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Circular RNA circSmoc1-2 regulates vascular
calcification by acting as a miR-874-3p
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Vascular calcification (VC), or calcium deposition inside the
blood vessels, is common in patients with atherosclerosis, car-
diovascular disease, and chronic kidney disease. Although
several treatments are available to reduce calcification, the inci-
dence of VC continues to rise. Recently, there have been several
reports describing the regulation of circular RNAs (circRNAs)
in various diseases. However, the role of circRNAs in VC has
not yet been fully explored. Here, we investigated the function
of circSmoc1-2, one of the circRNAs generated from the Smoc1
gene, which is downregulated in response to VC. CircSmoc1-2
is localized primarily to the cytoplasm and is resistant to
exonuclease digestion. Inhibition of circSmoc1-2 worsens
VC, while overexpression of circSmoc1-2 reduces VC, suggest-
ing that circSmoc1-2 can prevent calcification. We went on to
investigate the mechanism of circSmoc1-2 as a microRNA
sponge and noted that miR-874-3p, the predicted target of
circSmoc1-2, promotes VC, while overexpression of circS-
moc1-2 reduces VC by suppressing miR-874-3p. Additionally,
we identified the potential mRNA target of miR-874-3p as
Adam19. In conclusion, we revealed that the circSmoc1-2/
miR-874-3p/Adam19 axis regulates VC, suggesting that circS-
moc1-2 may be a novel therapeutic target in the treatment of
VC.

INTRODUCTION
Vascular calcification (VC) is the accumulation of calcium phosphate
inside blood vessels. VC is known to be an independent risk factor of
cardiovascular diseases (CVDs)1 and results in vessel stiffness, which
can ultimately lead to cardiac hypertrophy and ischemia.2 Although
several therapies used in patients with osteoporosis and chronic kid-
ney disease (CKD) have been shown to be effective in the control of
Molecular The
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VC,3 the prevalence of VC continues to increase.4–6 Thus, it is neces-
sary to investigate novel therapeutic targets for the treatment of pa-
tients with VC.

Recently, non-coding RNAs (ncRNAs) including microRNAs (miR-
NAs), long non-coding RNAs (lncRNA), and circular RNAs (circR-
NAs) have been reported to regulate diverse diseases.7–10 Most
ncRNAs have low protein-coding potential, but they play important
roles in various biological processes.7 However, although coding
RNAs have been extensively evaluated, relatively little is known about
the roles of ncRNAs. miRNAs are small ncRNAs with an average
length of 23 nt that bind to the 30 untranslated region of messenger
RNAs (mRNAs), inhibiting their translation and upregulating their
degradation.7 LncRNAs are ncRNAs of more than 200 nt in length
with a very diverse pool of functions, most of which are determined
by their cellular localization. LncRNAs localized to the nucleus may
directly regulate transcription, while lncRNAs localized in the cyto-
plasm can act as miRNA sponges.11 CircRNAs are produced primar-
ily by back-splicing when the 30 end of the downstream exon binds to
the 50 end of the upstream exon, generating ncRNAs with a circular
structure. Because circRNAs do not contain 50 or 30 ends, they are
not easily digested by the exonucleases known to degrade linear
RNAs.12 CircRNAs can also act as miRNA sponges and
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transcriptional or post-transcriptional regulators.13–15 Some circR-
NAs may interact with proteins15 or be involved in translation.16,17

Although various mechanisms of action have been reported for circR-
NAs, the molecular mechanism underlying their role as miRNA
sponges is best understood,18 as this seems to be the major function
of cytoplasmic circRNAs.19

Our research group has focused on evaluating the various regulatory
functions of ncRNAs in VC. We previously reported several studies
describing a number of ncRNAs involved in VC.20 ncRNAs can func-
tion as both positive and negative regulators of VC.21 We recently re-
ported that miR-134-5p induces VC by suppressing histone deacety-
lase 5,22 and miR-27a-3p targets ATF3 to inhibit VC in vascular
smooth muscle cells (VSMCs).23 In addition, we found that the
lncRNA Lrrc75a-as1 works as a negative mediator of VC and inhibits
osteoblast-related factors.24 Moreover, we revealed that circSamd4a
has an anti-calcification effect and acts as amiRNA sponge, regulating
Camsap2 and Flna.25 During this study of characterization of circR-
NAs in VC, we noticed that circSmoc1-2 was significantly downregu-
lated following the induction of VC.25 As the role of circSmoc1-2 has
not been reported in any other studies, we decided to investigate the
function and mechanism of this novel circRNA.

RESULTS
Characterization of circSmoc1-2 in vascular smooth muscle

cells

We previously identified two VC-associated circRNAs generated
from the Smoc1 gene, circSmoc1-1 and circSmoc1-2.25 In the present
study, we went on to evaluate the role of circSmoc1-2 as one of the
circRNAs known to be downregulated in response to VC.25 CircS-
moc1-2 comprises four exons, namely, exons 4–7, of the Smoc1
gene. The back-splicing junction for circSmoc1-2 was confirmed us-
ing Sanger sequencing, which is indicated by an arrow in Figure 1A.
To confirm the differential expression of circSmoc1-2 under different
conditions, we designed a set of divergent primers targeting the exons
where back-splicing occurs (Figure 1B). CircSmoc1-2 was downregu-
lated after the induction of VC (Figure 1C), as previously shown in
RNA sequencing (RNA-seq) data.25 To verify the circular structure,
total RNA was treated with RNase R exonuclease. CircSmoc1-2 was
shown to be resistant to RNase R digestion, while the Smoc1
mRNA transcript was completely degraded (Figure 1D). We went
on to investigate the subcellular localization of circSmoc1-2 and
found that circSmoc1-2 resides mainly in the cytoplasm (Figure 1E).

CircSmoc1-2 inhibits VC

To conduct the functional study of circRNA, circSmoc1-2 was
silenced using small interfering RNAs (siRNAs) (Figure 2A). As
Figure 1. Characterization of circSmoc1-2 in rat vascular smooth muscle cells

(A) CircRNAs generated from Smoc1. (B) Construction of circSmoc1-2 primers arou

expression. (C) Verification of circSmoc1-2 expression following VC induction by RT-P

VSMCs were treated with 2 mM Pi for 6 h, 3 days, or 6 days. (D) Confirmation of circSmo

while circRNA is not. (E) Subcellular localization of circSmoc1-2 (n = 3). Pre-Gapdh and G

Data represent mean ± SEM. Statistical significance was determined using Student’s t
circSmoc1-2 is found predominately in the cytoplasm (Figure 1E),
where RNA interference-mediated gene silencing is effective, we de-
signed two siRNAs to suppress circSmoc1-2 expression by binding
to its splicing junction (Figure 2A). CircSmoc1-2 expression was
markedly inhibited by these siRNAs, but there was no significant ef-
fect on Smoc1 mRNA expression (Figure 2B). Expression of circS-
moc1-2 was confirmed using the divergent primers, while Smoc1
mRNA expression was verified using the convergent primers (Fig-
ure 2A). These siRNAs were then applied in the calcium assay, which
revealed that inhibition of circSmoc1-2 increased calcium deposition
(Figure 2C). The effect of silencing circSmoc1-2 was further
confirmed using Alizarin red S (ARS) staining, which showed that
calcium deposition increased in response to decreased circSmoc1-2
expression (Figure 2D). Given the results of calcium assay on the
circSmoc1-2 inhibition, we went on to evaluate the effect of circS-
moc1-2 overexpression. The circSmoc1-2 overexpression vector was
created using a Laccase2 MCS Exon vector26 backbone, which circu-
larizes any inserted sequence. Transfection with this vector clearly up-
regulated circSmoc1-2 expression compared with the control (Fig-
ure 2E). Overexpression of circSmoc1-2 was confirmed using
Sanger sequencing. The effects of this overexpression were then eval-
uated using the calcium assays and ARS staining assays. These assays
revealed that the overexpression of circSmoc1-2 significantly reduces
calcium deposition (Figures 2F and 2G). Taken together these results
suggest that regulation of circSmoc1-2 affects VC.

CircSmoc1-2 acts as a sponge for miR-874-3p

As circSmoc1-2 is localized to the cytoplasm, we hypothesized that
circSmoc1-2 may function as miRNA sponges. We used bioinformat-
ics databases, miRDB,27 and miRNA_targets28 to produce a list of po-
tential miRNA partners for circSmoc1-2. Then we narrowed this list
by evaluating the expression of these miRNAs in a microRNA micro-
array assay and identified those miRNAs exhibiting a negative corre-
lation with circSmoc1-2 and significant differential expression in
response to VC induction (see Materials and methods for more de-
tails) (Figure 3A). This analysis allowed us to identify miR-874-3p,
which had a highly complement sequence in circSmoc1-2 at its
seed region (Figure 3B). miR-874-3p was significantly upregulated
following the induction of VC according to miRNA microarray
(GEO: GSE130486)23 (Figure 3C), and this expression profile was
confirmed using quantitative real-time polymerase chain reaction
(PCR) (Figure 3D). Furthermore, the regulatory relationship between
circSmoc1-2 and miR-874-3p was evaluated using a calcium assay.
The addition of a miR-874-3p mimic promoted calcium deposition,
while circSmoc1-2 overexpression in the presence of the miR-874-
3p mimic reduced calcium accumulation (Figures 3E and S1A). In
addition, the inhibition of circSmoc1-2 induced calcium deposition,
(VSMCs)

nd the splicing junction. Divergent primers were designed to detect circSmoc1-2

CR (n = 3). Expression of circSmoc1-2 was normalized against Gapdh. Primary rat

c1-2 structure using RNase R digestion (n = 3). Linear RNA is degraded by RNase R,

apdh were used as controls for the nuclear and cytoplasmic fractions, respectively.

test (*p % 0.05, **p % 0.01, and ***p %0.001).
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Figure 2. Inhibitory role of circSmoc1-2 in vascular

calcification (VC)

(A) Construction of the siRNA and PCR primers. Two sets

of siRNAs were designed against the splicing junction of

circSmoc1-2. Divergent primers were then used to verify

the expression of circSmoc1-2, while convergent primers

were used to confirm the expression of Smoc1mRNA. (B)

Verification of circSmoc1-2 by knockdown using semi-

quantitative RT-PCR (n = 3). CircSmoc1-2 and Smoc1

expression were both normalized against Gapdh. (C)

Calcium concentration (mg Ca/mg protein) following

circSmoc1-2 knockdown (n = 3). A10 cells were then

treated with 2 mM inorganic phosphate (Pi) and cultured

for an additional 3 days following transfection. (D) Alizarin

red S (ARS) staining (mM) following circSmoc1-2 knock-

down (n = 3). Representative images of ARS staining in

each group are shown. The sicircSmoc1-2_1was used to

inhibit circSmoc1-2, and the cells were then treated with

4 mM Pi for an additional 3 days after transfection. (E)

Validation of circSmoc1-2 overexpression (n = 3). The red

asterisk denotes the endogenous circRNA band. Mock

vector (MV) indicates the addition of the Laccase2 vector

without an insert, while circSmoc1-2 refers to the circS-

moc1-2 overexpression vector that includes a circS-

moc1-2 sequence within the Laccase2 vector. (F) Cal-

cium concentrations (mg Ca/mg protein) after

circSmoc1-2 overexpression (n = 3). Cells were treated

with 2 mM Pi for an additional 3 days following trans-

fection. (G) ARS staining (mM) after circSmoc1-2 over-

expression (n = 3). Transfected cells were also treated

with 4 mM Pi and cultured for an additional 3 days prior to

evaluation. Data represent mean ± SEM. Statistical sig-

nificance was determined using Student’s t test (p %

0.05, **p % 0.01, and ***p %0.001).
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while the addition of a miR-874-3p inhibitor with a circSmoc1-2
siRNA reduced calcium deposition (Figure 3F). These results suggest
that circSmoc1-2 functions as a miR-874-3p sponge during VC.

The circSmoc1-2/miR-874-3p/Adam19 axis regulates VC

As we were able to establish that circSmoc1-2 functions as a miR-874-
3p sponge, we went on to identify the mRNA target of miR-874-3p.
We first produced a list of potential mRNA targets using bioinformat-
ics databases, namely, miRDB27 and TargetScan,28 and then narrowed
648 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
this list by evaluating RNA-seq data from the
previous experiment.25 This allowed us to nar-
row the list to mRNAs that negatively correlate
with miR-874-3p expression and undergo a sig-
nificant change following VC (see Materials and
methods for more details) (Figure 4A). This
analysis revealed several potential transcripts,
but only Adam19 (a disintegrin andmetallopro-
teinase domain 19) fulfilled all of the above
selection criteria and included a miR-874-3p
binding sequence (Figure 4B). RNA-seq data
show that Adam19 is significantly downregu-
lated following the induction of VC (Figure 4C),
and this expression pattern was confirmed using quantitative real-time
PCR (Figure 4D). Next, we investigated whether miR-874-3p directly
targets Adam19 in VSMCs using a quantitative real-time PCR and
found that the addition of miR-874-3p significantly inhibited
Adam19 expression (Figure 4E). In addition, the role of Adam19 in
VC was examined using the calcium assay. Calcium deposition
increased following the suppression of Adam19, while the overexpres-
sion of circSmoc1-2 reduced this effect (Figures 4F and S1B). More-
over, we also verified the protein level of Adam19, SMA (smooth
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B Figure 3. circSmoc1-2 acts as a microRNA (miRNA)

sponge

(A) Schematic describing the identification of miRNA tar-

gets for circSmoc1-2. (B) miR-874-3p recognition sites

within circSmoc1-2. (C) Expression of miR-874-3p as

evaluated by miRNA microarray. Rat VSMC samples

were collected at days 3 or 6 after Pi treatment, and

miRNA microarrays were performed using these samples

(GEO: GSE130486). (D) Verification of miR-874-3p

expression using quantitative real-time PCR (n = 4). (E)

Calcium concentrations (mg Ca/mg protein) after intro-

ducing miR-874-3p in A10 cells (n = 4). (F) Calcium

concentration (mg Ca/mg protein) after adding an miR-

874-3p inhibitor in A10 cells (n = 3). Cells were treated

with 4 mM inorganic phosphate (Pi) and cultured for

2 days following each transfection. Data represent

mean ± SEM. Statistical significance was determined

using Student’s t test (*p% 0.05, **p% 0.01, and ***p%

0.001).
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muscle actin), Col1a1 (collagen type I alpha 1), and Alpl (alkaline
phosphatase, tissue-nonspecific isozyme), which further supported re-
sults of mRNA level and calcium assay. The calcification marker Alpl
was upregulated along with Col1a1 after the suppression of circS-
moc1-2 in VSMCs with VC. On the contrary, the protein level of
Adam19 and SMA were reduced after inhibition of circSmoc1-2 (Fig-
ure S2). The regulatory axis of circSmoc1-2/miR-874-3p/Adam19 was
further validated in two in vivo VC models such as the CVD model
with VC (Figure S1C) and vitamin D3-administered mice model (Fig-
ure 5). Although the expression of circSmoc1-2 and Adam19 was
reduced, expression of miR-874-3p was upregulated in these in vivo
VC models (Figures 5 and S1C). Taken together these data reveal
the circSmoc1-2/miR-874-3p/Adam19 axis, the novel regulatory ac-
cess that contributes to VC (Figure 6).

DISCUSSION
Although circRNAs have recently been evaluated in several diseases,
there have been no previous reports describing the role of circSmoc1-
2. This is the first study to evaluate the function of circSmoc1-2 in VC,
Molecular Th
and our key finding is that circSmoc1-2 acts as a
negative regulator of VC by functioning as a
miR-874-3p sponge and indirectly regulating
Adam19 (Figure 5).

CircSmoc1-2, a circRNA produced from the
Smoc1 gene (Figure 1A), is known to be down-
regulated in response to VC (Figure 1C). It is
RNase R resistant and localizes primarily to
the cytoplasm (Figures 1D and 1E), demon-
strating the general characteristics of most
circRNAs.29 Upregulation of circSmoc1-2 de-
creases calcium deposition (Figures 2F and
2G), suggesting that circSmoc1-2 plays an
anti-calcification role in VC. As VC is
commonly found in patients with CKD or CVD, it is important to un-
derstand the underlying mechanisms regulating its severity and onset,
as this may reveal a new therapeutic target. Because circSmoc1-2 reg-
ulates VC, it could be a novel target in the treatment of VC.Moreover,
circSmoc1-2 is conserved in the human, mouse, and rat genomes
(Figure S3A), and its expression in human coronary artery smooth
muscle cells (HCASMCs) has been verified (Figure S3B). Thus, circS-
moc1-2 could be studied in other animals and humans. Importantly,
the function of the circSmoc1-2/miR-874-3p/Adam19 axis needs to
be investigated in other cell types within vasculature and adverse ef-
fects of circSmoc1-2 should be tested before considering its clinical
use as a diagnostic biomarker or therapeutic agent. In addition, circS-
moc1-2 was found to be expressed in other cell types in liver, lung,
and brain30,31 (Table S1). Therefore, the role of circSmoc1-2 in other
organs can be further explored.

Because cytoplasmic circRNAs have been reported to function as
miRNA sponges,13,32,33 we decided to investigate the potential
action of circSmoc1-2 as a miRNA suppressor. We predicted that
erapy: Nucleic Acids Vol. 27 March 2022 649
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B Figure 4. miR-874-3p targets Adam19 during

vascular calcification (VC)

(A) Schematic describing the identification of mRNA tar-

gets for miR-874-3p. (B) miR-874-3p/Adam19 binding

sites. (C) The expression level of Adam19 in RNA-seq. (D)

Verification of Adam19 expression using qualitative real-

time PCR (n = 4). (E) Expression of Adam19 after adding a

miR-873-3p mimic with or without Pi treatment. Cells

were treated with 4 mM inorganic phosphate (Pi) for

2 days post-transfection. (F) Calcium concentration (mg

Ca/mg protein) after Adam19 inhibition (n = 4). Cells were

treated with 4 mM Pi and then cultured for an additional

2 days post-transfection. Data represent mean ± SEM.

Statistical significance was determined using Student’s t

test (*p % 0.05, **p % 0.01, and ***p %0.001).
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miR-874-3p is a likely target of circSmoc1-2, as its expression
increased following the induction of VC, demonstrating an inverse
relationship with circSmoc1-2 expression. Their interaction was
further supported by the presence of a complementary binding site
in both RNA transcripts (Figure 3B), and circSmoc1-2 sequestration
of miR-874-3p was confirmed using the VC model (Figures 3E and
3F). A miR-874-3p mimic induced VC, while circSmoc1-2 inhibited
VC (Figure 3E). Likewise, inhibition of circSmoc1-2 promoted VC,
while the addition of a miR-874-3p inhibitor suppressed VC (Fig-
ure 3F). Previously, miR-874-3p has been studied in various types
of cancer,34–36 stroke,37 and spinal degenerative disease.38 However,
the role of miR-874-3p in VC has not been established and this is
the first study to show that miR-874-3p promotes VC.

We then went on to identify the target mRNA of miR-874-3p using
bioinformatics databases and RNA-seq data25 (Figure 4A).
Adam19, which demonstrated a similar expression pattern to circS-
moc1-2 and included miR-874-3p binding sites, was predicted as a
target of miR-874-3p (Figures 4B–4D). Overexpression of miR-874-
650 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
3p inhibited Adam19, verifying that miR-874-
3p inhibits Adam19 expression in VC (Fig-
ure 4E). Finally, the relationship between circS-
moc1-2 and Adam19 was evaluated using the
calcium assay. Suppression of Adam19
increased VC, while overexpression of circS-
moc1-2 reduced VC (Figure 4F). Thus, we iden-
tified that the circSmoc1-2/miR-874-3p/
Adam19 axis is involved in VC pathogenesis
(Figure 5). Previously, Adam19 has been stud-
ied in diverse diseases, such as congenital heart
disease39,40 and cancer.41,42 Interestingly, miR-
874-3p was reported to target Adam19 in naso-
pharyngeal carcinoma.43 However, there have
been no reports linking Adam19 to VC, sug-
gesting that this is the first study to identify
the value of Adam19 in VC pathogenesis.

Although our evaluations revealed that circS-

moc1-2 acts as a miRNA sponge in VC, there may be other roles
for this circRNA that should be evaluated in the future. As very few
circRNAs have been reported to encode any kind of protein,16 the
protein-coding potential of circSmoc1-2 was assessed using a bioin-
formatics database, circDb,44 and was found to be low (Table S2);
therefore, it is unlikely that circSmoc1-2 translates into any protein
products. Our previous study also demonstrated that circRNA and
its host gene, Smoc1, exhibit a positive correlation in their expres-
sion.25 Therefore, further studies should be performed to assess circS-
moc1-2 as a transcriptional regulator. In addition, several circRNAs
were reported to interact with proteins or act as protein sponges.15

Thus, the potential of circSmoc1-2 interacting with proteins can be
investigated.

ncRNAs have emerged as novel therapeutic targets for various dis-
eases. They can regulate cellular pathways and modulate diverse dis-
eases. Accumulating evidence suggests that RNA therapeutics can act
as novel therapies in previously untreatable diseases.45 Here, we re-
vealed that circSmoc1-2 inhibits VC and functions as a miR-874-3p
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Figure 5. Histological examination of circSmoc1-2, miR-874-3p, and

Adam19 in mouse aorta with vitamin D3-induced vascular calcification (VC)

(A and B) Expression of (A) circSmoc1-2 and (B)miR-874-3p inmouse aortas with or

without vitamin D3 treatment for 6 days detected by in situ hybridization. circSmoc1-

2 expression was identified using circSmoc1-2 probe specifically targeting the

splicing junction of circSmoc1-2. Each red dot represents the single circSmoc1-2

transcript. Expression of circSmoc1-2 was downregulated in vitamin D3-treated

mouse aorta. miR-874-3p expression was detected using 50-digoxigenin (DIG) and

30-DIG-labeled miR-874-3p probe and shown as dark blue. miR-874-3p signals

were upregulated in vitamin D3-treated mouse aorta. (C and D) Expression of (C)

Adam19 and (D) smooth muscle actin in mouse aortas with or without vitamin D3

treatment for 6 days detected by fluorescent immunohistochemistry. Expression of

Adam19 (red) and smooth muscle actin (green) was detected using anti-Adam19

antibody and anti-smooth muscle actin antibody, respectively. Expression of

Adam19 and smooth muscle actin was downregulated in vitamin D3-treated mouse

aorta.
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sponge modulating Adam19 expression. As there is no approved
therapy for the treatment of VC, researchers should consider evalu-
ating circSmoc1-2 as a novel therapeutic target for combating VC.

MATERIALS AND METHODS
Cell culture

VSMCs were isolated from 6-week-old male Sprague-Dawley rats and
grown in 100 mm dishes (Eppendorf) with Dulbecco’s modified ea-
gle’s medium (DMEM) (LM001-05; Welgene) and 10% Hyclone fetal
bovine serum (FBS) (GEHealthcare Life Sciences) up to passages 2–7.
The rat VSMC cell line, A10 (CRL-1476; ATCC), was cultured in
DMEM (LM001-05) with 10% FBS (Welgene). Human coronary ar-
tery smooth muscle cells (SMCs) were grown in medium 231 and
SMC growth or differentiation supplement and were used at passages
4–8. The animal experiment was conducted following the National
Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals (NIH Publication No. 8023, revised 1978). All animal experi-
ment protocols were reviewed and approved by the Chonnam Na-
tional University Medical School Research Institutional Animal
Care and Use Committee.

Cellular models of VC and RNA isolation

The in vitro induction of VCwas completed as previously described.25

Primary rat VSMCs were treated with 2 mM inorganic phosphate (Pi)
for 6 h, 3 days, or 6 days to induce VC. Total RNA from each of these
four time points was then extracted using the TRIzol reagent (Thermo
Fisher Scientific) as described in the manufacturer’s instruction, and
residual DNA was removed following DNase I (Takara) treatment.

RNase R treatment

We confirmed the circular structure of circSmoc1-2 using RNase R
and 10� RNase R buffer (Epicentre). Although experimental samples
were treated with RNase R, control samples were treated only with
10� RNase R buffer. The RNase R treatment was conducted at
37�C for 20 min and then inactivated at 95�C for 3 min.

Cell fractionation

Cell fractionation was completed using the protocol described in our
previous publication.25 In brief, A10 cells were washed twice with
phosphate-buffered saline (PBS) and then removed from their
100 mm dish. The cells were pelleted and then resuspended in cool
lysis buffer (20 mM HEPES, pH 7.4, 250 mM sucrose, 1 mM
EDTA, 1 mM DTT) and then placed on ice for 25 min before adding
10% NP which was allowed to react for another 2 min on ice. These
samples were then centrifuged at 2,000 � g and 4�C for 20 min, the
cytoplasmic fraction was collected by centrifugation at 18,000 � g
and 4�C for 20 min. The cell pellets containing the nuclear fraction
were mixed with K100 buffer D (100 mM KCl, 20 mM Tris at pH
8.0, 0.2 mM EDTA) and centrifuged again at 10,000 rpm for 5 min
at 4�C.

cDNA synthesis and PCR

Total RNA from A10 cells, HCASMCs, and mouse aortas from ApoE
knockout (KO) mice was converted to cDNA and applied in the
reverse transcriptase polymerase chain reaction (RT-PCR). Each
RNA sample was mixed with 1 mL random hexamer (Thermo Fisher
Scientific) and 1 mL RevertAid reverse transcriptase to produce cDNA
and then used as a template in the semi-quantitative PCR to assess the
expression levels of circRNA or mRNA. For miRNA cDNA synthesis,
TaqMan AdvancedmiRNA assay (Applied Biosystems) or miScript II
RT Kit (Qiagen) was used. Expression levels of circRNAs were eval-
uated using ImageJ (http://imagej.nih.gov/ij/)46 and normalized
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 651
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Figure 6. Schematic representation of the circSmoc1-2/miR-874-3p/

Adam19 regulatory axis in vascular calcification (VC)

CircSmoc1-2 is a circRNA generated from the Smoc1 locus via back-splicing.

CircSmoc1-2 functions as an inhibitor of VC and acts as a miR-874-3p sponge

regulating Adam19.
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against Gapdh. Quantitative real-time PCR was used to evaluate the
relative mRNA expression of various targets and was completed using
a Power Sybr Green Master Mix (Applied Biosystems) or QuantiTect
SYBR Green PCR kit (Qiagen) in a Rotor-Gene Q (Qiagen). The
expression levels for the quantitative real-time PCR evaluations
were normalized against 18S rRNA (4332641; Applied Biosystems),
b-actin, or U6 (MS00033740; Qiagen) using the 2�DCt method.
Expression of miR-874-3p was detected using miR-874-3p primer
purchased fromApplied Biosystems or Qiagen. The primer sequences
are summarized in Table S3.
circSmoc1-2 cloning

The full circSmoc1-2 sequence was cloned into a pcDNA3.1(+) Lac-
case2 MCS exon vector,26 a gift from Jeremy Wilusz (Addgene
plasmid #69893), to facilitate circSmoc1-2 overexpression. The
primer sequences used to amplify circSmoc1-2 are provided in Table
652 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
S3. After cloning, the sequence of the circSmoc1-2 overexpression
vector was verified using Sanger sequencing.

Design of siRNAs, miRNA mimics, and miRNA inhibitors

The small interfering RNAs against circSmoc1-2 were produced using
two different tools, the siDesign center from Horizon Discovery
(https://horizondiscovery.com/design-center/) and the i-Score desi-
gner (https://www.med.nagoya-u.ac.jp/neurogenetics/i_Score/i_score.
html).47 The siRNAs against circSmoc1-2 were designed to target the
splicing junction, and siRNA against Adam19 mRNA for humans
was constructed to base pair with exons within Adam19. These de-
signed siRNAs were synthesized by Bioneer. The predesigned
Adam19 siRNA for rat species, negative control siRNA, miR-874-3p
mimic, and control miRNAwere purchased from Bioneer. In addition,
both the miR-874-3p inhibitor and negative miRNA inhibitor control
were purchased from Qiagen.

Transfection

A total of 3.5� 105 A10 cells were seeded in 60mmdishes and used to
evaluate circSmoc1-2 overexpression. Following seeding, 2.5 mg of
Laccase2 vector, with or without the circSmoc1-2 insert, was trans-
fected into the A10 cells using Lipofectamine 3000 (Invitrogen).
Additionally, 2 � 105 A10 cells were seeded for suppression of cirS-
moc1-2 in 60 mm dishes. After overnight incubation, these cells
were transfected with 30 nM of each siRNA construct using Lipofect-
amine 3000. Negative control siRNAs were purchased from Bioneer,
and the siRNA sequences are provided in Table S3. Furthermore, A10
cells were seeded in 60 mm dishes and transfected with 10 nM miR-
874-3p mimic or control miRNA using Lipofectamine RNAiMAX af-
ter the cell reached 80% confluence to assess the expression change of
Adam19 after 4 mM Pi treatment for 2 days.

Calcium assay

Calcium deposition was evaluated in A10 cells and HCASMCs grown
in 24-well plates.When cells reached about 40% confluence, these cells
were transfected with 0.25 mg of the Laccase2 vector encoding circS-
moc1-2 or 30 nM circSmoc1-2 siRNAs to evaluate the effects of circS-
moc1-2 overexpression or inhibition, respectively. To assess the effect
of miR-874-3p in VC, A10 cells andHCASMCs were grown in 24-well
plates and then co-transfected with 30 nM miR-874-3p mimic and
0.25 mg of the Laccase2 vector with circSmoc1-2. This was also vali-
dated by co-transfecting cells with 10 nM miR-874-3p inhibitor and
10 nM circSmoc1-2 siRNA in A10 cells. Additionally, to evaluate the
role of Adam19 mRNA in VC, A10 cells and HCASMCs were grown
in 24-well plates and then co-transfected with 30 nM Adam19 siRNA
and 0.25 mg of the Laccase2 vector expressing circSmoc1-2.

Following transfection, these cells were treated with 2–5mM Pi for 1–
3 days to induce VC. After the cells were washed with 1� phosphate-
buffered saline, cells were decalcified using 0.6 mol/L HCl incubated
at 4�C for 1 day. These cells were then evaluated using a Quanti-
Chrom calcium assay kit (BioAssay Systems), and the calcium con-
centration was normalized against the protein concentration for
each experiment.

https://horizondiscovery.com/design-center/
https://www.med.nagoya-u.ac.jp/neurogenetics/i_Score/i_score.html
https://www.med.nagoya-u.ac.jp/neurogenetics/i_Score/i_score.html
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ARS staining and quantification

We verified the effects of both circSmoc1-2 knockdown and overex-
pression using A10 cells cultured in 24-well plates. Cells with 40%
confluence were transfected with either 30 nM siRNA or 0.25 mg over-
expression vector. After 1 day, cells were treated with 4 mM Pi for
3 days. The cells were washed in PBS, fixed in 10% formalin for 1
h, washed three times with deionized water, and air-dried. These sam-
ples were then treated with 40 mM ARS solution (pH 4.2) (Sigma-Al-
drich) and kept at 20�C–25�C. Then the ARS solution was removed,
and samples were washed using PBS and deionized water. ARS stain-
ing was then quantified by dissolving the ARS precipitate in 10%
cetylpyridinium chloride (Sigma-Aldrich) and evaluating the absor-
bance of this solution at 562 nm using a microplate spectrophotom-
eter (BioTek).

miRNA predictions

Bioinformatics databases, including miRDB27 and miRNA_targets,28

were used to identify the miRNA targets of circSmoc1-2. The expres-
sion of these miRNAs was retrieved from bioinformatics databases
cataloging miRNA microarray from rat VSMCs with Pi treatment
for 3 or 6 days23 (GEO: GSE130486). These target miRNA sequences
were further filtered using the following criteria: average expression
level R 100, 4-fold change on day 6 of Pi treatment, and miRNA
seed region similarities. This evaluation identified miR-874-3p as
the most likely target for cirSmoc1-2.

mRNA prediction

mRNA targets of miR-874-3p were identified using several bioinfor-
matics databases, including miRDB27 and TargetScan.48 The expres-
sion values for each of the potential target mRNAs were determined
using the RNA-seq data from rat VSMCs following Pi treatment for 3
or 6 days.25 These target mRNA candidates were then further vali-
dated using the following criteria: average expression level R 1,000,
4-fold change in expression on day 6 of Pi treatment, and a high de-
gree of sequence similarity to the miRNA seed region. This selection
process revealed that Adam19 shared a positive correlation with
circSmoc1-2 and included a binding sequence for miR-874-3p, mak-
ing this the obvious choice for our evaluations.

Western blot

Either negative control siRNA or circSmoc1-2 siRNA was transfected
into A10 cells. On the next day, 2 mM Pi was added to cells for 3 days.
Cells were treated with RIPA buffer (Translab) and were collected by
scrapper. After protein quantification using the Pierce BCA Assay kit
(Thermo Fisher Scientific), 13 mg proteins were loaded into 8%–10%
SDS-polyacrylamide gel and separated. Then proteins were trans-
ferred to polyvinylidene difluoride membrane (Millipore) after meth-
anol activation. After blocking with 5% skim milk (BD Biosciences)
and washing with 1� TBS-T (Tris-buffered saline, 0.1% Tween 20)
three times, membranes were incubated overnight at 4�C with pri-
mary antibodies. Primary antibodies were anti-Alpl antibody
(11187-1-Ap; Proteintech), anti-Adam19 antibody (NBP1-69364;
Novus Biologicals), anti-SMA antibody (sc-53015; Santa Cruz
Biotechnology), anti-b tubulin antibody (sc-9935; Santa Cruz
Biotechnology) with a 1:1,000 dilution, and anti-collagen type I
(ab34710, Abcam) with a 1:4,000 dilution. An anti-SMA antibody
was used to detect a-SMA expression. Then membranes were washed
three times with 1� TBS-T and were incubated with secondary anti-
bodies at room temperature (RT) for 1 h. Secondary antibodies were
horseradish peroxidase-conjugated anti-rabbit, anti-mouse, or anti-
goat immunoglobulin G antibody (Jackson Immunoresearch).
Finally, the membranes were treated with Immobilon Western
Chemiluminescent HRP substrate (Millipore) and were detected us-
ing Fusion Solo (Vilber). For analysis of western blot image, ImageJ
(https://imagej.nih.gov/ij/) was used, and b-tubulin was selected to
normalize expression levels.

Animal model of vascular calcification

Vitamin D3 was administered in mice to induce VC as described pre-
viously.23 Vitamin D3 in 70 mL 100% ethanol was added to 500 mL
Cremophor (Alkamuls EL-620; Sigma-Aldrich) and incubated for
15 min at RT. Then the solution was transferred into 6.2 mL sterilized
water including 250 mg dextrose and incubated for 15 min at RT.
Finally, vitamin D3 (150 mL/25 g, 5 � 105 IU/kg/day) was adminis-
tered subcutaneously for 3 days in 6- to 7-week-old C57BL/6 male
mice, and mice were kept for 6 days. Age- and gender-matched
vehicle mice received the solution prepared in the same manner
without the inclusion of vitamin D3 for the same period. After
mice were sacrificed using intraperitoneal injection of 2,2,2-tribro-
moethanol (T48402; Sigma-Aldrich) at a dose of 240 mg/kg, the
aorta was isolated and fixed in neutral buffered formalin at RT for
1 day and embedded in paraffin. Arterial sections (5 mm) of vitamin
D3-administered mice were used for in situ hybridization and
immunohistochemistry.

To induce atherosclerotic vascular calcification, 8-week-old ApoE
knockout male mice were fed a high-fat and calcium-supplemented
diet for 8 weeks. Simultaneously, age- and gender-matched ApoE
knockout mice, vehicle group, were supplied with a normal chow
diet for the same period. Then total RNA was isolated from the
mice aorta using TRIzol reagent.

In situ hybridization

The expression of circSmoc1-2 was detected in arterial sections
vehicle or vitamin D3-administered mice using BaseScope Detection
Reagent Kit v2-Red (323900; Advanced Cell Diagnostics [ACD]) as
indicated in the manufacturer’s protocol with slight modification.
The circSmoc1-2 probe targeting splicing junctions of circSmoc1-2
was designed and synthesized from ACD. Briefly, slides were depar-
affinized by xylene and ethanol and incubated with RNAscope
hydrogen peroxide for 10 min at RT. After washing with deionized
water three times, slides were immersed in RNAscope 1� target
retrieval reagents at 98�C for 15 min. Then slides were incubated
with RNAscope protease IV at 40�C for 30 min in a HybEz oven
and were hybridized with the circSmoc1-2 probe at 40�C overnight
in a HybEz oven. Then signal of circSmoc1-2 was amplified with
AMP 1-8 reagents. Finally, to detect the circSmoc1-2 chromogenic
signal, slides were incubated with Basescope Fast RED for 10 min
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 653
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and counterstained with Gill’s hematoxylin and 0.02% ammonia wa-
ter. After mounting the slides with VectaMount (Vector Labora-
tories), the images were visualized on the following day using an
Axio scan.Z1 scanner (Carl Zeiss).

Expression of miR-874-3p was assessed in arterial sections of vehicle
or vitamin D3-treated mice using miR-874-3p miRCURY LNA
miRNA detection probe (YD00616271-BEG; Qiagen) as described
in the manufacturer’s protocol with few modifications. Briefly, slides
were deparaffinized using xylene and ethanol and incubated with Pro-
teinase K for 10 min at 37�C. Then slides were washed with PBS-T
two times and incubated with a hybridization mixture containing
50-digoxigenin (DIG) and 30-DIG-labeled 40 nM LNA miR-874-3p
probe and miRNA ISH buffer at 55�C for overnight. After stringent
washes with saline sodium citrate buffer, slides were incubated with
blocking solution for 15 min at RT in a humidified chamber. Then
slides were incubated with an anti-DIG antibody (1:800) for 1 h at
RT. Then slides were washed with PBS-T three times and incubated
with AP substrate at 30�C overnight. After counterstaining with Nu-
clear Fast Red for 1 min, slides were mounted and observed on the
next day using an Axio scan.Z1 scanner (Carl Zeiss).
Immunohistochemistry

Protein expression in aortic sections of vitamin D3-administered mice
was assessed using fluorescent immunohistochemistry as previously
described23 using anti-Adam19 antibody (NBP1-69364; Novus Bio-
logicals) and anti-smooth muscle actin antibody (sc-53015; Santa
Cruz Biotechnology) with a 1:100 dilution. The photographs of aortic
sections were visualized using a Zeiss LSM 710 confocal microscope
(Carl Zeiss).
Statistical analysis

Data are shown as mean ± standard error of the mean (SEM). Statis-
tical significance was determined using Student’s t test, and differ-
ences with p values % 0.05 were considered statistically significant.
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