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In this study, we explored the circular RNA (circRNA) profile
in pulmonary arterial hypertension (PAH) patients caused by
chronic obstructive pulmonary disease (COPD) and the effects
of hsa_circNFXL1_009 on abnormal proliferation, apoptosis,
and migration of human pulmonary arterial smooth muscle
cells (hPASMCs) driven by hypoxia. Using microarrays, we
screened the circRNA profile in whole-blood samples from
three pairs of subjects and found 158 dysregulated circRNAs
in patients with PAH-COPD. Quantitative reverse transcrip-
tase polymerase chain reaction (qRT-PCR) analysis further
validated that hsa_circNFXL1_009 was dramatically downre-
gulated with the highest area under a receiver operating
characteristic curve (ROC) in 21 pairs of subjects. Consistently,
exposure to hypoxia markedly reduced the hsa_circNFXL1_009
level in cultured hPASMCs. Delivery of exogenous hsa_
circNFXL1_009 attenuated hypoxia-induced proliferation,
apoptotic resistance, and migration of hPASMCs, as evidenced
by immunocytochemistry, 5-ethynyl-20-deoxyuridine incorpo-
ration, wound healing, and a TUNEL (terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate nick
end labeling) assay. A luciferase assay showed that hsa_
circNFXL1_009 directly sponged hsa-miR-29b-2-5p (miR-
29b) and positively regulated the expression of voltage-gated
potassium (K+) channel subfamily B member 1 (KCNB1) at
the mRNA level. Using patch-clamp electrophysiology, we
proved that overexpression of hsa_circNFXL1_009 promoted
a whole-cell K+ current in hPASMCs. Taken together, these
studies identify hsa_circNFXL1_009 as a key regulator of
PAH, and it may be used as a potential therapeutic target for
the treatment of PAH.
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is a malignant and progres-
sive disease characterized by remodeling and obstructions of the pul-
monary arteries (PAs), which are mainly due to the proliferation of
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vasculature and excessive PA contraction. The resultant PAH causes
continuous increases in pulmonary circulation resistance and PA
pressure, eventually leading to right ventricular failure and death.1–3

Although the precise mechanisms for pulmonary arterial obstruc-
tions are still unclear, the imbalance between proliferation and
apoptosis of pulmonary arterial smooth muscle cells (PASMCs) as
well as abnormal PASMC migration are well known to be involved
in PA remodeling during the development of PAH.4

A unique feature of PASMCs is their response to hypoxia. Instead of
vasodilation in the systemic circulation, hypoxia produces vasocon-
striction in pulmonary circulation.5 Thus, hypoxia is widely used to
initiate PAH in animal models and cultured PASMCs. In these exper-
imental models, hypoxia has anti-apoptotic and pro-proliferative
effects on PASMCs, which subsequently cause PASMCmigration, re-
modeling of pulmonary vessel walls, and vascular constriction.
Indeed, accumulating experimental evidence from the hypoxic
models indicates that dysregulation of certain cellular signaling mol-
ecules is critical for PASMC proliferation.6

Among these cellular signaling molecules, there are the newly demon-
strated non-coding RNAs other than classic mRNAs, tRNAs, and
rRNAs. Circular RNAs (circRNAs) are a novel class of non-coding
RNAs that are often produced as side products of mRNA editing
and splicing.7 Unlike linear RNAs, circRNAs are generated by RNA
back splicing and are characterized by a closed loop structure with
a covalent bond linking the 30 and 50 terminus. The circRNAs express
rapy: Nucleic Acids Vol. 23 March 2021 ª 2020 The Authors. 1007
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highly stable, conserved, tissue-specific, and stage-dependent patterns
across species.8,9 Although the functional significance of most circR-
NAs remains elusive, some circRNAs have recently been shown to
participate in the biological processes (BPs) of the cell. A well-demon-
strated function of the circRNAs is to serve as microRNA (miRNA)
inhibitors by sequestering miRNAs, which can affect the expression
and decay of mRNAs, a process known as miRNA sponging.10 Addi-
tionally, circRNAs may be involved in recruiting other RNA species
and proteins, encoding peptides or proteins with their endogenous
open-reading frame sequences, and sequestering proteins in the cyto-
plasm.11–14 Previous studies have shown that circRNAs play an
important role in neurological diseases, atherosclerosis, prion dis-
eases, and various cancers by regulating cell cycle progression, prolif-
eration, apoptosis, and tumorigenesis.15–23 In the PASMCs, some
circRNAs have pro-proliferation effects that increase cell viability
and decrease cells arrested in the G1/G0 phase.

24

In addition to pro-proliferation, certain circRNAs may have an anti-
proliferation function. The understanding of the latter may lead to
new information on PAH development and prevention. With this
reasoning, we hypothesized that aberrant expression of circRNAsmight
play anessential role in the pathophysiologyof PAH.Thus, in this study,
we aimed to determine the expression pattern of circRNAs in whole-
blood samples from patients with PAH caused by chronic obstructive
pulmonary disease (COPD) and to investigate the role of circRNA in
hypoxic hPASMCs. We report for the first time that overexpression
of hsa_circNFXL1_009 decreases excessive proliferation, apoptotic
resistance, andmigration of hPASMCs under hypoxic conditions. hsa_
circNFXL1_009 also sponges hsa-miR-29b-2-5p, inhibits voltage-gated
potassium (K+) channel subfamily B member 1 (KCNB1) gene expres-
sion at the mRNA level, and increases the K+ channel current in
hPASMCs, providing Competing endogenous RNA (ceRNA) mecha-
nisms underlying hsa_circNFXL1_009-regulated pathogenesis of PAH.

RESULTS
Differential circRNA expression profile in PAH-COPD patients

circRNA profiling was performed with an Arraystar human circRNA
array in three pairs of subjects. We set a cutoff value for differential
expression fold change to 1.5 and found 158 significantly dysregulated
circRNAs (27 upregulated and 131 downregulated) in the PAH-COPD
patients (Figure 1A, p < 0.05, false discovery rate [FDR] < 0.05). Among
these differentially expressed circRNAs, most downregulated circRNAs
came from chromosomes 2 (chr2), 3 (chr3), and 7 (chr7), whereas the
upregulated circRNAs were scattered over all chromosomes (Fig-
ure 1B). Moreover, most of these circRNAs were generated from the
protein-coding exons (84%of downregulated circRNAs and 89% of up-
regulated circRNAs) (Figure 1C). The hierarchical cluster analysis re-
vealed that the circRNA expression patterns were distinctive between
PAH-COPD and control subjects (Figures 1D and 1E).

Validation of the most distinctive circRNAs in PAH-COPD

patients

Frommicroarray results, we selected the top 20most differentially ex-
pressed circRNAs for validation in 21 pairs of subjects. The qRT-PCR
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results showed that five circRNA expression trends were consistent
with microarray results, which included hsa_circNFXL1_009, hsa_
circMFN2_004, has_circ_ZNF302, hsa_circGSDMD_004, and hsa_
circWDR37_016 (Figures 2A–2E). To assess the performance of these
five circRNAs in predicting potential association with PAH, we calcu-
lated their receiver operating characteristic (ROC) curves and evalu-
ated their accuracy with determination of the area under the ROC
curve (AUC). The highest AUC value was for hsa_circNFXL1_009
(AUC, 0.9410; 95% confidence interval [CI], 0.8653–1.000; p <
0.0001) (Figure 2F), and was followed by has_circ_ZNF302 (AUC,
0.8476; 95% CI, 0.7279–0.9673; p < 0.001) (Figure 2H); hsa_
circWDR37_016 (AUC, 0.8225; 95% CI, 0.6916–0.9534; p < 0.001)
(Figure 2J); hsa_circMFN2_004 (AUC, 0.7472; 95% CI, 0.5989–
0.8955; p < 0.01) (Figure 2G); and hsa_circGSDMD_004 (AUC,
0.7316; 95% CI, 0.5703–0.8929; p < 0.05) (Figure 2I). As hsa_
circNFXL1_009 was the most significantly downregulated circRNA
in 21 PAH-COPD patients with the highest AUC value, we next
focused on investigating its roles in PAH pathogenesis.

hsa_circNFXL1_009 in the regulation of hPASMC apoptosis,

proliferation, and migration

As hypoxia is a well-recognized risk factor for PAH, and hypoxic pul-
monary arterial remodeling in PAH is mainly driven by abnormal
proliferation, apoptotic resistance, and migration of PASMCs, we
further investigated the role of hsa_circNFXL1_009 in response to
hypoxia in cultured hPASMCs. First, we verified the formation of
hsa_circNFXL1_009 in hPASMCs. As shown in Figure 3A, hsa_
circNFXL1_009 is generated from the NFXL1 gene located on human
chromosome 4 (chr4; 47905210-47907363), with no homology in the
mouse. The head-to-tail splicing site was assayed by RT-PCR with
convergent and divergent primers (Figure 3B). Sanger sequencing
further confirmed the head-to-tail junction, which was consistent
with hsa_circNFXL1_009 annotation (Figure 3C). Using RNA fluo-
rescence in situ hybridization (FISH), we confirmed the expression
of hsa_circNFXL1_009 in hPASMCs (Figures 3D–3F). Consistent
with the results in patients with PAH-COPD, hsa_circNFXL1_009
was markedly downregulated by hypoxia in a time-dependent
manner in hPASMCs (Figures 3G and 3H).

Subsequently, we constructed a circRNA expression vector to overex-
press hsa_circNFXL1_009 in hPASMCs (Figure S1) and assessed its
effects on cell viability, migration, apoptosis, and proliferation under
hypoxic conditions. As shown in Figure 4, hsa_circNFXL1_009 over-
expression reversed the hypoxia-induced increase in migration and
proliferation of hPASMCs (as measured by wound healing, 5-ethy-
nyl-20-deoxyuridine [EdU] incorporation, and Ki67 staining). Also,
hsa_circNFXL1_009 overexpression attenuated hypoxia-induced
anti-apoptosis effects (as measured by TUNEL assay), indicating a
protective role of hsa_circNFXL1_009 in hypoxic pulmonary vascular
remodeling (HPVR).

hsa_circNFXL1_009 acts as an hsa-miR-29b-2-5p sponge

By targeting MREs, circRNAs can regulate mRNA by competitive
sponging its miRNAs. Bioinformatics was used to construct the



Figure 1. circRNA profile, the genome-wide landscape view, and hierarchical clustering of PAH-COPD patients and healthy controls

(A) Volcano plot shows the different expression of circRNAs in two groups of subjects. Red/green dots indicate circRNAs expressedmore/less than a 1.5-fold change in PAH-

COPD patients. (B) Numbers of dysregulated circRNAs coming from different chromosomes. (C) Pie chart represents the percentage of dysregulated circRNAs coming from

different chromosome regions. (D) Heatmap of 158 most significantly dysregulated circRNAs. (E) Heatmap of the top 40 dysregulated circRNAs (20 upregulated and 20

downregulated). Green/red represent a low/high expression level. PAH-COPD, pulmonary arterial hypertension due to chronic obstructive pulmonary disease; circRNA,

circular RNA. n = 3 pairs of subjects. Comparisons of data were acquired by a Student’s t test.
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hsa_circNFXL1_009-miRNAs-mRNAs network to find the potential
targets of hsa_circNFXL1_009. In this ceRNA module, circRNA-
miRNA-mRNA interactions showed the potential actions of
hsa_circNFXL1_009 as sponges for miRNAs, and thus affecting the
expression of targeted genes (Figure S2). In the prediction, the top
five miRNAs for hsa_circNFXL1_009 sponging were hsa-miR-210,
hsa-miR-29-2-5p, hsa-miR-381-3p, hsa-miR-300, and hsa-let-7 (Fig-
ure 5A). Also, DIANA-miRPath analysis revealed that these five
miRNAs were related to the cellular nitrogen compound metabolic
process and transforming growth factor (TGF)-b signaling pathway
(Figures S3A and S3B). The Gene Ontology (GO) analysis indicated
that the BPs were the regulation of monocyte chemotactic protein-1
(MCP-1) production, mRNA transcription from the RNA polymer-
ase II promoter, and mRNA transcription. The top three GO terms
in themolecular function (MF) category were b-amyloid binding, cat-
alytic activity, and motor activity. The top three GO terms in the
cellular component (CC) were ciliary tip, ciliary plasm, and axoneme.
Additionally, Kyoto Encyclopedia Genes and Genomes (KEGG)
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1009
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Figure 2. Validation and evaluation of differentially expressed circRNAs

(A–E) hsa_circNFXL1_009 (A), hsa_circMFN2_004 (B), and hsa_circ_ZNF302 (C) were significantly downregulated, while hsa_circGSDMD_004 (D) and hsa_circWDR37_016

(E) were significantly upregulated in patients with PAH-COPD. (F–J) ROC curve analysis of validated five circRNAs showing their performance in predicting potential as-

sociation with PAH-COPD. qRT-PCR, quantitative reverse transcriptase polymerase chain reaction; AUC, the area under the receiver operating characteristic (ROC) curve.

*p < 0.05, **p < 0.01, ***p < 0.001 (n = 21 pairs of subjects). Comparisons of data were acquired by a Student’s t test.
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analysis indicated the related pathways and associated functions. Four
KEGG pathways for the target genes of hsa_circNFXL1_009 involved
the nuclear factor kB (NF-kB) signaling pathway, indicating the role
of hsa_circNFXL1_009 in inflammatory PAH (Figure S3C).

Among the top five predicted miRNAs, we focused on hsa-miR-210
and hsa-miR-29-2-5p, as they are PAH-related miRNAs.25–28 Bioin-
formatics analysis showed that there were two seven-seed nucleotide
regions at the positions 100–106 and 58–64 of hsa_circNFXL1_009
matching the hsa-miR-29b-2-5p and hsa-miR-210-5p, respectively.
We made several constructs to demonstrate their potential interac-
tions (Figure 5B). As shown in Figure 5C, hsa-miR-29b-2-5p signifi-
cantly reduced wild-type hsa_circNFXL1_009 (circNFXL1-WT)
luciferase activity, whereas this effect was abrogated when the hsa-
miR-29b-2-5p binding site in region 100–106 of hsa_circNFXL1_009
(circNFXL1-M1) was mutated. In contrast, the hsa-miR-210-5p had
no effects on either circNFXL1-WT or mutated (in region 44–67)
hsa_circNFXL1_009 (circNFXL1-M2) (Figure 5D).

To further understand the regulation of hsa-miR-29b-2-5p expres-
sion by hsa_circNFXL1_009, we overexpressed hsa_circNFXL1_009
in hPASMCs under hypoxic conditions. hPASMCs transfected with
empty vector (pLC) and cultured under normal (Nor-pLC)/hypoxic
(Hyp-pLC) conditions served as controls. In comparison with normal
hPASMCs, the expression of hsa-miR-29b-2-5p in hPASMCs was
greatly induced by hypoxia, and hsa_circNFXL1_009 transfection
1010 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
(Hyp-circNFXL1) significantly inhibited this increase, indicating an
inverse correlation between hsa_circNFXL1_009 and hsa-miR-29b-
2-5p expression under hypoxic conditions (Figure 5E).

hsa_circNFXL1_009 in regulation of KCNB1 expression and

whole-cell K+ current in hPASMCs

Bioinformatics screening (http://www.mirdb.org;https://sfold.
wadsworth.org/starmirDB.php suggested that KCNB1, a member in
the voltage-gated K+ subtype 2.1 (Kv2.1), was one potential target
gene of hsa-miR-29b-2-5p with four complementary binding sites
located in the 30 UTR and coding sequence (CDS) region of the
KCNB1 gene (Figure 6A). The hypoxia-sensitive K+ channel expres-
sion and activity were suppressed in PASMCs from humans with
PAH.29–31 Loss of Kv2.1 in PASMCs leads to a sustained depolariza-
tion that increases intracellular calcium and K+, thereby contributing
to proliferation and apoptotic resistance of PASMCs in the pathogen-
esis of PAH.32 Therefore, we overexpressed hsa_circNFXL1_009 in
hPASMCs and cultured it under hypoxic conditions to study its ef-
fects on KCNB1 gene expression. hPASMCs transfected with empty
vector (pLC) and cultured under normal (Nor-pLC)/hypoxic (Hyp-
pLC) conditions served as controls. In comparison with normal
hPASMCs, the mRNA level of theKCNB1 gene in hPASMCs was sup-
pressed greatly by hypoxia, and hsa_circNFXL1_009 transfection
(Hyp-circNFXL1) significantly reversed this hypoxia-induced inhibi-
tion, indicating that hsa_circNFXL1_009 mediated suppressed K+

channel expression in PAH (Figure 6B). Next, we investigate whether
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Figure 3. Identification of hsa_circNFXL1_009 in human pulmonary arterial smooth muscle cells (hPASMCs)

(A) Annotation of hsa_circNFXL1_009. (B andC) RT-PCR and sequencing analysis of head-to-tail splicing junction of hsa_circNFXL1_009 in hPASMCs. (D–F) FISH analysis of

hsa_circNFXL1_009 in hPASMCs. (G) a-Smooth muscle actin staining in cultured hPASMC cell lines. hPASMCs were fixed, permeabilized, blocked, and incubated with the

anti-a-smoothmuscle actin antibody (FITC) and imagedwith a confocal microscope (shown in yellow). Nuclei were labeled with DAPI (shown in blue). (H) qRT-PCR analysis of

hsa_circNFXL1_009 in hPASMCs followed by exposure to hypoxia for different time courses. *p < 0.05, **p < 0.01 (n = 6 individual experiments from four primary hPASMC

lines). Comparisons of data were acquired by one-way ANOVA followed by a Bonferroni post hoc test.
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hsa_circNFXL1_009 had a significant effect on the K+ current in
hPASMCs. After a 24-h transfection of hsa_circNFXL1_009
(circNFXL1) or empty vector (pLC) under normal conditions, the
whole-cell K+ currents were elicited by depolarizing the hPASMCs
from the range of �80 to +90 mV at a holding potential of
�70 mV. As shown in Figures 6C–6E, overexpression of hsa_
circNFXL1_009 increased the whole-cell K+ channel currents in
hPASMCs. It induced a remarkable shift in the slope of the cur-
rent-voltage (I-V) curve and significantly increased the amplitude
of K+ currents. The average amplitude of K+ currents in the
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1011
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Figure 4. Effects of hsa_circNFXL1_009 on hypoxia-induced hPASMC proliferation and anti-apoptosis

hPASMCs were transfected with pLC5-ciR (pLC5) or hsa_circNFXL1_009 (circNFXL1) and cultured under normal/hypoxic conditions for 48 h. hPASMCs transfected with

pLC5-ciR and cultured under normal conditions were used as controls (Nor). (A and B) Cellular migration experiments of hPASMCs transfected and cultured as indicated. (C

and F) Ki67 staining was performed by immunofluorescence. (D and E) TUNEL assay of hPASMCs transfected and cultured as indicated. **p < 0.01, ##p < 0.01 (n = 4–6

individual experiments; at least 6–10 fields from each group were imaged and scored in a blinded fashion). Comparisons of data were acquired by one-way ANOVA followed

by a Bonferroni post hoc test.
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Figure 5. Validation of miRNAs for hsa_circNFXL1_009 sponging

(A) Predicted top five miRNAs for hsa_circNFXL1_009 by ceRNA analysis. (B) Structure diagram of luciferase reporter of hsa_circNFXL1_009 and its mutants. Seed match

regions of hsa_circNFXL1_009 and miRNAs are indicated as vertical lines. The mutation sites in hsa_circNFXL1_009 are indicated in blue. (C and D) Luciferase assay for

hsa_circNFXL1_009. hsa-miR-29b-2-5p (miR29b)/hsa-miR-210-5p (miR210) mimics were co-transfected with wild-type hsa_circNFXL1_009 (circNFXL1-WT) or its mu-

tations (circNFXL1-M1/circNFXL1-M2) into 293 cells. Luciferase activities were measured after 1 day of culture (n = 3 individual experiments). (E) qRT-PCR analysis of hsa-

miR-29b-2-5p in hPASMCs transfected with hsa_circNFXL1_009 expression vector and cultured under hypoxic conditions for 48 h (circNFXL1). hPASMCs transfected with

pLC5-ciR and cultured under normal/hypoxic conditions were used as controls (Nor-pLC/Hyp-pLC). **p < 0.01, ##p < 0.01 (n = 5 individual experiments). Comparisons of

data were acquired by a Student’s t test or a one-way ANOVA followed by a Bonferroni post hoc test.
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circNFXL1-transfected cells at +80 mV was 17.2 ± 3.1 compared to
9.8 ± 2.1 (pA/pF) in the cells transfected with empty vector (p <
0.05). These molecular and electrophysiology data proved that hsa_
circNFXL1_009 regulated K+ channel expression and the whole-cell
K+ current in hPASMCs. By regulating K+ channel expression and ac-
tivities, hsa_circNFXL1_009 may exert its function in PAH via target-
ing the hsa-miR-29b-2-5p-KCNB1 axis.

DISCUSSION
PAH is a common complication of COPD with high prevalence and
poor survival. Effective treatments of PAH are rare, especially those
focused on endogenous mechanisms. Circulating non-coding RNAs
are endogenous molecules that are relatively stable and accessible for
diagnosis, therapy, and prognosis. In the present study, we have shown
a novel circRNA, hsa_circNFXL1_009, with a distinctive expression
pattern in PAH-COPD patients and that is downregulated by hypoxia
in hPASMCs. We present novel data demonstrating that hsa_-
circNFXL1_009 modulates hypoxia-induced apoptosis, proliferation,
and migration of hPASMCs, thereby regulating K+ channel expression
and currents in hPASMCs. Mechanistically, these seem to be mediated
via the hsa_circNFXL1_009-hsa-miR-29-2-5p-KCNB1 axis.

Recent studies indicate that circRNAs act as critical regulators in
various diseases. Some circRNAs are so abundant in the cytoplasm
that they exceed their associated linear mRNAs by >10-fold.33 Unlike
the linear non-coding RNAs, their stable structure, specific expression
pattern, and high conservation suggest their roles as potential bio-
markers for diagnostic, therapeutic, and prognostic purposes.
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1013
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Figure 6. Overexpression of hsa_circNFXL1_009 increased K+ channel activities in hPASMCs

(A) Bioinformatics prediction of three complementary binding sites between hsa-miR-29b-2-5p and the 30 UTR/CDS region of KCNB1. Seed locations in the 30 UTR were

numbered starting from the 30 UTR, and the seed location in the CDS region was numbered starting from the start codon. (B) Overexpression of hsa_circNFXL1_009

increased the expression of KCNB1 in the mRNA level under hypoxia conditions. hPASMCs were transfected with pLC5-ciR (pLC) or hsa_circNFXL1_009 (circNFXL1) and

cultured under hypoxic conditions for 48 h (hyp-circNFXL1). hPASMCs transfected with pLC5-ciR and cultured under normal/hypoxic conditions were used as controls (Nor-

pLC/Hyp-pLC) (n = 6 individual experiments). (C) Representative traces recorded with whole-cell voltage clamp in the circNFXL1 vector (circNFXL1)- or empty vector (pLC)-

transfected hPASMCs. (D) The current-voltage (I-V) curve from two groups of hPASMCs was analyzed at a steady-state of the voltage-dependent currents (150–180 ms). (E)

The average amplitude of K+ currents recorded at +80 mV was compared between two groups of hPASMCs. **p < 0.01, ##p < 0.01 (n = 8 cells for circNFXL1, and n = 8 cells

for empty vector-transfected hPASMCs from three individual experiments). Comparisons of data were acquired by a one-way ANOVA followed by a Bonferroni post hoc test

or a Student’s t test.
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In our study, we demonstrated the aberrant expression of circRNAs in
PAH-COPD patients and provided groups of candidates that were
upregulated and downregulated. Chromosome categorization re-
vealed that the upregulated circRNAs were generated from exons in
various chromosomes, including sex chromosomes. However, the
distributions of the downregulated circRNAs were more specific for
chr2, chr3, and chr7. As sequences of circRNAs dedicate their actions
to target genes, the distributions of the dysregulated circRNAs may
reflect the effects of circRNAs on BPs.

In this study, we confirmed for the first time that hsa_circNFXL1_009
is expressed in hPASMCs, downregulated by hypoxia, and partici-
pates in PASMC proliferation, migration, and anti-apoptosis,
indicating its role in HPVR observed in PAH. The hsa_
circNFXL1_009-miRNAs-mRNAs network revealed that each
miRNA (hsa-miR-210-5p, hsa-miR-300, hsa-miR-29b-2-5p, hsa-
miR-381-3p, and hsa-let-7f-2-3p) was bound by hsa_circNFXL1_009,
which in turn regulated the miRNA-targeted genes. Remarkably,
miR-210 is a hypoxia-inducible miRNA, and it has an anti-apoptotic
1014 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
effect in PASMCs in hypoxia-induced PAH mice.32 Additionally, the
miR-29 family members are highly conserved across species and
expressed in the adult mouse lung, playing a role in lung VSMC dif-
ferentiation. The role of the miR-29 family is also indicated in TGF-
b-modulated cell proliferation, differentiation, and apoptosis in PA
vasculature. In particular, elevated miR-29 observed in the heritable
form of PAH (HPAH) modulates cellular energy metabolism,
contributing to PAH pathogenesis.27,34–36 Based on the literature,
we focused on hsa-miR-210 and hsa-miR-29 to verify whether they
were directly bound by hsa_circNFXL1_009. A luciferase assay
proved that hsa-miR-29b-2-5p was one direct target for hsa_
circNFXL1_009 sponging.

Given views of downstream mRNA, more than 800 targets for hsa-
miR-29b-2-5p were predicted in the miRNA database (data not
shown). Rather than randomly ruling out other potential targets,
we focused on KCNB1, a classic, top-ranking predicted biomarker
of PAH. Downregulated expression levels of K+ channels and
decreased K+ currents play an essential role in sustained pulmonary
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vasoconstriction and vascular remodeling in the pathogenesis of
PAH.32 KCNB1-encoded Kv2.1 is one major delayed-rectifier,
voltage-gated K+ channel, playing an essential role in the membrane
potential of arterial smooth muscle. Loss of Kv2.1 in PASMC contrib-
utes to the pathogenesis of PAH by causing a sustained depolariza-
tion, thereby increasing intracellular Ca2+, which is highly related
to vascular tone and proliferation rate.32,37 Therefore, we performed
molecular and electrophysiological studies to examine whether PAH-
related hsa_circNFXL1_009 can regulate the expression of the K+

channel (i.e., KCNB1) and K+ currents in hPASMCs. As expected,
hsa_circNFXL1_009 overexpression increased KCNB1gene expres-
sion in mRNA level and whole-cell K+ currents in hPASMCs, indi-
cating an essential role of hsa_circNFXL1_009 in PAH by regulating
K+ channel activation. Clearly, how circNFXL1-miR-29b-KCNB1
regulated K+ channel activities was still unclear. Other unidentified
targets may contribute to the pathological process of PAH. The un-
derlying mechanisms still need to be studied further. Nevertheless,
the aberrant expression of the global circRNAs in COPD-PAH reveals
that the post-transcriptional gene expression regulated by circRNAs
was an essential step in PAH pathogenesis, and the roles of hsa_
circNFXL1_009 in hypoxic cell K+ activation, proliferation, anti-
apoptosis, and migration were also indicated in PAH progression.
All of these findings indicated a new clue for the PAH study that
hsa_circNFXL1_009 was associated with HPVR via sponging the
miR-29b-KCNB1 axis.

Recently, Miao et al.38 demonstrated a dysregulated circRNA
pattern in chronic thromboembolic pulmonary hypertension
(CTEPH) patients, and they proved hsa_circ_0002062 and hsa_
circ_0022342 to be key circRNAs for CTEPH development. Zhou
et al.24 further studied their role in PAH and proved that in human
and rat PASMCs, hsa_circ_0016070 transfection can increase the
cell viability and decrease the number of cells arrested in the G1/
G0 phase, indicating its pro-proliferation effects on PASMCs and as-
sociation with the vascular remodeling in PAH. In animal models,
Wang et al.39 have profiled the circRNA expression in hypoxia-
induced PAH mice models, although there were no common circR-
NAs between their study and ours, which may be a result of
experimental species. It is noteworthy that hsa_circNFXL1_009
does not have a mouse homology. We looked into seven databases
(circBank, circAtlas, CIRCpedia, circRNADb, exoRBase, circBase,
and TSCD), which contain about 835,785 human cirRNAs and
270,424 mouse circRNAs, but we failed to find a mouse homology,
indicating that the unknown mouse circRNAs still need to be found
in the future. Limited by the unknown mouse cirRNAs, we could
not perform additional studies in the mouse models/cell lines.
However, the hsa_circNFXL1_009-sponged hsa-miR-29b-2-5p is
highly homologous to mouse mmu-miR-29b-2-5p, which is targeted
by mouse Kcnb1. Notably, the binding site of hsa/mmu-miR-29b-2-
5p and KCNB1/Kcnb1 is highly conserved in humans and mice
(Figure 6A; Table S2), indicating the regulation of hsa_
circNFXL1_009 in a mouse model. With continuing progress in
the studies of circRNAs, the value of hsa_circNFXL1_009 in other
species will arise in the near future.
Our results from the GO process identified the regulation of MCP-1
production in BP, while transferase activity in MF. Monocyte chemo-
attractant protein-1 (MCP-1) is a pro-inflammatory chemokine
involved in immunoregulatory and inflammatory processes. Recent
studies have indicated that MCP-1 is elevated in PAH patients,
contributing to the inflammatory processes of PAH.40,41 Meanwhile,
transferase is one group of enzymes that can transfer specific func-
tional modifications from one molecule to another. Different trans-
ferases are involved in a wide variety of biochemical pathways and
critical BPs. In the monocrotaline (MCT)-induced PAH rat model,
nicotinamide N-methyltransferase (NNMT) activity increases pro-
gressively, as does the activation of the NNMT-MNA pathway in
rats and humans.42 Concerning the KEGG pathway, the NF-kB
signaling pathway shows its importance in PAH progression. By tar-
geting the BMPR2-Id-Notch-3 gene axis, NF-kB inactivation can
attenuate the inflammatory response, reduce endothelial cell
apoptosis, and reverse endothelial-to-mesenchymal transition in the
MCT-induced mice model. hsa_circNFXL1_009 may participate in
affecting the airways and lung parenchyma in COPD, providing a
novel therapeutic intervention target in PAH.43,44

Despite these encouraging findings, there are still limitations in the
present study. First, due to ethical considerations, inaccurate and
noninvasive methods were used for PAH-COPD diagnosis instead
of invasive right heart catheterization (RHC) measurements. Assess-
ment of PAH was performed by echocardiography with systolic pul-
monary arterial pressure (sPAP) higher than 38mmHg and exclusion
of associated left heart disease. Second, as the differentially expressed
circRNAswere identified in a small size of the populationwithout uni-
variate and multivariate analyses, the potential predictive power
should be considered carefully. More extensive clinical studies should
be performed in a new set of patients to validate the predictive ability of
hsa_circNFXL1_009 on the progression of PAH. Last, the function of
hsa_circNFXL1_009 sponging the miR-29b-KCNB1 axis needs to be
confirmed in further studies. Possible functions such as mRNA alter-
native splicing, transcriptional regulation, and sequestering transla-
tion also need to be ascertained in further functional studies.

In conclusion, our present study provides evidence for aberrant
expression of circRNAs in PAH-COPD patients and the role of
hsa_circNFXL1_009 in hypoxic hPASMCs. Decreased levels of
hsa_circNFXL1_009 might drive the excessive proliferation,
apoptotic resistance, and migration of PASMCs, resulting in remod-
eling of pulmonary vessels in the development of PAH. Meanwhile,
decreased expression of hsa_circNFXL1_009 might contribute to
the observed decreased K+ channel activities in PAH by sponging
the miR-29b-2-5p-KCNB1 axis. Thus, hsa_circNFXL1_009 might
be useful for the diagnosis of PAH patients and considered as a poten-
tial therapeutic molecule to inhibit PAH development.

MATERIALS AND METHODS
Ethics

The study procedure was approved by the Medical Ethics Committee
of Harbin Medical University (IRB3011619). All subjects who
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participated in this study have been informed of the objectives of the
project. Consent forms were obtained before the study.

Subjects

Subjects with COPD were enrolled at the Department of Cardiology
at The Fourth Affiliated Hospital of Harbin Medical University from
January 2015 to October 2018. sPAP was examined by echocardiog-
raphy, and an sPAP higher than 38mmHg was diagnosed as PAH.45

Patients with PAH that were classified as groups 1, 2, 4, and 5, as well
as patients with connective tissue disease, congenital heart diseases,
diabetes, and lung diseases, were excluded from the study. Echocar-
diograms in patients with PAH-COPD were obtained using a Philips
iE33 color Doppler ultrasound system (Philips, the Netherlands).
Heart rate and blood pressure were measured just before the study.
The electrocardiogram measurements were operated under the cur-
rent guidelines of the American Society of Echocardiography by the
same expert ultrasonographer. The data were independently analyzed
by two investigators and stored on DVDs. sPAP was calculated by the
combined peak of tricuspid regurgitation velocity (V) and the right
atrial pressure (RAP) in the equation of 4(V2) + RAP.45 Age- and
sex-matched healthy control groups were recruited at the Department
of Health from The Second Affiliated Hospital of Harbin Medical
University. Finally, 21 cases of PH-COPD and 21 healthy controls
were collected for this study. Whole-blood samples were obtained
in EDTA-coated blood collection tubes from all subjects.

RNA isolation

A total of 2 mL of whole blood was extracted in Vacuette K2 EDTA
gel tubes (Greiner Bio-One, Austria), and total RNA from each sub-
ject was isolated with TRI Reagent BD (Molecular Research Center)
using the manufacturer’s protocol. The concentration, purity, integ-
rity, and genome DNA contamination of total RNA samples were
analyzed with a NanoDrop ND-1000 (Thermo Scientific, USA) and
denaturing agarose gel electrophoresis.

circRNA array

The circRNA array analysis was performed by Kang-Chen Biotech
(Shanghai, China). Briefly, whole-blood samples from three pairs of
subjects were randomly selected for the Arraystar human circRNA
array analysis. The linear RNAs were removed by RNase R (Epicenter)
to enrich circRNAs. The circRNAs were transcribed into fluorescent
cRNA and hybridized onto the Arraystar human circRNA array
(8 �15K, Arraystar) using a random priming method. The arrays
were then scanned by anAgilentG2505C scanner followed bywashing.
Array images and data analysis were performed using Agilent Feature
Extraction software (version 11.0.1.1) and the R software package.
Differentially expressed circRNAs with a p value <0.05 between the
two groupswere exhibited by a volcanoplot andhierarchical clustering.

qRT-PCR validation

The top 20 most differentially expressed circRNAs from array anal-
ysis were further validated by qRT-PCR on whole-blood samples
from 21 pairs of subjects. Total RNA was reverse transcribed by a
high-capacity cDNA reverse transcription kit (Applied Biosystems,
1016 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
Life Technologies, NewYork, NY, USA), and the circRNAs were
amplified using Fast SYBR Green master mix (Applied Biosystems,
Life Technologies, New York, NY, USA). All procedures were per-
formed using the manufacturer’s instructions. Divergent primers
for each circRNA are presented in Table S1. b-actin was used as an
internal control. The relative expression of each group was analyzed
using the 2�DDCt method.

Cell culture

HEK293 cells (CRL-1573; American Type Culture Collection, Mana-
ssas, VA, USA) were cultured in complete DMEM supplied with fetal
bovine serum (FBS) (10%), streptomycin (1%), and penicillin (1%) in a
humidified incubator with CO2 (5%) at 37�C. Two to four generations
were used for luciferase assays. All primary cell lines of hPASMCswere
purchased from Procell Life Science & Technology (Wuhan, China;
CP-H003), exhibiting a contractile phenotype. At least four primary
hPASMCs cell lines were used for this study. Each primary cell line
for hPASMCs can only be used for fewer than five generations to indi-
cate reliable positive results. Cell culture was performed by the manu-
facturer’s instructions and followed by our previous studies.46 Briefly,
the primary hPASMCs were cultured in smooth muscle cell medium
(SMCM, Zhong Qiao Xin Zhou Biotechnology, Shanghai, China) in
a CO2 (5%) atmosphere at 37�C. For hypoxic culture, hPASMCs
were exposed to CO2 (5%)/O2 (3%)/balance of N2 for 48 h. We only
use three to five generations with an a-smooth muscle actin
(a-SMA) phenotype to assure the reproductivity.

Immunocytochemistry

hPASMCs were plated onto 35-mm glass-bottom Petri dishes and
grown to 50%–70% confluence. Cells were fixed with 4% polyformal-
dehyde before the membrane breaking with 0.3% Triton X-100. After
blocking with 5% BSA, hPASMCs were incubated with the anti-
a-SMA antibody (fluorescein isothiocyanate [FITC]) (Abcam,
ab8211, 1:200, diluted with BSA) overnight at 4�C. On the following
day, after washing out the excessive antibody by PBS, the nuclei were
stained with 40,6-diamidino-2-phenylindole (DAPI) (Beyotime,
A1107, 1:1,000, diluted with PBS) and the images were captured
with a confocal microscope (Nikon, C1).

RNA FISH

The hPASMCs were cultured on 24-well plates. The expression
of hsa_circNFXL1_009 was detected by an RNA FISH kit (Boster
Bio-engineering, Wuhan, China) on 4% paraformaldehyde-fixed
hPASMCs. The cyanine dye-labeled probes for hsa_circNFXL1_009
were designed and synthesized by GenePharma (Shanghai, China).
The nuclei were stained with DAPI. Images were captured by micro-
scopy (Olympus IX71, Nikon Instruments, Japan) and analyzed with
imaging software (NIS-Elements, Nikon Instruments, Japan).

Construction of hsa_circNFXL1_009 expression vector

The mature hsa_circNFXL1_009 sequence was cloned with a primer
pair (forward, 50-CGGAATTCTAATACTTTCAGATGGAGATA
CACGTGAATTAGA-30; reverse, 50-CGGGATCCAGTTGTTCTT
ACCAAGGCCAGGGACAATCTTTCTTTC-30) and inserted into



www.moleculartherapy.org
pLC5-ciR, which contained a specific frame for circRNA circulariza-
tion (Geneseed Biotech, Guang Zhou, China). Circularization was as-
sayed by RT-PCR with divergent primers, and the junction sites were
confirmed by Sanger sequencing. The efficiency of a vector containing
hsa_circNFXL1_009 was evaluated by qRT-PCR with divergent
primers.

Cell transfection

After serum deprivation, the cells were co-transfected with 1 mg of
plasmids/oligonucleotides using Lipofectamine agents (Thermo Sci-
entific, USA) according to the manufacturer’s instructions. After 4
h, the cells were switched to SMCM/complete DMEM with FBS
(10%) and cultured for another 24–48 h.

Cell viability

hPASMCs were cultured in 96-well plates transfected with different
groups. After a 48-h culture, cell proliferation capacity was evaluated
by an EdU cell proliferation kit with tetramethylbenzidine (TMB)
(Beyotime Biotechnology, Shanghai, China). Briefly, the cells were
treated as indicated, and EdU was added to replace thymidine during
DNA synthesis. With click reactions, EdU was labeled with biotin, al-
lowing the proliferation of cells to be combined by streptavidin-
horseradish peroxidase (HRP) and detected by TMB substrate. The
plates were read using a spectrophotometer microplate reader
(PowerWave XS2, BioTek Instruments, USA) with a single wave-
length of 370 nm.

Wound-healing assay

The hPASMCs were cultured on 24-well plates. After transfection, the
cell motility and migration were compared using a wound-healing
assay. Briefly, a “wound” was created by a pipette in a cell monolayer
and captured by microscopy at the beginning. After a 48-h culture,
the images were recaptured and compared by calculating the migra-
tion rate of the cells.

TUNEL assay

The apoptotic hPASMCs were detected using a terminal deoxynu-
cleotidyltransferase (TdT)-mediated one-step TUNEL apoptosis
assay kit (Beyotime Biotechnology, Shanghai, China). After transfec-
tion, the hPASMCs were fixed as above and permeated by 0.1% Triton
X-100 for 2 min on ice. After a 1-h incubation with TUNEL working
solution at 37�C, the FITC-labeled cells were imaged at 488 nm exci-
tation and 530 nm emission by a fluorescence microscope (Nikon-
OLYMPUS IX71, Nikon Instruments, Japan). The cells with green
fluorescence were calculated as apoptotic cells.

Luciferase assay

TheWT sequence of hsa_circNFXL1_009 was synthesized and subcl-
oned into the downstream of the Renilla luciferase reporter gene of
the psiCHECK-2 expression reporter vector and named as
circNFXL1-WT (Hanbio Biotechnology, Shanghai, China). The
sequence of hsa_circNFXL1_009 with four mutation sites in positions
100, 102, 104, and 106 was synthesized and subcloned into the down-
stream of psiCHECK-2 and named as circNFXL1-M1. The sequence
of hsa_circNFXL1_009 with four mutation sites in positions 58, 60,
62, and 64 was synthesized and subcloned into the downstream of
psiCHECK-2 and named as circNFXL1-M2. Double-stranded nucle-
otides were designed to mimic endogenous mature hsa-miR-29b-2-
5p (miRBase: MIMAT0004515) and hsa-miR-210-5p (miRBase:
MIMAT0026475), which were synthesized by GenePharma. A scram-
bled RNA was used as a negative control (NC). The mixture of
circNFXL1-WT/circNFXL1-M1/circNFXL1-M2 and hsa-miR-29b-
2-5p/hsa-miR-210-5p/NC was co-transfected into HEK293 cells.
Luciferase activities were measured with a double-luciferase reporter
assay kit (TransGen Biotech, Beijing, China) on a luminometer
(GloMax 20/20, Promega, USA) after 1-day culture.

Whole-cell patch clamp

The whole-cell K+ current was recorded using an EPC10 USB patch-
clamp amplifier (HEKA Electronik). The generation of voltage pulse
and collection of data were performed using Patchmaster 10 software
(HEKA Electronik). The voltage pulse protocol applied 10-mV
voltage steps with 200-ms duration, from�60 to 90 mV. The holding
potential was�70 mV, which is equal to the reversal potential for po-
tassium. The extracellular solution contained 141 mM NaCl, 4.7 mM
KCl, 1.8 mM CaCl2, 1.2 mM MgCl2, 10 mM HEPES, and 10 mM
glucose (pH 7.4). The pipette solution contained 135 mM KCl,
4 mM MgCl2, 10 mM HEPES, 10 mM EGTA, and 5 mM Na2ATP
(pH 7.2).

ceRNA network construction

With miRNA response elements (MREs), the ceRNA hypothesis
describes that RNA transcripts are interrelated and interact with
each other by competitive binding to miRNAs.47,48 The targets/
miRNAs were analyzed using home-made prediction software to
find the potential targets of miRNAs based on TargetScan and
miRanda.49–51 Through merging the commonly targeted miRNAs,
we constructed a circRNA-miRNA-mRNA interaction network of
hsa_circNFXL1_009. The functional pathways of top-ranked MREs
were analyzed by DIANA-miRPath tools.

Functional group analysis

The molecular functional roles of the circRNA-target genes profiles
were analyzed using GO (http://www.geneontology.org/). The
ontology covers three domains: BP, CC, and MF. The p value pro-
duced by topGO denoted the significance of GO term enrichment
in the circRNA-miRNA-targeted genes. Pathway analysis was identi-
fied by KEGG. The p value (EASE score, Fisher’s p value, or hypergeo-
metric p value) denoted the significance of the pathway relevant to
PAH-COPD. The p value cutoff was 0.05.

Statistical analysis

All data were expressed as mean ± SEM (standard error of the mean).
Mean values, standard deviations, and statistical differences were
examined with Excel 2013 (Microsoft). The differently expressed
circRNAs having a fold change >1.5 and a p value <0.05 were selected
as candidates. Using Prism 8.0 and SPSS 2.0, ROC curves and the
AUC value, as well as the 95% CIs, were acquired to assess the
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performance of validated circRNAs in predicting potential associa-
tion with PAH. Comparisons of data were acquired by one-way
ANOVA followed by a Bonferroni post hoc test or Student’s t test.
When p %0.05, the mean difference was significant.
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