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Abstract

Background: Pulmonary arterial hypertension (PAH) is often characterized by cell
proliferation and migration of pulmonary arterial smooth muscle cells (PASMCs).
LncRNA cancer susceptibility candidate 2 (CASC2) has been revealed to be involved
in PASMC injury in hypoxia-induced pulmonary hypertension. However, the exact
molecular mechanisms whereby CASC2 regulates PASMC proliferation and migration
are still incompletely understood.

Methods: The expression levels of CASC2, miR-222 and inhibitor of growth 5 (ING5)
were measured using quantitative real-time polymerase chain reaction (qRT-PCR) or
western blot, respectively. Cell proliferation was analyzed by Cell Counting Kit-8
(CCK-8) assay. Wound healing assay was used to analyze cell migration ability. The
relationship between miR-222 and CASC2 or ING5 was confirmed using
bioinformatics analysis, luciferase reporter assay and RNA immunoprecipitation assay.

Results: CASC2 was down-regulated in hypoxia-induced PASMCs in a dose- and
time-dependent manner. Functional experiments showed that CASC2 overexpression
could reverse hypoxia-induced proliferation and migration of PASMCs. Bioinformatics
analysis indicated that CASC2 acted as a competing endogenous RNA of miR-222,
thereby regulating the expression of ING5, the downstream target of miR-222, in
PASMCs. In addition, rescue assay suggested that the inhibition mediated by CASC2
of hypoxia-induced PASMC proliferation and migration could be attenuated by miR-
222 inhibition or ING5 overexpression.

Conclusion: CASC2 attenuated hypoxia-induced PASMC proliferation and migration
by regulating the miR-222/ING5 axis to prevent vascular remodeling and the
development of PAH, providing a novel insight and therapeutic strategy for hypoxia-
induced PAH.
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Background
Pulmonary arterial hypertension (PAH) is an irreversible life-threatening disease,

characterized by pulmonary vasoconstriction and vascular remodeling, resulting in
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a progressive increase of pulmonary vascular resistance and pulmonary arterial

pressure followed by right ventricular hypertrophy and ultimately heart failure and

death [1]. The pathobiology of PAH is complex; excessive proliferation and migra-

tion of pulmonary arterial smooth muscle cells (PASMCs) induced by hypoxia can

result in the narrowing or occlusion of pulmonary vessels, which are the main cel-

lular mechanisms of pulmonary vascular remodeling and affect the initiation and

progression of PAH [2, 3].

Long non-coding RNAs (lncRNAs) are non-coding, endogenous cellular RNAs

longer than 200 nucleotides in length [4]. Previous research confirmed that

lncRNAs participated in diverse biological processes, including cell-cycle control,

epigenetic regulation, chromatin remodeling and differentiation [5, 6]. Additionally,

abnormally expressed lncRNAs serve as tumor inhibitors or oncogenes involved in

the pathogenesis of numerous diseases, including cancers and cardiovascular dis-

eases [7, 8]. Recently, emerging evidence indicated that lncRNAs were associated

with vascular pathophysiology and involved in regulating the behaviors of endothe-

lial cells (ECs) and vascular smooth muscle cells (VSMCs), affecting the contractil-

ity of SMCs as well as the proliferation, apoptosis and inflammatory responses to

VSMCs [4, 9, 10]. In addition, it has been indicated that lncRNA cancer suscepti-

bility candidate 2 (CASC2) functioned as a cancer suppressor in human cancers

[11]. For instance, CASC2 alleviated the growth and metastasis of oral squamous

cell carcinoma via down-regulating cyclin-dependent kinase 1 (CDK1), a key player

in cell cycle regulation [12]. Overexpression of CASC2 inhibited the progression of

hepatocellular carcinoma cells [13]. CASC2 repressed cell proliferation, invasion

and angiogenesis in cervical cancer by activating the MAPK pathway [14]. Gong

et al. revealed that CASC2 could suppress PASMC proliferation and the phenotypic

switch in hypoxia-induced pulmonary hypertension (PH), suggesting the possible

regulatory role of CASC2 in the pathogenesis of PAH [15]. However, the exact

molecular mechanisms of CASC2 in the development of PAH remain unclear.

Endothelium damage and vascular lumen stenosis often initiated and promoted

hypertension, atherosclerosis, PAH and other cardiovascular diseases. Up to now,

various microRNAs (miRNAs) have been implicated in the pathogenesis of these

processes [9, 16]. MiR-222, a member of miRNAs, has been found to be involved

in the development of multiple cancers [17, 18]. Additionally, accumulating studies

have identified the involvement of miR-222 in vascular injury and remodeling. For

example, miR-222 inhibited proliferation of vascular ECs, and promoted prolifera-

tion of VSMCs [19, 20]. Inhibitor of growth 5 (ING5) is a member of the ING

candidate tumor suppressor family, participating in the control of multiple cellular

functions, such as the modulation of cell growth, apoptosis, differentiation, the cell

cycle, DNA damage repair, and chromatin remodeling [21]. Recently, Zhu et al.

found that ING5 was a target of lncRNA urothelial carcinoma associated 1

(UCA1), an important regulator in the tumorigenesis of many cancers, and might

be involved in the UCA1-mediated promotion of the proliferation of hypoxic hu-

man PASMCs [22].

In the present study, we focused on the expression pattern of CASC2 in hypoxia-

induced PASMCs, and explored the regulatory role as well as the underlying molecular

mechanisms of CASC2 in hypoxia-induced vascular remodeling.
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Materials and methods
Cell culture

Human PASMCs were purchased from American Type Culture Collection (ATCC;

Rockville, MD, USA) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM;

Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; Gibco), 1%

streptomycin and 1% penicillin in a humidified 5% CO2 at 37 °C.

Human serum collection

Serum samples were obtained from healthy participants (n = 10) and patients with PAH

(n = 30) at Henan Province People’s Hospital, Huazhongfuwai Hospital in line with the

guidelines approved by the Ethics Committee of Henan Province People’s Hospital,

Huazhongfuwai Hospital. All subjects had signed written informed consent. After

standing at room temperature for 1 h, serum samples were centrifuged at 3000 g for 10

min at 4 °C and immediately saved at − 80 °C.

Hypoxia treatment

For the hypoxic stimulation, PASMCs were cultured in a hypoxic incubator which was

constantly infused with 85% N2 + 5% CO2 + 10% O2, 92% N2 + 5% CO2 + 3% O2 or

94% + N2 + 5% CO2 + 1% O2 for 48 h at 37 °C. For normoxia experiments, PASMCs

were incubated with constantly infused air (21% O2 + 5% CO2 + 74% N2) at 37 °C.

Cells transfection

MiR-222 mimic (miR-222), mimic negative control (miR-NC), miR-222 inhibitor (anti-

miR-222) and inhibitor negative control (anti-miR-NC) were purchased from RIBOBIO

(Guangzhou, China). The pcDNA3.1-CASC2 overexpression vector (CASC2),

pcDNA3.1-ING5 overexpression vector (ING5), pcDNA3.1 empty vector (pcDNA),

small interfering RNA (siRNA) against CASC2 (si-CASC2) and siRNA negative control

(si-NC) were obtained from Genepharma (Shanghai, China). All the oligonucleotides or

vectors were transfected using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) ac-

cording to the instructions of the manufacturer.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA from PASMCs was isolated using Trizol reagent (Invitrogen) following the

standard protocol. For detecting the expression of CASC2 and ING5, PrimeScript RT

reagent kit (Takara, Dalian, China) was used to synthesize cDNA. For detecting miR-

222 expression, the high-capacity cDNA reverse transcription kit (Thermo Fisher Sci-

entific, Waltham, MA, USA) was used for cDNA synthesis. Subsequently, quantitative

PCR was performed using the SYBR Green PCR Master Mix kit (Takara). The fold

change was normalized using GAPDH or U6 and quantified by the 2-ΔΔCt method. The

primers were as follows: CASC2, F 5′-TACAGGACAGTCAGTGGTGGTA-3′, R 5′-

ACATCTAGCTTAGGAATGTGGC-3′; ING5, F 5′-TCCAGAACGCCTACAGCAAG-

3′, R 5′-TGCCCTCCATCTTGTCCTTC-3′; GAPDH, F 5′-AGTGGCAAAGTGGA

GATT-3′, R 5′-GTGGAGTCATACTGGAACA-3′; miR-222, F 5′-CCCTCAGTGG

CTCAGTAG-3′, R 5′-CCACCAGAGACCCAGTAG-3′; U6, F 5′-CTCGCTTCGG

CAGCACA-3′, R 5′-AACGCTTCACGAATTTGCGT-3′.
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Cell proliferation assay

Following the transfection or treatment, viability of PASMCs was examined using Cell

Counting Kit-8 (CCK-8) assay. PASMCs (5000 cells per well) were plated in 96-well

plates overnight, and then was incubated with 10 μL of CCK-8 solution (Thermo Fisher

Scientific) per well at 37 °C for 4 h. Finally, the absorbance at 450 nm in each well was

detected by a spectrophotometer (Bio-Rad, Hercules, CA, USA).

Wound healing assay

Migration ability of PASMCs was determined by wound healing assay. PASMCs were

cultured on 6-well plates. Then a vertical line was scratched using a pipette in the cell

plate. After removing cell debris using PBS, cells were cultured in fresh serum-free

medium for 24 h. Finally, the wounded areas were observed and photographed and the

migratory distance of PASMCs was measured to quantify the migration rate of the

cells.

RNA immunoprecipitation (RIP)

RIP assay was conducted using a Magna RNA immunoprecipitation kit (Millipore, Biller-

ica, MA, USA). PASMCs were lysed with RIP buffer and then incubated with magnetic

beads coated with anti-Ago2 or IgG antibody. Finally, the immunoprecipitated RNAs were

isolated using TRIzol reagent and the enrichment was analyzed with qRT-PCR.

Luciferase reporter assay

The CASC2 mRNA and ING5 3′-UTR containing wild-type (WT) or their mutant

(MUT) binding sequence of miR-222 were cloned into the luciferase reporter construct

pmiR-RB-Report (Promega, Shanghai, China). After that, PASMCs were co-transfected

with miR-222 mimic or miR-NC mimic and corresponding luciferase reporters, or a

control luciferase plasmid using Lipofectamine 3000. Following 48 h incubation, a dual

luciferase assay kit (Promega) was used to analyze the luciferase activity in accordance

with the protocols of the manufacturer.

Western blot assay

Western blot assays were performed in strict accordance with standard steps. Western

blot assay was performed using primary antibodies against ING5 (Abcam, 1:800), β-

actin (Abcam, 1:200) as well as HRP-conjugated secondary antibody (Abcam, 1:2000).

The protein signal was visualized by chemiluminescence chromogenic substrate (Beyo-

time, Shanghai, China).

Statistical analysis

Statistical analysis was implemented using GraphPad Prism 7 (GraphPad Inc., San

Diego, CA, USA) and all data from at least three independent experiments were pre-

sented as the mean ± standard deviation (SD). The correlation analysis was analyzed

using Spearman’s correlation test. Student’s t-test and two-way analysis of variance

(ANOVA) followed by Dunnett’s test or two-tailed t-tests were used to analyze the sig-

nificance of differences between groups. P < 0.05 indicated a statistically significant

difference.
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Results
CASC2 is down-regulated in hypoxia-induced PASMCs

The expression of CASC2 in PASMCs under normoxia or hypoxia conditions was de-

tected by qRT-PCR and the results showed that CASC2 level was significantly de-

creased in PASMCs exposed to hypoxia for 24 h in a dose-dependent manner

compared with that in the normoxic control (21% O2) (Fig. 1a). In addition, the expres-

sion of CASC2 was also time-dependently down-regulated in PASMCs by 3% hypoxia

exposure at 0 h, 12 h, 24 h, 36 h and 48 h (Fig. 1b). Thus, these findings verified that

CASC2 was down-regulated in hypoxia-induced PASMCs and aberrantly expressed

CASC2 might be related to the pathogenesis of PAH.

Downregulated CASC2 promotes proliferation and migration of hypoxia-induced PASMCs

To explore the potential biological functions of CASC2 in proliferation and migration

of hypoxia-induced PASMCs, PASMCs were transfected with CASC2 or si-CASC2

prior to exposure to the hypoxia condition (3% O2), and then the transfection efficiency

was determined using qRT-PCR with the results of decreased CASC2 expression in

PASMCs transfected with si-CASC2 and increased CASC2 expression in PASMCs

transfected with CASC2 (Fig. 2a, b). Afterwards, CCK-8 assay demonstrated that hyp-

oxia induced PASMCs proliferation, while this promotion was alleviated by overex-

pressed CASC2, and aggravated by decreased CASC2 (Fig. 2c, d). Subsequently, wound

healing assay showed that high CASC2 expression reversed hypoxia-induced migration

of PASMCs, while low CASC2 expression showed opposite effects (Fig. 2e, f). In all,

CASC2 could suppress hypoxia-induced PASMC proliferation and migration.

CASC2 is a sponge of miR-222

To further investigate the underlying regulatory mechanism of CASC2-mediated

PASMC proliferation and migration, the potential targets of CASC2 were predicted

through the LncBase V.2 database, and CASC2 contained the binding sequences of

miR-222 (Fig. 3a); thus we hypothesized that miR-222 might be a target of CASC2.

Subsequently, RIP assay showed significant enrichment of CASC2 and miR-222 in

PASMCs after Ago2 RIP, whereas its efficacy was lost in response to IgG RIP,

Fig. 1 CASC2 is down-regulated in hypoxia-induced PASMCs. a Expression of CASC2 was detected using
qRT-PCR in PASMCs following O2 exposure (21, 10, 3 and 1%) for 24 h. b CASC2 expression in PASMCs
exposed to 3% O2 for 0 h, 12 h, 24 h, 36 h and 48 h was measured by qRT-PCR. Experiments were
performed in triplicate. *P < 0.05, ***P < 0.001
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indicating the direct interaction between miR-222 and CASC2 (Fig. 3b). Moreover, lu-

ciferase reporter assay showed that miR-222 mimic reduced the luciferase activity of

the CASC2-WT reporter vector but not the CASC2-MUT reporter vector in PASMCs,

while miR-222 inhibitor increased the luciferase activity of the CASC2-WT reporter

vector but not the CASC2-MUT reporter in PASMCs (Fig. 3c), further suggesting that

miR-222 was a target of CASC2 in PASMCs. Additionally, we discovered that the ex-

pression of miR-222 was inhibited by CASC2 up-regulation, but was enhanced by

CASC2 down-regulation in PASMCs. All the evidence suggested that CASC2 directly

bound to miR-222 and negatively regulated its expression.

CASC2 suppresses hypoxia-induced proliferation and migration of PASMCs by regulating

miR-222 expression

We further elucidated whether miR-222 was involved in CASC2-mediated regula-

tion of PASMCs. Firstly, the expression of miR-222 was measured in PASMCs

under the normoxia or hypoxia condition, and the results demonstrated that hyp-

oxia induced miR-222 expression in PASMCs in a dose- and time-dependent man-

ner (Fig. 4a, b). Subsequently, the effects of miR-222 inhibition under hypoxia (3%

O2) was investigated. As shown in Fig. S1 B and D, miR-222 inhibition reversed

hypoxia-induced PASMC proliferation and migration, suggesting that miR-222 was

Fig. 2 Overexpressed CASC2 suppresses hypoxia-induced PASMC proliferation and migration. PASMCs were
transfected with CASC2 or si-CASC2 prior to exposure to hypoxia (3% O2) or normoxia for 24 h in triplicate.
a, b Expression of CASC2 was detected by qRT-PCR in hypoxia- or normoxia-induced PASMCs. c, d
Proliferation was determined using CCK-8 assay, and data were derived from an average of three
independent experiments. e, f Wound healing assay was used to detect hypoxia-induced PASMC migration,
and experiments were performed in triplicate. **P < 0.01, ***P < 0.001
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an important regulator in hypoxia-induced PASMC injury. Then, the rescue experi-

ment was performed. PASMCs exposed to 3% O2 were transfected with si-NC, si-

CASC2, si-CASC2 + anti-miR-NC or si-CASC2 + anti-miR-222, and the transfection

efficiency was determined using qRT-PCR through evaluating the miR-222 expres-

sion (Fig. 4c). Subsequently, CCK-8 assay and wound healing assay results showed

that miR-222 inhibition could attenuate the CASC2 deletion-mediated promotion

of the proliferation and migration of hypoxia-induced PASMCs (Fig. 4d, e). Thus,

we concluded that CASC2 regulated hypoxia-induced PASMC proliferation and mi-

gration by binding to miR-222.

ING5 is a target of miR-222

According to the prediction of the microT-CDS database, ING5 contained binding

sequences of miR-222 (Fig. 5a). Immediately, RIP assay confirmed the relationship

between miR-222 and ING5 due to a significant enrichment of ING5 and miR-222

in PASMCs after Ago2 RIP (Fig. 5b). Also, luciferase reporter assay showed that

the relative luciferase activity of ING5-WT reporter vector was obviously reduced

by the miR-222 mimic, whereas it was enhanced by the miR-222 inhibitor in

PASMCs, and no significant change was observed in ING5-MUT reporter in

PASMCs co-transfected with miR-222 or anti-miR-222 (Fig. 5c), further suggesting

the interaction between miR-222 and ING5. Meanwhile, we found that overex-

pressed miR-222 inhibited ING5 protein expression, while down-regulated miR-222

Fig. 3 CASC2 is a sponge of miR-222. a Potential binding sites of miR-222 in CASC2 were predicted by
bioinformatics analysis. b Enrichment of CASC2 and miR-222 was analyzed in PASMCs after Ago2 RIP. c
Luciferase activity was measured in PASMCs co-transfected with CASC2-WT or CASC2-MUT and miR-NC,
miR-222 or anti-miR-NC, anti-miR-222. d MiR-222 expression in PASMCs was examined after transfection
with CASC2 or si-CASC2 using qRT-PCR, and results were presented as the average of three independent
replicates. ***P < 0.001
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stimulated ING5 protein expression in PASMCs (Fig. 5d). These findings indicated

that miR-222 targetedly suppressed ING5 expression in PASMCs.

MiR-222 promotes hypoxia-induced PASMC proliferation and migration by targeting

ING5

The expression of ING5 was examined in PASMCs in the normoxia or hypoxia

condition, and ING5 was found to be down-regulated in hypoxia-induced PASMCs

in a dose- and time-dependent manner (Fig. 6a, b). Moreover, as presented in Fig.

S1A and C, ING5 overexpression reversed hypoxia-induced PASMC proliferation

and migration. All these results indicated that ING5 participated in hypoxia-

induced PASMC injury. Subsequently, miR-NC, miR-222, miR-222 + pcDNA or

miR-222 + ING5 was transfected into PASMCs before exposure to 3% O2, then the

expression of ING5 protein was measured using western blot assay to determine

the transfection efficiency (Fig. 6c). Moreover, the proliferation and migration abil-

ities of hypoxia-induced PASMCs were investigated and we discovered that overex-

pressed miR-222 promoted hypoxia-induced PASMC proliferation and migration,

Fig. 4 CASC2 suppresses hypoxia-induced PASMC proliferation and migration by regulating miR-222
expression. a Expression of miR-222 was detected using qRT-PCR in PASMCs following O2 exposure (21, 10,
3 and 1%) for 24 h. b MiR-222 expression in PASMCs exposed to 3% O2 for 0 h, 12 h, 24 h, 36 h and 48 h
was measured by qRT-PCR. Experiments were performed in triplicate. c Expression of miR-222 was detected
by qRT-PCR in hypoxia-induced PASMCs transfected with si-NC, si-CASC2, si-CASC2 + anti-miR-NC or si-
CASC2 + anti-miR-222 three times. d CCK-8 assay was used to determine the proliferation of hypoxia-
induced PASMCs; experiments were conducted at least three times. e Migration ability of hypoxia-induced
PASMCs was measured using wound healing assay; bar charts represent relative migrated cells from three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001
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which could be abated by highly expressed ING5 (Fig. 6d, e). Therefore, we re-

vealed that miR-222 could promote hypoxia-induced PASMC proliferation and mi-

gration by regulating ING5 expression.

CASC2 can regulate ING5 expression by directly binding to miR-222

Based on the above results, we investigated the regulatory relationship among CASC2,

miR-222 and ING5 in PASMCs. The results showed that overexpressed CASC2 inhib-

ited miR-222 expression, which could be restored by the miR-222 mimic (Fig. 7a).

Meanwhile, down-regulated CASC2 promoted miR-222 expression, which could be re-

versed by the miR-222 inhibitor (Fig. 7b). In addition, we observed that the protein ex-

pression of ING5 was enhanced by CASC2 up-regulation and reduced by CASC2

downregulation, while these effects could be attenuated by up- or down-regulated miR-

222, respectively (Fig. 7c, d). Taken together, CASC2 regulated ING5 expression by

serving as a sponge of miR-222 in PASMCs.

CASC2 attenuates hypoxia-induced PASMC proliferation and migration by regulating

ING5 expression

To investigate whether ING5 was involved in CASC2-mediated inhibitory effects on

hypoxia-induced PASMC impairment, PASMCs were transfected with si-NC, si-

CASC2, si-CASC2 + pcDNA or si-CASC2 + ING5 before treatment with 3% O2. After

transfection, the protein expression of ING5 was detected to verify the transfection

Fig. 5 ING5 is a target of miR-222. a Potential binding sites between miR-222 and ING5 were exhibited. b
Enrichment of ING5 and miR-222 was detected in PASMCs after Ago2 RIP. c Luciferase activity was analyzed
in PASMCs co-transfected with ING5-WT or ING5-MUT and miR-NC, miR-222 or anti-miR-NC, anti-miR-222. d
ING5 protein expression in PASMCs transfected with miR-222 or anti-miR-222 was examined three times by
western blot assay. **P < 0.01, ***P < 0.001

Han et al. Cellular & Molecular Biology Letters           (2020) 25:21 Page 9 of 16



efficiency (Fig. 8a). Subsequently, the rescue experiment showed that CASC2 down-

regulation promoted hypoxia-induced PASMC proliferation and migration, which were

reversed by ING5 overexpression (Fig. 8b, c). Thus, we confirmed that CASC2 might

inhibit hypoxia-induced PASMC proliferation and migration by regulating ING5

expression.

Serum CASC2 may be a potential circulating biomarker for PAH

We further analyzed the level of these biomarkers in patients with PAH. The re-

sults showed that the expression of CASC2 and ING5 was lower (Fig. 9a, c), and

miR-222 expression was higher (Fig. 9b) in the serum of PAH patients compared

with the healthy controls. Also, a negative correlation between miR-222 and

CASC2 (Fig. 9d) or ING5 (Fig. 9e) expression, and a positive correlation between

CASC2 and ING5 expression (Fig. 9f) were observed in the serum of PAH patients.

These data were of great clinical significance, which highlighted that CASC2 might

regulate hypoxia-induced PASMC proliferation and migration by regulating the

miR-222/ING5 axis in PAH.

Fig. 6 MiR-222 promotes hypoxia-induced PASMC proliferation and migration by regulating ING5
expression. a mRNA expression of ING5 was detected using qRT-PCR in PASMCs following O2 exposure (21,
10, 3 and 1%) for 24 h. b ING5 mRNA expression in PASMCs exposed to 3% O2 for 0 h, 12 h, 24 h, 36 h and
48 h was measured by qRT-PCR. c Protein expression of ING5 was determined by western blot assay in
hypoxia-induced PASMCs after transfection with miR-NC, miR-222, miR-222 + pcDNA or miR-222 + ING5,
protein bands were quantified and a bar chart showing relative protein levels was derived from triplicate
samples. d CCK-8 assay was performed to determine the proliferation of hypoxia-induced PASMCs after
transfection; data are derived from three independent experiments. e Migration ability of hypoxia-induced
PASMCs was analyzed using wound healing assay, and results were presented as the average of three
independent replicates. *P < 0.05, **P < 0.01, ***P < 0.001
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Discussion
PAH is a fatal disease with the hallmark of sustained pulmonary vasoconstriction and

progressive pulmonary vascular remodeling. Although PAH treatment has achieved ad-

vanced development in current years, the prognosis related to PAH remains worse than

numerous cancers [23]. Current pharmacological treatments of PAH are mainly vasodi-

lators, and offer significantly increased survival, but there is still no cure other than

transplantation, which suggests the urgent need for new effective biomarkers and thera-

peutic strategies [24]. In recent years, accumulating evidence has indicated that

lncRNAs might exert vital effects on vascular pathophysiology and are involved in

Fig. 7 CASC2 can regulate ING5 expression by directly binding to miR-222. a, c Expression of miR-222 and
ING5 protein in PASMCs transfected with pcDNA, CASC2, CASC2 +miR-NC or CASC2 +miR-222 was
detected using qRT-PCR or western blot, respectively. b, d Levels of miR-222 and ING5 protein in PASMCs
transfected with si-NC, si-CASC2, si-CASC2 + anti-miR-NC or si-CASC2 + anti-miR-222 were examined by qRT-
PCR or western blot, respectively. The same experiment was repeated three times, and the average was
taken. **P < 0.01, ***P < 0.001
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various pathogenic pathways, such as those underlying cardiovascular diseases and

PAH [25]. For instance, LncRNA Hoxaas3 contributed to the proliferation of hypoxia-

induced PASMCs and modulated cell cycle distribution in PH [26]. LncRNA MEG3

down-regulation triggered proliferation and migration of human PASMCs through

regulating the p53 signaling pathway [27]. LncRNA MALAT1 contributed to PAH sus-

ceptibility in Chinese people by regulating proliferation and migration of vascular ECs

[28]. All the research indicated lncRNAs as potential candidates for therapeutic inter-

vention in PAH. Recently, lncRNA CASC2 has been revealed to suppress proliferation

and phenotypic switch of PASMCs in hypoxia-induced PH [15]. However, the exact

Fig. 8 CASC2 can exert its inhibitory effect on proliferation and migration of hypoxia-induced PASMCs by
regulating ING5 expression. PASMCs were transfected with si-NC, si-CASC2, si-CASC2 + pcDNA or si-
CASC2 + ING5 in triplicate. a Protein expression of ING5 was measured by western blot in hypoxia-induced
PASMCs after transfection, and the average from three independent experiments was taken. b CCK-8 assay
was carried out to determine the proliferation of hypoxia-induced PASMCs after transfection, and all
experiments were repeated three times independently. c Migration ability of hypoxia-induced PASMCs after
transfection was analyzed using wound healing assay, and data are derived from an average of three
independent experiments. **P < 0.01

Fig. 9 Expression and relationship of CASC2, miR-222 and ING5 in serum samples of PAH patients. a-c
CASC2, miR-222 and ING5 expression levels were measured in the serum samples of PAH patients and were
compared to the expression in healthy controls. d-e Correlation between CASC2 and miR-222 expression,
miR-222 and ING5 expression, or ING5 and CASC2 expression in serum samples of PAH patients was
analyzed using Spearman’s correlation test. Results are presented as the average of three independent
replicates. ***P < 0.001
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regulatory mechanisms of CASC2 in proliferation and migration of PASMCs in

hypoxia-induced PAH remain unclear.

Hypoxia is a well-recognized stimulus for the development of PAH. In the

present study, we found that CASC2 expression was significantly down-regulated in

response to hypoxia in PASMCs in a dose- and time-dependent manner, and in-

creased CASC2 suppressed hypoxia-induced PASMC proliferation and migration,

which ultimately affected vascular remodeling, even the development of PAH.

However, transfection of CASC2 exerted no significant effect on cell proliferation

under normoxia in PASMCs.

Previous studies have reported that manipulation of miRNAs could reduce the bur-

den of pathological vascular remodeling, and miRNAs were essential regulators of dif-

ferentiation, development, phenotypic transformation and contractile function of

VSMCs [29]. Additionally, the lncRNA-miRNA-mRNA axis has been highlighted for its

important role in development of cardiovascular diseases [30]. MiR-222 has been iden-

tified to participate in many cardiac physiological functions and its deregulation is im-

plicated in many cardiovascular diseases [31]. Liu et al. found that miR-222 was up-

regulated in vascular walls with neointimal lesion formation, and knockdown of miR-

222 repressed VSMC proliferation in vitro and in vivo [20]. Moreover, Xu et al. con-

firmed that miR-222 partially promoted PASMC proliferation via targeting P27 and

TIMP3 in PAH [32]. In this study, bioinformatics analysis showed that CASC2 was

confirmed to be a sponge of miR-222 and could negatively regulate its expression in

PASMCs. Subsequently, miR-222 was found to be up-regulated in hypoxia-induced

PASMCs in a dose- and time-dependent manner, suggesting that miR-222 might be

implicated in hypoxia-induced PASMC injury, which was consistent with the previous

study. Subsequently, rescue assay results showed that miR-222 inhibitor attenuated the

promotion effects on proliferation and migration of hypoxia-induced PASMCs which

were mediated by decreased CASC2. Therefore, we clarified that CASC2 could sup-

press proliferation and migration of hypoxia-induced PASMCs by regulating miR-222

expression.

ING5 often functioned as a tumor suppressor gene due to its inhibition of cell growth

and promotion of cell apoptosis in various cancers [33, 34]. In a previous study, ING5

was found to serve as a target of UCA1 to restrain cell viability, but promote cell apop-

tosis in hypoxic human PASMCs, indicating the potential regulatory role of ING5 in

hypoxia-induced PAH development [22]. In the current study, ING5 was also predicted

and confirmed to be a target of miR-222 using bioinformatics analysis. Subsequently,

the expression of ING5 was analyzed and the results showed that ING5 was down-

regulated in hypoxia-induced PASMCs in a dose- and time-dependent manner. Subse-

quently, gain-of-function experiments were performed and the results demonstrated

that miR-222 could promote hypoxia-induced proliferation and migration of PASMCs

by regulating ING5 expression. Furthermore, we discovered that CASC2 acted as a

competing endogenous RNA of miR-222, thereby regulating the expression of ING5 in

PASMCs, indicating that ING5 might also be involved in the CASC2-mediated inhibi-

tory effect on hypoxia-induced PASMCs. Additionally, we found that overexpressed

ING5 could reverse CASC2 silence-mediated promotion of hypoxia-induced PASMC

proliferation and migration. Thus, a CASC2/miR-222/ING5 axis in the regulation of

hypoxia-induced PASMC injury was identified (Fig. 10).
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Conclusions
Our results demonstrated that CASC2 was down-regulated in response to hypoxia in

PASMCs, and CASC2 could inhibit hypoxia-induced proliferation and migration of

PASMCs by regulating the miR-222/ING5 axis to suppress vascular remodeling, indi-

cating a novel insight and therapeutic strategy for hypoxia-induced PAH.
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