pathological conditions. HIF1a-AS1, for instance, has been found
to be involved in inhibiting vascular smooth muscle cells (VSMCs) proliferation by
upregulating TGFB1 (Xu, et al., 2019). HIF1a-AS2 has been identified as a "sponge" for
miR-153-3p, which can reduce the post-transcriptional silencing of HIF1a by miR-153-3p,
thus regulating endothelial cell function (Li, et al., 2017). Similarly, our recent study
revealed that a number of IncRNA including HIF1a-AS1 are significantly upregulated in
CAD (Hosen, et al., 2021). CAD and AVS are both associated with the development of
atherosclerosis and share similar risk factors such as hypertension and hyperlipidemia.
As a result, our research aims to investigate the role of the IncRNA HIF1a-AS1 in AVS
and its potential association with HIF1a-AS2 due to their shared mechanisms.

These IncRNAs have the potential to serve as biomarkers and therapeutic targets for AVS.
Further research is needed to fully understand the molecular mechanisms underlying the
functions of these IncCRNAs in AVS and to evaluate their clinical applications.



13

1.3 Objectives

Therefore, the specific aims of this study can be outlined as follows:

1. To explore the biological function of HIF1a-AS1/ HIF1a-AS2 in endothelial cells.

2. To investigate the underlying molecular mechanism of HIF1a-AS1-induced
endothelial phenotype change.

3. To investigate the involvement of HIF1a-AS1 in EndMT of valvular endothelial cells

and its influence in pathophysiology of AVS.
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2. Materials and Methods

2.1 Materials

Tab. 1: Chemicals and Reagents

Materials Company Catalog number
Actinomycin D Sigma-Aldrich A4262-2MG
Bromodeoxyuridine (BrdU) BD Biosciences 550891
Cycloheximide (CHX) Cell Signaling 21128
Technology
DAPI Vector laboratories H-1200
Growth Factor Reduced Thermo Fisher Scientific A1413202
Matrigel
HIF1a-AS1 siRNA Thermo Fisher Scientific 4427037
HIF1a-AS2 siRNA Thermo Fisher Scientific 4390771
Interleukin-13 (IL1B) R&D Systems 201-LB-010
Lipofectamine RNAimax Thermo Fisher Scientific 13778150
Negative Control siRNA Thermo Fisher Scientific AM4611
oxLDL Thermo Fisher Scientific L34357
Polyacrylamide Gels BioRad 4561084
Polyvinylidene Fluoride Thermo Fisher Scientific 88585
Membrane
Protease Inhibitor Cocktail Roche 11873580001
RIPA buffer Sigma-Aldrich R0278
RT2 Profiler PCR array QIAGEN PAHS-024Z
RT2 Human Angiogenesis
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Endothelial Cells (HCAECS)

TGFpB R&D Systems 240-B-010

THBS1 (thrombospondin 1) Thermo Fisher 4392420

siRNA Scientific

TNF-a R&D Systems 300-01A-
250UG

TRIzol Thermo Fisher 15596018

Scientific
Tab. 2: Commercial Kits

Materials Company Catalog number

ECL™ Prime Western Sigma-Aldrich RPN2232

Blotting Detection Kit

High Capacity cDNA Thermo Fisher Scientific 4368813

Reverse Transcription Kit

LDH Cytotoxicity assay kit Thermo Fisher Scientific 88953

MTT Cell Growth Assay Kit Sigma-Aldrich CT02

Qubit™ Protein Assay Kit Thermo Fisher Scientific Q33211

RNeasy Mini Kit QIAGEN 74104

RT2 First Strand Kit QIAGEN 330401

Tab. 3: Cells
Materials Company Catalog number
Human Coronary Artery Promocell C-12221
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(Hs03454328_s1)

Human Umbilical Vein Promocell C-12200
Endothelial Cells (HUVECS)
Human Aortic Valve Lonza 00225975
Endothelial Cells
(hAoVECSs)

Tab. 4: Medium
Materials Company Catalog number
Endothelial Cell Growth Promocell C-22010
Medium
Endothelial Cell Growth Promocell C-22020
Medium MV
Growth Medium MV Promocell C-39225
Supplement Mix
Growth Medium Promocell C-39215
Supplement Mix

Tab. 5: Primers (TagMan)
Materials Company Catalog number
aSMA/ACTA2 Thermo Fisher Scientific 4351370
(Hs00426835_g1)
HIF1a (Hs00153153_m1) Thermo Fisher Scientific 4453320
HIF1a-AS1 Thermo Fisher Scientific 4331182
(Hs04407794_m1)
HIF1a-AS2 Thermo Fisher Scientific 4426961
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NOS3 (Hs01574665_m1) Thermo Fisher Scientific 4331182
TAGLN/SM22a Thermo Fisher Scientific 4351372
(Ss03373216_g1)

THBS1 (Hs00962908_m1) Thermo Fisher Scientific 4331182
von  Willebrand  factor Thermo Fisher Scientific 4331182

(Hs01109446_m1)

Tab. 6: Antibodies

Materials Company Catalog number
Anti-beta-Actin antibody Sigma-Aldrich A1978
Anti-BrdU antibody Abcam ab6326
Anti-CD31 antibody Abcam ab28364
Anti-histone H3 antibody Abcam ab1791
Anti-Mouse IgG Sigma-Aldrich A9044-2ML
Anti-Rabbit IgG Sigma-Aldrich A9169-2ML
Anti-SM22 alpha antibody Abcam ab14106
Anti-Thrombospondin 1 Abcam ab85762
antibody

Anti-Vimentin antibody Abcam ab8978
Donkey Anti-Rabbit-Cy3 Jackson Immuno 712-165-153
lgG antibody Research

Goat Anti-Rabbit-Cy3 IgG Dianova 111-165-144

antibody
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Tab. 7: Equipment

Materials Company Catalog number
Applied Biosystems 7500HT Thermo Fisher Scientific -

Real-Time PCR

Applied Biosystems 7900HT Thermo Fisher Scientific -

Real-Time PCR

Falcon Permeable Support Corning 353103

for 12-well Plate with 1.0 ym

Falcon 12-well TC-treated Corning 353503

Polystyrene Permeable

Lab-Tek chambered 4-well Thermo Fisher Scientific 155383PK

chambered Cover glass

Nanodrop Thermo Fisher Scientific -

spectrophotometer

Qubit-4 fluorometer Thermo Fisher Scientific -
2.2 Methods

2.2.1 RNA isolation and gRT-PCR

Total RNA was extracted and isolated using the TRIzol method according to the
manufacturer's instructions. RNA was diluted in UltraPure DNase/RNase-Free Distilled
Water (Invitrogen). The concentration and purity of the total RNA (absorbance at 260/280
nm [A260/A280] and A260/A230) was quantified using a Nanodrop spectrophotometer
(Nanodrop Technologies). Total RNA was then reverse transcribed using a High Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, #43-688-13) according to the
manufacturer's protocol. mMRNAs were detected using TagMan gene expression assays
(Thermo Fisher Scientific) on a 7500 HT real-time PCR instrument (Applied Biosystems).
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For all mMRNAs, a CT value above 45 was defined as undetectable. Values are expressed

as 271CT (miR)- CT (control)] |o g4, and samples were run in triplicate.

2.2.2 Cell culture and generation

ECs (PromoCell) were cultured in cell growth basal media with growth media supplement
mix (PromoCell, # C-22010, C-22020) under standard conditions (37 °C, 5 % CO>).
HUVECs and HCAECs from passages 6-8, VECs from passages were used when they

were 70-80 % confluent.

2.2.3 Centrifugation of extracellular vesicles

After treatment based on different experimental designs, confluent cells were starved by
incubation in basal medium (without growth media supplements) for 24 hours, and the
supernatant was collected for centrifugation after starvation. To isolate large EVs from the
culture medium or plasma supernatant, samples were first centrifuged at 2000 x g, 4 °C
for 15 minutes to remove cell debris. The supernatant was collected and centrifuged again
at 20,000 x g, 4 °C for 40 minutes to pellet the EVs. The EV pellet was resuspended in
sterile, ice-cold PBS and then centrifuged again (20,000 x g, 4 °C, 40 min) to purify the
EVs. The pure EV pellet was resuspended in sterile 1 x PBS and used fresh.

2.2.4 Stimulation of EC by using atherosclerotic stimuli in vitro

Confluent ECs were treated with PBS (control), 10 ng/mL, or 20 ng/mL oxLDL (Thermo
Fisher Scientific, #.34357) for 24 hours. Similarly, ECs were treated for 24 hours with
different TNF-a (R&D Systems, #300-01A-250UG) concentrations (10 ng/mL, 20 ng/mL).
Total RNA was then isolated from oxLDL- or TNF-a-treated ECs using a TRIzol (Invitrogen)

extraction method according to the manufacturer's instructions.

2.2.5 Transfection of EC

Transient small interfering RNA (siRNA) transfection (20 nM final concentration) of
semiconfluent ECs (50 % - 60 % confluent) was performed. For siRNA HIF1a-AS1
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experiments, ECs were transfected with HIF1a-AS1 siRNA (Thermo Fisher Scientific,
#4427037) or negative control siRNA (Thermo Fisher Scientific, #AM4611) using
Lipofectamine RNAimax (Thermo Fisher Scientific, #13778150) for 48 hours, according
to the manufacturer's protocol. For siRNA THBS1 or HIF1a-AS2 experiments, ECs were
transfected with THBS1 siRNA (Thermo Fisher Scientific, #4392420) or HIF1a-AS2 siRNA
(Thermo Fisher Scientific, #4390771) or control siRNA (Thermo Fisher Scientific,
#AM4611) using Lipofectamine RNAimax for 48 hours, according to the manufacturer's
protocol.

2.2.6 Protein isolation and immunoblotting

Immunoblotting of ECs was homogenized in RIPA buffer (Sigma-Aldrich, # R0278) with
1:25 Protease Inhibitor Cocktail (Roche, #11873580001) on ice. Lysates were sonicated
for 10 minutes and protein concentration was measured with a Qubit-4 fluorometer
(Thermo Fisher Scientific) using a Qubit™ Protein Assay Kit (Thermo Fisher Scientific, #
Q33211) according to the manufacturer's instructions. An equal amount of protein (30-50
ug) for the cells was applied to pre-made 4 % - 15 % polyacrylamide gels (BioRad,
#4561084). The gel was then transferred to a polyvinylidene fluoride membrane (Thermo
Fisher Scientific, #88585), followed by blocking in 5 % bovine serum albumin in Tris-
buffered saline containing 0.1 % Tween 20 for 1 hour. Blots were incubated with the
appropriate primary antibodies: Anti-Thrombospondin 1 antibody (Abcam, #ab85762);
Anti-CD31 antibody (Abcam, #ab28364); Anti-Vimentin antibody (Abcam, #ab8978); Anti-
SM22 alpha antibody (Abcam, #ab14106), and detection was performed with the
corresponding secondary antibody: Anti-Rabbit IgG (Sigma-Aldrich, #A9169-2ML) or Anti-
Mouse IgG (Sigma-Aldrich, #A9044-2ML). Membranes were imaged with
chemiluminescence via an ECL™ Prime Western Blotting Detection Kit (SIGMA-Aldrich;
#RPN2232). Analysis of the grayscale images of the Western blot bands was performed
using Image J. Anti-beta-actin antibody (Sigma-Aldrich, #A1978-100UL) or anti-histone
H3 antibody (Abcam, #ab1791) was used as a loading control.
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2.2.7 mRNA stability

ECs were plated in a 6-well plate and incubated for 48 hours under optimal cell growth
conditions (5 % CO2 and 37 °C in an incubator). Cells were then induced with 5 mg/mL
actinomycin D (Sigma-Aldrich, #A4262-2MG), which was added to the culture medium for
24 hours. Cells were incubated with Cycloheximide (CHX) (Cell Signaling Technology,
#2112S). For CHX, 500 mg of CHX powder was dissolved in 5 mL of sterile DMSO and
homogenized to make a 10 mg/mL stock solution. A similar number of cells were treated
with CHX at a final concentration of 20 ug/mL for 24 hours. RNA from untreated cells was
also collected as a control. Finally, samples were lysed with TRIzol and RNA was isolated
for gqRT-PCR analysis.

2.2.8 MTT assay

ECs were transferred to a 96-well plate containing 2000 cells/well in 100 yL medium at
37 °C and 5 % CO2 overnight. 0.01 mL AB solution from an MTT Cell Growth Assay Kit
(Sigma-Aldrich, #CT02) was added to each well and incubated at 37 °C for 4 hours. Wells
with medium as control. 0.1 ml isopropanol containing 0.04 N HCI was added to each well
and mixed thoroughly. Absorbance was measured using an ELISA plate reader (TECAN,
Infinite M200 Microplate reader) at a test wavelength of 570 nm and a reference
wavelength of 630 nm.

2.2.9 Cytotoxicity assay

Total lactate dehydrogenase (LDH) activity in cell lysates was examined using the LDH
cytotoxicity assay kit (Thermo Fisher, #88953) according to the manufacturer's
instructions. Cells were seeded in a 96-well plate with 2000 cells per well in 100 yL
medium at 37 °C and 5 % CO: overnight. Wells with medium as control. Add 10 yL of
sterile water and 10 uL of lysis buffer to the control group and incubate the plate for 45
minutes at 37 °C and 5 % CO: in the incubator. Transfer 50 uL of each sample medium
to a new 96-well plate and mix with 50 pL of the reaction mixture. After 30 minutes of light
protected incubation at room temperature, the reactions were stopped by adding a "stop"
solution. Absorbance at 490 nm and 680 nm was measured using an ELISA plate reader
to determine LDH activity.
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2.2.10 Co-incubation of ECs with transfected ECs and EVs

ECs were cultured in serum-free medium for 24 hours, and EVs were isolated after 24
hours according to the protocol described above. Co-incubation of endothelial EVs and
recipient ECs for 24 hours. Then, ECs were washed three times with PBS. Total RNA was
isolated from all EC samples for qRT-PCR analysis. We performed a transwell experiment
with HIF1a-AS1-silenced donor cells and compared them with control ECs. Donor cells
were transfected with HIF1a-AS1 siRNA and a scramble control (siSCR) for 24 hours and
then seeded into a 1.0 ym insert (Corning, #353103). Recipient cells were seeded into
12-well plates (Corning, #353503) and co-incubated with the donor cells and recipient
cells for 24 hours by placing the insert on the plates. Total RNA was isolated from the

recipient samples for qRT-PCR analysis ECs.

2.2.11 THBS1 immunostaining

Immunocytochemistry of ECs was performed with Anti-Thrombospondin 1 antibody
(Abcam, #ab85762). 5 x 10* ECs per well were grown in a Cover glass 4-well chambered
slide (Lab-Tek chambered, #155383PK). 24 hours after seeding, cells were rinsed with
PBS and fixed with 4 % paraformaldehyde in PBS for 10 minutes at RT. The fixed cells
were washed with PBS and incubated with 0.25 % Triton X-100 in PBS for 10 min at room
temperature to permeabilize the cell membranes. After three washing steps with PBS,
cells were incubated with the blocking solution (0.25 % Triton X-100; 1 % BSA in PBS) for
1 hour at room temperature. Subsequently, the cells were incubated with Anti-
Thrombospondin 1 antibody (Abcam, #ab85762) 1:500 in the blocking solution overnight
at 4 °C. After washing extensively with PBS three times, cells were incubated with Goat
Anti-Rabbit-Cy3 1gG antibody (Dianova, #111-165-144) for 60 minutes at RT protected
from light. After washing with PBS, 4',6-diamidino-2-phenylindole (DAPI) staining (Vector
laboratories, #H-1200) was performed. Images were acquired using a Zeiss Axio
Observer inverted microscope and analyzed using ZEN 2.3 pro software.

2.2.12 RT2 Profiler angiogenesis PCR array gene expression

Total RNA was isolated from ECs using an RNeasy Mini Kit (QIAGEN, #74104) according
to the manufacturer's instructions. Subsequently, 1 mg of total RNA was reverse
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transcribed using an RT2 First Strand Kit (QIAGEN, #330401) according to the
manufacturer's protocol. RT2 Profiler PCR array RT?Human Angiogenesis (QIAGEN,
#PAHS-024Z) was performed to measure the expression of 84 key genes involved in
modulating the biological processes of angiogenesis. PCR was performed on an Applied
Biosystems 7500 HT real-time PCR instrument. The comparative Cycle of Threshold (Ct)
method was performed to calculate the relative expression of the transcripts.

2.2.13 Proliferation assay by fluorescence microscopy

3 x 10* cells/well ECs were seeded overnight in 24-well plates. Cells were then pulsed
with Bromodeoxyuridine (BrdU) (10 uM, BD Biosciences, #550891) for 6 hours. Cells were
fixed and denatured. BrdU incorporation was detected with Anti-BrdU antibody (Abcam,
#ab6326) and a secondary antibody Donkey Anti-Rabbit-Cy3 I1gG antibody (Jackson
ImmunoResearch, #712-165-153). Cell nuclei were stained with DAPI (Vector laboratories,
#H-1200). A Zeiss Axiovert 200M microscope and ZEN 2.3 pro software were used for

imaging.

2.2.14 Tube formation assay

After overnight thawing at 4 °C, 100 mL of Growth Factor Reduced Matrigel (Thermo
Fisher Scientific; #A1413202) was added to each well of the cold 24-well plates using cold
pipette tips, and the plates were then stored for 2 hours at room temperature. 3 x 10* ECs
were added to each of the Matrigel-coated wells and incubated for 24 hours under
standard cell culture conditions (37 °C, 5 % CO>). Tube formation was quantified by
measuring the number of nodules and total tube length. Digital images of sections of
microtiter wells were acquired using a Zeiss Axiovert 200 M microscope and ZEN 2.3 Pro

software. Data were analyzed using Image J image analysis software (NIH, USA).

2.2.15 EndMT induction

ECs were plated at a density of 9 x 10* in 6-well culture plates and then transfected with
HIF1a-AS1 siRNA or control siRNA for 48 hours as mentioned above. Subsequently,
these ECs were treated with TNF-a (0.3 ul/mL, Prepotech, #300-01A) or (5 ul/mL, R&D
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Systems, #240-B-010) and IL1B (2 ul/mL, R&D Systems, #201-LB-010) for 5 consecutive
days under standard cell culture conditions (37 °C, 5 % CO32) and refreshed every 48
hours. For qRT-PCR analysis, total RNA was isolated from the obtained EC samples.

2.2.16 Statistical analysis

Continuous variables with normal distribution were expressed as mean £ SD, and their
normal distribution was tested using the Kolmogorov-Smirnov test. Categorical variables
were presented as frequencies and percentages. To compare continuous variables
between two groups, either Student’s t test or Mann-Whitney U test was employed. For
comparisons involving more than two groups, separate measures test ANOVA with
Bonferroni's correction for multiple comparisons was used. A p-value < 0.05 was
considered statistically significant, and all tests were two-sided. GraphPad Prism 8 was
utilized for statistical analysis.
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3. Results

3.1 HIF1a-AS1 is upregulated upon stimulation of atherosclerotic stimuli in vitro

HIF1a-AS1 has been reported to be significantly increased in patients with AVS and CAD,
both of which are known to be associated with the development of atherosclerosis.
Therefore, we hypothesize that HIF1a-AS1 may play a role in atherosclerosis
development, and its expression is altered under atherosclerotic conditions. To investigate
whether pro-atherosclerotic conditions could regulate cellular HIF1a-AS1 expression in
vitro, we quantified HIF1a-AS1 expression in ECs after stimulation with increasing levels
of oxLDL or TNF-a. Interestingly, oxLDL or TNF-a induced an increased HIF1a-AS1
expression in ECs (Figure 2A-B). In summary, this finding suggests that atherosclerotic
stimuli (oxLDL and TNF-a) could upregulate the expression of HIF1a-AS1, which may play

a role in atherosclerosis development.
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Fig. 2: Atherosclerotic stimuli increase HIF1a-AS1 expression in endothelial cells
(ECs). (A and B) HIF1a-AS1 was analyzed in ECs after stimulation with different
concentrations of oxidized low-density lipoprotein (oxLDL) or tumor necrosis factor
alpha (TNF-a) for 24 hours by qRT-PCR (*p < 0.05, **p < 0.01, n = 3, by 1-way
ANOVA with Bonferroni correction for multiple comparisons test). The cycle threshold
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(CT) values were normalized to the expression of GAPDH and presented as fold
changes. Data represent mean + SD.

3.2 HIF1a-AS1 and HIF1a-AS2 regulate ECs function

Given the pivotal role of ECs in the development and progression of atherosclerosis and
AVS, along with previous reports on the regulatory functions of HIF1a-AS1 and HIF1a-
AS2 in modulating EC activity, our study aims to investigate the roles of HIF1a-AS1 and
HIF1a-AS2 within the context of endothelial cells. Building upon prior research insights,
our primary objective is to elucidate the impact of HIF1a-AS1 and HIF1a-AS2 on EC
proliferation and the formation of tubular structures, while also assessing the protective
role of HIF1a-AS1 in endothelial cells.

To achieve this, we initiated our study with the transfection of ECs using siRNA targeting
HIF1a-AS1 and HIF1a-AS2, and subsequently validated the efficacy of HIF1a-AS1 and
HIF1a-AS2 downregulation via qRT-PCR in ECs, as depicted in Figure 3A.

Furthermore, we assume that knocking down HIF1a-AS1 could have a protective effect
on ECs. We employed the MTT and LDH assays, which serve as indirect indicators of cell
viability and cytotoxicity, respectively. The MTT assay measures mitochondrial activity,
often correlated with cell viability, while the LDH assay assesses LDH release, a marker
of cell membrane damage and cell death. The results of the MTT and LDH assays provide
support for our conclusions, as the downregulation of HIF1a-AS1 corresponded with the
highest cell viability and the lowest cytotoxicity levels (Figure 3B-C). These assays
suggest that HIF1a-AS1 knockdown may exert a protective effect on ECs by promoting
cell survival and reducing cell death.

Subsequently, the downregulation of HIF1a-AS1 led to an increase in EC proliferation
(Figure 3D-E) and enhanced tube formation capabilities (Figure 3F-H). Similarly, the
knockdown of HIF1a-AS2 promoted in vitro EC proliferation (Figure 3D-E), whereas no
significant differences were observed between the scramble control and the HIF1a-AS2
downregulation group in the tube formation assay (Figure 3F-H).

Our investigation has revealed that HIF1a-AS1 and HIF1a-AS2 likely play significant roles
in the regulation of EC proliferation and the angiogenesis process. Specifically, our
findings indicate that HIF1a-AS1 functions as an anti-angiogenic and anti-proliferative
transcript or INcRNA in ECs, while HIF1a-AS2 functions as an inhibitor of EC proliferation.
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Fig. 3: HIF1a-AS1 and HIF1a-AS2 regulates the function of target ECs. (A) ECs were
transfected with siRNA against HIF1a-AS1 and HIF1a-AS2, the efficiency of HIF1a-AS1
HIF1a-AS2 downregulation following siRNA transfection was confirmed using qRT-PCR
in ECs. (*p < 0.05, n = 3, by Student’s t test). (B and C) Cell death was measured using
a LDH cytotoxicity assay (C), and cell viability of ECs was measured using an MTT
assay (B) (****p <0.0001, n =5, by 1-way ANOVA with Bonferroni multiple comparisons
test). (D and E) Bromodeoxyuridine (BrdU) incorporation was determined by
immunofluorescence (red). Nuclei were stained with 4’ ,6-diamidino-2-phenylindole
(DAPI, blue). The percentage of BrdU-positive cells was compared with the total number
of cells (***p < 0.001, ****p < 0.0001, n > 6, by 1-way ANOVA with Bonferroni multiple
comparisons test). Scale bars, 100 ym; x100 magnification. In the BrdU assay, both
siHIF1a-AS1 and siHIF1a-AS2 demonstrated a significantly higher number of BrdU-
positive cells in comparison to NT and siSCR. (F and G and H) Tube formation assays
of ECs. Capillary tubes were imaged with an immunofluorescence microscope. Total
segment length and node number were measured and quantified using Image J image
analysis software (*p <0.05, **p < 0.01, n > 6, by 1-way ANOVA with Bonferroni multiple
comparisons test). Scale bar, 500 um; x100 magnification. In the tube formation assay,
siHIF1a-AS1 exhibited higher values for both node number and total segment length
than NT and siSCR, whereas siHIF1a-AS2 displayed less distinct differences compared
to NT and siSCR.

3.3 EV can transfer HIF1a-AS1 via large EVs

Although previous studies have demonstrated that EVs can deliver IncRNAs in various
diseases, it remains unclear whether EV-mediated transfer of HIF1a-AS1 is possible. To
investigate this, we conducted the co-cultured and transwell experiments to investigate
the potential EV-mediated transfer of HIF1a-AS1.

Initially, we co-cultured EVs with ECs and observed that HIF1a-AS1 expression was
down-regulated in ECs that were exposed to EVs generated from HIF1a-AS1-silenced
donor cells transfected with HIF1a-AS1 siRNA (Figure 4A). The EVs were isolated from
starved transfected ECs that were collected through a series of centrifugation steps as
described previously. These findings provide evidence supporting the possibility of HIF1a-
AS1 transfer from EVs to ECs.

Furthermore, to further confirm whether HIF1a-AS1 transfer mediated by EVs exists in
vitro, we performed a transwell experiment with HIF1a-AS1-silenced donor cells and
compared them with control ECs. We found that the expression of HIF1a-AS1 was
reduced in recipient ECs that were co-cultured with HIF1a-AS1-silenced donor cells in the
transwell assay (Figure 4B). In summary, our results suggest that EVs have the potential

to transfer HIF1a-AS1 from donor cells to recipient ECs.
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However, the expression of HIF1a-AS1 is slightly decreased in the siSCR group compared
to the NT group in both experiments, indicating that factors such as cell culture conditions
and transfection efficiency may have some influence on the results. Therefore, it is not
possible to rule out the impact of these factors on the experimental results. Further
evidence is needed to support the conclusion that there may be HIF1a-AS1 transfer from

donor cells to recipient cells through EVs.
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Fig. 4: Intercellular transfer of HIF1a-AS1 via large EVs in ECs. (A) HIF1a-AS1
expression was assessed in ECs that were treated with large endothelial vesicles
(EVs) siHIF1a-AS1 or EVs scramble control (siSCR) or without any treatment (NT)
using gRT-PCR. CT values were normalized to GAPDH and were expressed as fold
change (*p < 0.05, n = 3, by Student’s t test). (B) Transwell experiments with normal,
siSCR, siHIF1a-AS1 in donor cells and recipient cells. Donor cells were transfected
with HIF1a-AS1 small interfering RNA (siRNA) and siSCR for 24 hours. HIF1a-AS1
expression was quantified in recipient ECs after transwell with donor cells for 24 hours.
GAPDH was used as a control (*p < 0.05, by Student’s t test).

3.4 HIF1a-AS1 controls the angiogenic gene network and regulates THBS1 transcription

and translation in ECs

The mechanism by which HIF1a-AS1 regulate EC proliferation and angiogenesis remains
unclear. To explore the underlying mechanism of HIF1a-AS1 in regulating angiogenic
functions in recipient ECs, RT2 profiler PCR array analysis was performed to measure
differential expression of 84 key genes involved in modulating the biological processes of
angiogenesis. The analysis of the array results revealed that the expression of THBS1
(thrombospondin 1), NRP1 (Neuropilin 1), AKT1 (AKT serine/threonine kinase 1), TIMP2
(TIMP metallopeptidase inhibitor 2), TIE1 (Tyrosine kinase with immunoglobulin-like and
EGF-like domains 1) was significantly downregulated in target ECs when HIF1a-AS1 was
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knocked down. Specifically, the fold change for THBS1 was 0.41, NRP1 was 0.35, AKT1
was 0.20, TIMP2 was 0.18 and TIE1 was 0.17 (Figure 5A).

To confirm these results, we performed a comprehensive set of experiments, including
single qRT-PCR, immunoblotting, and Western blot experiments. In the single real-time
PCR experiments, our results showed that among the target genes examined, only
THBS1 was dysregulated in target ECs, and its expression increased upon HIF1a-AS1
knockdown (Figure 5B).

However, our investigation delved deeper into the protein-level changes. Through
Western blot and immunoblotting analyses, we observed a contrary trend. The level of
THBS1 protein determined by Western blot and immunoblotting decreased compared to
control cells (Figure 5C-E). These results, while presenting a complex interplay between
gene expression and protein levels, highlight the intricate regulatory mechanisms at play
and emphasize the need for further exploration to fully comprehend the functional
implications of HIF1a-AS1 in the context of THBS1 regulation in ECs.

Besides this, we also analyzed the upregulated gene expression upon HIF1a-AS1
knockdown, these genes including pro-angiogenic factor VEGFA (Vascular endothelia
growth factor a), F3 (Coagulation factor Ill), as well as other cellular factors CCL2
(Chemokine (C-C motif) ligand 2), CXCL10 (C-X-C motif chemokine 10) and CXCL8 (C-
X-C motif chemokine 8), were significantly upregulated (Figure 5A). Given that CCL2,
CXCL10 and CXCL8 are commonly known cytokines associated with inflammation and
endothelial dysfunction, it is likely that their upregulation upon knockdown of HIF1a-AS1
is due to the activation of inflammatory pathways. Single PCR and Western blot analyses
were performed to confirm the upregulation of these genes, but no significant changes in
their expression were observed upon knockdown of HIF1a-AS1.

Our study demonstrated that HIF1a-AS1 acts as an anti-angiogenic and anti-proliferative
IncRNA in ECs, contrasting with the function of HIF1a-AS2, which acts as a gene
promoting reduced proliferation in ECs. Moreover, We also found that EVs have the
potential to transfer HIF1a-AS1 from donor cells to recipient ECs, indicating a possible
mechanism for intercellular communication. Furthermore, our data suggested that HIF1a-
AS1 may control the angiogenic gene network and regulate THBS1 transcription and
translation in ECs, providing insights into the underlying mechanisms of angiogenesis

regulation.
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Previous studies have indicated that HIF1a-AS1 may have a more significant impact on
endothelial cell function and angiogenesis compared to HIF1a-AS2 and HIF1a-AS3.
Furthermore, it has been demonstrated that HIF1a-AS1 exerts a significant influence on
the expression of THBS1, emphasizing its central role in the angiogenic process.
Consequently, our subsequent experiments concentrated exclusively on deciphering the

multifaceted effects of HIF1a-AS1 and its downstream targets.
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Fig. 5: HIF1a-AS1 RNA regulates the level of THBS1 (thrombospondin 1) in ECs.
RT? Profiler PCR array analyses (angiogenesis) were performed on ECs transfected
with HIF1a-AS1 siRNA and control (n = 3). Ribosomal protein lateral stalk subunit PO
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(RPLPO; as PCR array control) was used as an endogenous control in the PCR array.
(A) A volcano plot shows the differentially regulated genes between HIF1a-AS1
knockdown and control ECs by PCR array, as well as the top 5 dysregulated genes
in ECs. (B) Individual validation of THBS1 RNA expression was conducted in ECs
transfected with HIF1a-AS1 siRNA and siSCR using gqRT-PCR. (**p < 0.01, n = 3, by
1-way ANOVA with Bonferroni multiple comparisons test). (C) THBS1 protein levels
were assessed by Western blot in ECs that were transfected with HIF1a-AS1 siRNA
and siSCR. B-Actin was used as the loading control. (D and E) Immunocytochemical
staining of THBS1 (red), nuclear staining with DAPI (blue). Relative quantification of
THBS1 fluorescence expression was measured by qRT-PCR (**p < 0.01, n > 6, by
1-way ANOVA with Bonferroni multiple comparisons test). Scale bars, 20 ym; X 400
magnification. As illustrated in Fig. 5 D and E, the fluorescence expression of THBS1
(red) was notably lower in comparison to siSCR and NT.

3.5 THBS1 regulates the EC function

The previous experimental results suggest that HIF1a-AS1 is a gene that inhibits
angiogenesis. Inhibition of HIF1a-AS1 at the RNA level leads to increased expression of
THBS1 mRNA. However, at the protein level, the expression of THBS1 is decreased. The
relationship between HIF1a-AS1 and THBS1 in angiogenesis is complex and not fully
understood. We hypothesize that HIF1a-AS1 may regulate endothelial cell function by
controlling THBS1 expression, and therefore, we need to further investigate the role of
THBS1 in endothelial cells. To investigate the role of THBS1 in EC angiogenesis and
proliferation, siRNA against THBS1 was transfected into ECs, and efficient
downregulation was confirmed by real-time PCR (Figure 6A). The downregulation of
THBS1 led to a significant increase in both EC tube formation and proliferation,
highlighting the importance of THBS1 as a negative regulator of EC angiogenesis and
proliferation (Figure 6B-F). Taken together, these results suggest that HIF1a-AS1 and
THBS1 play important roles in the regulation of angiogenesis, with HIF1a-AS1 inhibiting
angiogenesis and THBS1 acting as a negative regulator of angiogenesis. HIF1a-AS1 may
inhibit angiogenesis by downregulating THBS1 expression at the protein level and
potentially through other mechanisms that are yet to be elucidated.
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Fig. 6: THBS1 negatively regulates tube formation and proliferation in ECs. (A) sSiRNA
was used to downregulate THBS1 expression in ECs, and the efficiency of HIF1a-
AS1 knockdown was confirmed by qRT-PCR (*p < 0.05, n = 3, by student’s t test). (B
and E) BrdU incorporation was assessed by immunofluorescence (red) and nuclei
were counterstained with DAPI (blue). The percentage of BrdU-positive cells was
determined by calculating the ratio of BrdU-positive cells to the total number of cells
(****P<0.0001, n = 10, by 1-way ANOVA with Bonferroni multiple comparisons test).
The images were captured using a microscope at a magnification of 100x with a scale
bar of 100 um. In this BrdU assay, siTHBS1 demonstrated a significantly higher
number of BrdU-positive cells in comparison to siSCR. (C and D and F) Tube
formation assays were performed using ECs and the total length of the capillary tubes
and node number were analyzed using ImagedJ image analysis software (*p < 0.05,
n > 6, by 1-way ANOVA with Bonferroni multiple comparisons test). The images were
captured using a microscope at a magnification of 100x with a scale bar of 200 pym.
In the tube formation assay, siTHBS1 exhibited higher values for both node number
and total segment length than siSCR.
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3.6 HIF1a-AS1 may regulates HIF1a transcription

We have previously established that HIF1a-AS1 plays a role in regulating THBS1
transcription and translation in ECs. Furthermore, it is widely accepted that HIF1a is a key
player in promoting angiogenesis, while HIF1a-AS1 is known to act as a negative regulator
of HIF1a. Nevertheless, the precise mechanisms through which HIF1a-AS1 governs the
interplay between THBS1 and HIF1a remain somewhat enigmatic.

One potential mechanism by which HIF1a-AS1 can regulate gene expression is through
post-transcriptional modulation of mRNA levels, notably mRNA stabilization. To
investigate this possibility, we treated ECs with actinomycin D (ACTD, 5 yg/mL) to inhibit
RNA synthesis and evaluated the expression of THBS1 and HIF1a using gRT-PCR after
silencing HIF1a-AS1 under normoxic conditions. Our results indicated that silencing
HIF1a-AS1 led to a downregulation of HIF1a transcript expression, while having a
comparatively modest impact on the stability of THBS1 (Figure 7A-C). These findings
suggest that HIF1a-AS1 may regulate HIF1a transcription under normoxic conditions,
providing insights into the regulatory mechanism of HIF1a-AS1 on THBS1 expression.
However, further investigations are required to determine the exact mechanism by which

HIF1a-AS1 regulates HIF1a transcription.
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Fig. 7: HIF1a-AS1 could post-transcriptionally regulate mRNA levels by modulating
MRNA stability. The stability of mRNA by using actinomycin D (ACTD) treatment (5 mg/mL
for 24 hours) upon siRNA knockdown of HIF1a-AS1 or THBS1 or a scramble for 48 hours.
The expression of (A) HIF1a-AS1 or (B) THBS1 or (C) HIF1a mRNAs was analyzed by
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gRT-PCR in Ecs after siRNA treatment (*p < 0.5, **p < 0.1, n = 3, by 1-way ANOVA with
Bonferroni multiple comparisons test).

3.7 Interaction of HIF1a-AS1 and THBS1 may contribute to EndMT

EndMT is a critical pathological process that has significant implications for the
development of condition such as AVS and CAD. Our prior investigations has revealed
the substantial involvement of HIF 1a-AS1 in regulating EC proliferation and angiogenesis.
In light of these findings, our current study sought to delve deeper into the roles of HIF1a-
AS1 and THBS1 in the context of EndMT.

Firstly, to examine EndMT in vitro, ECs were treated with TGFB+IL13 or TNF-a for 5 days,
and the results showed that EndMT was successfully induced, as indicated by the
downregulation of endothelial markers (von Willebrand factor [VWF], endothelial nitric
oxide synthase [eNOS]) and the upregulation of mesenchymal markers (aSMA, smooth
muscle [SM22]) (Figure 8A-B).

Our subsequent inquiry centered on deciphering the specific role of HIF1a-AS1 in the
context of EndMT. Surprisingly, our gRT-PCR analysis revealed that the expression of
HIF1a-AS1 hardly changed compared to control during the course of EndMT induction in
ECs (Figure 8C-D). However, interestingly, the protein level of THBS1 was found to be
regulated by HIF1a-AS1 in a context-dependent manner. Specifically, THBS1 was
downregulated in TNF-a induced EndMT after knockdown of HIF1a-AS1, whereas the
protein level of THBS1 was upregulated in HIF1a-AS1-silenced cells in TGFB and IL-1-
induced EndMT (Figure 8E). These findings suggest that the interaction between HIF1a-
AS1 and THBS1 may exert a pivotal influence on the complex process of EndMT.

Based on the experimental data, our study has revealed several significant findings about
the roles and mechanisms of action of HIF1a-AS1 and HIF1a-AS2 in ECs. Specifically,
HIF1a-AS1 was shown to have anti-angiogenic and anti-proliferative effects, and may
regulate THBS1 transcription and translation, which provides insights into the regulation
of angiogenesis. Furthermore, we found that HIF1a-AS1 can be transferred from donor
cells to recipient ECs via EVs, which may contribute to intercellular communication. On
the other hand, HIF1a-AS2 was found to act as an anti-proliferation gene in ECs.
Additionally, our results suggest that HIF1a-AS1 may also regulate HIF1a transcription
under normoxic conditions and that the interaction between HIF1a-AS1 and THBS1 may
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play a role in the EndMT process. Overall, these findings highlight the complex regulatory
network involved in angiogenesis and provide potential targets for therapeutic intervention.
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Fig. 8: The effect of HIF1a-AS1 knockdown on endothelial to mesenchymal transition
(EndMT) of HUVECs. Tumor necrosis factor alpha (TNF-a), transforming growth factor
beta (TGF[) and interleukin-1B (IL1B3) induced EndMT in ECs. ECs were transfected with
HIF1a-AS1 siRNA and siSCR (n = 3) for 48 h, then ECs were treated with TNF-a or
TGFB+IL1B for 5 days. (A and B) The endothelial marker (von Willebrand factor [VWF],
endothelial nitric oxide synthase [eNOS]) and mesenchymal marker (a-smooth muscle
actin [aSMA], smooth muscle [SM22]) expression were assessed by qRT-PCR (n =3, **P
< 0.01, *™*P < 0.0001, by Student’s t test). (C and D) The HIF1a-AS1 levels were
determined after treating with TNF-a or TGFB+IL1p for 5 days by qRT-PCR (n = 3, **P <
0.01, by Student’s t test). (E) Endothelial marker (CD31) and mesenchymal marker (SM22,
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Vimentin) and THBS1 protein levels were assessed by Western blot in ECs that were
transfected with HIF1a-AS1 siRNA and siSCR. H3 and (B-Actin were used as the loading
control.
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4. Discussion

In patients with AVS, there is no pharmacotherapy to prevent aortic valve calcification,
and the urgency to replace the valve to relieve symptoms and reduce cardiac burden is
still associated with high morbidity and mortality (Nightingale, et al., 2005, Makkar, et al.,
2012). To date, the biological or physiological differences in the AVS patients have not
been extensively studied, so it is necessary to discover the new mechanism and treatment
to intervene in the progression of the AVS.

LncRNAs have been identified as both biomarkers and regulators of CVDs. For instance,
the expression levels of IncRNA H19 have been associated with CAD (Liu, et al., 2016,
Xiong, et al., 2019). In addition, it has been reported that IncRNA H19 plays a role in the
protective effects of EVs released by adipose tissue-derived mesenchymal stem cells
(ATV-MSC-exos) on regulating angiogenesis and promoting the healing of myocardial
damage. On the other hand, IncRNA H19 has also been found to increase in CAVD,
promoting an osteogenic program by affecting NOTCH1 expression (Huang, et al., 2020).
These findings underscore the potential of IncRNAs as targets for therapeutic intervention
in CVDs.

In our recent study, we conducted a PCR-based human IncRNA array on a screening
cohort comprising patients with stable CAD and non-CAD (NCAD) to identify potential
biomarkers. We found that the IncRNA HIF1a-AS1 was significantly upregulated in CAD
patients (Hosen, et al., 2021). Given that both AVS and CAD are types of atherosclerotic
disease and share similar risk factors, AVS can be regarded as a surrogate marker for
cardiovascular events related to CAD. Therefore, we aimed to investigate whether they
share a common underlying mechanism.

The IncRNA HIF1a-AS1 is located on the antisense strand of HIF1a and is markedly
dysregulated in both ECs and CVDs. Recent studies have shown that the levels of
exosomes and the exosomal INcCRNA HIF1a-AS1 are significantly higher in patients with
atherosclerosis, and there is a positive correlation between them. Therefore, exosomes
and exosomal IncRNA HIF1a-AS1 could potentially serve as biomarkers for
atherosclerosis (Wang, et al., 2017). HIF1a-AS1 has been reported to regulate endothelial
function and is significantly increased in patients with CAD and AVS (Wang, et al., 2015,
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Hosen, et al., 2021, Gong, et al., 2022). Recent studies suggest that oxLDL and TNF-a
are key players in the development of atherosclerosis and endothelial dysfunction, and
they are commonly used as stimuli to induce these conditions in vitro and in vivo (Li, et al.,
2005, Zhang, et al., 2006, Sitia, et al., 2010). In line with our clinical findings and related
studies, our in vitro experiments showed that HIF1a-AS1 levels increased in a dose-
dependent manner when ECs were stimulated with oxLDL and TNF-a at concentrations
of 10 ng/mL and 20 ng/mL, respectively. However, higher concentrations, such as 50
ng/mL, resulted in the death of most cells. Additionally, we observed the transfer of HIF 1a-
AS1-silencing flow from EVs or EC with HIF1a-AS1 transfection to normal target ECs.
However, the media involved in this intercellular transfer of the HIF1a-AS1-silencing flow
remains to be further investigated. Overall, our findings suggest that HIF1a-AS1 may
contribute to the development of atherosclerosis and endothelial dysfunction, and EVs
have the potential to transfer HIF1a-AS1 from donor cells to recipient ECs. Further
research is needed to understand the underlying mechanisms of its effects.

HIF1a-AS1 is a gene with relevance to disease, as it has been implicated in endothelial
dysfunction and vascularization (Yu, et al., 2018). Another natural antisense transcript of
HIF1a, HIF1a-AS2, which originates from the 3' region of the HIF1a gene and binds to
HIF1a mRNA 3' untranslated region, has also been shown to be highly expressed in
atherosclerotic mice and involved in the proliferation and migration of aortic smooth
muscle cells in aortic dissection (Li, et al., 2020, Zhang, et al., 2022). In our study, we
sought to investigate the specific roles of HIF1a-AS1 and HIF1a-AS2 in endothelial cell
biology and cardiovascular disease. Our functional in vitro experiments showed that
HIF1a-AS1 negatively regulates endothelial cell proliferation and vascular tube formation,
which are key processes in angiogenesis. Similarly, HIF1a-AS2 was found to negatively
regulate endothelial cell proliferation, but there was no significant change in tube formation
compared with the scramble group. These findings differ from those reported by Li et al.,
who showed that HIF1a-AS2 promotes angiogenesis in endothelial cells under hypoxia
by sponging miR-153-3p and upregulating HIF1a (Li, et al., 2017). The discrepancy could
be due to differences in the oxygen levels of the cells in the different experiments.
HIF1a-AS1 has been shown to regulate angiogenesis and target multiple genes, including
miR-138 and let-7g (Huang, et al., 2020, Zhang, et al., 2020). In our study, we found that
silencing HIF1a-AS1 in ECs led to downregulation of several genes, including THBS1,
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NRP1, AKT1, etc., as revealed by a PCR-based gene expression array. However, single
real-time PCR experiments showed that only THBS1 was upregulated. To investigate the
discrepancy between the array and PCR results, we examined THBS1 protein expression
after HIF1a-AS1 knockdown by Western blot and immunofluorescence staining, and
observed a downregulation of THBS1 expression in HIF1a-AS1-silenced cells. This
suggests that HIF1a-AS1 may regulate THBS1 translation, which is different from the RNA
level. This paradoxical effect may be due to post-transcriptional regulation, transcriptional
degradation, posttranslational processing, or modification, as has been reported
previously (Kors, et al., 2019).

Based on the experimental results, it appears that the gene HIF1a-AS1 is involved in the
development of atherosclerosis and inhibits angiogenesis. Similarly, HIF1a-AS2 was
observed to negatively impact endothelial cell proliferation. Inhibition of HIF1a-AS1 at the
RNA level leads to an increase in THBS1 mRNA expression, which is an inhibitor of
angiogenesis. However, at the protein level, THBS1 expression is decreased, which could
promote angiogenesis.

HIF1a has been found to play a role in atherosclerotic lesions and has been associated
with endothelial dysfunction, inflammation, macrophage proliferation, and smooth muscle
cell growth (Semenza, 2014). It has also been shown to induce angiogenesis in ischemic
tissue, as seen in previous studies (Kelly, et al., 2003). To investigate the possibility of
HIF1a-AS1 post-transcriptionally regulating mRNA levels by modulating mRNA stability
and/or accelerating the process of target message decay, we treated cells with ACTD and
CHX under normoxic conditions to inhibit RNA synthesis and analyzed the expression
profile of HIF1a and THBS1 using gqRT-PCR. Our results showed that the downregulation
of HIF1a transcript was observed in HIF1a-AS1-silenced cells, indicating that HIF1a-AS1
could regulate HIF1a transcription. However, we found no significant changes in the
MRNA levels of THBS1. Overall, our findings suggest a potential role of HIF1a-AS1 in
regulating HIF1a transcription and provide insights into the mechanisms underlying the
regulation of angiogenesis.

Furthermore, to further explore the potential involvement of HIF1a-AS1 in AVS or CAD,
we investigated EndMT in vitro, which is a complex cellular transdifferentiation process
whereby endothelial cells lose their endothelial identity and acquire mesenchymal cell
characteristics (Kovacic, et al., 2019). We induced EndMT in vitro by subjecting ECs to
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TNF-a or TGFB+IL1p for 5 days and characterized its molecular signature using RT-qPCR.
Although we observed a successful induction of EndMT, RT-PCR analysis revealed no
significant changes in HIF1a-AS1 expression after five days of treatment with either TNF-
a or TGFB+IL1B. The lack of change in HIF1a-AS1 expression may be due to high cell
density or low siRNA stability. To further investigate the role of HIF1a-AS1, we evaluated
the protein content of our target gene using Western blot analysis. Successful induction
of EndMT was confirmed, and we observed that the protein content of THBS1 differed
between TNF-a and TGFB+IL1[ treatment in the HIF 1a-AS1-silenced group. Interestingly,
THBS1 protein expression was opposite after TGFB+IL1p3 treatment, suggesting that
THBS1 may be involved in a TGFB-related signaling pathway that influences its
expression (Sun, et al., 2022). This pathway may be the reason for the differential
expression of THBS1 under TGFB- and IL-1B-induced and TNF-a-induced EndMT.
Furthermore, previous studies have reported that TGF@ signaling plays a direct role in
controlling THBS1 transcriptional activity via SMAD3 (Daubon, et al., 2019).
Nevertheless, our study has some limitations that need to be addressed in future research:
(i) The underlying mechanism of HIF1a-AS1-mediated intercellular communication needs
further investigation to fully understand its regulatory role in angiogenesis. (ii) Additional
research on the molecular mechanism of HIF1a-AS1 in cardiovascular cells, such as
cardiomyocytes or valvular interstitial cells, or in animal models, such as the murine model,
is necessary to confirm our findings. (iii) Further investigation into the function of HIF1a-
AS1 in regulating HIF 1a under hypoxia will provide valuable insights into the regulation of
IncRNAs in AVS.

In conclusion, our study provides new mechanistic insights into the role of IncRNA in the
regulation of angiogenesis in AVS: (1) two independent atherosclerotic stimuli (oxLDL and
TNF-a) upregulate the expression of HIF1a-AS1 in ECs; (2) HIF1a-AS1 regulates EC
function by controlling the expression of THBS1, a negative regulator of EC angiogenesis,
and stabilizing HIF1a; (3) Successful induction of EndMT in ECs suggests that the
interaction between HIF1a-AS1 and THBS1 may play a role in EndMT. Future
investigation into the underlying mechanism of HIF1a-AS1-mediated regulation of the
angiogenic gene network in AVS will further advance our understanding of the role of
IncRNAs in AVS.
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5. Summary

In this study, we aimed to investigate the specific role of long noncoding HIF 1a antisense
RNA 1 (HIF1a-AS1) in Cardiovascular diseases (CVDs), with a specific focus on its
implications for aortic valve stenosis (AVS). Atherosclerotic stimuli could upregulate the
expression of HIF1a-AS1, and knockdown of HIF1a-AS1 in endothelial cells (ECs)
increased their effects on cellular function (proliferation, tube formation, angiogenesis).
Besides, loss of HIF1a-AS1 promotes Thrombospondin 1 (THBS1) mRNA and inhibits
protein expression. Furthermore, the study identified potential Extracellular Vesicles (EV)
mediated transfer of HIF1a-AS1 between cells. Notably, the protein THBS1 exhibited
distinct regulation upon Endothelial-to-mesenchymal transition (EndMT) depending on
HIF1a-AS1 levels.

These findings demonstrate that HIF1a-AS1 regulates ECs function via a THBS1-
dependent mechanism. HIF1a-AS1 may regulate protein expression of THBS1 in
endothelial cells under EndMT. The role of endothelial dysfunction and EndMT in the
pathogenesis of AVS is increasingly recognized. Understanding how HIF1a-AS1
regulates THBS1 in the context of EndMT offers insights into the cellular processes driving
valve remodeling in AVS. Modulating HIF1a-AS1 levels or its downstream signaling
pathways may help mitigate the progression of AVS, particularly by preventing or
reversing endothelial dysfunction and EndMT-related changes.

In conclusion, this research has the potential to advance our understanding of the disease,
facilitate the development of targeted therapies, and ultimately benefit patients suffering
from AVS.
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