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Circ-myh8 Promotes Pulmonary
Hypertension by Recruiting KAT7 to Govern
Hypoxia-Inducible Factor-1ac Expression

Yan Xing, PhD;* Jing Qi, PhD;* Xiachan Cheng @, MS; Xinyue Song, MS; Jingya Zhang, MS; Songyue Li, MS;
Xiaoting Zhao, MS; Ting Gong, MS; Jiaxin Yang, MS; Chong Zhao, MS; Wei Xin, PhD; Daling Zhu, PhD;
Xiaodong Zheng @@, MD, PhD

BACKGROUND: Aberrant expression of circular RNAs (circRNAs) contributes to the initiation and progression of pulmonary
hypertension (PH). Hypoxia-inducible factor (HIF) is a well-known modulator of hypoxia-induced PH. The role and underlying
mechanism of circRNAs in the regulation of HIF expression remains elusive.

METHODS AND RESULTS: We profiled pulmonary artery transcriptomes using RNA sequencing and screened circRNAs as-
sociated with hypoxia treatment. The expression of a novel circRNA, circ_chr11_67292179-67294612 (circ-myh8), was in-
creased by hypoxia in a time-dependent manner. We evaluated the effects of circ-myh8 overexpression by adeno-associated
virus or inhibition by short hairpin RNA on proliferation and cell cycling in mice and pulmonary artery smooth muscle cells.
Overexpression of circ-myh8 promotes PH under normoxia, and disruption of circ-myh8 by short hairpin RNA mitigates PH in
chronic hypoxic mice. Biologically, circ-myh8 induces the proliferation and cell-cycle progression of pulmonary artery smooth
muscle cells in vivo and in vitro. Mechanistically, RNA pull-down and RNA immunoprecipitation assays were used to examine
the interaction of circRNAs with the binding protein KAT7 (lysine acetyltransferase 7). The acetylation level of lysine 5 of histone
H4 in the transcriptional initiation region of HIF1a was determined by chromatin immunoprecipitation assay followed by reverse
transcription-quantitative polymerase chain reaction. Circ-myh8 acts as a modular scaffold to recruit histone acetyltransferase
KAT7 to the promoters of HIF1a, which elicits acetylation of lysine 5 of histone H4 in their promoters.

CONCLUSIONS: Our findings not only reveal the pivotal roles of circ-myh8 in governing histone modification in anti-PH treatment
but also advocate triggering the circ-myh8/KAT7/HIF1a pathway to combat PH.
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physiological disorders that may involve multiple

clinical conditions and progressive diseases, ulti-
mately leading to premature death. A commmon patho-
logical characteristic of PH is vascular remodeling,
which manifests as medial thickening, mainly caused
by uncontrolled proliferation and cell-cycle progression
of pulmonary artery smooth muscle cells (PASMCs). PH

Pulmonary hypertension (PH) is a group of patho-

is invariably associated with reduced functional ability,
impaired quality of life, greater oxygen requirements,
and an increased risk of mortality.! Chronic hypoxia
has emerged as a well-known independent cause of
vascular remodeling that also exacerbates PH caused
by lung parenchyma or hypoxia.>® At present, the ap-
plication and benefits of existing drugs targeting pulmo-
nary arterial hypertension (PAH) involving prostanoids,
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CLINICAL PERSPECTIVE
What Is New?

e A novel circular RNA named circ-myh8 was in-
creased by hypoxia.

e Circ-myh8 induces the proliferation, cell-cycle
progression, and phenotype switch of pulmo-
nary artery smooth muscle cells.

e Circ-myh8 acts as a modular scaffold to recruit
histone acetyltransferase KAT7 to the promot-
ers of hypoxia-inducible factor-1a genes.

What Are the Clinical Implications?

e Hypoxia-inducible factor-1a is an important
therapeutic target in pulmonary hypertension.

e The circ-myh8/KAT7 pathway could be used to
combat pulmonary hypertension.

Nonstandard Abbreviations and Acronyms

CDK cyclin-dependent kinase

circRNAs  circular RNAs

FISH fluorescent in situ hybridization

H4K5 lysine 5 of histone H4

HIF hypoxia-inducible factor

PAH pulmonary arterial hypertension

PASMCs pulmonary artery smooth muscle
cells

PCNA proliferating cell nuclear antigen

PDGFR platelet-derived growth factor
receptor

PH pulmonary hypertension

RIP RNA immunoprecipitation

RT-qPCR reverse transcription-quantitative
polymerase chain reaction

shRNA short hairpin RNA

siRNA small interfering RNA

phosphodiesterase-5 inhibitors, and endothelin receptor
blockers in hypoxia-induced PH remain unknown. These
drugs provide symptomatic relief in some reports but
suggest that they only modestly improve survival, as they
could not prevent excessive PASMC proliferation and
occlusive remodeling. Therefore, there is an urgent need
to identify suitable targets that drive vascular remodeling
to develop effective anti-PH drugs.

Hypoxia-inducible factor (HIF) is a well-known mod-
ulator in the hypoxia signaling pathway and plays an
important regulatory role in the pathogenesis of hypoxia-
induced PH.# The HIF family is mainly composed of 4
members—HIF1a, HIF1B, HIF2a, and HIF23°—of which
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HIF1a is the key regulatory factor in the proliferation of
PASMCs.® During the development of PH pathogene-
sis, aberrant HIF1a activation determines the PASMCs’
proliferation and cell-cycle progression and pulmonary
vascular remodeling.” For instance, mice with a smooth
muscle cell-specific HIFla heterozygous inactivation
or inducible deletion exhibit reduced vascular remod-
eling and blunted cell hypertrophy in mice with chronic
hypoxic-induced PH.2° In addition, HIF-1a also func-
tions as an intrinsic pathogenic modulator in genetic
forms and chemically induces PH.'° These studies in-
dicate that clarifying the HIF-1a evokes cellular events,
especially the uncontrolled proliferation and cell-cycle
progression of PASMCs, which may provide a promis-
ing avenue for PH pharmacotherapies.

Circular RNAs (circRNAs) are a novel class of non-
coding RNAs that are characterized by a covalent
closed-loop structure.”2 Although circRNAs were
first detected >20years ago, their functions have not
been explored until recently.®"® With the develop-
ment of high-throughput sequencing and bioinfor-
matic analysis, large numbers of circRNAs have been
successfully identified, and they are abundant, con-
served, tissue specific, and development specific in
mammalian cells.'®'” Unlike their linear counterparts,
circRNAs contain no 5’ to 3’ polarity or polyadenyla-
tion tails. CircRNAs are resistant to RNase R digestion
and are highly stable in vivo compared with their parent
genes. It is well established that inverted repeated Alu
elements, exon skipping, and RNA-binding proteins
facilitate and regulate the formation of circRNAs.!8-20
Furthermore, circRNAs are widely involved in physi-
ological and pathological processes, such as diabe-
tes,?! neurological disorders,! and especially cancer.??

Most circRNAs function as microRNA sponges to
regulate the expression of target genes, eventually pro-
moting proliferation or inhibiting apoptosis of PASMCs.
For example, has-circ-0016070 contains the binding
site of miR-942 and relieves the suppression of miR-
942 on cyclin D1.22 Mmu-circ-0000790 competitively
binds to miR-374c and consequently upregulates the
target gene FOXC1.?* Besides the competitive en-
dogenous RNA mechanism, circBRNAs can serve as
protein decoys, scaffolds, and recruiters to modulate
protein—protein interactions.?® For example, circ-Foxo3
could prevent mouse double minute 2 from induc-
ing Foxo3 ubiquitination and degradation, resulting in
increased levels of the Foxo3 protein.?® Circular cat-
enin-B1 promotes cancer progression by enhancing
the transactivation of Yin Yang 1 by DDX3 and thus
upregulating target genes involved with 3-catenin ac-
tivation.?? Moreover, it has been shown that circRNAs
can be translated into polypeptides.?” Previously, we
have showed that circ-Calm4 plays an important role
in hypoxia-induced pyroptosis and is dependent on
the circ-Calm4/miR-124-3p/Pdcd6 axis.?® However,
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the functions of circRNAs in the regulation of HIF 1o ex-
pression is yet to be defined.

In this study, genome-wide circBRNA expression pro-
files were initially examined in pulmonary artery tissue
from mice exposed to normoxia and hypoxia. We char-
acterized anovel circRNA, chr11_67292179-67294612,
derived from exons 18, 19, 20, 21, and 22 of the myh8
gene circ_chr11_67292179-67294612 (circ-myh8) and
validated it by reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). The role of circ-
myh8 in mouse PH models was examined by genetic
overexpression and ablation using a lentivirus. Cell
proliferation and cell-cycle progression experiments
were conducted, and it was determined that circ-myh8
acts as a proliferation promoter gene targeted to HIF7
by recruiting hypoxia-induced PH.

METHODS

The data supporting this study’s findings are avail-
able from the corresponding author upon reasonable
request.

Animal Models

Hypoxia PH mouse model: 40 male C57BL/6J mice
(8-week-old) were randomly grouped into normoxia
(21% FiO,), and hypoxia (10% FiO,) for 4, 8, 12, and
21days. For the circ-myh8 overexpression: thirty-two
8-week-old male C57BL/6J mice were randomly di-
vided into 2 groups. The overexpression circ-myh8
group received lentiviral package circ-myh8 in the
nasal mucosa. The empty viral vector was used as the
control group and received normal oxygen (21% FiO,)
for 5weeks. For the circ-myh8 knockdown, lentiviral
packaging short hairpin RNA targeted circ-myh8 was
inhaled through the nasal mucosa, with lentiviral pack-
aging negative control as the control group, standard
oxygen culture for 2weeks, and hypoxia for 3weeks.
This animal study was approved by the ethics review
board of Harbin Medical University ([2012]-006). All
experimental procedures were performed following
the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health.

Plasma From Patients With PH

Plasma from 10 patients with PH was collected be-
tween May 2019 and July 2022 in the Second Affiliated
Hospital of Harbin Medical University. Patients were
subdivided into groups as follows: 6 patients with
idiopathic PAH, 1 with connective tissue disease—
associated PH, and 3 with PH caused by left heart dis-
ease (group 2 PH; Table S1). The ethics review board
of Harbin Medical University approved the study pro-
tocol. All patients provided a written informed consent.
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Cell Culture

The original mouse PASMCs were purchased from
Procell Life Science&Technology Co. Ltd. (Wuhan,
China) and maintained in a full-growth medium (SMCM
#1101; Sciencell Research Laboratories, Carlsbad,
CA). The purity of the cells reached >90% identified by
a-smooth muscle actin immunofluorescence, and the
cells are free of viruses, mycoplasma, bacteria, and the
like. Cells were cultured in a humidified 37 °C, 5% CO,
incubator, split at 90% to 95% confluence by trypsin-
collagenase, and used between passages 5 and 7.

Plasmid and Lentivirus Construction
Plasmid

We synthesized the base sequence of 5 exons of the
circ-myh8 gene (exons 21-25) and inserted this frag-
ment into pCDH-CMV-MCSEF1-GFP* Puro with restric-
tion sites of BamHI and Notl Carrier (Abbots, Shanghai,
China). The result of vector construction was verified by
direct sequencing. Using Lipofectamine 2000 (Invitrogen,
Waltham, MA) transfection manual, the overexpres-
sion pCDH-CMV-circ-myh8 and the empty plasmid
were transfected into PASMCs. The empty plasmid was
PcDNA, and the overexpression plasmid was pcDNA-circ.

Lentivirus

We cotransfected the constructed lentiviral vector of
the circ-myh8 base sequence and short hairpin RNA
(shRNA) sequence and its auxiliary, packaging original
vector plasmid into 293T cells, added enhancing buffer
after 10 to 12hours of transfection, and then changed to
a new culture after 8hours. After culturing for 48hours,
we collected the cell supernatant rich in lentiviral parti-
cles, and concentrated it to obtain a high-titer lentiviral
concentrate. The virus titer is measured and calibrated
in 293T cells. The lentivirus control and overexpression
were named vehicle and Lenti-circ, respectively.

Small Interfering RNA and Gapmers

The small interfering RNA (siRNA) and the gapmers tar-
geted to circ-myh8 (containing the circ-myh8 end-to-
end junctions) were synthesized by Abbots. The siRNA
and gapmers were transfected into PASMCs using
Lipofectamine 2000 according to the manufacturer’s pro-
tocols. The shRNA was named sh-circ, and NC was used
as a negative control. Sequences are listed in Table S2.

RNA Extraction and Reverse
Transcription-Quantitative Reverse
Transcription Polymerase Chain Reaction

Invitrogen’s Trizol was used to isolate total RNA, and
0.5ug of total RNA was reverse transcribed into cDNA
using ReverTra Ace gPCR RT Kit (Toyobo, Osaka,
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Japan). SYBR Green Realtime PCR Master Mix
(Toyobo) and LightCycler 480 system (Roche, Basel,
Switzerland) were used to measure circRNA and
mRNA expression levels by gPCR. 18S was used as
an internal control, and each experiment was repeated
6 to 8 times. The primers are listed in Table S3.

Western Blot

Tissue and cell samples were lysed with cell lysate
(containing 1% phenylmethylsulfonyl fluoride), and SDS
polyacrylamide gel electrophoresis was performed to
separate proteins of different molecular weights and
then transferred to negative control membranes. After
being blocked with skimmed milk powder for 1 hour, the
negative control membranes were incubated with KAT1
(1: 400), KAT5 (1:400), KAT7 (lysine acetyltransferase
7) (1:400), KAT8 (1:400), lysine 5 of histone H4 (H4K5)
ac (1:400), H4K12ac (1:400), HIF1a (1:200), proliferating
cell nuclear antigen (PCNA) (1:400), osteopontin (1:1000),
calponin 1 (1:1000), platelet-derived growth factor recep-
tor (PDGFR)-a (1:1000), PDGFR-f (1:500), interleukin-6
(1:1000), tumor necrosis factor-a (1:1000), caspase 3
(1:1000), caspase 9 (1:1000), B-cell ymphoma 2 (1:500),
B-cell ymphoma 2-like protein 4 (1:500), cyclin A (1:400),
cyclin B (1:400), cyclin D (1:400), cyclin-dependent kinase
(CDK) 1 (1:400), CDK2 (1:400), and CDK4 (1:400) primary
antibodies at 4 °C for overnight, washed with TBS-T
5 times for 10minutes each time, then incubated with
secondary antibodies (1:8000) according to the source
of the primary antibody. Membranes were developed
using the enhanced chemiluminescence solution and x-
ray film in a dark room. Histone-related antibodies were
purchased from Cell Signaling Technology (Boston, MA),
HIF1a was purchased from R&D Systems (Minneapolis,
MN), and other antibodies were purchased from Boster
Biological Technology Co. Ltd (Wuhan, China).

Immunofluorescence

Frozen sections of lung tissue or PASMCs were fixed
with paraformaldehyde, 95 °C 1x saline—sodium citrate
solution for antigen retrieval, 0.4% Triton treatment,
goat serum blocking solution for 1hour, incubation
with ki67 (1:100), KAT7 (1:100), and H4K5ac (1:100) pri-
mary antibody at 37 °C overnight. The next day, after
washing with PBS, the secondary antibody (1:100) was
incubated at 37 °C for 2hours, then mounted and im-
aged with a confocal microscope.

Scratch Assay

The mouse PASMCs were cultured on plates. Scratch
was created by a pipette. Images were at Ohour. The
cells were treated with the indicated agents. Cells were
cultured for another 24 hours before capturing the im-
ages, and the migration rate was analyzed.
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Chromatin Immunoprecipitation

Using the Pierce Magnetic ChIP Kit from Thermo
Scientific (Waltham, MA), PASMCs were cross-linked
with formaldehyde, and the cross-linking reaction was
terminated by glycine. After cross-linking, the cells are
digested with the RNase enzyme. Ultrasonic breaks
the chromatin into 500- to 1000-bp fragments. The
chromatin fragments are subjected to immunopre-
cipitation with specific antibodies of KAT7, H4Kbac,
H4K12ac, and H3K14ac. DNA is separated from the
eluate of the immunoprecipitation reaction. The frag-
ments were amplified by gPCR using primers from the
HIF1a promoter.

RNA Pull-Down

Synthetic  RNA probe (Mmu-circ-myh8 antisense
strand segment), using Pierce Magnetic RNA probe in
the Pull-Down Kit to probe, and cell lysates were incu-
bated to form RNA-protein complexes. The complex
uses the RNase R enzyme to digest linear RNA. After
eluting the RNA-binding protein complex, RNA-binding
proteins were detected by western blot assay.

RNA Immunoprecipitation

The Magna RNAimmunoprecipitation (RIP) RNA Binding
Protein Immunoprecipitation Kit (Millipore, Bedford, MA)
was used for RIP analysis, PASMCs and complete RIP
Lysis Buffer (Millipore) was used for cracking; 10ug of
primary antibody (contrast rabbit IgG, Kat1, Kat5, Kat7,
and Kat8) was incubated with magnetic beads at room
temperature for 30minutes, and the cell lysates were
incubated with the magnetic bead antibody complex
overnight at 4 °C. The beads were washed 6 times with
a cold Ice-Cold RIP Wash Buffer and resuspended in
the protease K buffer. The immunoprecipitation RNA
was purified by phenol-chloroform extraction and etha-
nol precipitation. RT-gPCR analysis was performed for
downstream RNA detection.

Chromatin Isolation by RNA Purification

A biotinylated circ-myh8 probe (circ-myh8 antisense
chain) was mixed with PASMC lysates. The chroma-
tin complexes were purified using magnetic strepto-
mycetes antibiotin beads and then rigorously washed
by the ChIRP Kit (Guangzhou Saicheng Biotechnology
Co. Ltd, Guangzhou, China) according to the manu-
facturer’s protocol. The circ-myh8—bound DNA was
eluted with a mixture of RNase A and H for RT-gPCR
analysis.

Fluorescent in Situ Hybridization

Frozen sections of mouse lung tissues or PASMCs
were digested with 0.25% pepsin at 37 °C for 30 min-
utes, fixed with 4% paraformaldehyde for 20 minutes,
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treated with 0.5% Triton X-100 for 15minutes, and in-
cubated with a circ-myh8 probe hybridization solution
at 4 °C overnight. Then circ-myhH8 probe hybridiza-
tion fluid was aspirated, the nuclear was labeled with
DAPI, and the changes of circ-myh8 expression were
imaged with confocal microscopy.

Masson’s Trichrome Staining

Masson’s trichrome staining was performed follow-
ing the manufacturer’'s protocol (SOLARBIO, Beijing,
China). The mice’s lung tissues were fixed in 10% buff-
ered formalin and embedded in paraffin. Transverse
sections of the lung tissue were cut (6 pm), deparaffi-
nized, and fixed in Mordant in Bouin’s solution for 1 hour
at 60 °C. Sections were stained sequentially at room
temperature with hematoxylin, ferric chloride solution,
Lichunred acid fuchsin, phosphotungstic/phosphomo-
lybdic acid, and aniline blue. Sections were washed,
dehydrated, and mounted with a xylene-based mount-
ing medium.

EdU Solution

PASMCs were cultured in 12-well plates. After treat-
ment with different factors, EJU solution of 50 uM was
added to each well, the cells were incubated in a cell
incubator for 2hours and fixed with 4% paraformalde-
hyde, the reaction was stopped with glycine solution,
0.5% TritonX-100 was permeated, Apollo staining reac-
tion solution was added, and Hoechst33342 reaction
solution was added to stain the nucleus. The number
of positively staining cells was counted under a confo-
cal microscope.

Luciferase Assay

The HIF1a promoter fragment was inserted into the
front of the luciferase expression sequence to con-
struct pGL3-HIF1a reporter plasmid, and circ-myh8
plasmid and pGL3-HIF1a were cotransfected into 293T
cells, the specific luciferase substrate was added, and
the luciferase reacted with the substrate to produce
fluorescence. The luciferase activity was measured by
detecting fluorescence intensity, and the binding ability
of circ-myh8 to HIF1a promoter was evaluated.

RESULTS

Expression Profile of circRNAs in
Pulmonary Artery From Hypoxic PH Mice
The expression profiles of circRNA in the pulmonary
arteries (PAs) of hypoxic PH mice were analyzed by
circRNA sequencing. Compared with the control mice,
our previous work confirmed that a total of 67 circR-
NAs were differentially expressed in hypoxic PAs, of

J Am Heart Assoc. 2023;12:028299. DOI: 10.1161/JAHA.122.028299

Circ-myh8/KAT7/HIF1a in PH

which 34 circBRNAs were upregulated and 33 circR-
NAs were downregulated.?® RT-qPCR analysis further
confirmed that the expression of a candidate CircRNA,
circ_chr11_67292179-67294612 (circ-myh8), which
was derived from exons 18, 19, 20, 21, and 22 of the
myh8 gene, was significantly upregulated. Circ-myh8
is a 723bp nucleotide located on mouse chromosome
11, GRCm38.p4 site, 67292179-67294612.

Changes of Circ-myh8 Expression in
Hypoxic PAs

To further clarify the characteristics of the novel cir-
cRNA circ-myh8, the head-to-tail splices of exons 18
and 22 of the myh8 gene were verified by Sanger se-
quencing (Figure S1A and S1B). Since circRNA does
not have the characteristic poly (A) tail, random and
oligo dT primers were used in the reverse transcription
process. Figure S1C shows that the reverse transcrip-
tion of circ-myh8 with oligo dT primers was signifi-
cantly less than that of random primers. Figure S1D
shows that circ-myh8 is easily digested by RNase R
compared with the linear mRNA of myh8. These data
confirmed that circ-myh8 is a stable circular RNA.

To detect circ-myh8 expression in PAs during the
development of group 3 PH mice, PA sections from
different treatments were hybridized with the circ-
myh8 fluorescent in situ hybridization (FISH) probe.
Compared with the control, circ-myh8 expression was
significantly increased in PAs from hypoxic PH mice at
12 and 21 days (Figure 1A). Circ-myh8 expression was
mainly localized in smooth muscle cells, as confirmed
by double staining with the circ-myh8 FISH probe and
a-smooth muscle actin (Figure 1A). RT-gPCR results
confirmed that the increasing expression of circ-myh8
was initiated from 4days, with a significant increase
at 12 and 21 days (Figure 1B). We also detected circ-
myh8 expression in other tissues. RT-gPCR results
showed that the expression of circ-myh8 increased
in the hypoxic lung, heart, right ventricle, and kidney
(Figure S2A), while FISH results showed that the ex-
pression of circ-myh8 in the carotid artery and aorta
was not affected by hypoxia (Figure S2B). As in situ
hybridization results showed that circ-myh8 is mainly
expressed in PAs, we next detected circ-myh8 ex-
pression in cultured PASMCs under hypoxic condi-
tions. The expression of circ-myh8 in PASMCs was
significantly increased at 24 and 48hours compared
with that in the normoxic group (Figure 1C). We de-
tected the expression of circ-myh8 in the plasma of
patients with PH using RT-gPCR. The results showed
that circ-myh8 was increased in patients with PH com-
pared with that in healthy controls (Figure 1D). Finally,
the subcellular localization of circ-myh8 was detected
by FISH and cytoplasmic nuclear separation using
RT-gPCR. FISH results showed that the expression
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Figure 1. Circ-myh8 elevation in pulmonary artery smooth muscle cells (PASMCs)
correlates with hypoxia-induced pulmonary hypertension (PH).

A, Fluorescent in situ hybridization (FISH) for circ-myh8 (red) and immunofluorescence for a-
smooth muscle actin (xXSMA, green) in the pulmonary artery (PA) from mice during development of
hypoxia-induced pulmonary hypertension (PH). The profiles of colocalization were also provided.
Nuclei are counterstained with DAPI (blue). Scale bar, 25 um. B, Reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) assay for circ-myh8 expression in PAs from mice during
development of hypoxia-induced PH. C, RT-qPCR assay for circ-myh8 expression in pulmonary
artery smooth muscle cells (PASMCs) exposed to normoxia or hypoxia for indicated time points.
D, RT-gPCR assay for circ-myh8 expression in plasma from patients with PH. E, FISH for circ-
myh8, 18s, and U6 expression and cellular localization in PASMCs exposed to normoxia or
hypoxia for 24 hours, with the nuclei staining by DAPI (blue). 18s is a cytoplasm marker, and U6
serves as a marker for nucleus. Scale bar, 25um. F through H, RT-gPCR assay for circ-myh8
expression in whole cell lysate (F), cytoplasm (G), and nucleus (H) fraction in PASMCs exposed
to normoxia or hypoxia for 24 hours. Data represent means+SEM from indicated independent
experiments. Student’s t test (for 2 means) or 1-way ANOVA followed by Dunnett’s test (for >2
means). 18s indicates 18S rRNA; Hyp, hypoxia; Nor, normoxia; and U6, U6 snRNA. *P<0.05,
**P<0.01, ***P<0.001.
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Figure 2. Circ-myh8 promotes the development of hypoxia-induced pulmonary hypertension.
A, Schematic diagram of circ-myh8 overexpression and knockdown mice models under normoxia or
hypoxia. B, Fluorescent in situ hybridization (FISH) for circ-myh8 (red) and immunofluorescence (IF) for a-
smooth muscle actin (xSSMA, green) in the pulmonary artery (PA). Mice were overexpressed with circ-myh8
lentivirus plasmid (lenti-circ myh8), empty vector (lenti), or knockdown with sh-circ myh8 or negative control
(NC) under normoxia (21% FiO,) or hypoxia (10% FiO,) for indicated times. The profiles of colocalization
were also provided. Nuclei are counterstained with DAPI (blue). Scale bar, 25um. C, Statistical analysis of
circ-myh8 expression in (B). D, Reverse transcription-quantitative polymerase chain reaction (RT-gPCR)
assay for circ-myh8 expression in PAs from mice at the indicated treatment. E, Right ventricular systolic
pressure (RVSP) was measured by right heart catheter. F, The Felton index was calculated as the ratio
of right ventricular and left ventricular plus spatial weight. G, Representative image of hemodynamic
(top panel), summarized data of PAT (left bottom) and PAVTI (right bottom) measured by ultrasound. H,
immunofluorescence for ki67a (red) in pulmonary artery (PAs) section. The profiles of colocalization were
also provided. Nuclei are counterstained with DAPI (blue). Scale bar, 25um. I, Representative images and
summarized data of PCNA expression analysis by western blot. J, Representative images of Masson
trichrome and hematoxylin and eosin staining in lung from the indicated treatment mice. Scale bar, 25um.
Data represent means+SEM from indicated independent experiments. Student’s t test (for 2 means) or 1-
way ANOVA followed by Dunnett’s test (for >2 means). Hyp indicates hypoxia; lenti-circ, lenti-circ-myh8; NC,
negative control; Nor, normoxia; PAT, pulmonary artery acceleration time; PAVTI, pulmonary artery velocity
time integral; PCNA, proliferating cell nuclear antigen; and veh, vehicle. *P<0.05, **P<0.01, **P<0.001.
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Figure 3. Silencing of circ-myh8 reverses hypoxia-induced proliferation and cell-cycle
progression of pulmonary artery smooth muscle cells (PASMCs) in vitro.

A, Representative images and summarized data EdU staining in PASMCs. PASMCs were
transfected with circ-myh8 siRNA or NC, and then exposed to hypoxia (0.3% FiO,) for 24 hours,
with the nuclei stained by Hoechst (blue). Scale bar, 25um. B, Representative images and
summarized data of PCNA expression analysis by western blot. C, Immunofluorescence for ki67a
(red) in PASMCs. The profiles of colocalization with DAPI (blue) were also provided. Scale bar,
25um. D, Flow cytometry of the cell cycle of PASMCs. E, Representative images and summarized
data of cyclin A, cyclin B, and cyclin D expression by western blot. F, Representative images and
summarized data of cell-cycle-dependent kinases (CDK1, CDK2, and CDK4) by western blot. Data
represent means+SEM from indicated independent experiments. Student’s t test (for 2 means) or
1-way ANOVA followed by Dunnett’s test (for >2 means). CDK indicates cyclin-dependent kinase;
Hyp, hypoxia; NC, negative control; Nor, normoxia; and PCNA, proliferating cell nuclear antigen.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

of circ-myh8 increased in the nucleus after 24 hours
of hypoxia (Figure 1E). RT-gPCR results showed that
circ-myh8 increased 3.84+0.54-fold (Figure 1F) in the

J Am Heart Assoc. 2023;12:028299. DOI: 10.1161/JAHA.122.028299

whole cell lysate, 1.33+0.35-fold in the cytoplasm frac-
tion (Figure 1G), and 5.48+0.64-fold in the nucleus
fraction (Figure 1H) after 24 hours of hypoxia.
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Figure 4. Circ-myh8 promotes pulmonary artery smooth muscle cell proliferation, cell-
cycle progression, and phenotype switch in vitro.

Pulmonary artery smooth muscle cells (PASMCs) were transfected with circ-myh8 plasmid or
pcDNA following cultured in normoxia condition for 24 hours. For the knockdown experiments,
PASMCs were transfected with circ-myh8 gapmers or NC and then exposed to hypoxia (0.3%
FiO,) for 24hours. A, Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
assay for circ-myh8 expression in PASMCs. B, Representative images and summarized data

of EdU staining. Scale bar, 25um. C through H

, Representative images and summarized data

of PCNA expression (C), Ki67 expression (D), cell cytometry (E), cyclins expression (F), cell-
cycle—dependent kinases expression (G), and phenotype markers SM22a, CNN1 and OPN (H).
I, Representative images and summarized data of scratch assay. Data represent means + SEM

from indicated independent experiments. Student’

by Dunnett’s test (for >2 means). Scale bar, 25

s t test (for 2 means) or 1-way ANOVA followed
um. CDK indicates cyclin-dependent kinase;

CNNT1, calponin 1; Hyp, hypoxia; NC, negative control; Nor, normoxia; OPN, osteopontin; PCNA,
proliferating cell nuclear antigen; SM22a, smooth muscle 22 alpha; and veh, vehicle. *P<0.05,

**P<0.01, **P<0.001.
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Circ-myh8 Promotes Pulmonary Vascular
Remodeling In Vivo

To further clarify the role of circ-myh8 in vivo, circ-myh8
was overexpressed with lentivirus and knocked out
with lentivirus shRNA in mice. The 8-week-old mice
were then treated as illustrated in Figure 2A. Both FISH
(Figure 2B and 2C) and RT-gPCR (Figure 2D) results
showed that circ-myh8 was successfully overexpressed
by the lentivirus or knocked down by shRNA under hy-
poxic conditions. Meanwhile, right ventricular systolic
pressure (Figure 2E), Felton index (Figure 2F), and he-
modynamics index, including the pulmonary artery ac-
celeration time and the pulmonary artery velocity time
integral, assessed by echocardiography (Figure 2G),
demonstrated that circ-myh8 overexpression induced

Circ-myh8/KAT7/HIF1a in PH

PH under normoxic conditions. However, knockdown
of circ-myh8 attenuated hypoxia-induced PH. Next, the
expression of the proliferation indicator Ki67 was de-
tected by immunofluorescence staining (Figure 2H) and
PCNA expression was measured by western blotting
(Figure 2I). Both results showed that overexpression of
circ-myh8 promoted cell proliferation under normoxia,
and knockdown of circ-myh8 prevented hypoxia-
induced cell proliferation. We also examined vascular
remodeling using Masson’s trichrome and hematoxy-
lin and eosin staining. The results showed that fibrosis
and thickness of the vascular wall increased after circ-
myh8 overexpression under normoxia but was inhibited
during circ-myh8 knockdown under hypoxic conditions
(Figure 2J). Taken together, these results verify that circ-
myh8 contributes to hypoxia-induced PH in vivo.
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Figure 5. Circ-myh8 promotes the pulmonary artery smooth muscle cells (PASMCs) proliferation and cell-cycle progression
by upregulating the transcription activity of HIF1a.

A, Circular RNA (circRNA) sequencing and pathway analysis of circ-myh8 mediated mMRNA expression profiles. B, Representative images
and summarized data of HIF1a protein expression after overexpression or knockdown of circ-myh8. For the circ-myh8 overexpression,
PASMCs were transfected with circ-myh8 plasmid or pcDNA following culture in normoxia condition for 24 hours. For the circ-myh8
knockdown, PASMCs were transfected with circ-myh8 siRNA, gapmers, or NC, then exposed to hypoxia (0.3% FiO,) for 24hours. C
through F, Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay for HIF1a (C) HIF18 (D), HIF2a (E), and HIF23
(F) mRNA expression in the above cells in (B). The normal overexpression of circ-myh8 can upregulate mRNA and protein levels, while
the hypoxic knockdown of circ-myh8 inhibits HIFia mRNA and protein expression. G, Representative images and summarized data
of EdU staining in cells. PASMCs were transfected with circ-myh8 overexpression plasmid and control plasmid, with siRNA targeting
HIF1a and siNC, then exposed to hypoxia (0.3% FiO,) for 24 hours. H through J, Representative images and summarized data of PCNA
expression (H), Ki67 expression (l), and cyclins expression (J) of the above cells in (G). Scale bar, 25um. K, The luciferase activity of
HIF1a promoters after circ-myh8 overexpression or knockdown. PASMCs in 24-well plates were transfected with circ-myh8 plasmids
or control, together with pGL3-basic-HIF1a (pGL3-HIF1a) plasmid. The luciferase activity was measured 24 hours later. For the circ-
myh8 knockdown, PASMCs were transfected with circ-myh8 small interfering RNA, gapmers, or NC, together with pGL3-basic-HIF1a
(PGL3-HIF1a) plasmid, then exposed to hypoxia (0.3% FiO,) for 24hours. Data represent means+SEM from indicated independent
experiments. Student’s t test (for 2 means) or 1-way ANOVA followed by Dunnett’s test (for >2 means). HIF1a indicates hypoxia-
inducible factor alpha; Hyp, hypoxia; NC, negative control; Nor, normoxia; PCNA, proliferating cell nuclear antigen; and veh, vehicle.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Circ-myh8 Promotes PASMC Proliferation,
Cell-Cycle Progression, and Phenotype
Switch In Vitro

As the circ-myh8 is mainly expressed in the smooth
muscle layer of Pas, we hypothesized that circ-myh8
participates in PASMC proliferation and cell-cycle pro-
gression. To evaluate this hypothesis, an siRNA target-
ing the end-to-end junction of circ-myh8 (Figure S3A)
was designed. The siRNA effectively silenced circ-
myh8 expression but had no effect on myh8 mRNA
expression (Figure S3B and S3C). In contrast, a silenc-
ing siBRNA targeting myh8 mRNA did not affect circ-
myh8 expression (Figure S3D). These data indicated
that siRNA targeting the end-to-end junction of circ-
myh8 was able to knockdown circ-myh8 expression.
The EdU result showed (Figure 3A) that knockdown
of circ-myh8 knockdown prevented hypoxia-induced
PASMC proliferation. Moreover, both PCNA expression
(Figure 3B) and the ki67 expression (Figure 3C) dis-
played similar effects. Next, we investigated the role of
circ-myh8 in the cell-cycle progression. As expected,
hypoxia promoted PASMCs to enter the S + G2/M
phase, whereas circ-myh8 knockdown attenuated
these effects (Figure 3D). Furthermore, knockdown
of circ-myh8 prevented the increased expression of
cyclins A, B, and D (Figure 3D), and coordinated the
activation of important cell-cycle proteins, including
CDKs (CDK1, CDK2, and CDK4) (Figure 3E), which
were induced by hypoxia. We revealed that circ-myh8
promotes the proliferation of PASMCs.

Since the expression of circ-myh8 in the nucleus was
increased during hypoxia, and the efficiency of siRNA si-
lencing of nuclear RNA was low, gapmers targeting circ-
myh8 expression (namely, gapmers-circ) were designed,
and the interference efficiency was tested. Furthermore,
circ-myh8 was overexpressed in a plasmid (Figure 4A).
When circ-myh8 was overexpressed under normoxia,

J Am Heart Assoc. 2023;12:028299. DOI: 10.1161/JAHA.122.028299

the percentage of EdU-positive cells increased, and
when circ-myh8 was knocked down by gapmers, the
increase in the percentage of EdU-positive cells in-
duced by hypoxia was reversed (Figure 4B). Gapmers
silencing circ-myh8 in PASMCs were used to change
the expression of EAU, PCNA, ki67, cell cycle, cyclin,
and cell-cycle—dependent protein kinase. PCNA protein
expression (Figure 4C), Ki67 staining (Figure 4D), flow
cytometry (Figure 4E), cyclin expression (cyclins A, B,
and D; Figure 4F), and CDKs (CDK1, CDK2, and CDK4;
Figure 4G) increased when circ-myh8 was overex-
pressed and decreased when circ-myh8 was knocked
down by gapmers under hypoxic conditions. Moreover,
we assessed the relationship between circ-myh8 and
phenotype switch. Expression of the contractile pheno-
type markers SM22a-actin and calponin 1, and the syn-
thetic phenotype marker osteopontin were examined.
The expression of SM22a and calponin 1 was down-
regulated, but that of osteopontin was upregulated by
circ-myh8 overexpression and exposure to hypoxic
conditions. The effect of hypoxia on the expression of
SM22qa, calponin 1, and osteopontin was reversed by
circ-myh8 knockdown in the gapmers (Figure 4H). To
investigate the role of circ-myh8 in PASMC migration, a
wound-healing assay was performed (Figure 4l). Hypoxia
and circ-myh8 overexpression increased PASMC migra-
tion, but knockdown of circ-myh8 inhibited the increase
in migration induced by hypoxia (Figure 4l).

Furthermore, we examined the role of other PH-
related factors, such as apoptosis, inflammatory fac-
tors, and PDGFRs signaling. The results indicated that
Bax, B-cell lymphoma 2, caspase 3, and caspase 9
were not affected by circ-myh8 (Figure S4A). However,
the expression of tumor necrosis factor-a, interleukin-6,
PDGFRa, and PDGFR@ increased when circ-myh8
was overexpressed and decreased when circ-myh8
was knocked down by gapmers or siRNA under hy-
poxic conditions (Figure S4B and S4C).
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Gapmers of circ-myh8 displayed similar effects
as shRNA of circ-myh8 in preventing cell proliferation
and cell-cycle progression induced by hypoxia. These
data suggest that circ-myh8 overexpression evokes,
whereas knockdown prevents, hyperproliferation,
increased cell-cycle progression, and a phenotype
switch from contractile to synthetic PASMCs induced
by hypoxia.

Circ-myh8 Functions Through Activating
HIF1a Transcription

To explore the involvement of circ-myh8 in pro-
moting the development of hypoxia-induced PH we
checked the gene ontology enrichment and the Kyoto
Encyclopedia of Genes and Genomes pathway analy-
sis according to the circRNA sequencing data, which
indicated that the hypoxia signaling pathway is the most
important pathway related to pulmonary hypertension
regulated by circRNAs (Figure 5A). Therefore, circ-myh8
was either overexpressed or silenced in PASMCs, and
changes in the expression of the 4 HIF subtypes were
detected. The results showed that only HIFtfae mRNA
and protein expression increased when circ-myh8
was overexpressed in normoxia, but decreased when
circ-myh8 was knocked down by shRNA or gapmers
(Figure 5B and 5C). However, HIF18, HIF2a, and HIF23
mMRNA expression levels did not change (Figure 5D
through 5F). In addition, inhibition of HIF1a expression
by siRNA prevented circ-myh8 overexpression-evoked
EdU positive staining of PASMCs under hypoxic con-
ditions (Figure 5G). Knockdown of HIF1a also reduced
circ-myh8 overexpression-induced PCNA (Figure 5H),
ki67 positive staining (Figure 5l), and cyclin expression

Circ-myh8/KAT7/HIF1a in PH

(cyclins A, B, and D, Figure 5J). In addition, knockdown
of HIFla inhibited the increased expression of cyclin
A, B, and D proteins of circ-myh8. Double luciferase
reporter gene analysis showed that circ-myh8 overex-
pression significantly enhanced the promoter activity
of HIF1a, whereas HIF1a promoter activity decreased
when circ-myh8 was knocked down using shRNA
or gapmers (Figure 5K). These results suggest that
circ-myh8 promotes the proliferation and cell-cycle
progression of PASMCs through the transcriptional
activation of HIF1a.

Circ-myh8 Acts as a Molecular Scaffold to
Recruit KAT7 Into the Promoter of HIF1x

To further study the mechanism by which circ-
myh8 activates HIF1a transcription, we first searched
the HIF1a promoter using the University of California—
Santa Cruz website (genome.ucsc.edu) and found
histone acetylation modification at the promoter site.
Biotinylated circ-myh8 probes were used to pull down
the RNA-protein complex following western blot anal-
ysis to evaluate candidate proteins, including lysine
acetyltransferases KAT1, KAT5, KAT7, and KATS,
which may participate in transcriptional regulation
(Figure 6A). The results showed that only KAT7 binds
to circ-myh8, whereas KAT1, KAT5, and KAT8 do not
bind circ-myh8 (Figure 6B and 6C). In addition, RIP was
performed with the antibodies of KAT1, KAT5, KAT7,
and KAT8. The results indicated that only KAT7 was
able to bind with circ-myh8 (Figure 6D and Figure S5).
Moreover, FISH and immunocytofluorescence re-
sults showed that circ-myh8 and KAT7 were colo-
cated in the nuclei of PASMCs (Figure 6E). Molecular

Figure 6. Circ-myh8 acts as a modular scaffold to recruit KAT7 to the promoters of the HIF1x gene.

A, The experimental design for RNA pull-down assay. RNA pull-down was performed using a biotinylated circ-myh8 probe, followed
by western blot. B and C, Representative image (B) and summarized data (C) of RNA pull-down assay followed by western blot for
candidate proteins KAT1, KAT5, KAT7, and KAT8 in pulmonary artery smooth muscle cells (PASMCs). D, RIP assay for the binding of
three candidate proteins with circ-myh8. RIP was performed using KAT1, KAT5, KAT7 and KAT8 antibodies, followed by RT-qPCR
assay for circ-myh8 expression in PASMCs. E, Fluorescent in situ hybridization (FISH) for circ-myh8 (red) and immunofluorescence
(IF) for KAT7 (green) in PASMCs, with the nuclei staining by DAPI (blue). The profiles of colocalization were also provided. Scale bar,
5um. F, The molecular docking of the interaction between circ-myh8 fragment (131 base sequence upstream and downstream of
that end-to-end junction, marked yellow cartoon) and KAT7 (shown as green). G, RNA pull-down assay after transfection of wild type
and truncated KAT7 expression plasmids using biotin-labeled oligo or circ-myh8 probes in PASMCs (right panel). The design of the
truncated KAT7 expression plasmids (left panel). H, ChIP assay for H4K5ac level in HIF1a promoter regions. Final DNA extractions
were PCR amplified using primers that cover P1 (-5837 to —-5675bp), P2 (-803 to —554 bp) and P3 (-403 to -172bp) sites in HIF1a
promoter. I, FISH for circ-myh8 (red), and immunofluorescence for H4K5ac (green) in PASMCs, with the nuclei staining by DAPI (blue).
The profiles of colocalization were also provided. Scale bar, 5um. J, RNA pull-down assay followed by western blot for candidate
proteins H4K5 and H4K12 in PASMCs. K, Z-DOCK of prediction of the trimer complex structure of circ-myh8 fragment (marked yellow
cartoon), H4K5ac (marked blue cartoon), and KAT7 (marked green cartoon). A red dotted line marked the significant binding interaction.
L, Chromatin isolation by RNA purification analysis for the binding of circ-myh8 to HIF1a promoter in PASMCs. LacZ and oligo NC
served as negative controls. M, ChlIP assay for H4K5ac levels in HIF1a promoter promoters after KAT7 knockdown. PASMCs were
transfected with circ-myh8 or control plasmids, with KAT7 siRNA and the corresponding control. Cells were harvested for ChIP assay
24 hours later. N, RT-gPCR for HIF1a mRNA expression in PASMCs treated as in (M). O, Western blot assay for KAT7 and HIF1a
protein levels in PASMCs treated as in (M). Cells were exposured to hypoxia for 24 hours, and then harvested for western blot analysis.
Data represent means+=SEM from indicated independent experiments. Student’s t test (for two means) or one-way ANOVA followed
by Dunnett’s test (for >2 means). H4K12 indicates histone H4 lysine 12; H4K5, histone H4 lysine 5; HIF1a, hypoxia inducible factor
alpha; Hyp, hypoxia; KAT, lysine acetyltransferase; LacZ, beta-galactosidase; NC, negative control; Nor, normoxia; RT-qPCR, reverse
transcription-quantitative polymerase chain reaction; and veh, vehicle. *P<0.05; **P<0.01, ***P<0.001.
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docking showed that circ-myh8 fragments (131 bases
at the end-to-end junction, upstream and downstream)
formed multiple hydrogen bond interactions with KAT7
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residues, including Tyr-351, Lys-401, Asp-430, His-
431, Tyr-470, Ser-473, Cys-474, Arg-483, and Lys-
488 (Figure 6F). Subsequently, different fragments of
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KAT7 with a Flag-tag and wild-type KAT7 plasmids
were synthesized and transfected into PASMCs. The
RNA-protein complex was pulled down using the
circ-myh8 probe antibody following examination with
the Flag-tag antibody. The results confirmed that the
C2HC domain (8336—-390 aa) is crucial for the inter-
action of KAT7 with circ-myh8 (Figure 6G). Previous
studies have shown that KAT7 tends to acetylate at
lysine5 and lysine12 of histone H4, and lysine 14 of his-
tone H3. We used chromatin immunoprecipitation to
detect the histone acetylation levels in the HIF1a pro-
moter region. Chromatin immunoprecipitation assays
were performed using 3 candidate histone antibodies:
H4Kbac, H4K12ac, and H3K14ac. The results showed
that only H4K5 acetylation was detected in the HIF1a
promoter region, whereas H4K12 and H3K14 did not
undergo acetylation (Figure 6H, Figure S6). Figure 6l
shows that circ-myh8 and H4K5ac were colocalized
in the nucleus of PASMCs. The interaction between
H4Kbac and circ-myh8 was further demonstrated
using an RNA pull-down assay (Figure 6J). The binding
modes of circ-myh8, KAT7, and H4K5ac were further
confirmed by molecular docking. The binding mode of
the complex and H4 is shown in Figure 6K, and the
docking score of HDOCK is —240.25. H4 forms hydro-
gen bonds with bases C20, A121, and U110 of RNA,
Lys338, Glu346, and Arg344 of KAT7. H4 forms ionic
interactions, such as salt bridges with bases C112
and U123 of RNA and Arg348 of KAT7. In addition,
chromatin isolation by RNA purification experiments
showed that circ-myh8 could directly bind to the HIF1a
promoter region (Figure 6L). The above results confirm
that circ-myh8 can act as a modular scaffold to re-
cruit KAT7 into the promoter of the HIFTa gene and
enhance the acetylation of histone H4K5. In addition,
KAT7 silencing attenuated circ-myh8-induced H4K5ac
levels in the promoter region of HIFTa (Figure 6M). The
circ-myh8-induced HIF1a mRNA and protein expres-
sion was reduced after KAT7 knockdown by siRNA
(Figure 6N and 60). Taken together, these data in-
dicated circ-myh8 increases the acetylation level of
H4K5 in HIFTa promoter region by recruiting KAT7.

DISCUSSION

In this study, we identified a novel circRNA, circ-myh8,
with an important biological impact in a hypoxia-
induced PH mouse model. The characteristics of
circ-myh8 were confirmed using RNase R treatment
and Sanger sequencing. The expression of circ-myh8
was significantly increased in hypoxic PASMCs com-
pared with that in control PASMCs and was corre-
lated with the time of exposure to hypoxic conditions.
Overexpression of circ-myh8 significantly promoted,
while knockdown of circ-myh8 significantly inhibited
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Figure 7. Schematic model of Circ-myh8 in the regulation
of HIF1« expression in PH.

In this model, circ-myh8 alters the histone modification pattern
via recruiting KAT7 to HIF1a gene promoter regions as a modular
scaffold, thereby increasing H4K5 acetylation in their promoter
regions, which ultimately alters the HIF1a expression and
promotes the proliferation of PASMCs and pulmonary vascular
remodeling. H4K5 indicates histone H4 lysine 5; HIF1a, hypoxia-
inducible factor alpha; KAT, lysine acetyltransferase; PH,
pulmonary hypertension; and TSS, transcription start site.

the proliferation and cell-cycle progression of PASMCs
and vascular remodeling in vivo and in vitro. Circ-myh8
increases H4K5 acetylation associated with the pro-
moter regions of HIF1a via the recruitment of KAT7,
which eventually leads to the upregulation of HIF1x
(Figure 7). Altogether, our study not only reveals the
pivotal roles of circ-myh8 in governing histone modifi-
cation to activate HIF1a pathways, but also reveals that
circ-myh8 may be a promising diagnostic marker and
therapeutic target to combat PH.

The expression patterns of circRNAs in lung tissues
from hypoxia-induced PH animal models have been
profiled.?®2° Our previous study found that circ-calm4
serves as an miR-337-3p sponge to regulate myosin
10.3" In this study, we demonstrated that circ-myh8
biologically promotes the proliferation and cell-cycle
progression of PASMCs in vivo and in vitro. With in-
creasing numbers of circRNAs discovered, the role of
circRNAs in PH should be paid more attention in fur-
ther studies.
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We identified the proteins binding to circ-myh8
and found that circ-myh8 was a scaffold of KAT7.
Moreover, we elucidated that the C2HC domain of
KAT7 (336-390 aa) is crucial for its interaction with
circ-myh8. Interestingly, our study is consistent with
recent research, which has revealed that circMRPS35
directly participates in H4K5 acetylation through re-
cruited KAT7.%2 The phenomenon of KAT7 binding with
2 different circRNAs can be explained by a study that
demonstrated 1 RNA binding protein can also com-
bine with a subgroup of circRNAs and form circRNA-
protein complex families.®® With increasing functions
of circRNAs discovered, the use of bioinformatic ap-
proaches coupled with novel biochemical enrichment
strategies will further provide a comprehensive under-
standing of circRNAs in PH.

Environmental stimuli may influence the reactive ox-
ygen species level or DNA damage to affect the epigen-
etic stage or change the level of metabolites, such as
nicotinamide adenine dinucleotide, acetyl-coenzyme
A, or S-adenosylmethionine, to regulate the activity of
chromatin-modifying enzymes.®* The 3-dimensional
architecture of chromatin is regulated by DNA meth-
ylation, histone posttranscriptional modifications, and
chromatin remodelers. These chromatin modifications
act in coordination to control RNA transcription. RNA
products, including long noncoding RNAs (IncRNAs),
microRNAs, and circRNAs regulate chromatin remod-
eling, gene transcription, and mRNA processing and
modifications.3®

Chromatin remodeling is the dynamic modification
of chromatin structure to allow access of regulatory el-
ements to condensed genomic DNA.%¢ Studies have
mainly focused on the role of protein complexes in
chromatin remodeling, including histone-modifying en-
zymes, DNA-modifying enzymes, and ATP-dependent
chromatin remodeling complexes.®” Histone modifica-
tions include methylation, acetylation, phosphorylation,
ubiquitylation, and sumoylation.®® Histone methylation
can be associated with either gene activation or re-
pression, depending on the amino acid residue modi-
fied and the extent of methylation. Histone acetylation
is dynamically regulated by histone acetyltransferases
(HATs) and histone deacetylases (HDACs). Histone
acetyltransferases are categorized into at least 4 fam-
ilies: Gens/PCAF, MYST, p300/CBP, and the Rtt109
family. KAT7, also known as HBO1 and MYST2, is a
member of the MYST family.3® KAT7 prefers to acetyl-
ate H4 at lysine 5 and lysine 12 and H3 at lysine 14.
Here, we show that circ-myh8, a new scaffold partner
of KAT7, specifically increases H4K5 acetylation levels
in HIF-1a gene promoter regions. Interestingly, recent
research has revealed that long noncoding RNAs, such
as long noncoding RNA HOTAIR and GClinc1, directly
participate in histone modification and modulate target
gene transcription.*®#" Our study found that circRNAs
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directly affect the acetylation of the regulatory region of
target genes and “unlock” their expression; all of these
studies suggests that noncoding RNAs play a signifi-
cant role in the histone modification of gene promoters.

This study revealed that increased circ-myh8 was
detected in PH mice, hypoxia-exposed PASMCs, and
plasma from patients with PH. This indicates that circ-
myh8 potentially acts as a diagnostic biomarker and
therapeutic target for PH. However, there are some
limitations that should be addressed in future studies.
First, the expression of circ-myh8 was increased in the
lung, heart, right ventricle, and kidney but not in the ca-
rotid artery and aorta of hypoxic PH mice. Consistent
with this, circ-myh8 expression was positively associ-
ated with FOXO1 and FOXO3a expression in patients
with gastric cancer. It is necessary to elucidate the
disease-specific and tissue-specific circ-myh8 expres-
sion pattern before acting as a diagnostic biomarker
of PH. Second, because only 10 blood samples were
obtained from patients with PH, we could not clarify
the implication of increasing circ-myh8 in the subtype
of PAH (group 1 PH) or in other groups of patients with
PH. Third, we could not exclude other mechanisms of
circ-myh8, such as acting as competitive endogenous
RNAs and other protein scaffolds.

In conclusion, our study demonstrated that circ-
myh8 recruits histone acetyltransferase KAT7 as a
modular scaffold, which subsequently increases the
level of H4K5ac in the promoter regions of HIF1a and
ultimately induces the proliferation and cell-cycle pro-
gression of PASMCs. Taken together, our study is the
first to demonstrate that circ-myh8 and its associated
pathway might be crucial targets for the diagnosis and
treatment of hypoxia-induced PH.
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Figure S1. Identification and Validation of a Novel Circular RNA (circ-myh8) in
mice PASMCs.
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(a) Schematic diagram of circ-myh8. Exons 18, 19, 20, 21 and 22 of mice myh8 gene
are linked end to end to form a circular structure. (b) The Sanger sequencing of the
back-splice sites of the PCR products from the designed primers set#2. (¢) RT-qPCR
analysis for the circ-myh8 and myh8 mRNA using the template cDNA reverse-
transcribed by random primers and oligo dT primers. (d) RT-qPCR assay for the
expression of circ- myh8 and myh8 mRNA in PASMC:s treated with RNase R. **p<0.01.



Figure S2. Circ-myh8 expression in tissues from hypoxic PH mice.
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(a) RT-qPCR assay for circ-myh8 expression in different mice tissues. (b) Fluorescent
in situ hybridization (FISH) for circ-myh8 (red) and immunofluorescence (IF) for a-
smooth muscle actin (green) in different vascular from mice. The profiles of

colocalization were also provided. Scale bar, 25 pm. * p <0.05.



Figure S3. siRNA-specific silencing circ-myh8 contain head-to-tail junctions.

a splice junction

¥

si-circ 9’ GGUUCAAUCUGAAAACUUATT3’
5’UAAGUUUUCAGAUUGAACCTT3’

b c d
**p=0.0015 <

- +p=0.0021 Z 2 .
3 == 2 >

£ E =

o 0 09

= £ =0
o E‘ (&)

(a) Schematic illustration of two siRNAs targeting the back-splice junction of circ-
myh8 (si-circl and nd si-circ2).circ-myh8 primer is a base sequence containing head-
to-tail junctions and upstream and downstream. (b) RT-qPCR assay of interfering
efficacy on circ-myh8 expression after transfection of the si-circ into PASMCs, and
exposure to hypoxia for 24 h. (¢) RT-qPCR assay of myh8 mRNA expression after
transfection of the si-circ into PASMCs, and exposure to hypoxia for 24 h. (d) RT-qPCR
assay of circ-myh8 expression after transfection of the si-myh8 into PASMCs, and
exposure to hypoxia for 24 h. Nor represents normoxia, Hyp represents hypoxia, veh

represents vehicle, and NC represent negative control. **p < 0.01.



Figure S4. Relation of Circ-myh8 with apoptosis, inflammation factor and PDGFR.
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PASMCs were transfected with circ-myh8 plasmid or pcDNA following cultured in
normoxia condition for 24h. For the circ-myh8 knockdown, PASMCs were transfected
with circ-myh8 siRNA, gapmers, or NC then exposure to hypoxia (0.3% Fi102) for 24h.
Represent images and summarized data of Bax, BCL2, caspase 3 and caspase 9 (A),
TNFa and IL-6 (B), PDGFRa and PDGFR (C). Nor represents normoxia, Hyp
represents hypoxia, veh represents vehicle, and NC represent negative control, PDGFR
represents platelet-derived growth factor receptor, TNF a represents tumor necrosis
factor alpha, and IL6 represents interleukin-6.



Figure S5. Circ-myh8 cannot bind to KATS, KAT7 and KATS8. RNA pull-down
assay followed by western blot for candidate proteins KAT1 (a), KATS (b) and

KATS (c). KAT represents lysine acetyltransferase.
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Figure S6. No acetylation occurred at H4K12 and H3K14 sites in HIF1a promoter

region.
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(a) ChIP assay for H4K12ac level and H3K 14ac level (b) in HIF 1o promoter regions.
Final DNA extractions were PCR amplified using primers that cover P1 (-5837bp to -
5675bp), P2 (-803bp to -554bp) and P3 (-403bp to -172bp) sites in HIF 1o promoter.
HIFla represents hypoxia inducible factor alpha, H4K12AC represents acetylation of lysine 12 of

histone H4, H3K14AC represents acetylation of lysine 14 of histone H3.



Table S1. Clinical information of the PH patients.

Patient | Diagnosis Origin Sex Age mPAP (PAWP) RAP PVR | CO LVEF

(mmHg) (mmHg) | (mmHg) | (WU) | (L/min) (%)
1 IPAH Surgery F 39 72 7 2 29.54 2.2 51%
2 PAH-CTD Surgery F 31 55 11 4 20.00 2.2 67%
3 IPAH Surgery F 52 60 14 11 8.07 5.7 65%
4 IPAH Surgery M 66 57 7 9 14.70 34 64%
5 IPAH Surgery F 71 38 13 19 6.76 3.7 74%
6 Group 2 PH Surgery F 50 41 15 13 13.52 2.3 61%
7 Group 2 PH Surgery F 45 43 17 19 15.30 1.7 67%
8 Group 2 PH Surgery F 43 73 18 4 28.79 1.8 53%
9 IPAH Surgery F 35 64 10 19 28.42 1.9 72%
10 IPAH Surgery F 26 35 8 5 4.90 5.5 61%

CO: cardiac output; iPAH: idiopathic pulmonary arterial hypertension; F: female; LVEF: left ventricle ejection fraction; Group 2 PH: PH due to
left heart disease; M: male; mmHg: millimetres of mercury; mPAP: mean pulmonary artery pressure; PAWP: pulmonary artery wedge pressure;
PVR: pulmonary vascular resistance; RAP: right atrial pressure; WU: Wood units.



Table S2. siRNA and gapmers sequence, FISH probe, Biotin-circ-myh8 probe.

Name sequence (5°-3°)

NC UUCUCCGAACGUGUCACGUTT
NC ACGUGACACGUUCGGAGAATT
Si-circ-nyh8 GGUUCAAUCUGAAAACUUATT
Si-circ-myh8 UAAGUUUUCAGAUUGAACCTT
Si-myh8 CGACAAGGUUCUAUCAGAAUG
Si-myh8 UUCUGAUAGAACCUUGUCGAA
Gapmers-circ-myh8 AUUUAAGTTTTCAGAUUGA
FISH probe GTTTATTTAAGTTTTCAGATTG

Biotin-circ-myh8 probe GUACGAAGUGAGGGUGUGUA




Table S3. Primer sequence.

Name

sequence (5°-3”)

mmu-circ-myh8(F1)
mmu-circ-myh8(R1)
mmu-circ-myh8(F2)
mmu-circ-myh8(R2)
mmu-myh8(F1)
mmu-myh8(R1)
mmu-myh8(F2)
mmu-myh8(F2)
Mmu-HIF1o(F)
Mmu-HIF1a(R)
Mmu-HIF1B(F)
Mmu-HIF1B(R)
Mmu-HIF2o(F)
Mmu-HIF2a(R)
Mmu-HIF2B(F)
Mmu-HIF2B(F)
HIFla-promoter1(F)
HIF1a-promoter1(R)
HIFla-promoter2(F)
HIF1a-promoter2(R)
HIFla-promoter3(F)
HIF 1a-promoter3(R)

TTTGGACACACCAAGGTTTTCT (630bp)
GTGATCGATATCAATAGAGCCCAG (630bp)
GCTGGAGGAGAAGATGGTCACT (115bp)
GAAGTGAGGGTGTGTACTTCTCAGA (115bp)
CACCTGGAGCGGATGAAGAAGAAC (327bp)
CTCAGCCTCCTCAGCCTGTCTC (327bp)
AGACGGAGAGGAGCAGGAAGATTG (100bp)
TTGGTGTTGATGAGGCTCGTGTTC (100bp)
CCACCACAACTGCCACCACTG (141bp)
TGCCACTGTATGCTGATGCCTTAG (141bp)
CCGAGAATGGCTGTGGATGAGAAC (140bp)
GGATGGTGTTGGACAGTGTAGGC (140bp)
GATATGGCAGCGGTGTGACAGTC (115bp)
CCCTCATAGCGGCAACAGCAC (115bp)
TGGAGCCAGGAGCACAGGATG (121bp)
CCAACACGCCACAGTACATCTACC (121bp)
TGGCTTGATTTTTGTCAGTAA (162bp)
CAAACTTTGAGACTTGAAATG (162bp)
GCATCCATTTAAGATGATCTTTG (249bp)
GGCCAAAGTTTGACTACTGAG (249bp)
TCAACTGGAAACTCGGGCGG (232bp)
CGAGCGACGGGTGCGGCTGAG (232bp)
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