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Abstract

Calcific aortic valve disease (CAVD) is a complex active process involving in endothelial injury, lipid infiltration, chronic
inflammation, matrix remodeling, cell differentiation, progressive bone formation, and new angiogenesis. The excess inflam-
matory responses induced by aortic valve interstitial cells (AVICs) are one of the common pathogeneses of this disease.
Although many microRNAs (miRs) have been identified to play crucial roles in the calcification process of the aortic valve,
numerous miRs are still waiting to be explored. In this study, we explored the functional role of miR-214 in the inflamma-
tory reaction and calcification of human AVICs and its underlying molecular mechanism. Alizarin red staining was used
to determine the number of calcified nodules. The protein levels of ICAM-1, IL-6, IL-8, and MCP-1 detected by enzyme-
linked immunosorbent assay (ELISA) were used to assess the inflammatory reaction of AVICs; expression levels of RUNX2,
Msx2, and BMP2 were used to evaluate AVICs osteoblast differentiation. Results showed that the expression levels of TLR4,
MyD88, NF-kB, and miR-214 were up-regulated in the blood and aortic valve tissue samples of patients with CAVD when
compared with normal individuals. Knockdown of miR-214 in AVICs inhibited the secretion of IL-6, IL-8, ICAM-1, and
MCP-1, while this effect was repressed when lipopolysaccharide (LPS) was added to AVICs. LPS also enhanced the effects
of miR-214 in promoting the secretion of pro-inflammatory factors. Besides, up-regulation of miR-214 promoted the protein
expression of MyD88 and NF-kB but had no influence on TLR4, and miR-214 could directly combine with MyD88 protein.
Up-regulation of MyD88 facilitated the secretion of pro-inflammatory factors and increased calcified nodules number and
accelerated the expression of RUNX2, Msx2, and BMP2. Moreover, promotion of the expressions of pro-inflammatory factors
and “osteoblast-like” cell markers induced by miR-214 overexpression was abolished when MyD88 was down-regulated in
AVICs. In conclusion, this study revealed that miR-214 promoted calcification by facilitating inflammatory reaction through
MyD88/NF-kB signaling pathway in AVICs.
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Introduction

Calcific aortic valve disease (CAVD), a common cardio-
vascular disease and a significant cause of morbidity in the
elderly, is present in almost 30% of adults over 65 years
of age and in 40-50% in those over 75 years [1, 2]. CAVD
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intervention has been found that delays or halts its progres-
sion [3]. A thorough understanding of the mechanisms
behind CAVD development and progression is required to
identify potential targets for pharmacological intervention.

CAVD is pathologically characterized by changes
including chronic inflammation with leukocytic infiltration
that includes macrophages, T lymphocytes, and mast cells
[4, 5]. And inflammatory infiltrates is closely associated
with osteogenic metaplastic changes in the aortic valve tis-
sues [6]. In this regard, pro-inflammatory cytokines, such
as tumor necrosis factor-a (TNF-a), monocyte chemotac-
tic protein-1 (MCP-1), interleukin (IL)-1p, IL-6, and IL-8
are believed to play a role in exacerbating inflammation-
mediated valvular calcification [7].

Aortic valve interstitial cells (AVICs), the main cellular
component of the aortic valve, play an important role in
the pathogenesis of CAVD [8]. Cumulative evidence has
demonstrated that AVICs can secrete intercellular adhe-
sion molecule-1 (ICAM-1), IL-8, and MCP-1 when stimu-
lated with Toll-like receptor 2 (TLR2) and TLR4 agonists
[9, 10]. Additionally, AVICs differentiate into “osteoblast-
like” cells characterized by increased alkaline phosphatase
(ALP) activity and greater levels of runt-related transcrip-
tion factor 2 (RUNX2) following stimulation by cytokines
and TLR2/4 agonists [11-13], indicating that TLR-related
signaling pathway such as TLR4/MyD88/NF-kB plays an
important role in aortic valve calcification through promot-
ing AVIC osteogenic differentiation.

MicroRNAs (miRNAs) are a class of small noncod-
ing, single-stranded RNAs with 19-25 nucleotides that
promote the degradation of messenger RNAs (mRNAs) or
inhibit their translation [14]. They regulate gene expres-
sion negatively at the post-transcriptional level by bind-
ing to imperfect complementary sites at the 3" untrans-
lated region (UTR) of their target mRNA transcripts [15].
The binding of miRNAs to their target mRNAs leads to
translational repression or decreases the stability of the
mRNA. MiRNAs regulate various biological processes,
including cell differentiation, cell proliferation, apoptosis,
drug resistance, and fat metabolism [16]. Recently, lots
of reports indicate that a group of miRNAs is involved in
the differentiation of mesenchymal cells or myofibroblasts
into osteoblastic phenotype and subsequent heterotopic
ossification. Fang et al. [17] demonstrated that miR-29b
promoted the calcification of human AVICs via inhibit-
ing TGF-B3 through activation of wnt3/p-catenin/Smad3
signaling. MiR-214 was reported to inhibit human mesen-
chymal stem cells differentiating into osteoblasts through
targeting f-catenin [18]. However, the role of miR-214 in
CAVD has not yet been completely reported.

Overall, the objective of the present study is to explore
the effects of miR-214 in the osteogenic differentiation
of human AVICs, as well as to identify the underlying
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molecular mechanism in hopes of finding a new target for
early intervention of CAVD.

Materials and methods
Materials

Small interference (si) RNAs targeting human myeloid
differentiation factor 88 (MyD88), overexpressed vector-
MyD88 and their controls were purchased from OriGene
(MA, USA). The transfection reagents were purchased from
Santa Cruz Biotechnology, Inc. (California, USA). Anti-
bodies against TLR4, MyD88, NF-kB, ICAM-1, RUNX2,
msh homeobox 2 (Msx2), bone morphogenetic protein 2
(BMP2), osterix, bone sialoprotein and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were purchased
from Abcam (Burlingame, California, USA). Medium 199
was purchased from Lonza (Walkersville, Maryland, USA).
Cytokine ELISA kits were purchased from R&D Systems
(Minneapolis, Minnesota, USA). The NF-kB p65 ELISA-
based transcription factor assay kit (TransAM™ assay) was
obtained from Active Motif (Carlsbad, CA, USA). LPS
(E. coli 0111:B4). Other chemicals and reagents were pur-
chased from Sigma-Aldrich Chemical Co (St Louis, Mis-
souri, USA).

Human aortic valve tissue and blood samples

This work was approved by the ethics committee of the
Affiliated Hospital of Nantong University. Written informed
consent was obtained from every patient. Patients included
were selected during cardiac valve replacement surgery at
the department of cardiovascular surgery in affiliated Hospi-
tal of Nantong University. Patients with malignancies, poor
renal or hepatic function, acute and chronic lung disease,
diabetes, cerebrovascular disease, autoimmune disease,
rheumatic heart disease, and infective endocarditis were
eliminated from this study. Human whole calcified aortic
valve tissue and blood samples were obtained from patients
with aortic stenosis (n=38); control samples (no calcified
aortic valve tissue and blood samples) were taken from age-
matched patients with aortic insufficiency (n=38).

Immunohistochemistry

A slicing machine was used to cut human aortic valve tis-
sue specimens into 4-pm-thick paraffin sections. Then, a
routine three-step immunohistochemical staining protocol
was conducted: sectioning, dewaxing, and hydrating tis-
sues; incubation with 3% H,0, at room temperature for
10 min; antigen retrieval with Tris—EDTA; sealing with 5%
goat serum [diluted in phosphate-buffered saline (PBS)];
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incubation overnight at 4 °C with primary antibody against
TLR4, NF-kB, and MyD88; and as the last step incubation
with secondary antibody and rinsing with PBS. Chromogen
3,3'-diaminobenzidine tetrachloride (Serva, Heidelberg,
Germany) was used as a substrate, and the cell nucleus was
dyed with Harris’s hematoxylin solution.

Cell isolation and culture

Normal aortic valve leaflets were collected from the
hearts of 8 patients (4 males and 4 females; mean age,
60.5 +7.5 years) that had been explanted for the purpose of
heart transplantation due to advanced cardiomyopathy. All
patients gave informed consent for the use of their aortic
valves for this study.

AVICs were isolated and cultured using a previously
described method [19] with modification [20]. Briefly,
valve leaflets were subjected to sequential digestions with
collagenase, and cells were collected by centrifugation.
Cells were cultured in M199 growth medium containing
penicillin G, streptomycin, amphotericin B, and 10% fetal
bovine serum (FBS). Cells of passages 4-6 were used for
our study. Cells were subcultured on plates and treated when
they reached 80-90% confluence. If AVICs differentiate into
“osteoblast-like” cells, the activation of ALP and ectopic
calcification will be promoted with the high expression lev-
els of markers of osteoblastogenesis, such as RUNX, BMP2,
Msx, osterix, and bone sialoprotein.

To determine the effect of TLR stimulation on inflam-
matory mediator production, cells were treated with TLR4
agonist LPS (0.1 pg/mL).

Cell transfection

Cells in the miR-214 mimic group were transfected with
a miR-214 mimic (5’-ACA GGU AGC UGA ACA CUG
GGU U-3'; Shanghai GenePharma Co., Ltd., Shanghai,
China). Cells in miR-214 inhibitor group were transfected
with mirVana™ miRNA inhibitor (5’-UCA CAG UGC UCA
UCA UGA AUA A-3’; Shanghai GenePharma Co., Ltd.).
AVICs were transfected with lipofectamine 2000 (Invitro-
gen; Thermo Fisher Scientific, Inc., Waltham, Massachu-
setts, USA) when cell density reached 40-60%, according
to the manufacturer’s instructions. Lipofectamine 2000
(5 uL), miR-214 mimic, miR-214 inhibitor, si-MyD88, and
vector-MyD88 along with any controls (100 pmol; final
concentration, 50 nM) were, respectively, diluted in 250 puL.
serum-free medium Opti-MEM (Gibco; Thermo Fisher Sci-
entific, Inc.), gently mixed until evenly distributed within
the mixture, and incubated for 5 min at room temperature.
The diluted si-MyD88, vector-MyD88, miR-214 mimic, and
miR-214 inhibitor and controls were then evenly mixed with
the diluted lipofectamine 2000. The mixture was added into

the cell-containing well following incubation for 20 min at
room temperature and gently mixed until even. The trans-
fected cells were placed in a 5% CO, incubator at 37 °C; the
medium was replaced with the complete medium after 6 h
incubation at 37 °C. The transfected cells were incubated at
37 °C for 24-48 h for subsequent experiments.

Real-time PCR detection (RT-PCR)

Total RNA was extracted from cells by a Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Total RNA (2 ug) was
reverse-transcribed to complementary DNA (cDNA) using
avian myeloblastosis virus transcriptase and random primers
(Takara; Dalian, China). The oligonucleotide primers for
PCR were based on GenBank sequences. RT-PCR ampli-
fication of the cDNA was performed in the 20-puL reaction
system with the SYBR Premix Ex Taq™ II kit (Takara,
Dalian, China) and was carried out using an ABI 7500 real-
time PCR System (Carlsbad, CA, USA). Data from RT-PCR
were analyzed by the AC, method [21]. f-Actin was used
as the internal control. U6 snRNA Normalization RT-PCR
Quantitation (GenePharma) was used to check miR-214.
The primers were are as follows: p-actin (F): TGC GTG
ACA TTA AGG AGA AG, (R): GCT CGTAGC TCT TCT
CCA; TLR4 (F): GGTGCCTCCATTTCAGCTCT; (R):
ACTGCCAGGTCTGAGCAATC; NF-xB p65 (F): TGG
CCCCTATGTGGAGATCA, (R): GTATCTGTGCTCCTC
TCGCC; MyD88 (F): GTCTCCTCCACATCCTCCCT, (R):
CGGCACCAATGCTGGGTC; RUNX?2 (F): CATGTCCCT
CGGTATGTCCG, (R): ACTCTGGCTTTGGGAAGAGC,;
Msx2 (F): CTGGTGAAGCCCTTCGAGAC, (R): AGGGCT
CATATGTCTTGGCG; BMP2 (F): GCTGTCTTCTAGCGT
TGCTG, (R): CTGTTTCAGGCCGAACATGC; H-miR-214
(F): GTACAGCAGGCACAGAC; (R): GTGCAGGGTCCG
AGGT; H-U6s (F): ATT GGA ACG ATA CAG AGA AGA
TT; (R): GGA ACG CTT CAC GAA TTT G.

Western blot analysis

Cells and tissues were extracted in a lysis buffer contain-
ing 50 mM sodium chloride (NaCl), 1 mM ethylene glycol
tetraacetic acid, 0.1% sodium dodecyl sulfate (SDS), 1 mM
sodium fluoride, 1 mM sodium orthovanadate, 1 mg/mL
aprotinin, and 1 mg/mL leupeptin in 10 mM Tris buffer (pH
7.4) and proteinase inhibitor (1 mM r-phenylmethanesul-
fonyl fluoride). After quantification with the BCA method
(Thermo Fisher Scientific), equal amounts of protein sam-
ples were separated by a 10% SDS—polyacrylamide gel and
transferred to nitrocellulose membranes (Millipore). The
membranes were then incubated overnight with monoclo-
nal antibodies against TLR4 (no. ab13556), MyD88 (no.
ab2064), NF-kB (no. ab16502), ICAM-1 (no. ab20), RUNX2
(no. ab23981), Msx2 (no. ab223692), BMP2 (no. ab14933),
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and GAPDH (no. ab8245), respectively. The membrane was
washed three times with Tris-buffered saline—Tween 20
(TBST) and incubated with secondary antibodies (Bioworld;
Louis Park, Minnesota, USA) at 37 °C for 1 h. The immune
complexes were examined by ECL detection (Millipore).
ImagelJ software (National Institutes of Health, Bethesda,
Maryland, USA) was used to quantify western blot bands
after background subtraction.

RNA pull-down assay

The association between miR-214 and MyD88 or NF-kB
protein were analyzed by RNA pull-down assay using
Pierce™ Magnetic RNA-Protein Pull-Down Kit (Thermo,
MA, USA), according to the manufactures’ instructions.
Briefly, miRNA-214 was labeled with desthiobiotinylated
cytidine bisphosphate and T4 RNA ligase, then the labeled
RNA was incubated with streptavidin magnetic beads for
15-30 min at room temperature with agitation. Then placed
the tube into a magnetic stand to collect the beads against
the side of the tube and removed the supernatant. Subse-
quently, beads were washed twice in 20 mM Tris (pH 7.5),
and 100 pL of 1X protein—RNA and 40 ug of AVICs protein
extract were added into the beads and incubated for 45 min
at 4 °C, followed by being washed with wash buffer for three
times and being eluted after 15 min of incubation with 50 L
biotin elution buffer at 37 °C. Then the eluted samples and
supernatant were collected for western blot analysis with
antibodies against MyD88 (no. ab2064) and NF-«xB (no.
ab16502) referring to the above procedure.

ALP activity detection

ALP activity was measured to quantify the osteoblast dif-
ferentiation of AVICs. Briefly, the AVICs were seeded into
the 5-cm? dish and given different treatment: inhibitor-
NC, inhibitor, mimic-NC and mimic. The cells were then
harvested and lysed with 1% Triton X-100 after 7 days of
the treatments. The ALP activity of the cells was assessed
at 405 nm using a p-nitrophenol phosphate substrate kit
(Sigma-Aldrich, MO, USA). The ALP values (units/ng pro-
tein) were normalized to those of proteins using a Bio-Rad
DC protein assay (Bio-Rad).

Duolink assay

Duolink experiments were performed to detect close proxim-
ity between MyD88 and NF-xB. After incubated with anti-
bodies against MyD88 and NF-kB overnight at 4 °C, the
cells were incubated with PLA probes from the Duolink kit
(Sigma-Aldrich, MO, USA). The remainder of the protocol
was conducted according to the manufacturer’s recommen-
dations, and an orange (555 nm wavelength) detection kit
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was used. Hybridization between two PLA plus and minus
probes leads to a fluorescent signal and occurs only when the
distance between two antigens is less than 40 nm.

Co-immunoprecipitation analysis (co-IP)

The co-IP procedure was performed to evaluate the interac-
tion between NF-kB protein and MyD88 protein. Briefly,
cells were lysed with lysis buffer (50 mM Tris—HC]l, pH 7.5,
200 mM NaCl, 0.5% Nonidet P40, protease inhibitor cock-
tail) at 4 °C for 30 min. After centrifuged at 15,000 rpm for
10 min, the supernatant was subjected to IP with 1 ug anti-
body against MyD88 (no. ab2064) overnight, followed by
incubated with 10 pL protein A beads at 4°X for 2 h, then the
immune complex was detected by western blot with NF-kB
(no. ab16502) antibody referring to the above procedure.

Alizarin red staining

For alizarin red staining, the cells were washed in distilled
water and then exposed to freshly prepared 2% alizarin red
s (pH to 4.1-4.3, Sigma) for 5 min (red/orange = positive
staining) [22]. Digital images were taken on a Zeiss Axio
Imager upright microscope (Oberkochen, Germany) for the
transmitted light bright field. Calcification of AVICs was
assessed using standard protocols for alizarin red staining.
Quantification was performed using Image-Pro Plus soft-
ware (Media Cybernetics; Rockville, MD, USA).

NF-kB transcription factor assay

Aortic valve interstitial cells were seeded into a 6-well plate
and grown overnight at 37 °C in 5% CO,. After transfection
with inhibitor-miR-214, mimic-miR-214, and their control
vectors for 48 h, nuclear proteins were extracted using the
Active Motif Nuclear Extract Protocol (Active Motif) and
the total protein concentration of the lysates was determined
using the BCA Protein Assay kit (Thermo Fisher Scientific).
Activation of the NF-kxB p65 subunit in 5 pg of nuclear
extracts was determined using an NF-kB p65 ELISA-based
transcription factor assay kit (TransAM™ assay) accord-
ing to the manufacturer’s instructions. The NF-kB detecting
antibody recognized an epitope on p65 that was accessible
only when NF-kB was activated. The colorimetric reading
at 450 nm was determined in a microplate reader (molecu-
lar devices). The positive-control Jurkat nuclear extract pro-
vided with the kit was used to assess assay specificity.

Enzyme-linked immunosorbent assay (ELISA)
The levels of IL-6, IL-8, and MCP-1 in culture supernatants

were determined using ELISA kits following the manufac-
turer’s instructions.
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Statistical analysis

Data are presented as the mean + standard deviation (SD).
Statistical analysis was performed using SPSS 23.0 (SPSS
Inc.; Chicago, IL, USA). Student’s ¢ test was used for com-
parison between two groups. Analysis of variance (ANOVA)
with the post hoc Bonferroni/Dunn test was used to ana-
lyze differences among multiple groups. The nonparametric
Mann—Whitney U test was performed to confirm the differ-
ence of the 2-group comparison. Differences were confirmed
for multiple group comparisons using the nonparametric
Kruskal-Wallis test. Statistical significance was defined as
P<0.05.

Results

Expression of miR-214, TLR4, MyD88, and NF-kB
in CAVD patients

To explore the function of miR-214 in the occurrence and
development of CAVD and its underlying mechanism, we
first ascertained the expression patterns of miR-214, TLR4,
MyD88, and NF-kB in the blood and aortic valve tissue
samples of patients with calcified aortic stenosis (n=38) or
the age-matched patients with aortic insufficiency (n=8).
Immunohistochemical staining and western blot tests
showed the expression levels of TLR4, MyD88, and NF-xB
proteins were all elevated in the aortic valve tissues of
patients with calcified aortic stenosis when compared with
the non-cardiac tissues (Fig. 1a, c). RT-PCR showed that the
level of miR-214 was also increased in the blood and aor-
tic valve tissue samples of calcified aortic stenosis patients,
as well as the mRNA levels of TLR4, MyD88, and NF-kB
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Fig. 1 Detection of the expression of miR-214, TLR4, MyD88, and
NF-xB in CAVD patients. a Immunohistochemical staining analy-
sis of the protein levels of TLR4, MyD88, and NF-kB in the aortic
valve tissue specimens from patients with calcified aortic stenosis
(n=28) or the age-matched patients with aortic insufficiency (n=38).
Magnification: x100. b RT-PCR analysis of the expression of miR-
214 in the aortic valve tissue specimens from patients with calcified
aortic stenosis and the age-matched patients who had aortic insuffi-
ciency. ¢ Western blot tests were performed to assess the protein lev-

els of TLR4, MyD88, and NF-kxB in the aortic valve tissue specimens
from patients with calcified aortic stenosis (n=8) or the age-matched
patients with aortic insufficiency (n=8). GAPDH was used to nor-
malize the expression of proteins. d RT-PCR analysis of the levels
of miR-214, TLR4, MyD88, and NF-kB in the blood samples from
calcified aortic stenosis (n=28) or the age-matched patients with aor-
tic insufficiency (n=8). Error bars represent the mean +SD of at least
three independent experiments. (*P<0.05, **P<0.01, ***P<0.001,
CAVD group vs normal group)
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(Fig. 1b, d). These results indicated that miR-214, TLR4,
MyD88, and NF-kB were highly expressed in the blood and
tissue samples of CAVD patients, suggesting that these mol-
ecules might play a role in the pathogenesis of CAVD.

LPS reverses the down-regulated expression
of IL-6, IL-8, MCP-1, and ICAM-1 induced by miR-214
down-regulation

Then we explored the function of miR-214 in the inflam-
matory reaction of AVICs. Figure 2a shows the transfected
efficiency of the inhibitor and mimic of miR-214. The level
of miR-214 was reduced markedly when AVICs were trans-
fected with inhibitor-miR-214, while miR-214 expression
was increased when AVICs were transfected with mimic-
miR-214 (Fig. 2a). ELISA showed that inhibitor-miR-214
reduced the protein levels of IL-6, IL-8, and MCP-1,
whereas these results were reversed when adding LPS, ago-
nist of TLR4, at the same time of miR-214 down-regula-
tion (Fig. 2b). Additionally, up-regulation of miR-214 by

transfection of mimic-miR-214 increased the protein levels
of IL-6, IL-8, and MCP-1 in AVICs, and this effect was
enhanced by LPS (Fig. 2c). Also, we evaluated the protein
level of ICAM-1 in different treated AVICs. Down-regula-
tion of miR-214 decreased the expression of ICAM-1 and
up-regulation of miR-214 increased ICAM-1 expression,
while LPS reinforced ICAM-1 expression regardless of
miR-214 up-regulation or down-regulation (Fig. 2d). These
results suggest that both LPS and miR-214 enhanced the
expression of IL-6, IL-8, MCP-1, and ICAM-1.

Up-regulation of miR-214 accelerates AVICs
calcification and activates MyD88/NF-kB signaling
pathway

Then, we explored the effect of miR-214 on the activation
of TLR4/MyD88/NF-kB signaling pathway. Up-regulation
of miR-214 increased the protein expression of MyD88
and NF-xB, while down-regulation of miR-214 showed
the opposite results with no obvious influence in TLR4
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Fig.2 Detection of the protein levels of IL-6, IL-8, MCP-1, and
ICAM-1 in AVICs with different groups. a RT-PCR analysis of the
expression of miR-214 24 h after AVICs transfected with inhibitor-
miR-214, mimic-miR-214, or their control vectors. b ELISA was used
to analyze the protein levels of IL-6, IL-8, and MCP-1 in the superna-
tant samples of AVICs with different treatments: inhibitor-NC (48 h),
inhibitor-miR-214 (48 h), inhibitor-miR-214 (48 h)+LPS (0.2 pg/mL,
12 h). ¢ ELISA was used to analyze the protein levels of IL-6, IL-8,
and MCP-1 in the supernatant samples of AVICs with different treat-

@ Springer

ments: mimic-NC (48 h), mimic-miR-214 (48 h), mimic-miR-214
(48 h)+LPS (0.2 ng/mL, 12 h). d Western blot tests were performed
to detect the expression of ICAM-1 in different treated AVICs:
inhibitor-NC (48 h), inhibitor-miR-214 (48 h), inhibitor-miR-214
(48 h)+LPS (0.2 pg/mL, 12 h), mimic-NC (48 h), mimic-miR-214
(48 h) and mimic-miR-214 (48 h)+LPS (0.2 pg/mL, 12 h). Error bars
represent the mean+SD of at least three independent experiments.
(**P<0.05, **™P<0.01, **+#¥p<0,001)
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expression (Fig. 3a). Besides, the DNA-binding activity of
NF-«B p65 was significantly increased when AVICs were
transfected with mimic-miR-214 and vice versa (Fig. 3b).
Then, we explored the function of miR-214 in the cal-
cification of AVICs through detecting ALP activity and
alizarin red staining. And results demonstrated that up-
regulation of miR-214 significantly increased ALP activity
(Fig. 3c) and the area of calcified nodules (Fig. 3d), and

vice versa. Similarly, both the protein and mRNA levels
of RUNX2, Msx2, and BMP2 were elevated in the mimic-
miR-214 group, while these results were reversed in the
inhibitor-miR-214 group (Fig. 3e, f). These data indicated
that overexpression of miR-214 promoted the calcifica-
tion of AVICs and activated the MyD88/NF-kB signaling
pathway.
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Fig.3 Determination of the effects of miR-214 on the calcification
of AVICs and its related signaling pathway. After AVICs were trans-
fected with inhibitor-NC, inhibitor-miR-214, mimic-NC, and mimic-
miR-214., then a western blot tests were performed to detect the
protein levels of TLR4, MyD88, and NF-xB. b For TransAM assays,
nuclear extracts of AVICs were prepared and the DNA-binding activ-
ity of p65 was measured using an ELISA-based TransAM kit. ¢ ALP
activity of AVICs after 7 days of the transfection. d Calcified nodules
were apparent with the use of alizarin red staining. Magnification:

x100. e Western blot tests were performed to detect the protein levels
of RUNX2, Msx2, and BMP2. f RT-PCR analysis of mRNA levels of
RUNX2, Msx2, and BMP2 after 24 h AVICs were transfected with
inhibitor-NC, inhibitor-miR-214, mimic-NC, and mimic-miR-214.
Error bars represent the mean+SD of at least three independent
experiments. (*P<0.05, **P <0.01, ***P <0.001, inhibitor-miR-214
vs inhibitor-NC; *P<0.05, #P<0.01, #P<0.001, mimic-miR-214
vs mimic-NC)

@ Springer



698

Clinical Research in Cardiology (2019) 108:691-702

MiR-214 interacts with the MyD88 protein in AVICs

As miR-214 could activate MyD88/NF-kB signaling
(Fig. 3a, b), we next determined the interaction between
miR-214 and MyD88 and NF-«kB proteins. RNA pull-down
assay using anti-NF-kB and MyD88 antibodies determined
that miR-214 could directly combine with MyD88 protein
but not NF-kB protein (Fig. 4a). Furthermore, we carried out
Duolink and co-IP assays to evaluate the interaction between
MyD88 and NF-kB proteins. Results demonstrated that there
was co-location in nuclear of MyD88 and NF-kB proteins
(Fig. 4c) and these two proteins could direct or indirect bind
to each other (Fig. 4b). Together, these result revealed that
there was a close relationship between miR-214 and MyD88/
NF-«B signaling in AVICs.

MiR-214 accelerates AVICs calcification
through the activation of MyD88/NF-kB signaling
pathway

Finally, we investigated the effects of MyD88/NF-kB in
the calcification of AVICs with or without the presence of
miR-214. Vector-MyD88 and siRNAs-MyD88 were used
to up-regulate and down-regulate the expression of MyD88
in AVICs. Figure 5a shows the transfected efficiency of
them, and si-3 showed the highest knockdown efficiency
of MyD88 and was accordingly chosen for the next study.
Up-regulation of MyD88 promoted both the mRNA and
protein expression of NF-xB (Fig. 5b) and increased the
levels of pro-inflammatory cytokines such as IL-6, IL-8,
and MCP-1 (Fig. 5c). Besides, both the protein and mRNA
levels of RUNX2, Msx2, and BMP2 were increased with

up-regulation of MyD88 (Fig. 5d, e), as well as the increased
ALP activity and the area of calcified nodules (Fig. 51, g);
the reverse was also true when knockdown of MyD88 in
AVICs (Fig. 5b-g).

Overexpression of miR-214 increased the expressions
of NF-xB (Fig. 6a), IL-8, MCP-1, ICAM-1 (Fig. 6b), and
osterix, bone sialoprotein, RUNX2, Msx2 and BMP2
(Fig. 6¢), enhanced ALP activity (Fig. 6d) and area of calci-
fied nodules (Fig. 6e), whereas these effects mediated by
miR-214 up-regulation were abolished when MyD88 was
down-regulated in AVIVs (Fig. 6). Taken together, these
results suggested that miR-214 accelerated the inflammatory
process and calcification of AVICs through activation of the
MyD88/NF-kB signaling pathway.

Discussion

CAVD is a complex process [23] with endothelial dam-
age, lipid deposition, inflammatory cell accumulation, and
resultant production of pro-inflammatory mediators [24].
The inflammatory responses and osteogenic differentiation
of AVICs account for the main pathogenesis of this disease
[25]. In the present study, we clarified that overexpression
of miR-214 promoted the production of pro-inflammatory
mediators such as ICAM-1, IL-6, IL-8, and MCP-1, and
accelerated the osteogenic differentiation of AVICs through
activation of MyD88/NF-«B signaling. These findings illus-
trate that miR-214 exerts pro-inflammatory roles in human
AVICs and miR-214 inhibition has the potential to suppress
inflammatory processes and repress the calcification of
AVICs, providing a promising target for CAVD treatment.

Fig.4 miR-214 could combine A miR-214 Unrelated None B

with MyDS88 protein. a RNA

pull-down assay was performed FT E FT E FT E MyD88 | T —
to determine if miR-214 could 1 -

directly bind to MyDSS protein MyDss "W W w - NF-KB e
(L lysate load; FT flow-through; p65

E eluate). b Co-IP assay was

performed to evaluate the GAPDH W
interaction between MyD88

and NF-kB proteins in AVICs. P65 Q& Q&

¢ Duolink assay was used to & 0&

assess the co-subcellular loca-
tion of MyD88 and NF-kB
proteins

anti-NF«xB
p65
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Fig.5 Determination of the effects of MyD88 on the calcification of
AVICs. AVICs were transfected with siRNAs-MyD88, si-RNA-NC,
vector-MyDS88, and vector-MyD88 to down-regulate and up-regulate
MyD88 expression, respectively. a RT-PCR was performed to detect
the transfected efficiency of siRNAs-MyD88 and vector-MyD88 after
24 h of the transfection. b RT-PCR and western blot tests were used
to assess the mRNA and protein levels of NF-kB after up-regulation
and down-regulation of MyD88 in AVICs. ¢ ELISA assay analysis
of the protein levels of IL-6, IL-8, and MCP-1 in the supernatant of

MiR-214 was highly expressed in the blood samples from
CAVD patients, and transfection of the miRNA-214 inhibi-
tor into AVICs blocks the osteoblastic transformation. To
the best of our knowledge, this is the first report of miR-214
up-regulation in CAVD patients and its involvement in the
osteoblastic transformation of AVICs. In bone-marrow mes-
enchymal stem cells (BMSCs), Li et al. [18] reported that
miR-214 was down-regulated, while B-catenin and RUNX2
were enhanced in the process of BMSCs differentiating into
osteoblasts; miR-214 agomir significantly declined RUNX?2
level and attenuated osteoblast differentiation in BMSCs.
Shi et al. [26] found that miR-214 suppressed osteogenic
differentiation of C2C12 myoblast cells by targeting osterix.
In contrast to these findings, the present study showed that
miR-214 was up-regulated in the CAVD patients and pro-
moted the osteogenic differentiation of AVICs, which was

G--3

si-MyD88 Vector-MyD88

N

Vector-NC

Calcified area (Fold)

0

&

&

AVICs after 48 h of the transfection. d, e RT-PCR and western blot
tests were used to assess the mRNA and protein levels of RUNX2,
Msx2, and BMP?2 after up-regulation and down-regulation of MyD88
in AVICs. f F ALP activity of AVICs after 7 days of cell transfec-
tion. G Calcified nodules were apparent by alizarin red staining 48 h
after transfection. Magnification: X100. Error bars represent the
mean+SD of at least three independent experiments. (*P <0.05,
P <0.01, #*P <0.001, si-MyD88 vs si-NC; *P<0.05, #P <0.01,
#p <0.001, vector-MyD88 vs vector-NC)

consistent with a previous report [27] that demonstrated
knockdown of miR-214 in mice seemed to improve aortic
valve calcification in apoE™~ mice with high-cholesterol
(HC)-diet induced aortic valve calcification..

Besides, we observed that the expression of TLR4,
MyD88 and NF-kB were elevated in patients with CAVD
when compared with the matched control individuals, sug-
gesting that the elevated TLR4, MyD88, and NF-xB might
be involved in the progression of CAVD. Previous study
have proved that TLR4 plays a key role in innate and adap-
tive immunity in the physiological process of CAVD [28].
MyDS8S8, a critical adapter protein for TLR4, leads to the acti-
vation of downstream NF-kB and the subsequent production
of pro-inflammatory cytokines [29]. Studies have suggested
that the NF-kB pathway plays a vital role in modulating
TLR4-mediated inflammatory and osteogenic responses
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Fig.6 Analysis of the function of miR-214/MyD88 in the inflam-
mation and calcification of AVICs. a Western blot tests were used
to assess the mRNA and protein levels of NF-kB after AVICs
were given different treatments: NC, mimic-miR-214 and mimic-
miR-214 +5i-MyD88. b ELISA assay analysis of the protein levels
of IL-8, MCP-1, and ICAM-1 in the supernatant of AVICs after 48 h
of the cells were transfected with NC, mimic-miR-214 and mimic-
miR-214 +5i-MyD88. ¢ Western Blot tests were used to assess the

in human AVICs [10, 30]. Stimulation of TLR4 in human
AVICs with LPS not only induces the production of inflam-
matory mediators, but also up-regulates the expression of
osteogenic factors, including BMP-2 and ALP [31]. Simi-
larly, this study demonstrated that LPS promoted the expres-
sion of inflammatory responses, with elevated expression
of IL-6, IL-8, MCP-1, and ICAM-1. All of these cytokines
exert important auxo-action in the inflammatory responses

@ Springer

protein expression of osterix, bone sialoprotein, RUNX2, Msx2, and
BMP2 48 h after the cells were transfected with NC, mimic-miR-214,
and mimic-miR-214+45si-MyD88. d ALP activity of AVICs after
7 days of cell transfection. e Calcified nodules were apparent by aliz-
arin red staining 48 h after transfection. Magnification: x100. Error
bars represent the mean+SD of at least three independent experi-
ments. (¥*P<0.05, **P<0.01, mimic-miR-214 vs NC; #P<0.05,
#p <0.01, mimic-miR-214 + si-MyD88 vs mimic-miR-214)

of AVICs [32, 33] and are present in the early aortic valve
lesions associated with CAVD [5].

The present study also showed that LPS promoted the
expression of IL-6, IL-8, MCP-1, and ICAM-1 regard-
less of miR-214 was up-regulated or down-regulated, sug-
gesting either that miR-214 and LPS are two independent
ways through which inflammatory processes are facili-
tated in AVICs or that LPS is upstream of miR-214 in the
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inflammation pathway [27]. To further explore if the TLR4/
MyD88/NF-xB pathway is involved in the inflammatory
responses induced by miR-214, we performed RT-PCR
and western blot analysis to detect the expression of TLR4,
MyD88, and NF-kB after AVICs were transfected with
the mimic/inhibitor of miR-214. We found that miR-214
increased the expression of MyD88 and NF-kB, while hav-
ing no influence in TLR4 expression. However, we did not
investigate miR-214 effect on the expression of other TLRs
family members in the current study, hence we were incon-
clusive about deciding if miR-214 accelerated the progres-
sion of CAVD in a TLR-independent way. Besides, we found
that miR-214 could directly combine with MyD88 protein
which has a direct or indirect combination with NF-kB pro-
tein, suggesting that MyD88/NF-«xB signaling was strongly
implicated in the process in which miR-214 accelerated the
pathogenesis of CAVD. MyD88-dependent pathway leads
to the rapid activation of NF-kB, resulting in the increased
secretion of inflammatory mediators in most cell types [34].
Additionally, it has been demonstrated that the MyD88/
NF-kB-mediated signaling pathway plays an important
role in mediating tissue inflammation in many conditions,
including cardiovascular calcification [35]. Similarly, we
found that the inhibition of inflammatory and calcific reac-
tions of AVICs induced by miR-214 inhibitor was abolished
when MyD88 was up-regulated, suggesting that MyD88 was
closely involved in miR-214-mediated inhibition of inflam-
matory and calcific reactions.

In conclusion, this study showed that miR-214 promoted
calcification by facilitating inflammatory reaction through
activating MyD88/NF-kB signaling pathway in AVICs,
which might provide a new target for CAVD diagnosis and
treatment.
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