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Vascular calcification is the ectopic deposition of calcium
hydroxyapatite minerals in arterial wall, which involves the
transdifferentiation of vascular smooth muscle cells (VSMCs)
toward an osteogenic phenotype. However, the underlying
molecular mechanisms regulating the VSMC osteogenic switch
remain incompletely understood. In this study, we examined
the roles of microRNAs (miRNAs) in vascular calcification.
miRNA-seq transcriptome analysis identified miR-223-3p as a
candidate miRNA in calcified mouse aortas. MiR-223-3p
knockout aggravated calcification in both medial and athero-
sclerotic vascular calcification models. Further, RNA-seq
transcriptome analysis verified JAK-STAT and PPAR
signaling pathways were upregulated in both medial and
atherosclerotic calcified aortas. Overlapping genes in these
signaling pathways with predicted target genes of miR-223-3p
derived from miRNA databases, we identified signal trans-
ducer and activator of transcription 3 (STAT3) as a potential
target gene of miR-223-3p in vascular calcification. In vitro
experiments showed that miR-223-3p blocked interleukin-6
(IL-6)/STAT3 signaling, thereby preventing the osteogenic
switch and calcification of VSMCs. In contrast, overexpression
of STAT3 diminished the effect of miR-223-3p. Taken
together, the results indicate a protective role of miR-223-3p
that inhibits both medial and atherosclerotic vascular calcifi-
cation by regulating IL-6/STAT3 signaling-mediated VSMC
transdifferentiation.

Vascular calcification is a characteristic pathological change
in atherosclerosis, hypertension, diabetes and is also an inde-
pendent risk factor for all-cause mortality in chronic kidney
disease (CKD) (1). Vascular calcification mainly manifests as
increased blood vessel wall stiffness and decreased compliance,
which in turn lead to cardiovascular events (2). With the
increasing prevalence of coronary heart disease, diabetes, and
CKD in the aging population, the harmfulness of vascular
calcification has become increasingly obvious (3). Unfortunately,
the pathological mechanism of vascular calcification is currently
poorly understood, and there is a lack of effective clinical
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treatments. Therefore, further investigation of the molecular
mechanisms regulating vascular calcification could have great
significance, enabling the discovery of novel therapeutic targets
for effective clinical prevention and treatment strategies.

Vascular calcification is a regulated osteogenic process in
arterial tissue, which is similar to bone development (4).
Although different mechanisms are involved in medial and
atherosclerotic calcification, the osteogenic transformation of
vascular smooth muscle cells (VSMCs) is a common charac-
teristic pathological process (5, 6). In response to cytokines,
oxidized lipids, or high phosphorus levels, VSMCs express
osteoblast-specific transcription factors (e.g., Runx2, Osterix)
(7, 8), and differentiation markers (e.g., Osteopontin, Osteo-
calcin and Alp) (8). Osteogenic switch of VSMC accelerates
calcium- and phosphorus-rich matrix vesicles releasing and
apoptotic cells (9) depositing in the remodeled extracellular
matrix, leading to the formation of vascular calcifications.
However, the mechanism regulating the process of osteogenic
switch remains to be elucidated.

MicroRNAs (miRNAs) are short (20–25 nucleotides) single-
stranded RNAs that regulate the translational processing of
their target mRNAs. MiRNAs regulate several key checkpoints
in the cellular processes involved in vascular calcification, such
as osteoblast differentiation (miR-125b (10), miR-205 (11),
miR-223-3p (12)) and regulation of calcium and phosphate
homeostasis (miR-221 (13), miR-9 (14)). However, our un-
derstanding of the roles of miRNAs in vascular calcification
remains incomplete.

In this study, miRNA transcriptome analysis of CKD-
induced calcified mouse aortas revealed that miR-223-3p is
among the most upregulated microRNAs. It’s reported that
miR-223-3p is downregulated in patients with CKD stage 4
and 5 (15), and miR-223-3p regulates osteogenic differentia-
tion (12) and osteoclastogenesis (16). However, the role and
mechanism of miR-223-3p in vascular calcification are un-
known. Our study showed thatmiR-223-3p knockout (KO)
accelerated calcification in mouse models of both medial and
endothelial vascular calcification. Mechanistically, we found
that the effects of miR-223-3p were linked to its target gene,
gene signal transducer, and activator of transcription 3
(STAT3). MiR-223-3p inhibited interleukin-6 (IL-6)/STAT3
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signaling, which is required for the induction of VSMC oste-
oblastic differentiation and vascular calcification.

Results

MiR-223-3p is upregulated in CKD-induced vascular
calcification

To identify novel miRNAs involved in vascular calcification,
mice were subjected to a modified two-step surgical model of
subtotal nephrectomy, involving the removal of 5/6 of the
kidney tissue (17–20), to induce medial vascular calcification
(Fig. 1A). Aortic calcification (Fig. 1B) and aortic calcium levels
(Fig. 1C) were detected 6 weeks after nephrectomy, confirming
formed vascular calcification. MiRNA levels in calcified aortas
from CKD group and control aortas from sham group were
analyzed by miRNA sequencing. When sorted based on their
fold change (FC) values, the top ten upregulated miRNAs
include several miRNAs that have been reported to be involved
in vascular calcification, such as miR-29a/b (21), miR-214 (22),
miR-139 (23), and miR-223-3p (24) (Fig. 1D, Table S1).
Among them, miR-223-3p drew our attention, as it is also
significantly increased in the plasma of patients with coronary
artery calcifications (25). RT-PCR analysis confirmed the
upregulation of miR-223-3p in medial calcification (Fig. 1E).
Meanwhile, miR-223-3p was also upregulated in the aortas of
aged ApoE KO mice, which displayed significant atheroscle-
rotic calcification (Figs. 1E and S1). These results suggest a
correlation between miR-223-3p expression and vascular
calcification. We further analyzed other up-regulated miRNA
in medial calcification, and found miR-21a-5p increased while
other miRNA decreased or showed no difference between WT
and aged ApoE−/− mice. These data suggest medial calcifi-
cation and atherosclerotic calcification may have different
miRNA expression profile.

MiR-223-3p deficiency aggravates both medial and
atherosclerotic calcification

We next sought to determine whether miR-223-3p plays a
role in the development of vascular calcification. In this study,
miR-223-3p knockout mice which have been published before
in our research group (26) were used. MiR-223-3p deficiency
in miR-223-3p KO mice was confirmed by RT-PCR analysis of
spleen tissue, which should contain high levels of miR-223-3p
(Fig. 2A). Increased blood urea nitrogen (BUN) concentration
was detected after CKD surgery, while there was no difference
between WT and KO mice (Fig. 2B). Six weeks after ne-
phrectomy, KO mice had increased calcium deposition
compared with WT mice, shown by both Alizarin Red S
staining (Fig. 2C) and aortic calcium content analysis (Fig. 2D).
Next, to clarify the role of miR-223-3p in atherosclerotic
calcification, we crossbred ApoE KO (ApoE−/−) mice with
miR-223-3p KO mice to generate miR-223-3p/ApoE double
knockout mice (DKO). ApoE−/− and DKO mice were fed a
chow diet for up to 16 months to generate aging-induced
atherosclerotic calcification. WT and miR-223 KO mice in
chow diet were used as control. MiR-223-3p deficiency did not
affect the plasma triglyceride (Fig. 3A) or cholesterol (Fig. 3B)
2 J. Biol. Chem. (2021) 296 100483
levels. However, DKO mice displayed aggravated atheroscle-
rosis (Fig. S2) and calcification (Fig. 3, D and E) in the bra-
chiocephalic artery (BCA) compared with ApoE−/− mice. No
calcification was detected in WT or KO mice (Fig. 3C). These
results indicate that the loss of miR-223-3p increases both
medial and atherosclerotic calcification.

The Janus kinase (JAK)/STAT and peroxisome proliferator-
activated receptor (PPAR) signaling pathways are upregulated
in both medial and atherosclerotic calcification

As miR-223-3p deficiency aggravated both medial and
atherosclerotic calcification, we hypothesized that miR-223-3p
interrupts a signaling pathway common to both forms of
calcification. RNA-Seq was applied to identify differentially
regulated signaling pathways in the aortas of CKD, agedApoE−/
−, and control mice. We performed Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis and ranked the
upregulated signaling pathways in CKD (Fig. 4A) and aged
ApoE−/− (Fig. 4B) mice compared with control mice. The JAK/
STAT and PPAR signaling pathways were upregulated and
overlapped in medial and atherosclerotic calcification (Fig. 4, C
and D). Both signaling pathways have been reported relating to
vascular calcification. N-3 fatty acids directly inhibit vascular
calcification via the p38 mitogen-activated protein kinase and
PPARγ pathways (27), and PPARγ counteracts vascular calcifi-
cation in VSMCs by inhibiting Wnt5a signaling (28). IL-6, a
cytokine that activates JAK/STAT signaling, is identified as a
new susceptibility gene underlying calcific aortic valve stenosis
(29). What’s more, IL-6 induces the STAT3-dependent differ-
entiation of humanVSMCs into osteoblast-like cells (30).While
which signaling is involved in miR-223-3p mediated protection
effect in vascular calcification is unknown.

MiR-223-3p deficiency doesn’t affect IL-6 level in plasma and
aorta

Wenext screened all upregulated genes involved in the PPAR
and JAK/STAT signaling pathways using the MiRTarBase and
TargetScan databases. In the JAK/STAT pathway, miR-223-3p-
binding sites were predicted in the 30 UTRs of IL-6 and STAT3
(Figs. 5A and 6A), and no gene in the PPAR pathway was pre-
dicted. IL-6-induced inflammation initiates and increases
vascular calcification, and previous studies have reported that
miR-223-3p inhibits proinflammatory responses in the liver and
injured skeletal muscle by directly targeting IL-6 (26, 31). So we
detected plasma IL-6 in aged ApoE−/− and DKO mice by
ELISA. However, no differences in plasma IL-6 levels were
detected between aged ApoE−/− and DKO mice (Fig. 5B). RT-
PCR also showed no differences in IL-6 (Fig. 5C) or IL-6 re-
ceptor (IL-6R; Fig. 5D) expression between these two groups.
These results suggest that IL-6 is probably not the target gene of
miR-223-3p during vascular calcification progression.

STAT3 is a target gene of miR-223-3p during vascular
calcification

We next focused on STAT3, another known target gene of
miR-223-3p (Fig. 6A). By directly targeting STAT3, miR-223-
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3p regulates the number and function of myeloid-derived
suppressor cells in multiple sclerosis (32). In addition, IL-6
and soluble (s)IL-6R induce the STAT3-dependent
Figure 1. MiR-223-3p is upregulated in the calcified aortas. A, experimental
and Von Kossa staining of aortas in sham and CKD groups 6 weeks after neph
calcium content was normalized to the weight of the aorta (n = 6–7 per group).
Data points represent the log2 TPM (Transcripts Per Million) mapped values of t
aged ApoE knockout mice (n = 3 per group). F, expression of miR-21a-5p, miR-
knockout mice (n = 3 per group). Data are expressed as the mean ± SD. *p <
differentiation of human VSMCs into osteoblast-like cells (30).
As there was no difference in IL-6 expression between ApoE−/
− and DKO mice, we next hypothesized that miR-223-3p
scheme of CKD-induced medial calcification. B, representative Alizarin Red S
rectomy. C, aortic calcium levels after induction of medial calcification. The
D, heat map of the ten most upregulated miRNAs in the aortas of CKD mice.
he indicated genes. E, MiR-223-3p expression in the aortas of sham, CKD and
29a-3p, miR-29b-3p, miR-139-5p and miR-214-3p in the aortas of aged ApoE
0.05, **p < 0.01 by unpaired two-tailed Student’s t-test.
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inhibited vascular calcification by blocking IL-6-induced
STAT3 signaling in VSMCs. VSMCs transfected with miR-
223-3p mimics showed decreased level of STAT3 compared
with VSMCs transfected with negative control mimics
(Figs. 6B, and S3A). Western blotting confirmed that STAT3
was downregulated in VSMCs transfected with miR-223-3p
compared with those transfected with control mimics; while
miR-223-3p did not affect STAT3 expression in MOVAS
(mouse aortic smooth muscle cells) or 3T3 fibroblasts (Figs. 6,
C and D, S3, B and C), suggesting a cellular specificity of miR-
223-3p. To determine whether STAT3 was involved in the
aggravated vascular calcification observed in DKO mice,
immunohistochemistry (IHC) was performed. Compared with
ApoE−/− group, more STAT3 were detected in BCAs from
DKO group (Fig. 6, F and G). Taken together, these results
suggest that STAT3 is a target gene of miR-223-3p in VSMCs
during vascular calcification.

MiR-223-3p blocks IL-6/sIL-6R-induced STAT3 and VSMC
calcification

To identify whether miR-223-3p inhibited calcification by
targeting STAT3, we used IL-6/sIL-6R to induce STAT3
expression in VSMCs cultured with osteoblast-induced me-
dium (OIM). Consistent with previous studies, IL-6/sIL-6R
enhanced the mRNA expression of alkaline phosphatase
(Alp), osteocalcin (Ocn), and Runx2, which are osteoblast-
specific genes in VSMCs (Fig. 7A). Overexpression of miR-
223-3p in VSMCs inhibited IL-6/sIL-6R complex-induced
Figure 2. MiR-223-3p KO promotes CKD-induced medial calcification. A, RT
per group). B, BUN concentrations in WT and KO mice with or without CKD (n
aortas of WT and KO mice after 6 weeks with or without CKD. D, calcium cont
CKD (n = 3–5 per group). *p <0.05 by unpaired two-tailed Student’s t-test.
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osteogenic gene expression (Fig. 7B). Accordingly, the STAT3
protein level significantly increased when VSMCs were
cultured in OIM, and this was blocked by miR-223-3p mimics
(Fig. 7C). Accordingly, the calcium deposition and cellular
calcium content were reduced in miR-223-3p-transfected
VSMCs (Fig. 7, D and E). Knockdown STAT3 using siRNA
also significantly decreased calcium accumulation in IL-6/s
IL6R-induced VSCM calcification (Fig. S4). While over-
expression of STAT3 (Fig. 7F) eliminated the effect of miR-
223-3p during VSMC calcification (Fig. 7, G and H). These
results show that miR-223-3p inhibits IL-6/STAT3-induced
VSMC calcification by blocking STAT3 expression.

Taken together, our data suggest that upregulated expres-
sion of miR-223-3p during medial and atherosclerotic calcifi-
cation negatively regulates VSMC calcification by targeting
STAT3.

Discussion

Our data demonstrate that miR-223-3p plays an important
role in regulating vascular calcification. MiR-223-3p deficiency
aggravates both medial and atherosclerotic calcification.
Mechanistically, miR-223-3p negatively regulates calcification
by targeting IL-6/STAT3 signaling in VSMCs.

MiR-223-3p is mainly derived from myeloid cells (33) and
regulates hematopoietic differentiation (34), human embry-
onic stem cell differentiation (35). MiR-223-3p is delivered
by exosomes to recipient cells such as endothelial cells (36)
and VSMCs (37), where it participates in cardiovascular
-PCR verification of miR-223-3p KO in the spleens of WT and KO mice (n = 4
= 3–6 per group). C, representative Alizarin Red S staining of the thoracic

ent of the thoracic aortas of WT and KO mice after 8 weeks with or without



Figure 3. MiR-223-3p KO promotes atherosclerotic calcification. A, plasma triglyceride and B, total cholesterol concentrations of WT, KO, aged ApoE KO
and aged DKO mice (n = 6–7 per group). C, representative Alizarin Red S staining and HE staining in the brachiocephalic artery (BCA) of WT and KO groups.
D and E, representative Alizarin Red S staining, HE staining (D) and quantification (E) in the BCA of aged ApoE KO and DKO mice (n = 6–7 per group). Data
are expressed as the mean ± SD. *p <0.05 by unpaired two-tailed Student’s t-test.

MiR-223-3p inhibits vascular calcification in mice
diseases such as atherosclerosis (38). Our data show that
miR-223-3p expression increases in medial and atheroscle-
rotic calcified aortas. Consistently, previous studies have
reported increased miR-223-3p levels in atherosclerosis (37)
and advanced stages of CKD (39). Since inflammation is
prevalent in the pathophysiology of atherosclerosis and CKD
(40), increased miR-223 may due to accumulated immune
cells.

VMSC osteogenic switch occurs in both medial and
atherosclerotic vascular calcification (41). RNA-Seq analysis
revealed that the JAK/STAT and PPAR signaling pathways are
involved in both medial and atherosclerotic calcification. This
suggests that targeting these pathways may inhibit both
calcification types. In the JAK/STAT pathway, IL-6 and
STAT3 are reported to be direct targets of miR-223-3p. IL-6/
STAT3 signaling plays important roles in the regulation of
inflammation, differentiation, and immunity (42). Previous
studies have shown that miR-223-3p binding to the 30 UTR of
IL-6 can inhibit inflammation during alcoholic liver injury
(31), pulmonary tuberculosis (43), and skeletal muscle
J. Biol. Chem. (2021) 296 100483 5



Figure 4. The JAK/STAT and PPAR signaling pathways are upregulated in both medial and atherosclerotic calcification. A and B, upregulated KEGG
signaling pathways in CKD (A) and aged ApoE KO (B) mice. C and D, heat maps of selected upregulated genes in the JAK/STAT and PPAR signaling pathways
in (C) CKD and (D) aged ApoE KO mice. Each point represents the log2 FPKM (fragments per kilobase per million) mapped fragments value of the indicated
gene.

MiR-223-3p inhibits vascular calcification in mice
regeneration (26). However, we did not detect any differences
of IL-6 from plasma and the aortas of ApoE−/− and DKO
mice. These results suggest that IL-6 may not be involved in
miR-223-3p-induced vascular calcification.

The downstream transcriptional factor of IL-6, STAT3, is
also a direct target of miR-223-3p (32). A previous study
showed that IL-6 and sIL-6R induce the STAT3-dependent
differentiation of human VSMCs into osteoblast-like cells,
and knockdown STAT3 blocks IL-6/s IL-6R-induced calci-
fication (30). Accordingly, our data also showed that
knockdown STAT3 by siRNA decreased IL-6/s IL6R-
induced mouse VSMCs calcification, suggesting that IL-6/
STAT3 pathway plays an important role in VSMC calcifi-
cation. IHC staining of calcified plaques revealed upregula-
tion of STAT3 in DKO mice, and in vitro experiments
confirmed that miR-223-3p downregulated STAT3
6 J. Biol. Chem. (2021) 296 100483
expression in VSMCs. Additionally, miR-223-3p significantly
inhibited VSMC calcification induced by the IL-6/sIL-6R
complex, while overexpression of STAT3 diminished the
protection of miR-223-3p in VSMC calcification. Consis-
tently, previous studies have shown that miR-223-3p inhibits
osteogenic differentiation in human bone-marrow-derived
mesenchymal stem cells by targeting dehydrogenase/reduc-
tase 3, another target gene of miR-223-3p. These data sug-
gest that miR-223-3p could negatively regulate vascular
calcification by blocking VMSC osteogenic differentiation.

In summary, we found that miR-223-3p inhibits vascular
calcification by targeting STAT3, and blocking IL-6/
STAT3 signaling inhibits the osteogenic differentiation of
VMSCs. These results contribute to our understanding of
the mechanism by which miR-223-3p inhibits vascular
calcification and demonstrate that miR-223-3p has



Figure 5. MiR-223-3p does not affect IL-6 expression. A, MiR-223-3p target sites (in red letters) in the IL-6 30 UTRs. B, plasma IL-6 concentrations in aged
ApoE−/− and DKO mice were analyzed by ELISA (n = 4–7 per group). C and D, IL-6 (C) and IL-6R (D) expression in the aortas of WT, ApoE KO, and DKO mice
(n = 3–8 per group). Data are expressed as the mean ± SD. *p <0.05 by unpaired two-tailed Student’s t-test or one-way analysis of variance.
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protective effects on both medial and atherosclerotic
calcification.

Experimental procedures

Animals

As published previously by our research group, we pur-
chased miR-223-3p KO mice in the C57BL/6 background from
the Jackson Laboratory (stock no. 013198; Bar Harbor, ME,
USA). MiR-223-3p KO mice are viable and fertile, with body
weights similar to their WT control littermates. ApoE KO
(ApoE−/−) mice were purchased from HFK Bioscience (Bei-
jing, China). To generate miR-223-3p/ApoE DKO mice, we
bred miR-223-3p KO mice with ApoE−/− mice to generate
miR-223-3p ± ApoE ± mice (F1). Interbreeding the F1 mice
yielded miR-223-3p ± ApoE−/− (F2) mice, among other ge-
notypes. Interbreeding the F2 mice yielded miR-223-3p/ApoE
DKO, ApoE−/−, and heterozygous mice. Mice were bred in the
animal facility of Beijing Anzhen Hospital, where they were fed
a standard diet and housed in a specific-pathogen-free envi-
ronment with a 12-h/12-h light/dark cycle. The Animal Sub-
jects Committee of Capital Medical University approved all
animal housing and experimental protocols.

Vascular calcification model

Subtotal nephrectomy was performed using a two-step
method as previously described (18). Mice (8–10 weeks old)
were anesthetized with 1% pentobarbital sodium (100 mg/kg)
and two poles of the left kidney were removed. Mice were
allowed to recover for 1 week, then anesthetized for removal of
the right kidney. Mice were fed a diet containing 2% phosphate
and water containing 0.45% NaCl for 4 to 8 weeks after 5/6
nephrectomy. In the sham group, the kidneys were exposed
with a flank incision before suturing. Sham mice received a
chow diet. BUN was detected 2 weeks after nephrectomy.
MiR-223-3p/ApoE DKO and ApoE−/− mice were fed a chow
diet for 16 months to form atherosclerotic calcifications. WT
and KO mice in chow diet were used as control (8 months).

Tissue harvesting, processing, and analysis

Mice were anesthetized with 1% pentobarbital sodium
(100 mg/kg) and subsequently perfused with PBS via the left
ventricle. The aorta was used for total calcium measurements,
mRNA expression, and transcriptome sequencing. Spleen was
harvested for miR-223-3p detection. Tissue-Tek OCT Com-
pound (Sakura, Finetek)-embedded aortic arches, aortic roots,
and brachiocephalic artery (BCA) were cryosectioned into 7-
μm sections for further experiments.

Aortic calcium analysis

Calcium deposits in aortic sections were stained by Alizarin
Red S (Sigma Aldrich, USA) or Von Kossa staining (Sigma
Aldrich, USA). Descending aortas were decalcified with
0.5 mmol/L hydrochloric acid overnight. Calcium released from
the aortic tissues was determined colorimetrically using a calcium
diagnostic kit (BIOSINO,China). Theamount of vascular calcium
was normalized to the weight of the tissues and expressed as μg/
mg.

MiRNA sequencing

MiRNA sequencing and analysis were performed on the Illu-
mina platform at Annoroad Gene Technology Corporation
(Beijing, China). In brief, after the quality and integrity of total
RNA were assessed on an Agilent 2100 Bioanalyzer (Agilent
Technologies, USA), small RNAs (18–30-nucleotide segments)
were separated from the total RNA by PAGE and processed for
library construction and sequencing. High-quality clean read
sequences were screened by alignment with Bowtie1 to build the
reference genome index. Mapping reads to mature miRNA and
hairpin that recorded in miRbase (release 21) to identify known-
miRNA.The p-value could be assigned to each gene and adjusted
J. Biol. Chem. (2021) 296 100483 7



Figure 6. STAT3 is a potential miR-223-3p target in vascular calcification. A, MiR-223-3p target sites (in red letters) in the STAT3 30 UTRs. B, STAT3
expression in primary vascular smooth muscle cells (mVSMCs) transfected with miR-223-3p or a control mimic (n = 3 per group). C–E, representative western
blot and quantification of STAT3 expression in mVSMCs (C), MOVAS (D), and 3T3 cells (E) transfected with miR-223-3p or a control mimic (n = 3 per group).
F–G, Representative images (E) and quantification (F) of STAT3 IHC in the brachiocephalic trunks of aged ApoE KO and DKO mice (n = 6 per group). Data are
expressed as the mean ± SD. *p <0.05 by unpaired two-tailed Student’s t-test.

MiR-223-3p inhibits vascular calcification in mice

8 J. Biol. Chem. (2021) 296 100483



Figure 7. IL-6-induced VSMC calcification is blocked by miR-223-3p. A, RT-PCR analysis of osteogenic genes in VSMCs. VSMCs were cultured in oste-
ogenic media (OIM) with 50 ng/ml mIL-6/sIL-6R complex or PBS for 10 days (n = 3). B, effects of miR-223-3p on osteogenic gene expression in VSMCs. VSMCs
were transfected with 100 nM miR-223-3p or a control mimic and cultured in osteogenic medium (n = 3). C, representative western blot and quantification
of STAT3 expression in VSMCs cultured as in B for 14 days (n = 4 per group). D, representative images of Alizarin Red S staining of VSMCs cultured as in B for
21 days. E, total calcium content in VSMCs cultured as in B for 14 days (n = 3). F, representative western blot of STAT3 in VSMCs transfected with vector
(Lenti-Ctrl) or lentivirus packaged with STAT3(Lenti-Stat3). G, representative images of ARS staining of VSMCs. VSMCs transfected with Lenti-Ctrl or Lenti-
Stat3 were cultured in osteogenic media with 50 ng/ml mIL-6/sIL-6R complex for 21 days, and miR-223-3p or a control mimic(100 nM) was transfected in
indicated wells. H, total calcium content in VSMCs cultured as in G for 14 days (n = 3). Data are expressed as the mean ± SD. *p <0.05, **p <0.01 compared
with the first group, #p <0.05 compared with the second group. Two groups were assessed by unpaired two-tailed Student’s t-test. For comparisons of
more than two groups, one-way analysis of variance was used.

MiR-223-3p inhibits vascular calcification in mice
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by the Benjamini and Hochberg’s approach for controlling the
false discovery rate. MiRNA with p < 0.01 and fold change≥1.5
are identified as differentially expressed miRNA.

RNA-Seq analysis

RNA sequencing and analysis were performed on the Illumina
platform at Annoroad Gene Technology Corporation (Beijing,
China). Two samples per group were used for RNA-Seq analysis.
The RNA samples were used to generate individual cDNA li-
braries and sequenced on an Illumina platform and 150 bp
paired-end reads. The p-value could be assigned to each gene
and adjusted by the Benjamini and Hochberg’s approach for
controlling the false discovery rate. Genes with q ≤ 0.05 and |
log2_ratio|≥1 are identified as differentially expressed genes
(DEGs). DEGs were included in KEGG pathway analysis.

Cell culture

Thoracic aortas were isolated, and the adventitia and intima
were stripped away. Then, the aortic tissues were vertically
sliced and incubated with digestion buffer (1 mg/ml type I
collagenase) for 15 min. Then, the aortas were cut into 1-mm2

pieces and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 20% fetal bovine serum (FBS) until
smooth muscle cells sprouted from the tissue. Cells in passages
3–8 were used for further experiments.

3T3 cells and MOVAS were purchased from the American-
Type Culture Collection (Manassas, USA) and cultured in
DMEM containing 10% FBS.

In vitro VSMC calcification

VSMCswere cultured inosteoblastOIMcontaining0.25mmol/
L L-ascorbic acid, 10 mmol/L β-glycerophosphate, and 10–8 M
dexamethasone. Fresh medium was changed every 3 days. Cells
were harvested after 10 days for RNA extraction and RT-PCR.
Proteins were extracted after 3 weeks for western blotting. Cal-
cium levels were visualized by Alizarin Red S staining and quan-
tified by measuring the total calcium in the cell lysates.

In vitro miRNA mimic transfection

Primary mouse VSMCs, MOVAS, or 3T3 cells were trans-
fected with 100 nM mmu-miR-223-3p or negative control
mimic (RiboBio, China) using Lipofectamine RNAiMAX
(Invitrogen, USA) according to the manufacturer’s guidelines.

Inhibition of STAT3 expression by siRNA

The siRNA against mouse STAT3 and scrambled siRNA
were purchased from Santa Cruz Biotechnology, Inc (TX,
USA). Primary moused VSMCs were transfected with
50 nmol/L siRNA using Lipofectamin RNAiMAX Transfection
Reagent (Invitrogen, USA). After 48 h of transfection, cells
were harvested for determination of protein expression or
switched to OIM to induce calcification

Overexpression of STAT3 in VSMCs

Lentiviral particles carrying mouse STAT3 or control
plasmid were packaged by GeneChem (Shanghai, China).
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Lentiviral transduction was performed by incubating VSMCs
with lentiviruses in growth media, and stable transfectants
were selected with puromycin (2 μg/ml) for 1 week.

RNA extraction and RT-PCR

Total RNA was extracted using TRIzol reagent (Invi-
trogen, USA). For miR223-3p analysis, 2 μg RNA was reverse
transcribed to cDNA using the TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems, Lithuania) and
primers targeting miR-223-3p and U6 small nuclear RNA
(snRNA; TaqMan MicroRNA assay, Applied Biosystems).
MiR223-3p expression levels were measured by RT-PCR
using TaqMan Universal Master Mix II (Applied Bio-
systems, CA, USA) and probes targeting miR-223-3p and U6
(TaqMan MicroRNA Assay, Applied Biosystems) in a CFX
Connect real-time PCR detection system (Bio-Rad, USA).
For other miRNA analysis, cDNA was generated from 2 μg
total RNA using the reverse transcription kit (RiboBio,
China). MiRNA expression levels were measured by qPCR
kit (RiboBio, China) targeting miRNA and U6 (RiboBio,
China). For mRNA analysis, cDNA was generated from 2 μg
total RNA using the reverse transcription kit (Promega,
USA). The sequences of all cDNA primers are listed in
Table S2. Transcript levels were measured by RT-PCR using
SYBR Master Mix II (Takara, Japan).
Western blot analysis

Cells were lysed in protein extraction buffer (Thermo
Fisher, USA) on ice for 30 min. After centrifugation at
12,000 rpm for 15 min at 4 �C, the supernatants were
collected. Protein concentrations were determined using a
Pierce BCA Protein Assay Kit (Thermo Fisher, USA). For each
sample, 20 μg total protein was resolved by SDS-PAGE and
transferred to membranes to detect STAT3 (Cell Signaling
Technologies, USA) and GAPDH (Cell Signaling Technolo-
gies, USA). After blocking in 5% milk powder, membranes
were incubated with the primary antibodies at 4 �C overnight,
washed, and then incubated with IRD800-conjugated sec-
ondary antibodies (Li-COR Biosciences, USA) at room tem-
perature for 1 h in the dark. The membranes were then washed
and analyzed using the Odyssey software system (Li-COR).
STAT3 levels were normalized to GAPDH.
Histology and IHC

Serial transverse cryosections (7-μm thick) were stored at –
80 �C until their use. Sections were used for hematoxylin and
eosin (H&E) staining and calcification staining. To detect
STAT3 expression, sections were blocked with serum, incu-
bated with anti-STAT3 antibodies (Cell Signaling Technolo-
gies, USA) at 4 �C overnight, then secondary antibodies(ZSGB-
BIO, China) at room temperature for 30 min, and detected
with 3,3ʹ-diaminobenzidine (DAB). Images were obtained from
each section on an ECLIPSE 90i microscope (Nikon, Japan)
and analyzed using ImageJ software (National Institutes of
Health, USA).
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Statistical analysis

Values are reported as the mean ± standard deviation (SD).
Statistical differences between two groups were assessed by
unpaired two-tailed Student’s t-test. For comparisons of more
than two groups, one-way analysis of variance was used. For all
statistical tests, p< 0.05 was considered statistically significant.

Data availability

miRNA sequencing and mRNA sequencing data have been
deposited in the Gene Expression Omnibus under accession
number GSE159833. All other data are contained within the
article.

Supporting information—This article contains supporting
information.
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