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Worldwide, calcific aortic valve disease is one of the leading causes of morbidity and mortality among patients with cardiac
abnormalities. Aortic valve mineralization and calcification are the key events of adult calcific aortic valve disease manifestation
and functional insufficiency. Due to heavy mineralization and calcification, adult aortic valvular cusps show disorganized and
dispersed stratification concomitant with deposition of calcific nodules with severely compromised adult valve function.
Interestingly, shared gene regulatory pathways are identified between bone-forming cells and heart valve cells during
development. Asporin, a small leucine-rich proteoglycan (43 kDa), acts to inhibit mineralization in periodontal ligament cells
and is also detected in normal murine adult aortic valve leaflets with unknown function. Therefore, to understand the Asporin
function in aortic cusp mineralization and calcification, adult avian aortic valvular interstitial cell culture system is established
and osteogenesis has been induced in these cells successfully. Upon induction of osteogenesis, reduced expression of Asporin
mRNA and increased expression of bone and osteogenesis markers are detected compared to cells maintained without
osteogenic induction. Importantly, treatment with human recombinant Asporin protein reduces the mineralization level in
osteogenic media-induced aortic valvular interstitial cells with the concomitant decreased level of Wnt/f-catenin signaling.
Overall, all these data are highly indicative that Asporin might be a novel biomolecular target to treat patients of calcific aortic

valve disease over current cusp replacement surgery.

1. Introduction

Cardiac diseases are often associated with structural and
functional insufficiency of adult aortic valvular cusps [1, 2].
These are mostly characterized by aortic valve mineraliza-
tion, followed by calcification and subsequent dysfunction
with severe morbidity and mortality in humans [3, 4].
According to World Health Organization, it is estimated that
17.9 million people (31%) died from different cardiovascular
diseases in the year 2017. Prevalence of calcific aortic valve
disease (CAVD) accounts for around 5-25% of all types of
cardiovascular diseases. A large number of research efforts
are directed towards better understanding of the CAVD
mechanism. CAVD is projecting around 13% of global pop-
ulation and persisting as a serious health concern, worldwide.

Approximately 25% of people over age of 65 have increased
risk of CAVD. Human CAVD is characterized by the accu-
mulation of calcium salts on aortic valvular cusps due to
genetic and various environmental factors with severely com-
promised valvular function [5-7].

During valvulogenesis, embryonic endocardial endothe-
lial cells of outflow tract (OFT) cushions get differentiated
to form mature, stratified, tri-layered aortic valvular cusp in
adult hearts [8]. During this developmental event, highly
proliferative, migratory, and undifferentiated cells of endo-
cardial cushion give rise to mature aortic valves with
stratified extracellular matrix (ECM) [9, 10]. Mature valve
leaflets are stratified into elastin-rich atrialis/ventricularis,
proteoglycan-rich spongiosa, and highly organized collagen
fiber-rich fibrosa [5]. CAVD is mainly associated with
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complete disarray and disorganization of this trilaminar struc-
ture and ECM components in fibrosa. It has been reported
that expression of genes associated with bone and cartilage
development is also elevated in patients with CAVD condition
[11]. Previous reports have suggested the existence of shared
gene regulatory pathways between developing heart valve
and bone-forming cells [12]. Valvular cells are of two hetero-
geneous types, namely valvular endothelial cells (VECs) and
valvular interstitial cells (VICs) [13]. These VICs have the
potential to differentiate into preosteoblasts upon several
pathological cues with relatively unknown mechanism.

Asporin, also known as periodontal ligament-associated
proteinl (PLAP1), is a member of small leucine-rich proteo-
glycan (SLRP) family of ECM proteins [14, 15]. Previously, it
is reported that Asporin is expressed in mouse and human
tissues including the osteoarthritic articular cartilage, aorta,
uterus, heart, and liver [12, 15-17]. In addition, recent
reports demonstrated strong expression of Asporin mRNA
in adult mouse aortic valve leaflets, although without any
functional relevance [12]. It plays an important role in the
negative regulation of bone cell calcification process via inhi-
bition of bone morphogenetic protein 2 (BMP2)-Smad/1/5/8
signaling pathway via competitive binding with Bmp recep-
tor and results in reduced level of calcification in periodontal
cells [16]. Wnt/[3-catenin signaling has multiple and diverse
roles in embryonic development including heart and bone
formation. Importantly, it is reported that expressions of
Wnt/f3-catenin pathway-specific genes are increased during
CAVD and promotes osteogenesis [18]. Asporin-dependent
regulation of aortic valve mineralization with a concomitant
expression of procalcific Wnt/f-catenin signaling has not
been well studied before, especially in the case of adult calcific
aortic valve disease or CAVD. Therefore, studies on the reg-
ulatory mechanism between Asporin and Wnt/-catenin sig-
naling in the valvular mineralization process might be worth
exploring in the purview of CAVD therapeutics.

Here, in this report for the first time, we have demon-
strated the Asporin-mediated inhibition of mineralization
level in cultured adult avian aortic valvular interstitial cells
(AVICs) induced with osteogenesis. In addition, our data
are also indicative of Asporin functions upstream of mineral-
ization and calcification promoting pathways active in cul-
tured AVICs with induced osteogenesis.

2. Materials and Methods

2.1. Avian Heart Collection. Fertilized chick embryos at
indicated embryonic time points were obtained from a local
government registered hatchery (State Poultry Farm, Tolly-
gunge, Kolkata, West Bengal), and adult chicken hearts were
procured from a local slaughterhouse. The specific avian
breed used was Gallus gallus domesticus (Rhode Island Red
and Black Australorp) [19]. Importantly, no animal ethics/u-
sage approvals were needed as no animals were maintained
for breeding purpose at the Presidency University. Although
procurement of all fertilized eggs and adult hearts was per-
formed in accordance with Presidency University purchase
guidelines.
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2.2. RNA Isolation and Reverse-Transcriptase PCR. Total
RNA was isolated from dissected and pooled tissues which
are 10-12 embryonic day 5.0 (E5) OFT cushion tissues, adult
ventricular tissue, 5-6 adult aortic cusps, in every case of the
avian experimental group using 200 ul Trizol (Invitrogen,
15596026). Then 2 ug of total RNA was reverse transcribed
for cDNA synthesis by Bio-Rad kit (iScript™ Reverse Tran-
scription Supermix for RT, 170-884) in 20 ul of total volume
according to manufacturer’s supplied protocol. Total RNA
was also isolated from valvular interstitial cell (VIC) cultures
using 200 pl Trizol. Then cDNA was synthesized, taking 1 ug
of RNA by Reverse Transcription Supermix. RT-PCR was
performed in 20 yl of total volume using DNA Taq polymer-
ase (Bioline, BIOTAQ DNA polymerase BIO-21040). These
PCR were performed for 35 cycles using 20 pmol of the fol-
lowing primer pairs (IDT) mentioned in Table 1. For each
primer set standardization and optimization and to detect
the optimum annealing temperature, gradient PCR reactions
were done as shown in supplementary figure L

2.3. Quantitative Real-Time PCR (qRT-PCR) Analyses.
Quantitative real-time PCR (qRT-PCR) was used for quanti-
tative assay to validate gene expression changes. Here, we
have also demonstrated primer efficiencies of three essential
gene primers (Asporin, [(-catenin, and Fibronectin), used
extensively in our data analyses. We have followed the
Qiagen guidelines to derive “efficiency and slope” of the
primer pairs against cDNA targets [20]. For cDNA synthesis,
we have taken 1 ug of template RNA. Then cDNA was seri-
ally diluted with nuclease free water as follows: 1:1, 1:10,
1:100, 1:1000, and 1:10000. Then, standard curves were
plotted taking the log of cDNA dilution and Cq values (sup-
plementary figure II). From the standard curve, slope (S) was
calculated and efficiency was determined by the formula:
Primer efficiency (%) = [10 A (-1/S) — 1]*100.

Quantitative real-time PCR was performed in 10 ul of
total volume using the Bio-Rad real-time PCR kit (SSO fast
Eva green super mix, 172-52 03AP) according to previously
standardized protocol [19]. Gene expression levels were
determined by a Cq value obtained from the Bio-Rad CFX
manager software normalized to f-actin expression. Each
qRT-PCR result represents both biological and technical
triplicates (n = 3). For avian valvular interstitial cells (AVICs)
in culture, gene expression was analyzed as increased or
decreased fold change calculated from experimental Cq
values generating ACq and AACq. Statistical significance
was calculated for observed differences by Student’s ¢-test
and considered significant for p < 0.05 values.

2.4. Adult Chicken Aortic Valvular Interstitial Cell (AVIC)
Culture and Osteogenic Induction. Primary aortic valve inter-
stitial cells (AVICs) were established from aortic valvular
cusps of adult chicken hearts. These cells were isolated
following standardized protocol and cultured on collagen
coated plates and chamber slides as described previously by
others [9]. Briefly, adult valvular leaflets from the aortic base
region were located and dissected away using fine forceps and
scissors as needed. Later, with the help of a cotton swab, the
upper VECs layer was scraped out from the dissected cusps.
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TaBLE 1: Designed primers for qRT-PCR (IDT PrimerQuest tool).

Serial No. Genes Annealing temperature (°C) Product size (bp) Primer sequences
Chick
. Aspori 554 308 F: 5'-GCAACATTCCACCAGATAC-3'
sporin : R: 5 -AGAGGATTTGCACTCATTTC-3'
5 Ak 538 156 F: 5'-CCCCTCAATGAGACAGTGGT-3'
Y : R: 5'-GGCTGAGACAGTCTGGAAGG-3'
3 Catad 59 360 F: 5'-GTGTCACCTCGCTTCTCCTT-3’
: R: 5'-GTGCCCTGTGCCATCTCT-3’
. Collal 526 173 F: 5 -GTACCTCAGCAAGAACCCCA-3'
orta : R: 5 -AGTGGTAGGTGACGTTCTGG-3'
F: 5 -ATGTTCCAGACCGTTGACCT-3'
> Sm22a >2:6 198 R: 5 -GCCAATGATGTTCTTGCCCT-3'
. Vimenti 538 »01 F: 5'-CCAGATGCGTGAAATGGAGG-3'
Hmentin : R: 5/ -CTCTCTTCTCCCTCCAGCAG-3'
; Fibromecti 569 - F: 5 -AGATGTTCCAAGGGACCTGG-3'
woronectin : R: 5 -TCCACGACCAGTTACAGCAT-3'
F: 5'-GCTAAGGATGAAGGCAAGGC-3'
8 Alp 238 248 R: 5 -TACTCCACATCGCTGGTGTT-3’
o N-Cadheri 576 51 F: 5'-TTGGCTAAGGGGATTCAGCA-3'
adherin : R: 5 -TGCAGGGTCCGAAAGTTTTG-3'
" — 5 183 F: 5'-TCCTAGAAACAATGGCCGGT-3'
amts R: 5'-ACTCCAGCATACTTGGGGAC-3'
I AdumtsS 5 152 F: 5 -ATTTGGATCCTGGACACCGT-3'
amts R: 5'-GTGTCACGGTGCACATTTCT-3'
O Ost . 599 198 F: 5'-GCAGCAGACACAGAATGACC-3'
steopontin : R: 5 -TCTGTGGGGAAGTCTGTGAC-3'
3 Runx2 611 - F: 5'-CCCCGGCTCCTCCCAAAACCAA-3'
’ R: 5'-CCGCCTCCACACCGTCACTCTG-3’
F: 5'-TCCCTTTCCCCATCAACTCC-3'
14 Msx2 238 162 R: 5 -TCACCGTGCCTTTCTGATCT-3’
5 Osteri 505 203 F: 5'-CTATAGGGGCGGTTCGGG-3'
sterix : R: 5'-CTCGGGTCGGTGTTATGGAT-3'
6 Cateni 561 205 F: 5'-ACTGTTCTACGCCATCACCA-3'
p-Catenin : R: 5 -ACCACTGGCCAGAATGATGA-3'
. W3 s - F: 5'-GTGAGGACGTGGAGTTT-3'
ntoa R: 5'-GAAGCGCTGTCGTATTTG-3'
8 Dk 510 166 F: 5'-CCGGAGCAGAAGGTTGTTTC-3’
‘ R: 5'-CTGGAAACTCAGCGCGTAC-3'
19 Binoo 55 )38 F: 5 -GTTTGTGGTGGAGGTGGTITC-3’
mp R: 5'-GTCCACATACAACGGATGCC-3'
- Smad 51 323 F: 5 -GCAGGGAGATGAAGAAGA-3'
ma R: 5'-GCTTGTAGTGGTAAGGATTG-3'
. Smads 51 518 F: 5'-GGAAACAAGGAGATGAAGAG-3'
ma R: 5'-CCAGACCCGACAGTAAA-3'
- Smads 50 - F: 5'-ACACCAGGAGACACATAG-3'

R: 5'-CATCTTCGTCAGCTCATATAC-3’
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TaBLE 1: Continued.
Serial No. Genes Annealing temperature (°C) Product size (bp) Primer sequences
F: 5'-GACATCGATGAGTGCAACCC-3’
23 Notchl 538 233 R: 5'-TCCAGGTTGATCTCGCAGTT-3'
F: 5'-CCGTTTTCTCCTCCCCTGAT-3'
24 Sox9 >6.1 191 R: 5'-CTCTTGAGGTCGGGTGTTCT-3’
- pit2 s 534 F: 5'-GCAGCAGATACATCAACTC-3'
! R: 5'-AGACGTGTCCTTCTCTTC-3'
F: 5'-AGTACCCCATTGAACACGGT-3'
26 B-Actin 55 139

R: 5'-ATACATGGCTGGGGTGTTGA-3’

Next, the cusps were explanted and subjected to treatment
with collagenase II (Sigma 234153) containing M199
medium (Invitrogen, 11150-059) supplemented with 1%
penicillin/streptomycin  (Pen-Strep) cocktail (Invitrogen,
15140122) at 37°C, 4 x 7mins in a shaking water bath [9].
Pooled supernatants from 7-8 valves were centrifuged at
800 rpm for 5mins and the pellet was resuspended in 3 ml
complete M199 culture medium which contains M199
medium +10% Fetal Bovine Serum (FBS) and 1% Pen-
Strep. Then the final cell suspension was sieved through
nylon mesh (local made) and plated onto 0.01% collagen-
(Collagen I rat tail-, 3 mg/ml, A10483-01) coated plates con-
taining complete M199 media followed by 2-5 days of cul-
ture. After establishing, AVIC explant cultures without any
contaminations were used further to perform all the
experiments.

To study osteogenic gene induction, cultured cells were
treated with osteogenic media containing complete M199
medium, p-glycerophosphate (10mM), L-ascorbic acid
(10nM), and dexamethasone (0.1 uM) as described before
[9]. The osteogenic (OS) induction media was added after 3
days of VICs in culture and kept in treatment for a maximum
of 4 days (96 hrs) in healthy condition.

2.5. Activator and Inhibitor Assays in Adult Avian Valvular
Interstitial Cells (AVICs) in Culture. To supplement the
Asporin protein in AVICs in culture, the cells were treated
directly with the recombinant human Asporin protein
(150 ng/ml; Abcam 132382) for 24 hrs in the presence of OS
induction media for 4 days. For canonical Wnt signaling
pathway manipulation, cultured cells were treated with the
recombinant human Wnt3A (thWnt3A) protein (150 ng/ml;
Abcam ab81484) for 24 hrs to activate Wnt signaling, per-
forming activation assay. Similarly, cultured cells were
treated with Xav939, also for 24hrs (2uM; Abcam
ab120897) for Wnt signaling inhibition assay [19, 21]. After
completion of all the treatments, experiments were carried
out for either total RNA isolation for quantitative mRNA
expression analyses or cell fixation for immunostaining. Also,
qualitative and quantitative Alizarin Red staining was carried
out to compare mineralization of treated cells with untreated
controls (n = 3).

2.6. Immunostaining. AVIC explant cultures were fixed in 1%
paraformaldehyde for 3 mins followed by 4% paraformalde-

hyde for 10 mins (Affymetrix, 19943) and washed with 1X
phosphate buffered saline (PBS) and PBST solution (PBS
+0.01% tween 20). Then immunostaining was performed
according to the supplied protocol provided by the antibody
manufacturer. The following antibodies are used for immu-
nofluorescence (IF): anti-Asporin (1:500 dilution, Abcam
ab154404) and anti-a-Sma (1:400 dilution, Thermo Fisher
Scientific, 14-9760-82). A rabbit polyclonal secondary anti-
body (Goat anti-Rabbit IgG H&L, Alexafluor 488,
ab150077) was applied against Asporin primary antibodies.
All primary antibody incubations were made overnight at
4°C. All cell nuclei were stained with DAPI (SRL, 18668).
As negative controls, cultured AVICs were incubated with
only the secondary antibody, but with no primary antibody
incubation.

2.7. Protein Isolation and Western Blotting. Protein lysates
were isolated from VICs using ice-cold RIPA lysis buffer
(250 mM NaCl, 50mM Tris pH7.5, 0.1% SDS, 1% Triton
X, and 5mM EDTA) containing protease inhibitor mixture
(Genetix GX2811AR) and phosphatase inhibitor mixture
(Genetix GX0211AR) according to the manufacturer’s
instructions. Western blots were performed as described pre-
viously (Evans-Anderson et al., 2008) and the membranes
were incubated with secondary antibody (1:4000; Abcam
ab97051). Immunoblots were developed using chemifluores-
cent detection with the Clarity Western ECL Substrate
reagent (Bio-Rad 1705060) and scanned using ChemiDoc
MP (Bio-Rad). Signal intensities were quantified with the
Image] software (NIH). Asporin has a dilution 2.5 ug/ml
(Abcam, ab58741). GAPDH (1:2000; BioBharati, BB-
AB0060) antibody reactivity was used as a loading control.
Statistical significance was determined by Student’s t-test
(p<0.05).

2.8. Bright-Field and Fluorescence Microscopy. All light
microscopic images were taken using inverted microscope
and attached camera (Nikon SMZ800). AVICs in cultures
were also being imaged in the bright field using an inverted
microscope (Zeiss). For immunostained slides, fluorescence
was detected using a microscope (Zeiss lab, flu microscope,
and Leica fluorescence microscope) and images were cap-
tured using the Zeiss software: ISC capture and Leica soft-
ware, LAS X.
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2.9. Alizarin Red S Staining. For Alizarin Red S staining, the
cells were washed with 1X cold phosphate buffer saline
(PBS) and fixed with 4% paraformaldehyde in PBS for
45mins at 4°C. For qualitative staining, 2% Alizarin Red S
(Sigma) solution was used, and for quantitative analyses,
40 mM Alizarin Red S solution was prepared [5]. After cell
fixation, the cells were stained with freshly prepared 2%
Alizarin for 30 mins. Then cell plates were washed with dis-
tilled water (dH,O) 2-3 times for 2 mins each and air-dried.
Digital bright-field images were taken using the LAS X
software (Leica).

On the other hand, fixed cells were stained with freshly
prepared 40 mM Alizarin Red S for 30-40 mins with gentle
shaking at room temperature. For quantitative assay, 800 ul
of 10% acetic acid (for 60 mm cell plates each) was used to
incubate the fixed cells at room temperature for 30 mins.
Then, the cell suspensions were collected using a cell scraper
into a fresh 1.5 ml microcentrifuge tube. Then these samples
were vortexed for 30 seconds followed by heating at 85°C for
10 mins. After that, the samples were carried out for centrifu-
gation at 20000 g for 20 mins. Then, 500 yl of each superna-
tant was collected in a new tube and 200ul of 10%
ammonium hydroxide was added to each tube to neutralize
the acid. pH was measured within 4.1 to 4.5. Finally, the pre-
pared sample solution was aliquoted in 96 well plates (150 ul
each) for absorbance. OD values were taken for the control
and OS-induced samples using the Gene5 software (BioTek,
microplate reader). Then the final quantitative difference
was calculated by Student’s ¢-test and considered significant
for p <0.05 values, where n =3 [22].

2.10. Coomassie Blue Staining. To visualize and capture the
morphology of isolated adult avian valve interstitial cells
(AVICs) in culture, the cells were stained with Coomassie
brilliant blue after 4 days of culture. The cultured cells were
washed once with 1X PBS and incubated with the Coomassie
brilliant blue solution for 30-40 mins. Next, the Coomassie
blue stain was removed by washing with dH,O for 2-3 times
and air-dried before imaging. Then the bright-field images
were captured using an inverted microscope (Zeiss).

2.11. Statistical Analyses. To derive all the fold changes of
gene expression in qRT-PCR data, we have analyzed the nor-
malized expressions using cycle threshold (CT) values in
triplicates for both biological and technical replicates for all
independent experiments. We have applied Student’s ¢-test,
specifically (two sided) two-tailed, to observe the statistical
significance (p < 0.05).

Next, for Asporin immunostaining experiments, all the
counted values are taken and after generating the percentages
in each set of experiment, graphs have been plotted. Overall,
all the statistical analyses have been reported with standard
error of mean (SEM) subjected to Student’s t-test (p < 0.05).

Also for Alizarin quantitative assays, OD (optical den-
sity) values are considered as absorbance of Alizarin Red
stained cell solutions for statistical analyses. Here also, we
have applied Student’s ¢-test and considered the fold changes
significant for p < 0.05 values.

2.12. Cell Viability Assay. Cell viability was determined post
treatment with recombinant Asporin protein (rhAsp) by
counting DAPI stained cell nuclei. For this, we have counted
the percentage of viable cells (DAPI positive cells) by the fol-
lowing formula: [(Total number of viable cells/Total number
of cells seeded during the culture and counted by
hemocytometer) x 100].

3. Results

3.1. Establishment and Characterization of Adult Avian Valve
Interstitial Cells (AVICs) in Culture with Marker Gene
Expression Analyses. Several previous reports have identified
that the cultured aortic valvular interstitial cells (AVICs)
undergo osteoblast differentiation resulting in AVICs miner-
alization and subsequent calcification [3, 7, 23]. Adult avian
whole hearts have been collected and three aortic valvular
cusps have been dissected out from each sample. Next AVICs
have been isolated from dissected aortic tri-cusps and cul-
tured. The bright-field image has shown three thin and dis-
tinct cusps at the base of the aorta (arrowheads in
Figure 1(a)). Following the standardized protocol as men-
tioned in the methods section, the primary AVICs culture
has been established successfully. Cells have started to grow
and show distinct, clear filamentous morphology after 48-
72hrs of seeding. The bright-field microscopic image has
shown AVICs with well-defined spindle-shaped morphology
(arrowheads in Figure 1(b)). Next, the Coomassie brilliant
blue stain was used to further demonstrate the more distinct
morphology of AVICs under higher magnification (arrow-
heads in Figure 1(c)). To further characterize the isolated
AVICs, immunostaining was performed against the a-Sma
antibody, a known VIC marker, and a strong expression
has been detected as shown in Figures 1(d)-1(f) (arrow-
heads). After 4-5 days of culture, healthy AVICs have been
used for further experimentations.

Selective marker gene expression has been determined to
validate AVICs isolation. Figure 1(g) has shown marker gene
expression at mRNA level isolated from AVICs in culture
compared to the left ventricular tissue dissected out from
adult avian hearts used for AVICs isolation. We have per-
formed gene expression analyses of AVIC-specific markers
(Fibronectin and Sm22a), Asporin as our molecule of interest
along with cardiomyocyte (CM) specific markers (Myh7 and
Gata4) by reverse-transcriptase PCR (RT-PCR) on isolated
AVICs and ventricular (VEN) tissue from adult avian hearts
(Figure 1(g)). In both, 1 ug of total RNA is used as a template
to synthesize specific cDNAs for reverse-transcriptase PCR
analyses. Two AVIC markers (Fibronectin and Sm22«) have
shown increased expression in AVICs compared to VEN tis-
sue. Also, significant expression of Asporin mRNA is
detected in AVICs compared to VEN. In contrast, expres-
sions of CM-specific markers (Myh7 and Gata4) increased
in the VEN tissue compared to AVICs. Additionally, sup-
plementary III (reverse-transcriptase PCR) data have also
shown higher expression of Asporin in adult aortic cuspal
tissue compared to embryonic outflow tract cushion
(OFT) (precursor structure of aortic and pulmonic valves
in developing embryo) tissue. Therefore, all these
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was used for equal mRNA input and RT efficiency (n = 3).

characterization and gene expression data have shown
successful establishment of primary avian adult AVICs in
culture.

3.2. Osteogenic Induction in AVICs in Culture. After success-
ful establishment of AVICs and to induce osteogenesis
in vitro, AVICs were treated with osteogenic (OS) induction
media for 96 hrs. Complete media was supplemented with
OS induction ingredients (f-glycerophosphate (10 mM),
L-ascorbic acid (10nM), and dexamethasone (0.1 uM)) as

described by others previously [9]. The bright-field images
of both control and OS-treated healthy AVICs cultures are
shown in Figures 2(a) and 2(b) (arrowheads). Next, as
expected, the RT-PCR data have indicated that several
osteogenic marker-specific gene (Osteopontin, Runx2,
ALP, Msx2, and Osterix) expressions have been significantly
upregulated upon OS treatment compared to untreated
control AVICs (Figure 2(c)).

Likewise, consistent with the RT-PCR data, mRNA level
expressions of Osteopontin, Runx2, ALP, Msx2, and Osterix
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FIGURE 2: Osteogenic induction in avian adult aortic valve interstitial cells (AVICs) in vitro. (a, b) Representative bright-field images of
uninduced control (a, marked by arrowheads) and osteogenic (OS) media-induced AVICs in culture (b, marked by arrowheads). (c) Gene
expressions of osteogenic markers (Osteopontin, Runx2, ALP, Msx2, and Osterix), by reverse-transcriptase PCR, have shown elevated
expression in OS-induced AVICs compared to control normal AVICs. S-Actin was used for equal mRNA input and RT efficiency.
(d) (I-V): relative mRNA level expressions have been further validated by real-time PCR. Osteopontin, Runx2, ALP, Msx2, and
Osterix all increased by 3.65 fold, 2.68 fold, 0.4 fold, 2.68 fold, and 17.12 fold, respectively. B-Actin was used to analyze normalized
gene expressions. Statistical significance was determined by Student’s t-test, where * denotes p <0.05 and n =3.
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(AVICs) in vitro. (a) (I and II): reduced Asporin gene expression in osteogenic (OS) media-induced AVICs compared to uninduced control
AVICs, by reverse-transcriptase PCR and real-time PCR. Here, Asporin has shown reduced expression in OS-treated AVICs compared to
control AVICs (a, I). Also, quantitative expression data reveals 0.62 fold decreased expression of Asporin in OS-treated AVICs compared
to control AVICs (a, II). (b) (I and II): reduced Asporin protein expression in osteogenic (OS) media-induced AVICs compared to
uninduced control AVICs, by western blot analyses. Here, Asporin has shown decreased expression in OS-treated AVICs compared to
control AVICs, according to band intensity (b, I). Also, quantitative expression data reveals 0.67 fold decreased expression of Asporin in
OS-treated AVICs compared to control AVICs (p=0.008). (c) (I and II): here, AVICs were immunostained with Asporin antibody
(green) and nuclei were counterstained with DAPI (blue), showing decreased number of Asp+ cells in OS-treated AVICs compared to
control AVICs (marked by arrowheads). (d) Here, quantitative data demonstrate that OS-treated AVICs show decreased number of
Asporin-positive cells as detected by 12.65% compared to untreated control AVICs. Statistical significance was determined by
Student’s t-test, where * denotes p<0.05 and *** denotes p<0.001 and n=3.

genes have shown increased by 3.65, 2.68, 0.4, 2.68, and 17.12
folds, respectively, determined by quantitative real-time PCR
(qQRT-PCR) analyses in OS-treated AVICs compared to
untreated controls (Figure 2(d), I-V). Overall, these data
have confirmed that osteogenic induction with OS media
resulted in increased expression of several osteogenic
markers in AVICs. Thus, these data show successful osteo-
genic induction in adult AVICs in culture.

3.3. Reduced Expression of Endogenous Asporin in Cultured
AVICs upon Osteogenic Induction. After successful establish-

ment and osteogenic induction of adult AVICs in cultures,
the Asporin mRNA expression has been analyzed by RT-
PCR data with 1 ug of the total RNA template, used to syn-
thesize cDNA. In addition, the Asporin protein expression
has also been analyzed in control and OS-treated AVICs in
culture. Interestingly, the decreased level of Asporin mRNA
is detected in OS-induced AVICs compared to untreated
controls as performed by both RT-PCR data and qRT-PCR
assays. In Figure 3(a), I, the RT-PCR data indicate that
Asporin expression is markedly downregulated in OS-
treated AVICs compared to control AVICs as per the nucleic
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acid agarose gel band intensity. Likewise, consistent with
reverse-transcriptase PCR data, Asporin mRNA expression
is decreased by 0.62 fold in OS-treated AVICs compared to
untreated controls (Figure 3(a), II).

Also at protein level, Asporin has been found to decrease
also in OS-treated AVICs compared to control AVICs. In
Figure 3(b), I and II, the western blot data show that Asporin
has downregulated by 0.67 fold (p=0.008) in OS-treated
AVICs compared to control protein.

Additionally, to further validate the result of osteogenic
induction and both Asporin mRNA and protein expressions,
OS-treated AVICs are immunostained with Asporin- (Asp-)
specific antibody. Consistent with the mRNA expression
data, a decreased number of Asporin-positive (Asp™) cells
(arrowheads in Figure 3(c), I) are detected in OS-treated
AVICs compared to the number in untreated control AVICs
(arrowheads in Figure 3(c), II). The quantitative cell count
data further reveal around 12.65% decrease in Asporin-
labeled cells in OS-treated AVICs compared to untreated
controls, respectively (Figure 3(d)). A minimum of 500
DAPI" nuclei are counted in each set of experiments (1 = 3).

Overall, these data suggest that the osteogenic induction
decreases endogenous Asporin expression both at mRNA
and protein levels in AVICs in culture.

3.4. Marker Gene Expression Analyses in AVICs upon
Induction with Osteogenic (OS) Media. Next, both control
and OS-treated AVICs have been taken, and additional selec-
tive marker gene expression has been determined. Expression
of several extracellular matrix (ECM) and Wnt/fB-catenin
signaling pathway-specific genes sensitive to osteogenic
induction is determined by qRT-PCR analyses. Expression
of Collal, an ECM marker, has been significantly downregu-
lated by 0.97 fold in OS-treated, compared to control AVICs
(Figure 4(a), I). A myofibroblast marker, Sm22« increased by
17.25 fold in OS-treated, compared to control AVICs
(Figure 4(a), IT). Another ECM marker, Fibronectin, has been
upregulated by 8.51 fold (Figure 4(a), III), intermediate fila-
ment marker, Vimentin, has decreased by 0.83 fold
(Figure 4(a), 1V), cell adhesion marker N-cadherin has
increased by 4.42 fold in OS-treated compared to control
AVICs (Figure 4(a), V). Two matrix metalloproteinases
(MMPs) Adamts5 and Adamts9 have increased by 0.23 fold
(Figure 4(a), VI) and decreased by 0.62 fold (Figure 4(a),
VII), respectively, in OS-treated AVICs compared to control
AVICs in culture. Interestingly, the decreased mRNA expres-
sion level of collagen (Collal) and valvular interstitial cell
marker (Vimentin) have also been indicative of activated cell
phenotypes with induced osteogenesis. Also, we have
detected increased (3.36 fold) (Figure 4(a), VIII) expression
of PiT2 mRNA, indicative of intracellular phosphate level
in OS-induced AVICs compared to control. But we could
not able to detect the expression of PiTI transcript in our
OS-induced AVICs in culture. Overall, several ECM genes
responsible for the pathological remodeling have been altered
significantly towards mineralization and calcific phenotypes
in cultured AVICs induced with osteogenesis.

Furthermore, in OS-treated AVICs in culture and consis-
tent with previous report [9], genes/proteins involved in

Wnt/f-catenin signaling including but not limited to -
catenin, Wnt3a, and Dkkl mRNA have shown altered
expression compared to untreated controls. In OS-treated
AVICs, the qRT-PCR data show increased expression of 3
catenin and Wnt3a mRNA (1.44 and 4.73 fold, respectively)
and decreased expression of DkkI mRNA (0.27 fold), com-
pared to untreated controls (Figure 4(b), I-III).

In addition, BMP/Smad signaling- and Notch/Sox9
signaling-specific gene markers have also been compared
between control and OS-treated AVICs (Supplementary
figure IV). Here, BMP2 has increased by 0.07 fold, Smadl
has decreased by 0.15 fold, and Smad5 and Smad8 increased
by 7.51 and 6.11 folds in OS-treated AVICs compared to
untreated control cells, respectively. Likewise, Notch] mRNA
has been increased by 1.62 fold and Sox9 mRNA has
decreased by 0.67 fold in OS-treated compared to untreated
AVICs in culture. Thus, other signaling pathway genes,
involved in valvular osteogenesis, also get significantly
altered upon OS induction on AVICs (Supplementary
figure IV).

Interestingly, earlier reports have shown that Sox9 directs
chondrogenic differentiation by blocking osteogenic differen-
tiation [24, 25]. Here, we have found that Sox9 mRNA
expression is reduced after osteogenic induction in AVICs.
In contrast, we also show that (Figure 2) Runx2 mRNA
expression increased in OS-induced AVICs, indicating
Runx2 involvement in osteogenesis process. Taken together,
others and our data might suggest that the balance between
these two transcription factors is important for osteogenic
induction in AVICs in vitro.

Opverall, all these data show altered expression of several
AVICs markers, ECM genes, and multiple signaling path-
ways sensitive to OS induction in AVICs in culture including
Wnt/f-catenin signaling.

All the results of gene expression analyses showing
changes between control and OS-induced AVICs are being
represented as a list in Table 2.

3.5. Overexpression of Asporin Reduces Mineralization on
AVICs Maintained in Osteogenic Medium. Next, to deter-
mine the effect of Asporin protein on AVICs mineralization,
OS-induced cells have been also treated with Asporin recom-
binant protein (rhAsp, 150 ng/ml) for 24 hrs to assess both
qualitative and quantitative mineralization by Alizarin Red
S staining. Asporin protein localization has also been
assessed by immunostaining to compare the expression
between OS- and OS+rhAsp-treated AVICs in culture. Also,
to confirm changes in marker gene expression upon rhAsp
treatment, qQRT-PCR was performed. AVICs, which have
been treated with OS induction media for 3 days, show
increased mineralization by Alizarin Red S staining
(Figure 5(a), arrowheads in nI-nlII). Interestingly, compar-
ing with this OS control cells in Figure 5(a), a reduced level
of mineralization has been observed in Figure 5(b) (arrow-
heads in nI-nlII) after treatment with rhAsp. Next, this data
have been further confirmed with alizarin quantitative assay
in Figure 5(c). This quantitative data indicate decreased
absorbance (OD) (0.089) of alizarin-stained rhAsp-treated
AVICs compared to OS control (0.064) without any rhAsp.
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FIGURE 4: Selective AVICs marker gene expression analyses after osteogenic (OS) media induction in avian adult AVICs in vitro. (a) (I-VII):
qRT-PCR data show that Collal, Vimentin, and Adamts9 have been downregulated by 0.97 fold, 0.83 fold, and 0.62 fold, respectively (I, IV,
and VII). In addition, Sm22«, Fibronectin, N-cadherin, Adamts5, and PiT2 have been upregulated by 17.25 fold, 8.51 fold, 4.42 fold, 0.23 fold,
and 3.36 fold, respectively (I, III, V, VI, and VIII). (b) (I-III): similarly, positive regulators of Wnt signaling, 3-catenin and Wnt3a, have been
upregulated by 1.44 fold and 4.73 fold, respectively (I and II). In contrast, the negative modulator of Wnt signaling, Dkk1 mRNA, is decreased
by 0.27 fold (III). Statistical significance was determined by Student’s ¢-test, where * denotes p <0.05, ** denotes p <0.01 and *** denotes
p<0.001 and n=3.
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TaBLE 2: qQRT-PCR results of comparison between uninduced control and OS-induced AVICs.

OS-induced AVICs

Osteogenic marker genes Osteopontin, Runx2, ALP, Msx2, Osterix All are upregulated
Negative regulatory molecule of bone cell differentiation Asporin Downregulated
Fibroblast Collal Downregulated
Fibroblast Vimentin Downregulated
Mpyofibroblast Sm22« Upregulated
AVICs marker genes Extracellular matrix molecule Fibronectin Upregulated
Cell adhesion molecule N-Cadherin Upregulated
Matrix metalloproteinase Adamts5 Upregulated
Matrix metalloproteinase Adamts9 Downregulated
Intracellular phosphate level regulatory gene Na-dependent Pi transporter PiT2 Upregulated
B-Catenin Upregulated
Signaling-specific markers genes Whnt signaling Wnt3a Upregulated
Dkk1 Downregulated
Bmp2 Upregulated
Smad 1 Downregulated
Smad 5 Upregulated
Other signaling-specific marker genes Smad Uireiilate d
Notch 1 Upregulated
Sox 9 Downregulated

Next, Figures 5(d) and 5(e) have shown the difference of
Asporin- (Asp-) positive AVICs between OS control and
rhAsp-treated AVICs. As expected, it shows increased num-
bers of Asporin-positive AVICs in rhAsp-treated cells
(Figure 5(e)) compared to OS controls alone (Figure 5(d)).
This is further validated by analyzing and quantifying the
increased percentage (1.75%) of Asporin-positive AVICs in
OS+rhAsp compared to OS control only (Figure 5(f)).

Furthermore, the mRNA expression level of related
gene makers is also evaluated on OS control and rhAsp-
treated AVICs by qRT-PCR (Figure 5(g), I-VI). These
data have detected that Asporin mRNA has been signifi-
cantly upregulated by 0.9 fold; both osteogenic gene
markers (Osteopontin and Runx2) have decreased by 0.29
fold and 0.79 fold, respectively, in rhAsp-treated AVICs
compared to OS control only. Also, positive regulators of
Wnt signaling (f-catenin, Wnt3a) both decreased by 0.55
fold and 0.8 fold, respectively, in rhAsp-treated AVICs
compared to OS control only. In contrast, expression of
Dkk1, a negative regulator of Wnt signaling, has increased
by 0.3 fold in rhAsp-treated AVICs compared to OS con-
trol only. Hence, all these data clearly have shown that
Asporin significantly inhibits valvular mineralization
induced with OS induction media.

In addition, to determine the effect of rhAsp protein on
AVICs viability, cell viability assay has been performed. Like-
wise, we have used three concentrations (100ng/ml,
150 ng/ml, and 200ng/ml) of rhAsp protein in a dose-
dependent manner in AVICs in culture and as shown by
the Supplementary figure V. This data have shown that

88%, 81.21%, 93.81%, and 76.7% viable cells were observed
in control, 100ng/ml-, 150 ng/ml-, and 200 ng/ml-treated
AVICs, respectively (Supplementary figure V A-D). No
statistical significance is observed in AVICs viability across
all the tested concentrations of rhAsp protein
(Supplementary figure V E). The total number of DAPI
positive nuclei have been counted in each group with
minimum of 500 nuclei per group (n=3).

Together, these data strongly suggest that recombinant
Asporin protein significantly reduces the level of mineraliza-
tion in adult avian AVICs maintained in OS induction media
in vitro.

All the results of gene expression analyses, showing
changes between OS control and OS+rhAsp-treated AVICs,
are being represented as a list in Table 3.

3.6. Human Recombinant Asporin Protein Inhibits AVICs
Mineralization Induced with Osteogenic Media and Wnt
Signaling Activation. Next, to determine the effect of
recombinant Asporin protein on AVICs mineralization
maintained both in OS induction media and with increased
level of Wnt signaling, AVICs have been further treated
with Wnt3a recombinant protein (rhWnt3a, 150ng/ml,
24 hrs) to activate Wnt signaling in addition to OS induc-
tion. To our surprise, recombinant Asporin protein (rhAsp,
150 ng/ml, 24 hrs) inhibits mineralization of AVICs supple-
mented with OS+rhWnt3a compared to AVICs maintained
in OS+rhWnt3a alone. Likewise, Figures 6(a)-6(c) have
shown Alizarin-stained osteogenic media-induced AVICs
(OS) culture for 6 days followed by 24 hr treatments with
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FIGURE 5: Human recombinant Asporin (rthAsp) treatment decreases matrix mineralization in osteogenic (OS) media-induced avian adult
AVICs in vitro. (a, b) Alizarin Red S staining data is showing (a, nI-nIII) bright-field microscopic images (nI (x10) and nII and nIII
(x16)) of OS-induced AVICs (arrowheads) and (nI-nIII) bright-field microscopic images (nI (x10) and nII and nIII (x16)) of rhAsp-
treated OS-induced AVICs (arrowheads). (c) Quantitative assay of Alizarin Red S shows that absorbance of rhAsp-treated OS-induced
AVICs decreased (0.064) compared to only OS-induced AVICs (0.089) (p <0.05, n=3). (d, e) Here, immunostaining data show that a
number of Asporin-positive (Asp*) cells increased in rhAsp-treated OS-induced AVICs compared to OS-induced AVICs (arrowheads). (f)
Quantitative data show 1.75% increase in Asp” cells in rhAsp-treated OS-induced AVICs compared to OS-induced AVICs only. (g) (I and
VI): qRT-PCR data show that Asporin is upregulated by 0.9 fold (I), osteogenic markers Osteopontin and Runx2 are downregulated by
0.29 fold (II) and 0.79 fold (III), and Wnt signaling-specific markers, -catenin and Wnt3a, are downregulated by 0.55 fold (IV) and 0.71
fold (V), whereas DkkI is upregulated by 0.3 fold (VI), respectively, in rhAsp-treated OS-induced AVICs compared to OS-induced AVICs
only. Statistical significance was determined by Student’s t-test, where * denotes p <0.05, ** denotes p <0.01, and *** denotes p <0.001
and n=3.
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TaBLE 3: qQRT-PCR results of comparison between OS-induced control and OS+rhAsp-treated AVICs.

OS+rhAsp-conditioned AVICs

Negative regulatory molecule of bone cell differentiation Asporin Upregulated
Osteogenic marker genes Osteopontin, Runx2 Downregulated
B-Catenin Downregulated
Whnt signaling-specific markers genes Whnt3a Downregulated
DkkI Upregulated

either thWnt3a or rhWnt3a+rhAsp. The basal levels of
mineralization have been detected and marked qualitatively
in Figure 6(a) (arrowheads). Compared with this OS induc-
tion alone, an increased level of mineralization has been
detected in OS+rhWnt3a-treated AVICs (arrowheads in
Figure 6(b)). Interestingly, the mineralization level has
decreased when OS+rhWnt3a AVICs have been further
treated with rhAsp as evident by a reduced level of Alizarin
reactivity (arrowheads in Figure 6(c)). These qualitative
data are further wvalidated by quantitative assay in
Figure 6(d). Increased absorbance (OD) of alizarin intensity
(0.160) has been shown in OS+rhWnt3a-treated AVICs
compared to OS induction alone (0.093). Interestingly,
decreased absorbance (OD) of alizarin has been detected
when OS+rhWnt3a-treated AVICs were further treated
with rhAsp protein (0.065). Overall, addition of Asporin
protein inhibits OS media-induced AVICs mineralization
as detected by Alizarin Red S staining, both qualitatively
and quantitatively.

Next, to determine the mRNA expression level of the
indicated genes involved in osteogenesis and Wnt/f-catenin
signaling including Asporin, detected in OS-, OS+rhWnt3a-,
and OS+rhWnt3a+rhAsp-treated AVICs, qRT-PCR assays
were used (Figure 6(e), I-VI). Asporin mRNA has been sig-
nificantly downregulated in rhWnt3a-treated and upregu-
lated in rhWnt3a+rhAsp-treated OS-induced AVICs. It has
decreased by 0.73 fold in rhWnt3a-treated AVICs compared
to OS control and again increased by 3.43 fold in rhWnt3A
+rhAsp-treated OS-induced AVICs compared to rhWnt3a-
treated AVICs. Likewise, expression of osteogenic markers,
Osteopontin and Runx2, has been both increased in
rhWnt3a-treated and decreased in rhWnt3a+rhAsp-treated
OS-induced AVICs. Osteopontin mRNA expression has been
increased by 1.44 fold in rhWnt3a-treated compared to OS
control and decreased by 0.07 fold in rhWnt3a+rhAsp-
treated OS-induced AVICs compared to only rhWnt3a-
treated AVICs. Likewise, Runx2 mRNA expression has
increased by 0.89 fold in rhWnt3A-treated compared to OS
control and decreased by 1.23 fold in rhWnt3a+rhAsp OS
AVICs compared to only rhWnt3A-treated AVICs. Wnt
pathway modulators, S-catenin and Wnt3a mRNA expres-
sions, have been also determined in both treatments on OS-
induced AVICs. B-Catenin mRNA has increased by 2.2 fold
in rhWnt3a-treated compared to OS control and decreased
by 0.33 fold in rthWnt3a+rhAsp-treated OS-induced AVICs
compared to only rhWnt3a-treated AVICs. Similarly, Wnt3A
has increased by 1.73 fold in rhWnt3A-treated compared to

OS control and decreased by 0.26 fold in rhWnt3A-+rhAsp-
treated OS-induced AVICs compared to only rhWnt3a-
treated AVICs. In contrast, mRNA expression of a negative
regulator of Wnt signaling, Dkk1 has decreased by 0.71 fold
in rhWnt3a-treated compared to OS control and increased
by 1.44 fold in rhWnt3A+rhAsp-treated OS-induced
AVICs compared to only rhWnt3a-treated AVICs. Thus,
these gene expression data are consistent with the mineral-
ization status of OS-induced AVICs with or without
treatments.

Together, all these data strongly suggest that recombi-
nant Asporin protein inhibits mineralization in OS-induced
AVICs in culture along with increased mRNA level of
Wnt/f-catenin signaling-specific gene expressions.

All the results of gene expression analyses showing
changes between OS control, OS+rhWnt3a-, and OS
+rhWnt3a+rhAsp-treated AVICs are represented as a list in
Table 4.

3.7. Inhibition of Wnt Signaling Fails to Rescue OS-Induced
AVICs Mineralization In Vitro. Next, to determine if Wnt
signaling is sufficient to induce AVICs mineralization in cul-
ture, OS-induced AVICs have been treated with Wnt signal-
ing inhibitor Xav939 (2 uM) to inhibit Wnt signaling and
also treated with recombinant human Asporin protein
(rhAsp, 150 ng/ml) was used for treatment for 24 hrs in both
cases. Assessments of qualitative and quantitative minerali-
zation have been performed by Alizarin Red S staining of
OS-induced and treated AVICs. The mRNA expression
levels of several gene markers have been analyzed for
Xav939 (Wnt signaling inhibitor) and Xav939+rhAsp-
treated OS-induced AVICs by qRT-PCR assays.
Figures 7(a)-7(c) show Alizarin-stained OS-induced AVICs
maintained for 6 days in culture followed by 24 hr treatment
of either Xav939 or Xav939+rhAsp protein. Basal levels of
mineralization have been detected and marked qualitatively
by arrowheads in Figure 7(a). Interestingly, detection of
unchanged mineralization status in Xav939-treated OS-
induced AVICs (arrowheads in Figure 7(b)), compared to
OS induction alone in Figure 7(a), indicates the presence of
other active signaling pathway(s) promoting mineralization
in OS-induced AVICs treated with Xav939. But, as expected,
treatment of rhAsp inhibits mineralization in Xav939-treated
OS-induced AVICs (arrowheads in Figure 7(c)) compared to
Xav939 treatment alone (arrowheads in Figure 7(b)). Fur-
ther, absorbance (OD) data generated from alizarin-stained
AVICs intensity are further validated by quantitative assay
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FIGURE 6: Human recombinant Asporin (rhAsp) treatment decreases matrix mineralization in recombinant Wnt3a- (thWnt3A-) treated
osteogenic (OS) media-induced avian adult AVICs in culture. (a—c) Bright-field microscopic images (x10) of alizarin-stained OS-induced
AVICs show increased matrix mineralization in rhWnt3a-treated OS-induced AVICs compared to OS-induced AVICs. Moreover,
decreased matrix mineralization is detected in rhWnt3A+rhAsp-treated OS-induced AVICs (arrowheads). (d) Quantitative assay of
Alizarin Red S shows that absorbance of rhWnt3A-treated OS-induced AVICs is upregulated (0.16) compared to only OS-induced AVICs
(0.093), and absorbance of rhWnt3A+rhAsp-treated OS-induced AVICs is downregulated (0.065) compared to rhWnt3A-treated OS-
induced AVICs (p <0.05, n=3). (e) (I and VI): here, qRT-PCR data show that Asporin decreased by 0.73 fold in rhWnt3A-treated and
increased by 3.43 fold in thWnt3A+rhAsp OS-induced AVICs (I). Osteopontin and Runx2 mRNA expressions increased by 1.44 fold and
0.89 fold in rhWnt3A-treated and decreased by 0.07 fold and 1.23 fold in rhWnt3A+rhAsp-treated OS-induced AVICs (II and III).
B-Catenin and Wnt3A mRNA increased by 2.2 fold and 1.73 fold in rhWnt3A-treated and decreased by 0.33 fold and 0.26 fold in
rhWnt3A+rhAsp OS AVICs. Also, DkkI decreased by 0.71 fold in thWnt3A-treated and increased by 1.44 fold in thWnt3A+rhAsp-
treated OS-induced AVICs. Statistical significance was determined by Student’s t-test, where * denotes p <0.05, ** denotes p <0.01,
and *** denotes p <0.001 and n=3.

in Figure 7(d). Consistent with the qualitative data, alizarin ~ further decreased to 0.68 (OD), indicative of reduced level
absorbance of OS-induced AVICs and Xav939-treated OS-  of mineralization.

induced AVICs are 0.089 and 0.88 (ODs), respectively. But Next, to determine the gene expression changes in OS
in both Xav939- and rhAsp-treated OS-induced AVICs, it  induction alone, Xav939-treated OS-induced and Xav939
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TaBLE 4: qQRT-PCR results of comparison among OS-induced control, OS+rhWnt3a-, and OS+rhWnt3a+rhAsp-treated AVICs.

OS+rhWnt3a-conditioned ~ OS+rhWnt3a+rhAsp-conditioned

AVICs AVICs
Negative regulatory molecule of bone cell ;
differentiation Asporin Downregulated Upregulated
Osteogenic marker genes Osteopontin, Upregulated Downregulated
Runx2
B-Catenin Upregulated Downregulated
Wnt signaling-specific markers genes Whnt3a Upregulated Downregulated
Dkk1 Downregulated Upregulated

+rhAsp-treated OS-induced AVICs, qRT-PCR analyses have
been done (Figure 7(e), I-VI). Consistent with the minerali-
zation data, Asporin mRNA expression has been unchanged
in Xav939-treated OS-induced but significantly upregulated
in Xav939+rhAsp-treated OS-induced AVICs. Likewise,
Asporin mRNA has increased by 1.71 fold in Xav939
+rhAsp-treated OS-induced AVICs compared to Xav939-
treated OS-induced AVICs. In addition, expressions of oste-
ogenic markers (Osteopontin and Runx2) have been
unchanged in Xav939-treated OS-induced AVICs but signif-
icantly downregulated in Xav939+rhAsp-treated OS-induced
AVICs. Osteopontin and Runx2 mRNA have decreased by
0.28 fold and 0.35 fold in Xav939+rhAsp OS-induced AVICs,
respectively, compared to only Xav939-treated OS-induced
AVICs. In addition, positive regulators of Wnt pathway
genes, f-catenin and Wnt3A mRNA expressions, have also
been analyzed in both treated groups compared to OS-
induced AVICs only. Expression of -catenin mRNA has
decreased by 0.78 fold in Xav939-treated AVICs compared
to OS control and decreased by 0.27 fold in Xav939+rhAsp-
treated OS-induced AVICs compared to only Xav939-
treated OS-induced AVICs. Similarly, expression of Wnt3A
mRNA has decreased by 0.05 fold in Xav939-treated AVICs
compared to OS control and decreased 0.65 fold in Xav939
+rhAsp-treated OS-induced AVICs compared to only
Xav939-treated OS-induced AVICs. In contrast, the negative
regulator of Wnt signaling pathway gene, DkkI expression,
has been increased by 0.18 fold in Xav939-treated AVICs
compared to OS control and increased 3.09 fold in Xav939
+rhAsp-treated OS-induced AVICs compared to only
Xav939-treated OS-treated AVICs.

Therefore, the presence of mineralization in OS-
induced AVICs with a decreased level of Wnt/f-catenin
signaling further indicates the presence of other active
pathway responsible of AVICs mineralization. But, to our
surprise, inhibition of mineralization by treatment with
rhAsp in Xav939-treated OS-induced AVICs indicates the
potential Asporin function independent of multiple
osteogenic-promoting signaling pathways to inhibit AVICs
mineralization in vitro.

Together, all these data strongly suggest that Asporin
inhibits mineralization and probably acts upstream of
multiple osteogenic inducing pathway genes at mRNA
level including Wnt/B-catenin signaling in AVICs in
culture.

All the results of gene expression analyses showing
changes between OS control, OS+Xav939-, and OS+Xav939
+rhAsp-treated AVICs are represented as a list in Table 5.

4. Discussion

Adult aortic valvular interstitial cell mineralization and active
calcification best characterizes the CAVD phenotype in the
adult heart. But being expressed in adult aortic valvular
cusps, Asporin function in CAVD progression and patho-
genesis is unexplored. Therefore, in this report, we have
shown for the first time that Asporin might have an inhibi-
tory function in aortic valvular interstitial cell matrix miner-
alization and calcification with potential therapeutic
implication.

Here, we have detected the strong expression of Asporin
mRNA in adult avian aortic cusps compared to the lower
level of expression in embryonic outflow tract cushion (aortic
valve precursor) tissue. We have also successfully established
an avian adult aortic valve interstitial cell (AVIC) culture sys-
tem (Figure 1). Due to inability to maintain these isolated pri-
mary AVICs in osteogenic medium to induce mineralization
for more than 3 days in vitro, we could not detect any Von
Kossa reactive cells in culture (data not shown), which would
further indicate the end-stage osteogenic process with cal-
cium salt deposits. Upon induction of osteogenesis, we have
analyzed and detected increased expression of several osteo-
genic gene markers along with increased levels of mineraliza-
tion (Figure 2). Osteogenic induction resulted in a decreased
level of endogenous Asporin expression with a concomitant
increased level of Wnt/S-catenin signaling compared to
uninduced control AVICs in culture (Figures 3 and 4).

Several reports have identified Wnt/f-catenin signaling
as a critical modulator for cardiogenesis including cell prolif-
eration, lineage differentiation, and heart morphogenesis
including the aortic valve calcification process [19, 26-28].
Therefore, to better understand the associated signaling
which promotes mineralization in osteogenic media-
induced AVICs in culture, we have manipulated Wnt/f3-
catenin signaling to determine the Asporin function as an
antimineralization ECM protein. Interestingly, after osteo-
genic induction, direct addition of human recombinant
Asporin with or without Wnt signaling activation reduces
AVICs mineralization in vitro (Figures 5 and 6). For miner-
alization assessments, we have done both qualitative and
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FIGURE 7: Human recombinant Asporin (rthAsp) treatment also decreases matrix mineralization in Xav939-treated osteogenic (OS) media-
induced avian adult AVICs in culture. (a—c) Bright-field microscopic images (x10) of alizarin stained OS-induced AVICs show unchanged
matrix mineralization in Xav939-treated OS-induced AVICs compared to OS-induced AVICs only. Moreover, decreased matrix
mineralization is detected in Xav939+rhAsp-treated OS-induced AVICs (arrowheads). (d) Quantitative assay of Alizarin Red S shows that
the absorbance of Xav939-treated OS-induced AVICs is similar (0.089) compared to only OS-induced AVICs (0.088), and the absorbance
of rhWnt3A+rhAsp-treated OS-induced AVICs decreased (0.068) compared to Xav939-treated OS-induced AVICs (p <0.05, n=23).
(e) (I and VI): qRT-PCR data show that Asporin is unchanged in both OS-induced AVICs and Xav939-treated AVICs, whereas it
increased by 1.71 fold in Xav939+rhAsp OS-induced AVICs (I). Osteopontin and Runx2 mRNA expressions are unchanged in both
OS-induced AVICs and Xav939-treated AVICs, whereas these decreased by 0.28 fold and 0.35 fold in Xav939+rhAsp OS-induced
AVICs, respectively (II and III). 3-Catenin decreased by 0.78 fold and 0.27 fold in Xav939-treated and in Xav939+rhAsp-treated OS-induced
AVICs, respectively (IV). Similarly, Wnt3A decreased by 0.05 fold and 0.65 fold in Xav939-treated and inXav939+rhAsp-treated OS-induced
AVICs, respectively (V). Also, Dkk1 increased by 0.18 fold and 3.09 fold inXav939-treated and in Xav939+rhAsp-treated OS-induced AVICs,
respectively. Statistical significance was determined by Student’s ¢-test, where * denotes p < 0.05 and ** denotes p <0.01 and n = 3.
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quantitative assays of Alizarin Red S staining on AVICs in eralization in culture induced by either osteogenic induction
culture. Interestingly, addition of recombinant human  media alone or in combination with recombinant human
Asporin significantly rescues mineralization in AVICs  Wnt3a protein. In contrast, direct addition of Wnt signaling
treated with both osteogenic media and Xav939. Together,  inhibitor Xav939 does not rescue mineralization significantly
these data strongly suggest that Asporin inhibits AVICs min-  compared with osteogenic induction media alone, indicative
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TaBLE 5: qQRT-PCR results of comparison among OS-induced control, OS+Xav939-, and OS+Xav939+rhAsp-treated AVICs.

0S+Xav939-conditioned OS+Xav939+rhAsp-conditioned

AVICs AVICs
Negative regulatory molecule of bone cell .
differentiation Asporin Unchanged Upregulated
. Osteopontin,

Osteogenic marker genes Runx2 Unchanged Downregulated

B-Catenin Downregulated Downregulated
Wnt signaling-specific markers genes Whnt3a Downregulated Downregulated

Dkk1 Upregulated Upregulated

of additional active pathway promoting mineralization in ~ Acknowledgments

culture (Figure 7). Consistent with these data, our supple-
mentary figure II has also shown the altered expression of
BMP-Smad, Notchl, and Sox9 genes in OS-induced AVICs
compared to uninduced cells in culture.

Therefore, as hypothesized, Wnt signaling activation syn-
ergistically promotes mineralization in AVICs in culture
induced with osteogenesis. But, direct addition of recombi-
nant Asporin protein inhibits mineralization. Overall, all
these data are highly suggestive that Asporin likely binds
directly to Wnt signaling receptors to prevent Wnt ligand
binding to competitively inhibit Wnt/f-catenin signaling
activation and therefore the subsequent osteogenic gene
induction. Likewise, a previous report has also demonstrated
direct binding of Asporin with Bmp receptor via leucine-rich
motif, to inhibit Bmp-Smad1/5/8 signaling for osteogenic
induction and subsequent mineralization and calcification
in periodontal cells (MPDL22) in vitro [16]. Therefore, like
Bmp-Smad1/5/8 signaling, Asporin also inhibits Wnt/f3-
catenin signaling to inhibit osteogenic gene induction in
OS-treated adult aortic valve cells in culture. Importantly,
as of yet, there is no functional crosstalk between Asporin
and Wnt/f-catenin signaling in connection to AVICs miner-
alization and calcification.

Overall, Asporin inhibits adult AVICs mineralization
induced with either osteogenic induction media alone or in
combination with the Wnt signaling activation. Therefore,
in this report, we have identified Asporin as a novel antimi-
neralization molecule, which would probably bind directly
to receptors of multiple osteogenic promoting pathways to
competitively inhibit respective ligand and receptor interac-
tion and subsequent signaling activation to induce osteogenic
gene programme in adult AVICs in culture.
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Supplementary Materials

Supplementary Figure 1: optimization of the annealing tem-
peratures of all the primers used for reverse-transcriptase
PCR assays by temperature gradient PCR. For gene expression
analyses, at first, all the primer sets are designed through the
IDT PrimerQuest® tool. Then to detect the annealing temper-
ature of each primer set, we have performed temperature gra-
dient reverse-transcriptase PCR experiments. Here in this
figure, we show 60-50°C gradient reverse-transcriptase PCR
data (A) including Myh7, Gata4, Vimentin, ALP, Osteopon-
tin, Msx2, f-catenin, Wnt3a, Dkkl, Notchl, Sox9, Osterix,
and Bmp2. Next, we show 60-48°C gradient reverse-
transcriptase PCR data (B) including Asporin, Collal,
Sm22«, N-cadherin, and f-actin. Next, we show 65-55°C
gradient reverse-transcriptase PCR data (C) including Fibro-
nectin and Runx2. Next, we show 52-50°C gradient reverse-
transcriptase PCR data (D) including Adamts5, Adamts9,
Smadl, Smad5, and Smad8. Lastly, we show 56-52°C gradient
reverse-transcriptase PCR data (E) of PiT2. All the detected
annealing temperatures which were used for further gene
expression analyses are mentioned in the primer list
(Table 1) along with the product size and forward and reverse
primer sequences. Supplementary Figure 2: determination of
primer efficiencies by quantitative real-time PCR. To calculate
primer efficiencies, we have followed Qiagen guidelines and
performed the “efficiency and slope” generation step for
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important primer sets (Asporin, -catenin, and Fibronectin).
Here, we have taken 1 pug of cDNA template of control AVICs
sample, and it was serially diluted with nuclease free water as
follows: 1:1, 1:10, 1:100, 1:1000, and 1:10000. Then, we did
the standard curve derivation through the quantitative real-
time PCR run. After getting the threshold values (Cq), these
were plotted in y-axis and the logs of cDNA dilutions were plot-
ted in x-axis (as shown in the figure). Slope (S) was determined
in MS Excel, and the primer efficiency was calculated by the fol-
lowing formula: Primer efficiency (%) = [10(~1/S) — 1] x 100.
In this figure, we show the generated standard curves of
Asporin, -catenin, and Fibronectin in A, B, and C, respectively.
Also the calculated primer efficiencies of these primers are
95.68% for Asporin, 98.84% for f-catenin, and 99.21% for
Fibronectin. Supplementary Figure 3: detection of Asporin
mRNA expression in embryonic outflow tract cushion and in
adult aortic cusp. To determine the basal-level mRNA expres-
sion of Asporin, we have analyzed the expression by reverse-
transcriptase PCR data in the isolated adult aortic valve tissue
compared to embryonic day 5 (E5) outflow (OFT) tract cushion
tissue. We show increased gene expression (according the more
intense band in the adult tissue compared to embryonic OFT
tissue). Here, we have used f-actin as loading control. Supple-
mentary Figure 4: quantitative gene expression analyses of other
osteogenic inducing pathways involved in osteogenesis after OS
induction in adult AVICs in culture. Here, we have analyzed
additional gene expression analyses taking signaling-specific
marker genes comparing between control and OS-induced
AVICs. BMP/Smad signaling-specific markers have been ana-
lyzed in A (I-IV) and Notch/Sox9 signaling-specific markers
have been analyzed in B (I, IT). Here, BMP2 has increased by
0.07 fold (A, I), Smadl has decreased by 0.15 fold (A, II), and
Smad5 and Smad8 increased by 7.51 and 6.11 folds (A, III
and IV) in OS-treated AVICs compared to untreated control
cells, respectively. Likewise, Notchl mRNA has increased by
1.62 fold (B, I) and Sox9 mRNA has decreased by 0.67 fold
(B, II) in OS-treated compared to untreated AVICs in culture.
Supplementary Figure 5: cell viability after AVICs treatment
with human recombinant Asporin (rhAsp) protein in culture.
Here, we have shown cell viability analyses by performing DAPI
staining after the recombinant Asporin protein (rthAsp) treat-
ment on AVICs. The cells were seeded after counting in hemo-
cytometer (0.6*10* cells/ml; 2ml of such cell suspension is
added in each plate) during the culture. Then, we have applied
dose-dependent concentrations from 100 to 200ng/ml of
rhAsp. Then the cells were stained with DAPI and we have
counted DAPI-positive cells as viable cells using this formula:
(Total viable cells/Total cells) x 100. We show (A-D) that
the determined percentages of control AVICs, 100ng/ml
rhAsp-treated AVICs, 150 ng/ml rhAsp-treated AVICs, and
200ng/ml rhAsp-treated AVICs, are 88, 81.21, 93.81, and
76.7, respectively. Therefore, it has indicated that there are
more than 75% DAPI-positive distinct nuclei indicating viable
AVICs after rhAsp treatment in culture. Also, statistical
analyses have been showing insignificant changes (E) in cell
viability (DAPI' nuclei) of rhAsp-treated AVICs compared
to untreated controls in culture, where p > 0.05 and n=3.
(Supplementary Materials)

International Journal of Cell Biology

References

[1] F. J. Schoen and R. J. Levy, “Calcification of tissue heart
valve substitutes: progress toward understanding and pre-
vention,” Annals of Thoracic Surgery, vol. 79, no. 3,
pp. 1072-1080, 2005.

[2] K. Yabusaki, J. D. Hutcheson, P. Vyas et al., “Quantification of
calcified particles in human valve tissue reveals asymmetry of
calcific aortic valve disease development,” Frontiers in Cardio-
vascular Medicine, vol. 3, pp. 1-10, 2016.

[3] J. D. Cheek, E. E. Wirrig, C. M. Alfieri, J. F. James, and K. E.
Yutzey, “Differential activation of valvulogenic, chondrogenic,
and osteogenic pathways in mouse models of myxomatous
and calcific aortic valve disease,” Journal of Molecular and
Cellular Cardiology, vol. 52, no. 3, pp. 689-700, 2012.

[4] M. Shen, L. Tastet, R. Capoulade et al., “Effect of age and aortic
valve anatomy on calcification and haemodynamic severity of
aortic stenosis,” Heart, vol. 103, no. 1, pp. 32-39, 2017.

[5] A. Acharya, C. P. Hans, S. N. Koenig et al., “Inhibitory role of
Notchl in calcific aortic valve disease,” PLoS One, vol. 6,
no. 11, article e27743, 2011.

[6] A.S.Go, D. Mozaffarian, V. L. Roger et al., “Heart disease and
stroke statistics-2013 Update,” Circulation, vol. 127, no. 1,
pp. €6-e245, 2013.

[7] J. A. Leopold, “Cellular mechanisms of aortic valve calcifica-
tion,” Circulation: Cardiovascular Interventions, vol. 5, no. 4,
Pp. 605-614, 2012.

[8] J. Lincoln, C. M. Alfieri, and K. E. Yutzey, “Development of
heart valve leaflets and supporting apparatus in chicken and
mouse embryos,” Developmental Dynamics, vol. 230, no. 2,
pp. 239-250, 2004.

[9] C.M. Alfieri, J. Cheek, S. Chakraborty, and K. E. Yutzey, “Wnt
signaling in heart valve development and osteogenic gene
induction,” Developmental Biology, vol. 338, no. 2, pp. 127-
135, 2010.

[10] E.E. Wirrig and K. E. Yutzey, “Conserved transcriptional reg-
ulatory mechanisms in aortic valve development and disease,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 34,
no. 4, pp. 737-741, 2014.

[11] N.M. Rajamannan, M. Subramaniam, F. Caira, S. R. Stock, and
T. C. Spelsberg, “Atorvastatin inhibits hypercholesterolemia-
induced calcification in the aortic valves via the Lrp5 receptor
pathway,” Circulation, vol. 112, pp. 1229-1234, 2005.

[12] S. Chakraborty, J. Cheek, B. Sakthivel, B. J. Aronow, and K. E.
Yutzey, “Shared gene expression profiles in developing heart
valves and osteoblast progenitor cells,” Physiological Genomics,
vol. 35, no. 1, pp. 75-85, 2008.

[13] A.C.Liu, V. R Joag, and A. I. Gotlieb, “The emerging role of
valve interstitial cell phenotypes in regulating heart valve
pathobiology,” American Journal of Pathology, vol. 171,
no. 5, pp. 1407-1418, 2007.

[14] P. Lorenzo, A. Aspberg, P. Onnerfjord, M. T. Bayliss, P. J.
Neame, and D. Heinegard, “Identification and characteriza-
tion of asporin. A novel member of the leucine-rich repeat
protein family closely related to decorin and biglycan,” Journal
of Biological Chemistry, vol. 276, no. 15, pp. 12201-12211,
2001.

[15] S. Yamada, M. Tomoeda, Y. Ozawa et al., “PLAP-1/asporin, a
novel negative regulator of periodontal ligament mineraliza-
tion,” Journal of Biological Chemistry, vol. 282, no. 32,
pp. 23070-23080, 2007.


http://downloads.hindawi.com/journals/ijcb/2020/2045969.f1.pdf

International Journal of Cell Biology

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

M. Tomoeda, S. Yamada, H. Shirai, Y. Ozawa, M. Yanagita,
and S. Murakami, “PLAP-1/asporin inhibits activation of
BMP receptor via its leucine-rich repeat motif,” Biochemical
and Biophysical Research Communications, vol. 371, no. 2,
pp. 191-196, 2008.

L. Xu, Z. Li, S. Y. Liu, S. Y. Xu, and G. X. Ni, “Asporin and
osteoarthritis,” Osteoarthritis and Cartilage, vol. 23, no. 6,
pp. 933-939, 2015.

T. Cai, D. Sun, Y. Duan et al., “WNT/f-catenin signaling pro-
motes VSMCs to osteogenic transdifferentiation and calcifica-
tion through directly modulating Runx2 gene expression,”
Experimental Cell Research, vol. 345, no. 2, pp. 206-217, 2016.

A. Polley, P. Sen, A. Sengupta, and S. Chakraborty, “B-Catenin
stabilization promotes proliferation and increase in cardio-
myocyte number in chick embryonic epicardial explant cul-
ture,” In Vitro Cellular and Developmental Biology - Animal,
vol. 53, no. 10, pp- 922-939, 2017.

QIAGEN, Sample & Assay Technologies Critical Factors for
Successful Real-Time PCR. 64, 2010, http://www.gene-
quantification.com/qiagen-qpcr-sample-assay-tech-guide-
2010.pdf.

S. Chakraborty, A. Sengupta, and K. E. Yutzey, “Tbx20
promotes cardiomyocyte proliferation and persistence of fetal
characteristics in adult mouse hearts,” Journal of Molecular
and Cellular Cardiology, vol. 62, pp. 203-213, 2013.

M. B. Eslaminejad, S. Bordbar, and H. Nazarian, “Odontogenic
differentiation of dental pulp-derived stem cells on tricalcium
phosphate scaffolds,” Journal of Dental Sciences, vol. 8, no. 3,
pp. 306-313, 2013.

J. Hjortnaes, J. Butcher, J. L. Figueiredo et al., “Arterial and
aortic valve calcification inversely correlates with osteoporotic
bone remodelling: a role for inflammation,” European Heart
Journal, vol. 31, no. 16, pp. 1975-1984, 2010.

P. Dy, W. Wang, P. Bhattaram et al., “Sox9 directs hypertro-
phic maturation and blocks osteoblast differentiation of
growth plate chondrocytes,” Developmental Cell, vol. 22,
no. 3, pp. 597-609, 2012.

S. Khurana, K. Govindaraj, M. Karperien, and J. N. Post,
“RUNX2 and SOX9 protein mobility correlates to osteogenic
and chondrogenic differentiation of mesenchymal stem cells,”
Osteoarthritis and Cartilage, vol. 26, pp. S109-S110, 2018.

T. A. Blauwkamp, S. Nigam, R. Ardehali, I. L. Weissman, and
R. Nusse, “Endogenous Wnt signalling in human embryonic
stem cells generates an equilibrium of distinct lineage-
specified progenitors,” Nature Communications, vol. 3, no. 1,
pp. 1010-1070, 2012.

M. P. Flaherty and B. Dawn, “Noncanonical Wntl1 signaling
and cardiomyogenic differentiation,” Trends in Cardiovascular
Medicine, vol. 18, no. 7, pp. 260-268, 2008.

W. Zhu, L. Shiojima, Y. Ito et al., “IGFBP-4 is an inhibitor of
canonical Wnt signalling required for cardiogenesis,” Nature,
vol. 454, no. 7202, pp. 345-349, 2008.

19


http://www.gene-quantification.com/qiagen-qpcr-sample-assay-tech-guide-2010.pdf
http://www.gene-quantification.com/qiagen-qpcr-sample-assay-tech-guide-2010.pdf
http://www.gene-quantification.com/qiagen-qpcr-sample-assay-tech-guide-2010.pdf

	Asporin Reduces Adult Aortic Valve Interstitial Cell Mineralization Induced by Osteogenic Media and Wnt Signaling Manipulation In Vitro
	1. Introduction
	2. Materials and Methods
	2.1. Avian Heart Collection
	2.2. RNA Isolation and Reverse-Transcriptase PCR
	2.3. Quantitative Real-Time PCR (qRT-PCR) Analyses
	2.4. Adult Chicken Aortic Valvular Interstitial Cell (AVIC) Culture and Osteogenic Induction
	2.5. Activator and Inhibitor Assays in Adult Avian Valvular Interstitial Cells (AVICs) in Culture
	2.6. Immunostaining
	2.7. Protein Isolation and Western Blotting
	2.8. Bright-Field and Fluorescence Microscopy
	2.9. Alizarin Red S Staining
	2.10. Coomassie Blue Staining
	2.11. Statistical Analyses
	2.12. Cell Viability Assay

	3. Results
	3.1. Establishment and Characterization of Adult Avian Valve Interstitial Cells (AVICs) in Culture with Marker Gene Expression Analyses
	3.2. Osteogenic Induction in AVICs in Culture
	3.3. Reduced Expression of Endogenous Asporin in Cultured AVICs upon Osteogenic Induction
	3.4. Marker Gene Expression Analyses in AVICs upon Induction with Osteogenic (OS) Media
	3.5. Overexpression of Asporin Reduces Mineralization on AVICs Maintained in Osteogenic Medium
	3.6. Human Recombinant Asporin Protein Inhibits AVICs Mineralization Induced with Osteogenic Media and Wnt Signaling Activation
	3.7. Inhibition of Wnt Signaling Fails to Rescue OS-Induced AVICs Mineralization In Vitro

	4. Discussion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

