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Emerging evidence has suggested that circular RNAs (circR-
NAs) are involved in multiple physiological processes and
participate in a variety of human diseases. However, the under-
lying biological function of circRNAs in pulmonary hyperten-
sion (PH) is still ambiguous. Herein, we investigated the impli-
cation and regulatory effect of a typical circRNA, CDR1as, in
the pathological process of vascular calcification in PH. Human
pulmonary artery smooth muscle cell (HPASMC) calcification
was analyzed by western blotting, immunofluorescence, aliz-
arin red S staining, alkaline phosphatase activity analysis, and
calcium deposition quantification. CDR1as targets were identi-
fied by bioinformatics analysis and validated by dual-luciferase
reporter and RNA antisense purification assays. We identified
that CDR1as was upregulated in hypoxic conditions and pro-
moted a phenotypic switch of HPASMCs from a contractile
to an osteogenic phenotype. Moreover, microRNA (miR)-7-
5p was shown to be a target of CDR1as, and calcium/calmod-
ulin-dependent kinase II-delta (CAMK2D) and calponin 3
(CNN3) were suggested to be the putative target genes and
regulated by CDR1as/miR-7-5p. The results showed that the
CDR1as/miR-7-5p/CNN3 and CAMK2D regulatory axis medi-
ates HPASMC osteoblastic differentiation and calcification
induced by hypoxia. This evidence reveals an approach to the
treatment of PH.
Received 20 February 2020; accepted 17 September 2020;
https://doi.org/10.1016/j.omtn.2020.09.018.

Correspondence: Daling Zhu, MD, PhD, Central Laboratory of Harbin Medical
University (Daqing), 39 Xinyang Road, Daqing 163319, PR China.
E-mail: dalingz@yahoo.com
INTRODUCTION
Pulmonary hypertension (PH) is a hemodynamic disorder character-
ized by increased pulmonary blood flow, pulmonary vascular resis-
tance, pulmonary artery pressure, pulmonary vasoconstriction, pul-
monary vascular remodeling, and finally, right ventricular
afterload.1,2 Although promising therapies consist of approaches to
relieve vasoconstriction and inflammation, decrease pressure, and
avoid heart failure, PH patients still face a poor prognosis.3 Histolog-
ically, in patients with PH, pulmonary vascular injury is markedly
increased, as evidenced by endothelial cell impairment and vascular
smooth muscle cell (VSMC) proliferation and hypertrophy.4,5 In
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the pulmonary vasculature, pulmonary artery smooth muscle cells
(PASMCs) are important in the physiological regulation and patho-
logical modulation of pulmonary vascular reactivity.6 The switch of
PASMCs from the contractile phenotype to the synthetic phenotype
plays a vital role in hypertrophy of the pulmonary vascular media and
neointimal hyperplasia.7

One central factor linked to the pathologies of vascular lesions is
vascular calcification caused by increased secretion of matrix compo-
nents and osteogenic differentiation of VSMCs.8 Recently, studies
have shown that vascular calcification is a common complication of
atherosclerosis, chronic renal failure, and diabetes and is associated
with cardiovascular morbidity and mortality.9–12 Hypoxia plays a
contributory role in triggering arterial calcification by increasing
the expression of osteogenic markers and decreasing the expression
of VSMC lineage markers.13,14 It remains unclear how pathologic
arterial calcification is activated by hypoxia in PH, specifically in hu-
man PASMCs (HPASMCs), where it has localized paracrine effects
on the pulmonary vascular beds.

Circular RNAs (circRNAs) are a group of transcripts characterized by
covalently closed loop structures without polarities and polyadeny-
lated tails.15 Most of the circRNAs are endogenous noncoding
RNAs and show a higher degree of stability than linear mRNAs.16

Studies have highlighted important roles of circRNAs in both physi-
ological and pathological settings, such as cellular metabolism and
almost all types of cancers.17,18 CDR1as (also named as ciRS-7 or
CDR1NAT) is 1,500 nt long and is formed by reverse splicing of
the antisense strand of the cerebellar degeneration-associated antigen
1 (CDR1) gene.19,20 The classic regulatory mechanisms of circRNAs
involve their role as competitive endogenous RNAs (ceRNAs); for
://creativecommons.org/licenses/by-nc-nd/4.0/).
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example, CDR1as has more than 70 microRNA (miR)-7 binding sites
that inhibit its binding to target genes.21 Until now, it has been un-
clear whether circRNAs can act as ceRNAs to regulate the functions
of HPASMCs as well as the pathological process of vascular calcifica-
tion in PH.

In the current study, we hypothesized that circRNAs serve as central
regulators in the progression of vascular cell calcification in hypoxia.
We identified a representative circRNA (hsa_circ_0001946, termed
CDR1as) in hypoxic vascular cell calcification and systemically inves-
tigated its role in HPASMCs.

RESULTS
Hypoxia Induces Osteochondrogenic Differentiation and

CDR1as Expression in HPASMCs

To confirm the role of hypoxia in osteochondrogenic reprogramming
of HPASMCs, calcium deposition was first assessed by Alizarin Red S
(ARS) staining. After treating HPASMCs with pro-calcifying media
containing 2.5 mM inorganic phosphate, we found that compared
with normoxia, hypoxia augmented calcium deposition in cultured
HPASMCs (Figure 1A). Parallel with these changes, hypoxia also
caused elevated expression of runt-related transcription factor-2
(Runx2), a key regulator of osteoblast differentiation and bone devel-
opment (Figure 1B). CDR1as is generated from the CDR1 gene and
located on human chromosome (chr) X: 139865340–139866824 (Fig-
ure 1C). To investigate the significance of CDR1as in hypoxic
HPASMC osteogenesis, the expression of CDR1as was determined
by qPCR. The results showed that the CDR1as level was elevated in
HPASMCs exposed to hypoxia (approximately 1.5-fold increases)
compared with those in normoxic conditions (Figure 1D). The results
were further confirmed by fluorescence in situ hybridization (FISH)
analysis. The expression of CDR1as in HPASMCs was found to be
distributed in both the cytoplasm and the nucleus using U6 and
18S staining for nuclear and cytoplasmic areas, respectively (Fig-
ure 1E). Then, CDR1as-specific small interfering RNA (siRNA [siCD-
R1as]) was constructed and transfected into HPASMCs. Quantitative
RT-PCR (qRT-PCR) analysis confirmed that the CDR1as expression
level was significantly downregulated by siCDR1as-2 instead of siCD-
R1as-1 and siCDR1as-3 (Figure 1F). Therefore, we chose siCDR1as-2
for the following experiments.

Downregulation of CDR1as Inhibits HPASMC Calcification

Induced by Hypoxia

We next evaluated the functional role of CDR1as during the develop-
ment of HPASMC calcification. We found that hypoxia-triggered cal-
cium deposition in HPASMCs was inhibited by siRNA-CDR1as, as
indicated by ARS staining (Figure 2A). In addition, siCDR1as atten-
uated hypoxia-mediated upregulation of the osteochondrogenic tran-
scription factor Runx2 and diminished hypoxia-driven increases in
alkaline phosphatase (ALP) activity (Figures 2B and 2C). Further-
more, specific knockdown of CDR1as markedly decreased hypoxia-
triggered calcium accumulation in HPASMCs (Figure 2D). The
expression of the bonemarkers SOX9, MSX2, and BMP2 was dramat-
ically increased in hypoxia-treated cultures compared to normoxic
cultures; in contrast, the expression of the VSMC marker SM22a
was decreased gradually during the osteogenic differentiation of
VSMCs in hypoxic conditions, and siCDR1as reversed the above ef-
fects (Figure 2E). These results suggest that CDR1as is an essential
and sufficient player in regulating hypoxia-induced HPASMC
calcification.

CDR1asActs as an EfficientMicroRNA (miRNA) Sponge formiR-

7-5p

We further investigated the downstream targets of CDR1as in
HPASMCs. Several miRNAs (miR-7-5p, miR-135a-5p, miR-135b-
5p, miR-432-5p, miR-876-5p, and miR-3167) that potentially interact
with CDR1as were chosen based on the miRanda, PITA, and RNAhy-
brid databases (Figure 3A). Then, we evaluated miR-7-5p, miR-135a-
5p, miR-135b-5p, miR-432-5p, miR-876-5p, and miR-3167 by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis with DIANA TOOLS (Figure 3B).22 qRT-PCR as-
says revealed that only miR-7-5p was negatively modulated by hypox-
ia in HPASMCs and was negatively correlated with CDR1as (Fig-
ure 3C). Subsequently, the potential binding sites between CDR1as
and miR-7-5p were predicted by RegRNA2.0 (http://regrna2.mbc.
nctu.edu.tw/detection.html), and the representative putative target
sites of miR-7-5p are shown in Figure 3D.23 Previous studies have
shown that CDR1as adsorbs miR-7-5p in hepatocellular carcinoma
and colorectal and lung cancer.24–26 To validate whether miR-7-5p
bound to CDR1as in HPASMCs, we used a FISH assay, and colocal-
ization between CDR1as and miR-7-5p was observed in the cyto-
plasm of HPASMCs (Figure 3E). Dual-luciferase reporter assays
were performed to verify whether there was an interaction between
CDR1as and miR-7-5p. The firefly luciferase reporter activity was
significantly decreased in the hsa-miR-7-5p mimics and the CDR1as
wild-type (WT) transfection group, whereas the CDR1as mutant
(MUT) group showed no notable changes in luciferase reporter activ-
ity (Figure 3F). Moreover, an RNA antisense purification (RAP) assay
revealed that miR-7-5p was significantly enriched in RNAs retrieved
from the CDR1as complex (Figures 3G and 3H). These results indi-
cate that CDR1as serves as a sponge for miR-7-5p in HPASMCs.

miR-7 Overexpression Aggravates the Osteogenic Transition of

HPASMCs

Overexpression or silencing of miR-7-5p by using the double-
stranded agomir (miRNA mimics) and the antagomir (antisense oli-
gonucleotides) complementary to the mature miRNAs was per-
formed to further understand its role in the progression of HPASMC
osteogenic transition. ARS staining showed that, compared with the
control, transfection with miR-7-5p agomir significantly inhibited
the mineralization of the cell matrix under hypoxic conditions (Fig-
ure 4A). Similar trends in Runx2 immunofluorescent staining and
ALP activity were found in HPASMCs after miR-7-5p agomir treat-
ment (Figures 4B and 4C). Moreover, the hypoxia-induced increase
in total calcium content in HPASMCs was blocked by miR-7-5p re-
covery (Figure 4D). Western blot analysis confirmed that the expres-
sion of osteogenic markers, including SOX9, MSX2, and BMP2, was
inhibited by overexpression of miR-7-5p, whereas miR-7-5p
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Figure 1. Osteogenic Differentiation and Expression Patterns of CDR1as in HPASMCs during Hypoxia (Hyp)

(A) HPASMCs were treated with pro-calcifying media containing 2.5 mM inorganic phosphate, and cell calcification was assessed by ARS staining. (B) Immunofluorescence

analysis of Runx2 in HPASMCs from normoxia (Nor) and Hyp. Scale bar, 50 mm. (C) Genomic source of CDR1as. (D) Relative expression of CDR1as in Hyp was increased as

determined by qPCR analysis. (E) FISH assay was performed to detect CDR1as distribution and expression in cultured cells. Scale bar, 25 mm. (F) The expression level of

CDR1as in small interfering RNA (siRNA)- and negative control (siNC)-transfected cells. *p < 0.05, **p < 0.01. All tests were performed at least three times, and the values are

presented as the mean ± SEM.
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overexpression increased the protein level of SM22a (Figure 4E). To
further confirm the effects of the CDR1as/miR-7 axis in mediating
HPASMC calcification promoted by hypoxia, we cotransfected siCD-
R1as andmiR-7-5p inhibitor (antagomir) into HPASMCs. Compared
532 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
with that in cells transfection with siCDR1as alone, calcification was
increased in cells cotransfected with siCDR1as and miR-7-5p antago-
mir (Figure 4F). Likewise, silencing CDR1as decreased the hypoxia-
induced expression of Runx2, as revealed by immunofluorescence



Figure 2. siRNA Targeting CDR1as (siCDR1as) Prevents HPASMC Calcification in Hyp

(A) Representative images of ARS staining in Nor and NC, Hyp and NC, and Hyp and siCDR1as groups (B) Immunofluorescent staining of Runx2 in fixed HPASMCs. Scale

bar, 50 mm. (C) ALP activity was measured in HPASMCs after siCDR1as. (D) Quantification of calcium content in HPASMCs. The results shown were normalized to the total

protein amount. (E) HPASMCs were exposed to Hyp, and the expression of SOX9, MSX2, SM22a, and BMP2 was evaluated by western blot with b-actin as a standard. *p <

0.05, **p < 0.01 versus Nor + NC; #p < 0.05, ##p < 0.01 versus Hyp + NC. All tests were performed at least three times, and the values are presented as the mean ± SEM.
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analysis, and this effect was antagonized by miR-7 inhibition (Fig-
ure 4G). Taken together, these results demonstrate that CDR1as sup-
pressed HPASMC osteogenic progression by sponging miR-7-5p.

miR-7-5p Targets CAMK2D and CNN3

To assess the effects of CDR1as/miR-7-5p on HPASMC calcification,
we selected 4 targets related to calcification from hundreds of miR-7-
5p targets predicted by TargetScan, including calcium channel b (4)
subunit gene (CACNB4), calcium voltage-gated channel auxiliary sub-
unit gamma 7 (CACNG7), calcium/calmodulin-dependent kinase II-
delta (CAMK2D), and calponin 3 (CNN3) (Figure 5A). First, the pro-
tein levels of the target genes were detected using western blotting, and
the results showed that CAMK2D and CNN3 expression was most
significantly affected by hypoxia and miR-7-5p (Figure 5B). To verify
whether CAMK2D and CNN3mRNA is targeted by miR-7-5p, a lucif-
erase reporter gene assay was performed using 30 UTR sequence frag-
ments, containing the CAMK2D or CNN3 predicted target region
(WT) of miR-7-5p and a mutated target region (MUT) inserted down-
stream of a luciferase reporter (Figure 5C). Cell cotransfection with
hsa-miR-7-5p mimics and CAMK2D or CNN3 WT showed a signifi-
cant reduction in firefly luciferase reporter activity compared with that
in the negative control (NC) group, and the CAMK2D and CNN3
MUT groups showed no notable changes (Figure 5D). Moreover,
immunofluorescence assays proved that the expression of both
CNN3 and CAMK2D was increased in hypoxic conditions and down-
regulated by miR-7-5p (Figures 5E and 5F). This finding confirms the
binding interaction between miR-7-5p and CAMK2D and CNN3.

CAMK2D and CNN3 Are Overexpressed in Hypoxia and

Regulated by CDR1as/miR-7

To investigate the effects of CDR1as on miR-7-5p-mediated suppres-
sion of calcification-associated genes, cells were infected with siCD-
R1as. Compared with the hypoxia and scramble NC groups, the
expression of CAMK2D and CNN3 was reduced by siCDR1as; how-
ever, we did not detect significant changes in the expression levels of
CACNB4 and CACNG7 (Figure 6A). Further analysis showed that
transfection with siCDR1as inhibited the distribution of CNN3 and
CAMK2D in the cytoplasm compared with that under hypoxic con-
ditions, and this effect was reversed after cotransfecting cells with
siCDR1as and miR-7-5p inhibitor (Figures 6B and 6C). Conse-
quently, these data indicate that there are interactions among
CDR1as, miR-7-5p, and CAMK2D/CNN3.

CNN3 and CAMK2D Promote Calcification under Hypoxic

Conditions

To verify whether CNN3 and CAMK2D participate in regulating the
osteogenic differentiation of HPASMCs, we transfected cells with
CNN3 and CAMK2D siRNAs and overexpression plasmids. The
transfection specificity and efficiency are shown in Figure 6D, which
shows that CNN3 and CAMK2D expression was significantly
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 533
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Figure 3. CDR1as Functions as a ceRNA to Sequester miR-7-5p

(A) A schematic drawing showing the putative miRNAs associated with CDR1as. (B) GO and KEGG analysis of miR-7-5p, miR-135a-5p, miR-135b-5p, miR-432-5p, miR-

876-5p, and miR-3167. (C) HPASMCs were subjected to Hyp, and qPCR was used to detect the expression of miR-7-5p, miR-135a-5p, miR-135b-5p, miR-432-5p, miR-

876-5p, and miR-3167. **p < 0.01 compared with Nor. (D) The secondary structures of CDR1as and miR-7-5p. (E) The colocalization of CDR1as and miR-7-5p in the

cytoplasm of HPASMCs was observed by FISH assay. Scale bar, 25 mm. (F) Luciferase reporter assay for the luciferase activity of HPASMCs cotransfected with scrambled

miRNA (NC) and vector (VE)/CDR1as-wild-type (WT)/CDR1as-mutant (MUT)/complementary sequences of miR-7-5p (miR-7-5p-positive control [PC]) or miR-7-5p mimics

with VE/CDR1as-WT/CDR1as-MUT complementary sequences of miR-7-5p (miR-7-5p-PC). **p < 0.01 compared with NC + CDR1as-WT; ##p < 0.01 compared with NC +

miR-7-5p-PC. (G) The enrichment efficiency of the CDR1as-specific probe was detected by qRT-PCR. **p < 0.01. (H) The fold enrichment of miR-7-5p on the biotinylated

CDR1as-specific probe. **p < 0.01. All tests were performed at least three times, and the values are presented as the mean ± SEM.
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reduced by siRNAs and enhanced by overexpression plasmids. As ex-
pected, siCNN3 and siCAMK2D attenuated the hypoxia-induced up-
regulation of BMP2 expression and downregulation of SM22a
expression; in contrast, the opposite effect was observed after
CNN3 and CAMK2D overexpression (Figure 6E). Accordingly,
transfection with the siRNAs targeting CNN3 and CAMK2D
decreased the levels of ALP activity, whereas CNN3 and CAMK2D
overexpression increased ALP activity compared with that under
hypoxic conditions (Figure 6F). Furthermore, CNN3 and CAMK2D
knockdown and overexpression reduced and increased the hypoxia-
induced calcium accumulation, respectively (Figure 6G). These re-
sults suggest that CNN3 and CAMK2D might be critical drivers in
HPASMC osteogenic differentiation induced by hypoxia.

The CDR1as/miR-7/CNN3/CAMK2D Axis Plays a Role in

Hypoxia-Induced HPASMC Calcification

Finally, to clarify the link between CDR1as, miR-7-5p, CNN3, and
CAMK2D and calcification, we performed rescue experiments in
534 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
HPASMCs after exposure to hypoxia. As shown in Figure 7A, hypox-
ia-triggered HPASMCmineralization was decreased in the siCDR1as
and miR-7-5p agomir groups, whereas CNN3 and CAMK2D overex-
pression had the opposite effect. Similarly, we also found that the
expression of Runx2 was increased in cells transfected with CNN3-
and CAMK2D-overexpressing plasmids compared with those trans-
fected with siCDR1as or miR-7-5p agomir alone (Figure 7B).
Together, these data suggest that CDR1as mediates HPASMCminer-
alization via the miR-7/CNN3 and CAMK2D axis in hypoxia.

DISCUSSION
Emerging evidence suggests a link between chronic respiratory dis-
eases, including asthma, chronic obstructive pulmonary disease,
and obstructive sleep apnea, and accelerated calcification.13,27,28

Moreover, the combination of hypoxia and vascular calcification in
the established PH rat models was identified in our previous study.14

In this research, we confirmed that in HPASMCs, hypoxia treatment
promoted the expression of bone-related proteins (Runx2, MSX2,



Figure 4. miR-7-5p Regulates HPASMC Osteogenic Transition

(A) Representative images from sections stained with ARS. (B) Runx2 expression was detected by immunofluorescence staining. (C) ALP activity in the cells transfected with

NC or miR-7-5p mimics was measured. (D) The calcium content in calcified HPASMCs was assayed. (E) Western blot analysis of osteogenic markers in HPASMCs exposed

to Hyp with or without agomir. (F) Calcium deposition was determined after cotransfecting cells with siCDR1as and antagomir of miR-7-5p. (G) The expression level of Runx2

in HPASMCs of the indicated groups was determined by immunofluorescence assay. *p < 0.05, **p < 0.01 versus Nor + NC; #p < 0.05, ##p < 0.01 versus Hyp + NC. All tests

were performed at least three times, and the values are presented as the mean ± SEM.
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BMP2, and SOX9) during calcification. More importantly, in the cur-
rent study, we sought to characterize circRNAs involved in the regu-
lation of HPASMC calcification and homeostasis. We identified
CDR1as as an activator of HPASMC calcification, whose expression
was elicited by hypoxic conditions. We also confirmed that CDR1as
can function as a molecular sponge of miR-7-5p, which weakens
the inhibitory effect of the miRNA on its downstream target genes
CAMK2D and CNN3 to increase HPASMC mineralization in
hypoxia.

Increasing evidence suggests that circRNAs are abundantly expressed
and evolutionarily conserved across eukaryotic life and exert func-
tions in the occurrence and progression of various multiple dis-
eases.29,30 For example, circ-Foxo3 was shown to bind to the mouse
double minute 2 homolog and increase p53 stability and as a result
of this interaction, induce cell apoptosis.31 Shen et al.32 reported
that circ-SERPINE2 overexpression can alleviate human chondrocyte
apoptosis and promote anabolism of the extracellular matrix to regu-
late the pathological process of osteoarthritis. In inflammatory
phenotypic switching of VSMCs, circ-Sirt1 is involved in inhibiting
nuclear factor kB (NF-kB) activation by directly interacting with
SIRT1 and promoting its expression.33 In this study, we demonstrated
that CDR1as is an important circRNA that is upregulated in hypoxic
HPASMCs compared to normoxic HPASMCs and showed that high
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 535
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Figure 5. Verification of CAMK2D (CA) and CNN3 (CN) but Not CACNB4 and CACNG7 as Cognate Targets of miR-7-5p

(A) TargetScan-predicted binding sites of targets with miR-7-5p. (B) Effects of miR-7-5p on the expression levels of CACNB4, CACNG7, CAMK2D, and CNN3. *p < 0.05,

**p < 0.01 versus Nor + NC; #p < 0.05, ##p < 0.01 versus Hyp + NC. (C) Diagrammatic sketch of the binding sites for the WT and MUT binding sites of CAMK2D and CNN3

associated with miR-7-5p. (D) Luciferase reporter assay for the luciferase activity of HPASMCs cotransfected with scrambled miRNA (NC) and VE/CAMK2D and CNN3 30

UTR-WT/CAMK2D andCNN3 30 UTR-MUT/complementary sequences of miR-7-5p (miR-7-5p-PC) ormiR-7-5pmimics with VE/CAMK2D and CNN3 30 UTR-WT/CAMK2D

and CNN3 30 UTR-MUT/complementary sequences of miR-7-5p (miR-7-5p-PC). **p < 0.01 compared with NC +WT; ##p < 0.01 compared with NC +miR-7-5p-PC. (E and

F) HPASMCs were labeled with antibodies against CNN3 (E) and CAMK2D (F), and nuclei were stained with DAPI and merged to represent an overlay figure. Scale bars,

25 mm. All tests were performed at least three times, and the values are presented as the mean ± SEM.
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expression of CDR1as was positively correlated with cell calcification
in PH. We believe this is an important study to examine the role of
circRNA in hypoxia-induced HPASMC calcification in PH.

Although a large number of circRNAs have been identified as ceRNAs
that regulate miRNAs, recent studies have shown that circRNAs can
function as protein scaffolds, regulators of gene transcription, RNA-
binding proteins (RBPs), and templates for protein translation in
many different organisms, tissues, and cellular functions.34 For
example, Legnini et al.35 revealed that circ-ZNF609 contains an
open reading frame and is translated into a protein in a splicing-
dependent/cap-independent manner. In addition, intronic circRNA
generated from the AGO2 gene (circAGO2) physically interacts
with RBP human antigen R (HuR) by facilitating its competitive
enrichment in the 30 UTR of target genes, resulting in a reduction
in AGO2 binding and promotion of tumorigenesis.36 In addition,
536 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
epithelial splicing regulatory protein 1 (ESRP1), a splicing factor for
epithelial mesenchymal transformation progression, was identified
to target the flanking introns of circUHRF1 and accelerate its circu-
larization in oral squamous cell carcinoma.37 However, compared
to that of these circRNAs, the study of CDR1as is still in its prelimi-
nary stage. According to the CPC2.0 prediction, CDR1as has a com-
plete open reading frame, and the probability to encode the peptide is
58.3%; the length of the probable encoded peptide is 152 amino acids.
Further work will be required to understand whether CDR1as can
translate and interact with other functional RNAs or RBPs in
response to specific stimuli or signals.

The classic regulatory pathway of CDR1as, which acts as an miRNA
sponge, has been confirmed in many diseases. In obese patients with
diabetes, the CDR1as/miR-7 pathway was found to regulate insulin
content and secretion.38 In esophageal squamous cell carcinoma,



Figure 6. CNN3 and CAMK2D Are Targets of CDR1as, which Are Required for Osteogenic Transition

(A) The CNN3 and CAMK2D protein levels in the Hyp with the siCDR1as group were evidently downregulated compared with those in the Hyp with NC group. (B and C)

siCDR1as reduced the level of CNN3 (B) and CAMK2D (C) in HPASMC cells induced by Hyp, and this effect was reversed by cotransfecting cells with antagomir. Scale bars,

25 mm. (D) Verification of the effect of knockdown and overexpression on CNN3 and CAMK2D. We used siCAMK2D-3 and siCNN3-1 to knock down CAMK2D and CNN3 in

the subsequent experiments. (E) Effects of CNN3 and CAMK2D siRNA and overexpression plasmid transfection on the expression levels of SM22a and BMP2. (F) ALP

activity was assayed in siNC-, siCNN3-, siCAMK2D-, VE-, CNN3-, and CAMK2D-overexpressing plasmid-transfected HPASMCs. (G) Quantification of the calcium content in

Hyp-induced HPASMCs with or without silencing or overexpression of CNN3 and CAMK2D. *p < 0.05, **p < 0.01 compared with Nor + NC; #p < 0.05, ##p < 0.01 compared

with Hyp + NC; &p < 0.05, &&p < 0.01 compared with Nor + VE; $p < 0.05, $$p < 0.01 compared with Hyp + VE. All tests were performed at least three times, and the values

are presented as the mean ± SEM.
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CDR1as accelerates cancer progression by acting as a miR-876-5p
sponge to enhance melanoma antigen family A expression.39 In
ovarian and bladder cancer progression, CDR1as, acting as the
sponge of miR-135b-5p or miR-1270, functions as a tumor regu-
lator.40,41 Here, we observed that the expression of miR-7-5p was
downregulated in hypoxic conditions compared with the control con-
ditions, but miR-135a-5p, miR-135b-5p, miR-432-5p, miR-876-5p,
or miR-3167 were unaffected. Furthermore, hypoxia-induced
HPASMC mineralization was eliminated by miR-7-5p agomir treat-
ment and promoted by siCDR1as cotransfection with the miR-7-5p
antagomir, suggesting that the regulatory role of CDR1as in
HPASMC calcification is associated with the inhibition of miR-7-5p
function.

Althoughmany hsa-miR-7-5p target genes were predicted by bioinfor-
matics analysis, only some of them have been experimentally demon-
strated to be related to calcium signals; these include CACNB4,
CACNG7, CAMK2D, and CNN3. Our data showed that CAMK2D
and CNN3 are increased in response to hypoxia and are modulated
by miR-7-5p. Then, a luciferase reporter assay validated CAMK2D
andCNN3 as direct targets of miR-7-5p. Recent publications have indi-
cated the role of CAMK2D in heart failure and diabetes.42,43 Upregu-
lation of CAMK2Dkinases also led to activation of the NF-kB signaling
pathway, which protects neurons from ischemic damage.44 As amuscle
regulator, CNN3 has been shown to interact with calmodulin and
participate in neuronal remodeling and trophoblast cell fusion during
embryonic development and morphogenesis.45–47 In this study, ARS
staining and Runx2 immunofluorescence assays indicated that knock-
down of CDR1as and miR-7-5p agomir treatment inhibits hypoxia-
induced HPASMC mineralization and that these effects are reversed
by CAMK2D and CNN3 overexpression, respectively. As one of the
highlights of this study, our findings suggest that CAMK2D and
CNN3 play critical roles in CDR1as/miR-7-5p-induced HPASMC
calcification in hypoxic conditions.

In this study, we confirmed that CDR1as and its target genes
CAMK2D and CNN3 were overexpressed in hypoxic HPASMCs.
CDR1as promoted HPASMC mineralization by upregulating
CAMK2D and CNN3 expression by sponging miR-7-5p. Given the
importance of HPASMC calcification in the progression of hypoxic
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 537
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Figure 7. CDR1as/miR-7-5p Aggravates HPASMC Calcification via CNN3 and CAMK2D

(A) HPASMCs were incubated with CNN3- or CAMK2D-overexpressing plasmids with or without siCDR1as or miR-7-5p agomir, and calcium mineral deposits were as-

sessed. (B) Transfection of siCDR1as or miR-7-5p agomir decreased the Runx2 level in Hyp HPASMCs, whereas the opposite phenomenon was observed after CNN3 or

CAMK2D overexpression. Scale bars, 50 mm. All tests were performed at least three times.
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PH, our results indicate the importance of the CDR1as/miR-7-5p/
CAMK2D/CNN3 axis as a potential therapeutic target in human PH.

MATERIALS AND METHODS
Materials

The antibodies and reagents usedwere as follows: Runx2 (ab23981; Ab-
cam, MA, USA); MSX2 (M-70; sc-15396; Santa Cruz Biotechnology,
TX, USA); BMP2 (ab14933; Abcam, MA, USA), SOX9 (ab26414; Ab-
cam, MA, USA); SM22a (ab14106; Abcam, MA, USA), CACNB4
(17770-1-AP; Proteintech, IL, USA); CACNG7 (17862-1-AP; Protein-
tech, IL, USA); CAMK2D (20667-1-AP; Proteintech, IL, USA, and
ab52476; Abcam, MA, USA); CNN3 (11509-1-AP; Proteintech, IL,
USA); ARS (GMS80046; GENMED, Shanghai, PR China); and the
ALP Assay Kit (P0321; Beyotime, Shanghai, PR China).

Cell Culture

HPASMCs and smooth muscle cell medium were obtained from Sci-
encell (CA, USA; catalog #3110 and #1101). The HPASMCs were
plated in smooth muscle cell medium, which contained 15% fetal
bovine serum and 1% penicillin and streptomycin and were cultured
at 37�C with 5% CO2 in humidified conditions. Cells in hypoxic cul-
ture were incubated in a Tri-Gas Incubator (Heal Force, Shanghai, PR
China) with a gas mixture containing 92% N2-5% CO2-3% O2.

RNA-FISH

RNA-FISH was carried out according to the manufacturer’s instruc-
tions using fluorescence-conjugated probes and a FISH Kit supplied
538 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
by Genepharma (Shanghai, PR China). Briefly, cells were incubated
with hybridization solution overnight at 37�C in the dark containing
circ-CDR1as and miR-7-5p probes, and 18S RNA and U6 probes
were used as internal references. The nucleotide sequences of the
probes were as follows: circ-CDR1as, 50-ACAGGTGCCATCGGAA
ACCCTGGATATTGCAGACACTG-30; miR-7-5p, 50-AACAACAA
AATCACTAGTCTTCCA-30; 18S RNA, 50-CTTCCTTGGATGTGGT
AGCCGTTTC-30; U6, 50-TTTGCGTGTCATCCTTGCG-30.

Finally the RNA-FISH sections were incubated with 40,6-diamidino-
2-phenylindole (DAPI) for 10 min. Images were recorded with a
living cell workstation (AF6000; Leica, Germany).

Immunocytochemistry

HPASMCs were cultured on coverslips, and after treatment, cells
were washed with PBS and fixed with 4% paraformaldehyde at
room temperature. Then, the cells were permeabilized with 0.5%
Triton X-100 and blocked with 5% normal bovine serum at 37�C
for 30 min. HPASMCs were incubated with Runx2 antibody (1:50)
overnight. After washing with PBS, the cells were incubated with
Cy3-conjugated secondary antibody (1:100) followed by DAPI away
from light. Then, the coverslips were mounted and examined with
a living cell workstation (AF6000; Leica, Germany).

siRNA and Plasmid Construction

siRNAs were designed and synthesized by Genepharma (Shanghai,
PR China). Negative control siRNA (siNC) was used as a NC. The
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sequences were as follows, si-hsa-circ-CDR1as: sense, 50-GCAA
UAUCCAGGGUUUCCGTT-30, antisense, 50-CGGAAACCCUGGA
UAUUGCTT-30; si-NC: sense, 50-UUCUUCGAACGUGUCACG
UTT-30, antisense, 50-ACGUGACACGUUCGGAGAATT-30; si-
CAMK2D (gene ID: 817): sense, 50-GCACCCAUGGAUCUGUCAA
TT-30, antisense, 50-UUGACAGAUCCAUGGGUGCTT-30; si-CNN3
(gene ID: 1266): sense, 50-GCAGAUGGGCACUAAUAAATT-30,
antisense, 50-UUUAUUAGUGCCCAUCUGCTT-30; hsa-miR-7-5p
agomir (miRNA mimics): sense, 50-UGGAAGACUAGUGAUUUU-
GUUGUU-30, antisense, 50-CAACAAAAUCACUAGUCUUCCA
UU-30, hsa-miR-7-5p antagomir (antisense oligonucleotides): 50-AAC
AACAAAAUCACUAGUCUUCCA-30. The CAMK2D and CNN3
plasmids were constructed with the GV230 vector. The vector alone
was used as a NC. Transfection was implemented according to the
manufacturer’s instructions for the Lipofectamine 2000 Reagent (Life
Technologies, Carlsbad, CA). Cells were cultured to 50%–70% conflu-
ence, and 2–3 mg siRNA or plasmids and 10 mL transfection reagent
were diluted in serum-free Opti-MEM-1 medium. Next, we incubated
the mixture (siRNA/transfection reagent) for 20 min and then added it
directly to the cells. The transfection reagents were removed after 4–6 h,
and the cells were incubated for 24 h and then used as required.

Western Blot Analysis

Proteins were solubilized and extracted with cold lysis buffer contain-
ing protease inhibitor after sonication and centrifugation at 16,099 �
g for 15 min. The protein samples (20–40 mg) were fractionated by
SDS-PAGE (8%–12% polyacrylamide gels) and transferred onto
nitrocellulose membranes after incubation in a blocking buffer
(20 mM Tris, pH 7.6, 150 mM NaCl, and 0.1% Tween 20) containing
5% nonfat dry milk powder. Anti-MSX2 (1:500), anti-BMP2
(1:1,000), anti-SOX9 (1:1,000), anti-SM22a (1:1,000), anti-CACNB4
(1:500), anti-CACNG7 (1:500), anti-CAMK2D (1:500), anti-CNN3
(1:500), and anti-b-actin (1:8,000) were used as primary antibodies
and were incubated overnight at 4�C, followed by incubation with
appropriate horseradish peroxidase-conjugated secondary antibodies
and enhanced chemiluminescence reagents.

qRT-PCR

Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). cDNAwas synthesized from 2 mg of RNA using the Super-
Script First-Strand cDNA Synthesis Kit (Invitrogen). cDNA samples
were amplified in a DNA thermal cycler (Bio-Rad, CA, USA). Con-
ventional real-time PCR with SYBR Green (Takara, Tokyo, Japan)
was carried out with total RNA samples following the manufacturer’s
instructions. A Roche LightCycler 480 Instrument II was used for
real-time quantitative fluorescence analysis with a two-step method.
18S and U6 were used as the internal controls. Primer sequences
were as follows: hsa-miR-7-5p: forward (F), 50-ACGTTGGAAGACT
AGTGATTT-30, and reverse (R), 50-TATGGTTGTTCTGCTCTC
TGTCTC-30; hsa-miR-135a-5p: F, 50-TGCTGCTCTATGGCTTTTT
ATTC-30, and R, 50-TATGGTTGTTCACGACTCCTTCAC-30; hsa-
miR-135b-5p: F, 50-GCTGCTCTATGGCTTTTCATTC-30, and R,
50-TATGGTTGTTCACGACTCCTTCAC-30; hsa-miR-432-5p: F,
50-CTGCCGTTCTTGGAGTAGGTCA-30, and R, 50-CAGAGCAGG
GTCCGAGGTA-30; hsa-miR-876-5p: F, 50-GATGCTCTTGGATTT
CTTTGTGA-30, and R, 50-TATGGTTGTTCACGACTCCTTCAC-30;
hsa-miR-3167: F, 50-CCGTACCCAGGATTTCAGAAAT-30, and R,
50-TATGGTTGTTCACGACTCCTTCAC-30.

ARS Staining

ARS staining was performed as described previously.14 In brief,
HPASMCs were cultured with different treatments in pro-calcifying
media containing 2.5 mM inorganic phosphate for the induction of
calcification. After washing with PBS, the cells were fixed with 95%
ethanol for 10 min and stained with ARS dye (pH 4.2) at 37�C for
30 min. Excessive dye was removed by several washes in deionized
water.

ALP Activity

ALP activity in HPASMCs was assayed following the manufacturer’s
instructions (P0321; Beyotime, Shanghai, PR China). Briefly, ALP yel-
low liquid substrate was combined with protein samples and incu-
bated at 37�C for 30 min. Finally, after adding 100 mL stop solution,
the cleavage of 10 mM p-nitrophenyl phosphate (pNPP) at 405 nm
was measured. Values were normalized to the total protein level,
and the maximum slope of the kinetic curves was used for calculation.

Quantification of Calcium Deposition

Cells were washed three times with PBS and decalcified with 0.6 M
HCl. The calcium content of the HCl supernatants was determined
using the QuantiChrom calcium assay kit (QuantiChrom BioAssay
Systems, Hayward, CA, USA), according to the manufacturer’s rec-
ommendations. The total calcium content was measured with a spec-
trophotometer set at 612 nm. The protein content of the samples was
measured with a bicinchoninic acid (BCA) protein assay kit, and the
calcium content of the cells was normalized to the protein content and
expressed as micrograms per milligrams protein.

Dual-Luciferase Reporter Assays

circRNA-CDR1as, CAMK2D, and CNN3 mRNAs containing
miRNA binding sites were cloned into plasmids expressing luciferase
(Genepharma, Shanghai, PR China). Cells were cotransfected with
120 pmol miRNA mimics and 120 ng pmirGLO vector carrying the
desired fragment with Lipofectamine 2000 for 48 h. Luciferase activ-
ities were measured by the dual-luciferase reporter assay system
(Promega), according to its instructions.

RAP

The specific biotinylated probes that hybridized to CDR1as and the
control were synthesized by Genepharma (Shanghai, PR China).
The sequences were as follows: CDR1as probe, biotin-50-CAGGUGC-
CAUCGGAAACCCUGGAUAUUGCAGACACU-30, and control
probe, biotin-50-UUGUACUACACAAAAGUACUG-30. The experi-
ment was performed according to the protocol of the RAP kit
(Bes5103-1; BersinBio, Guangzhou, PR China). In brief, 4 � 107 cells
were washed and homogenized with a 0.4-mm syringe. After
removing DNA, the CDR1as-specific biotinylated probes were added
to the circRNA-RAP system and incubated for 2 h at room
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 539
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temperature before adding 200 mL streptavidin-coated magnetic
beads. After removing nonspecifically bound RNAs, qRT-PCR was
used to analyze miRNAs specifically interacting with CDR1as.

Statistical Analysis

All values are presented as the mean ± SEM. Statistical analysis was
performed using Student’s t test or one-way ANOVA, followed by
Tukey’s test where appropriate. A value of p <0.05 was considered sta-
tistically significant.
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