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Aortic valvular interstitial cells (VICs) isolated from patients undergoing valve replacement
are commonly used as in vitro models of calcific aortic valve disease (CAVD).
Standardization of VIC calcification, however, has not been implemented, which impairs
comparison of results from different studies. We hypothesized that different culture
methods impact the calcification phenotype of human VICs. We sought to identify the
key parameters impacting calcification in primary human VICs to standardize CAVD
in vitro research. Here we report that in calcification media containing organic phosphate,
termed osteogenic media (OM), primary human VICs exhibited a passage-dependent
decrease in calcification potential, which was not observed in calcification media
containing inorganic phosphate, termed pro-calcifying media (PM). We used Alizarin
red staining to compare the calcification potential of VICs cultured in OM and
PM between the first and fourth passages after cell isolation from human CAVD
tissues. Human VICs showed consistent Alizarin red stain when cultured with PM
in a passage-independent manner. VICs cultured in OM did not exhibit consistent
calcification potential between donors in early passages and consistently lacked
positive Alizarin red stain in late passages. We performed whole cell, cytoplasmic and
nuclear fractionation proteomics to identify factors regulating VIC passage-dependent
calcification in OM. Proteomics cluster analysis identified tissue non-specific alkaline
phosphatase (TNAP) as a regulator of passage-dependent calcification in OM. We
verified an association of TNAP activity with calcification potential in VICs cultured
in OM, but not in PM in which VICs calcified independent of TNAP activity.
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CAVD in vitro Modeling Standardization

This study demonstrates that media culture conditions and cell passage impact the
calcification potential of primary human VICs and should be taken into consideration
in cell culture models of CAVD. Our results help standardize CAVD modeling as part of
a greater effort to identify disease driving mechanisms and therapeutics for this unmet

medical need.

Keywords: calcific aortic valve disease, valvular interstitial cells, cardiovascular calcification, ALPL/TNAP,
osteogenic differentiation, proteomics, cell culture

INTRODUCTION

Calcific aortic valve disease (CAVD) is a major cause of
aortic stenosis, which results in angina, syncope, heart
failure, and death (1). Despite identification of multiple
risk factors and related molecular pathway alterations,
there are no approved drugs for CAVD treatment (2, 3).
Impairing CAVD therapeutic discovery is a lack of thoroughly
validated models that accurately recapitulate human
CAVD progression (2). Additionally, standardization of
the few currently used CAVD in vitro models remains
unimplemented (4). In this study we sought to identify key
factors impacting the calcification potential of cultured primary
human valvular interstitial cells (VICs) to advance CAVD
research efforts.

Calcification forms in aortic valve interstitium in which
VICs reside (5). Primary human VICs isolated from patients
undergoing valve replacement surgery or from transplanted
hearts offer an important research tool to better understand
mechanisms of CAVD and for exploring potential therapeutic
interventions. Surgical tissue specimens are of great value as they
represent the rare opportunity to analyze human CAVD, as many
aortic valve replacement surgeries will be eventually substituted
by transcatheter valve replacement procedures. In vitro induction
of VIC calcification often uses media containing a combination
of dexamethasone, organic phosphate (B-glycerophosphate), and
ascorbic acid, referred to here as osteogenic media (OM) (6).
A wide range of Alizarin red stain, from strong to almost no
calcification staining, has been reported for human VICs when
cultured in OM without the addition of other calcification-
promoting compounds such as pro-inflammatory stimuli (7-10).
Dexamethasone, a component of OM, was initially demonstrated
to promote bone osteoblast differentiation (11). OM was
subsequently used to induce calcification in vascular smooth
muscle cell cultures by promoting osteogenic differentiation (12).
OM induces expression of osteogenic markers, including runt
related transcription factor 2 (RUNX2), osteocalcin (BGLAP),
tissue non-specific alkaline phosphatase (ALPL/TNAP) and
TNAP activity in VICs (13). TNAP regulates calcification by
two mechanisms (14): (1) TNAP hydrolyzes and thereby reduces
pyrophosphate, a calcification inhibitor; (2) in the case of OM,
TNAP hydrolyzes B-glycerophosphate to inorganic phosphate
that is incorporated into nascent hydroxyapatite crystals
forming cardiovascular calcifications. In addition to OM, media
containing high inorganic phosphate and ascorbic acid, referred
here as pro-calcifying medium (PM), induces calcification. PM

induces calcification, visualized by Alizarin red stain in human
VICs (9, 15, 16). It is unclear whether OM or PM systems model
different pathologies of human CAVD, as such further work
examining VIC calcification potential and mechanisms in these
media conditions is required. The relevance of these commonly
used means to model CAVD in vitro to cases with additional
CAVD-associated complications remains to be determined. With
high inorganic phosphate, PM may be well-suited for modeling
CAVD associated with altered phosphate metabolism, such as
in chronic kidney disease patients (17, 18). A side-by-side
comparison of calcification potential in human VICs over
several cell culture passages in organic phosphate-containing
OM and inorganic phosphate-containing PM has not yet been
reported. We therefore performed this task as a first effort to
help standardize CAVD research for a better understanding of
the pathological processes that lead to VIC calcification and
aortic stenosis.

METHODS
Human CAVD Cell Culture

Human aortic valve leaflets were obtained from aortic
valve replacement surgeries for severe aortic valve stenosis
(Brigham and Women’s Hospital approved IRB protocol
number: 2011P001703). Written informed consent was obtained
for the human tissues used in this study. VICs were isolated
from the leaflets using sequential collagenase digestions in the
same manner which we and others have previously described
(9, 15, 16). Briefly, both sides of the leaflet were scratched by
razor blade to remove the endothelial cells. After cutting into
1-2mm cubes, tissue pieces were digested using 1 mg/mL
collagenase (Sigma-Aldrich, St. Louis, MO) in DMEM (Thermo
Fisher Scientific, Waltham, MA) for 1 hour at 37°C and gently
mixing every 20 minutes. The cells isolated in the first digestion
potentially include endothelial cells, which were washed out by
DMEM and discarded. Next, tissue pieces were further digested
using 1 mg/mL collagenase for 3 hours and isolated VICs were
collected by centrifugation and plated in 75 cm? culture flasks.
Isolated VICs were cultured in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin (Corning, Corning, NY)
until cells were >90% confluent (~9-14 days later). Cells were
then trypsinized and plated for each experiment at a density 3.0
x 10% cells/0.9 cm? (1 well of a 48-well plate), which resulted in
100% confluency. Remaining cells were subsequently passaged at
a 1:3 dilution.
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Quantification of Aortic Valve

Tissue Calcification

Calcification content in human aortic valve leaflets was evaluated
as previously described (19), by quantifying the area of the
calcified tissue (indicated by calcified nodules) in valve leaflets
with the use of NIH Image] software (Bethesda, MD).

VIC Calcification Staining

Human VICs plated in 48-well plates were cultured in control
normal medium (termed NM) containing DMEM with 5% FBS,
or osteogenic medium (termed OM) containing, DMEM with
5% FBS, 10 nmol/L dexamethasone (MP Biomedicals, Santa
Ana, CA), 10 mmol/L B-glycerophosphate (EMD Millipore,
Burlington, MA), and 50ug/mL L-ascorbic acid (Sigma-
Aldrich), or pro-calcifying medium (termed PM) containing,
DMEM with 5% FBS, 2 mmol/L NaH,POy4 (Sigma-Aldrich)
(pH 7.4) and 50 pg/mL L-ascorbic acid) for 28 days. To assess
TNAP calcification dependency, 1 pmol/L TNAP inhibitor
(EMD Millipore) or 0.01% DMSO vehicle control as added
to OM and PM. Calcium deposition was stained using
2% Alizarin red (Lifeline Cell Technology, Frederick, MD).
Briefly, cells were fixed by 10% formalin for 15minutes and
washed twice with distilled water. After adding Alizarin red
solution, cells were stained for 15 minutes at room temperature.
Excess stain was washed twice with distilled water. Alizarin
red stain was quantified by extracting the stain with 100
mmol/L cetylpyridinium chloride (bioWORLD, Dublin, OH)
and measuring the absorbance at 540 nm.

TNAP Activity

Human VICs plated in 48-well plates were cultured in NM,
OM, and PM for 14 days. TNAP activity was measured
using a TNAP activity assay kit (BioVision, Inc., Milpitas,
CA), according to the manufacturer’s protocol. Briefly, cells
were washed with PBS and lysed with TNAP assay buffer
on ice. After centrifugation, the supernatant of the cell lysate
was used for TNAP activity assessment. TNAP enzymatic
reaction was performed by incubating samples at 37°C for
1 hour. TNAP activity was normalized by protein concentration
measurements obtained using a BCA protein assay kit (Thermo
Fisher Scientific).

RNA Analysis

Human VICs plated in 24-well plates were cultured in NM
or OM for 14 days. TRIzol reagent (Thermo Fisher Scientific)
was used to isolate RNA. cDNA was generated from the
RNA using Quanta qScript cDNA Synthesis Kit (Quantabio,
Beverly, MA). mRNA levels were quantified by TaqgMan real-
time PCR with the following probes (Thermo Fisher Scientific):
GAPDH (Hs02758991_gl), TP53 (Hs01034249_m1), CDKNIA
(Hs00355782_m1), and CDKN2A (Hs00923894_m1l). mRNA
levels were calculated by the AACt method normalizing
to GAPDH.

Proteomics
Human VICs plated in 6-well plates were cultured in NM, OM,
and PM for 14 days. Cells were trypsinized and resuspended

in 1mL PBS. Cell suspensions were separated into two parts,
0.2 and 0.8 mL, for whole cell lysate and nuclear/cytoplasmic
fractionation, respectively. To obtain whole cell lysate, 0.2 mL
of the cell suspensions were centrifuged at 500 times gravity
for 5min and the pellets were lysed with 100 wL RIPA buffer
(Thermo Fisher Scientific) containing 1% protease inhibitor
cocktail (Sigma-Aldrich). Nuclear/cytoplasmic fractionation was
performed using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Fisher Scientific). Whole cell lysate and
fractionated cell lysate protein were extracted and digested by
methanol-chloroform and trypsin (Promega, Madison, WI). 5
ig protein was used per sample. The tryptic peptides were
desalted using Oasis HIb 1cc (10 mg) columns (Waters, Milford,
MA), and dried with a tabletop speed vacuum (Eppendorf AG,
Germany). After re-suspension in 40 .l of 5% mass spectrometry
(MS) grade acetonitrile (Thermo Fisher Scientific) and 0.5%
formic acid (Thermo Fischer Scientific) in water (Thermo
Fisher Scientific). Tryptic peptide samples were analyzed on
an Orbitrap Fusion Lumos mass spectrometer fronted with an
EASY-Spray Source (heated at 45°C) and coupled to an Easy-
nLC1000 HPLC pump (Thermo Fisher Scientific). Peptides were
subjected to a dual column set-up: an Acclaim PepMap RSLC
C18 trap analytical column, 75um x 20 mm (pre-column), and
an EASY-Spray LC column, 75pum x 250 mm (Thermo Fisher
Scientific). The analytical gradient was run at 300 nl/minute
from 5 to 21% Solvent B (acetonitrile/0.1 % formic acid) for
75 minutes, 21 to 30 % Solvent B for 15minutes, followed
by 10 minutes of 95% Solvent B. Solvent A was water/0.1%
formic acid. The acetonitrile and water were MS-grade. The
Orbitrap analyzer was set to 120K resolution, and the top N
precursor ions in 3 seconds cycle time within a scan range of
375-1,500 m/z (60 s dynamic exclusion enabled) were subjected
to collision induced dissociation (CID; collision energy, 30%;
isolation window, 1.6 m/z; AGC target, 1.0 e4). The ion trap
analyzer was set to a rapid scan rate for peptide sequencing
(MS/MS).MS/MS data were queried against the Human UniProt
database (downloaded on August 01, 2014) using the SEQUEST-
HT search algorithm, via the Proteome Discoverer Package
(version 2.2, Thermo Fisher Scientific). Trypsin was set as the
digestion enzyme in the software, allowing up to four missed
cleavages, using 10 ppm precursor tolerance window and 0.6 Da
fragment tolerance window. Oxidation of methionine was set as
a variable modification, and carbamidomethylation of cysteine
was set as a fixed modification. The peptide false discovery
rate was calculated using the Percolator algorithm provided
by Proteome Discoverer and peptides were filtered based on a
1.0% false discovery rate. Peptides assigned to a given protein
group (Master protein), and not present in any other protein
group, were considered as unique and used for quantification.
A minimum of two unique peptides were included for each
protein. In order to quantify peptide precursors detected in the
MSI but not sequenced from sample to sample, we enabled the
“Feature Mapper” node. Chromatographic alignment was done
with a maximum retention time shift of 10 minutes and a mass
tolerance of 10 ppm. Feature linking and mapping settings were
aretention time tolerance minimum of 0 minutes, mass tolerance
of 10 ppm, and signal-to-noise minimum of 5. Precursor peptide
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abundances were based on their chromatographic intensities and
total peptide amount was used for normalization.

Proteome Clustering Analysis Using
XINA Software

Analysis of proteome patterns was performed using a high-
dimensional clustering software, XINA (https://bioconductor.
org/packages/release/bioc/html/XINA.html) (20). The median-
normalized abundance of proteins for four donors were
combined into a single dataset for subsequent clustering analysis
by fraction (whole cell lysate, cytoplasmic and nuclear fractions).
Clusters differentiating media condition (NM, OM, and PM)
between the two passages (early passage one and late passage
four) were prioritized.

Valve Tissue Proteomics Comparison
Statistically increased proteins in the VIC whole cell proteome
under OM and PM conditions were compared with our
previously reported normal, fibrotic, and calcified human valve
tissue proteomics dataset (9). Fold changes and adjusted P-values
of OM/NM and PM/NM ratios were obtained using Proteome
Discoverer. Proteins statistically increased in OM or PM, with
a fold change > 1 and P < 0.05, were compared to proteins
enriched in three (normal, fibrotic, calcified) human valve tissue
disease stages.

Statistical Analysis

Data was analyzed using t-test or ANOVA with post hoc tests
where appropriate, using PRISM software (GraphPad, San Diego,
CA). P < 0.05 were considered significant. Error bars indicate
standard deviation (SD).

RESULTS

Calcification of Human VICs Was
Passage-Dependent in OM but Not PM

To assess whether calcification potential of human VICs was
passage dependent, we measured VIC calcification at the first
passage (P1) and fourth passage (P4) post-isolation. These
passages were selected based on a prior report of passage-
dependent calcification in porcine VICs that have decreased
calcification potential after three passages (13). In PM, VICs
readily calcified in all nine donors assessed and no differences
were observed in Alizarin red calcification stain between P1
and P4 (Figure 1A). In OM, four of nine VIC donors were
calcification-prone and had noticeable Alizarin red stain at
P1 (Figure 1B); however, calcification in these four donors
was negligible by P4. No significant differences in amount
of calcified nodules were observed in the tissues from which
calcification-resistant VICs (Figure 2A) were isolated compared
to those from which calcification-prone VICs (Figures 2B,C)
were isolated. This data demonstrates that OM-cultured
VICs exhibit donor-to-donor variation and passage-dependent
calcification, whereas as PM-cultured VICs do not exhibit
passage-dependent calcification.

Senescence-Associated mRNA Levels in
Human VICs Were Not Altered by OM

As we observed passage-dependent calcification in OM we
sought to assess whether this change was due to altered
cellular senescence. Supporting a role of cellular senescence in
cardiovascular calcification, prelamin A accumulation induces
DNA damage signaling that acts upstream of senescence-
associated phenotypes and calcification in vascular smooth
muscle cells (21). Increased cell passage induces cellular
senescence that in turn might impact VIC calcification potential.
We measured mRNA levels of senescence-associated genes
(22), including tumor promoting protein p53 (TP53), cyclin
dependent kinase inhibitor 1A (CDKN1A), and cyclin dependent
kinase inhibitor 2A (CDKN2A) in VICs cultured in OM.
CDKN2A, but not TP53 and CDKNIA mRNA levels increased
between P1 and P4; however, no significant differences were
observed in these senescence-associated mRNA levels in OM
compared to cells cultured in NM (Figure 3). Lack of alterations
in cellular senescence-associated mRNA levels in OM suggest
that some other mechanisms likely regulated our observed
passage-dependent calcification in VICs cultured in OM.

TNAP Abundance Associated With Donor
and Passage-Dependent Calcification

in OM

To identify passage-dependent abundance or localization
changes in positive or negative calcification regulators in
human VICs, we performed proteomic analysis on whole
cell lysates, and nuclear and cytoplasmic fractions from VICs
cultured in NM, OM, or PM (Supplemental Data File 1).
To demonstrate the relevance of our in vitro dataset to in
vivo conditions, we first compared the proteome of VICs
cultured in OM and PM to the proteome of normal, fibrotic,
and calcified valve tissue disease stages using our previously
reported human tissue dataset (9). Fifteen proteins were
found to be increased in OM (Figure 4A) and seven in PM
(Figure 4B) that were also enriched in fibrotic human valve
tissue, including glial fibrillary acidic protein (GFAP), alanyl
aminopeptidase (ANPEP), and dermcidin (DCD) in both OM
and PM. Three proteins were increased in OM (Figure 4A)
and four in PM (Figure 4B) that were also enriched in calcified
human valve tissue, including matrix remodeling associated
7 (MXRA7) in both OM and PM. This data supports that
there is some overlap with both OM and PM conditions, and
between human VIC cell culture models and diseased human
valve tissues.

To assess protein differences in calcification-prone and
resistant donors, we used four VIC donors for proteomics
analysis: two calcification-resistant donors (“donor 17 and
“donor 2” in Figure 1B) that did not show positive Alizarin
red stain in OM at P1, and two calcification-prone donors
(“donor 6” and “donor 7” in Figure 1B) that were Alizarin
red positive. Using XINA software (20), we performed high-
dimensional cluster analysis of the combined four donors’
VICs cultured in NM, OM, or PM at Pl and P4 to
compare media-dependent and passage-dependent changes. The
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FIGURE 1 | Human valvular interstitial cell (VIC) calcification was donor- and passage-dependent in osteogenic media (OM) but not passage-dependent in
pro-calcifying media (PM). (A) Alizarin red calcification stain and quantification of human calcific aortic valve disease tissue-derived VICs in normal control media (NM)
or PM at passage one (P1) and passage four (P4), or in OM (B). Quantification presented as dot plots, bar indicates group mean, and for the OM dataset dots are
distinguished by calcification-prone (calcified in OM, indicated by red dots) and calcification-resistant donors (non-calcified in OM, indicated by blue dots). n = 9
donors/media condition, F, female; M, male; N.S., non-significant; ‘P <005 analyzed by t-test.
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FIGURE 2 | Gross calcification of valve tissues from which calcification-prone VICs were isolated was not different from that in which calcification-resistant VICs were
isolated. Images of aortic valve leaflets used to obtain VICs. Tissues from which calcification-resistant VICs were obtained, leaflets 1-5 shown in (A), and
calcification-prone VICs were obtained, leaflets 6-9 shown in (B). Calcification-prone VICs were assessed to be Alizarin red-positive in passage one when cultured in
OM, whereas calcification-resistant VICs did not calcify under these conditions. (C) Quantification of the percent-positive areas of calcified leaflets (indicated by
calcified nodules on the images). 8 of 9 donors shown (image was not collected for donor 4); n = 4 donors per leaflet group, N.S., non-significant.

variance in the whole cell proteome was best explained by 28  absent from the same clusters of calcification-resistant VICs
protein abundance-based clusters (Figure 5A). To determine  (Figure 5B): sodium/potassium-transporting ATPase subunit
calcification potential-regulating proteins, we focused on the  beta-1 (ATPIB1), GFAP, family with sequence similarity
clusters showing increased abundance in OM at P1 and 234 member A (ITFG3), laminin subunit beta 2 (LAMB2),
decreased abundance in OM at P4. Five clusters showed  phospholipid scramblase 1 (PLSCR1), SAM and HD domain
this pattern (Figure 5A). Assessment of proteins in these five  containing deoxynucleoside triphosphate triphosphohydrolase
clusters showed eight proteins in calcification-prone VICs 1 (SAMHDI), sulfide:quinone oxidoreductase (SQRDL), and
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FIGURE 3 | Senescence-associated mRNA levels in human VICs were not altered by OM. mRNA levels of tumor promoting protein p53 (TP53), cyclin dependent
kinase inhibitor 1A (CDKN1A), and cyclin dependent kinase inhibitor 2A (CDKN2A) in calcific aortic valve disease tissue-derived VICs cultured in control normal media
(NM) or OM. n = 3 donors, P1-4 = passage 1-4, P <0.05 7P < 0.001 analyzed by ANOVA with Bonferroni’s multiple comparison test, error bars indicate SD.
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FIGURE 4 | Comparison of VIC and valve tissue proteomics datasets indicated some shared regulated proteins. Volcano plots of increased (red) and decreased (blue)
passage one VIC proteins in OM (A) and PM (B) after 2 weeks in culture. Comparison of increased VIC proteins (152 in OM and 118 in PM) to valve tissue disease
stage proteomics dataset shown in pie charts. List of gene names for proteins increased in OM or PM, which were also found to be enriched in normal (purple box),
fibrotic (green box), and calcified (orange box) human aortic valve tissues. Not enriched indicates proteins increased in VICs that were not found to be enriched in any

of the three valve tissue disease stages. Not detected indicates proteins not detected in the untargeted valve tissue proteomics dataset; n = 4 VIC donors and 9
human valve tissue donors.

transglutaminase 2 (TGM2). TNAP appeared in these five the two calcification-prone donors that were not observed
clusters in the two calcification-prone donors and in one in the same clusters from the calcification-resistant donors
of the calcification-resistant donors (Figure 5B). We observed  (Figure 5D). These included RNA binding Fox-1 Homolog 2
association between the TNAP protein abundance pattern  (RBFOX2), nuclear cap binding protein subunit 1 (NCBP1),
(Figures 5A,B) and Alizarin red stain (Figure 5C) in this set of  dipeptidyl peptidase 4 (DPP4), 3-hydroxy-3-methylglutaryl-
four donors. This data along with the known roles of TNAP ~ CoA synthase 1 (HMGCS1), cytospin-B (SPECC1), zinc finger
in promoting calcification suggest that TNAP contributed to CCCH domain-containing protein 11A (ZC3H11A). While
passage- and donor-dependent calcification potential of VICs ~ DDP4 inhibition has been shown to suppress VIC calcification
cultured in OM. (8), none of the proteins we identified in this P4 cluster

To determine if the reduced calcification observed in P4  assessment are known direct calcification inhibitors. Together
was due to a gain of calcification inhibitors, we assessed the  our data supports that reduced TNAP activity is a key regulatory
clusters showing decreased abundance in OM at P1 and increased ~ factor in the suppression of passage-dependent calcification,
abundance in OM at P4. Five clusters showed this pattern  compared to alternative pathways associated with increased
(Figure 5A). Six proteins were found in these P4 clusters from  calcification inhibitors.
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included, in part, in Figure 1B). (D) Venn diagram showing total number of proteins detected for the four donors analyzed (donors 1, 2, 6, 7) and found in the five
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Proteomics Identified Novel Proteins
Associated With VIC Calcification in OM

We next demonstrated the cytoplasmic fraction proteome to
have clear cytoplasmic protein enrichment by comparing two
cytoplasm markers, glyceraldehyde 3-phosphate (GAPDH) and
tubulin-B, with the nuclear fraction proteome (Figure 6A).
As with our analysis of the whole cell proteome, we assessed
cytoplasmic fraction proteins increased at P1 and decreased at
P4 in OM. In the case of the cytoplasmic fraction, 24 clusters
were generated with four of these clusters having patterns
that increased at P1 and decreased at P4 in OM (Figure 6B).
In these four clusters, seven proteins were found in the two
calcification-prone donors but not in the same clusters of the
two calcification-resistant donors in OM (Figure 6C): CDC42
effector protein 4 (CDC42EP4), gamma-glutamyltransferase
5 (GGT5), heterogeneous nuclear ribonucleoprotein M
(HNRNPM), monoamine oxidase A (MAOA), stromal
interaction molecule 1 (STIM1), transglutaminase 2 (TGM2),
and zinc fingers and homeoboxes 2 (ZHX2). To determine
if the reduced calcification observed in P4 was due to a gain
of calcification inhibitors, we also assessed the cytoplasmic

clusters showing decreased abundance in OM at Pl and
increased abundance in OM at P4. Four clusters showed
this pattern (Figure 6B). Eight proteins were found in these
P4 clusters in the calcification-prone but not calcification-
resistant donors (Figure 6D), including DEAD-box helicase 23
(DDX23), heterogeneous nuclear ribonucleoprotein U Like 2
(HNRNPUL2), laminin subunit alpha 5 (LAMAS5), NOP2/Sun
RNA methyltransferase family member 2 (NSUN2), poly(U)-
binding-splicing factor 60 (PUF60), splicing factor 3a subunit 3
(SF3A3), starch binding domain-containing protein 1 (STBD1),
thrombospondin 3 (THBS3). None of these eight proteins are
known direct inhibitors of calcification.

Nuclear fraction proteome was demonstrated to have clear
nuclear protein enrichment by comparing two nuclear markers,
prelamin-A/C and histone H1.5 with the cytoplasmic fraction
proteome (Figure 7A). Of the 30 clusters defining the variance
in the nuclear proteome, three had patterns that increased at P1
and decreased at P4 in OM (Figure 7B). Two proteins were found
in these three clusters in the two calcification-prone donors but
not in the same clusters of the two calcification-resistant donors
in OM (Figure 7C): heat shock protein family B (HSPB6), and
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identified clusters in which abundance was decreased at P1 and increased at P4 in OM.

NIMA related kinase 9 (NEK9). To determine if the reduced
calcification observed in P4 was due to a gain of calcification
inhibitors, we also assessed the nuclear clusters showing
decreased abundance in OM at P1 and increased abundance in
OM at P4. Six clusters showed this pattern (Figure 7B). Four
proteins were found in these P4 clusters in the calcification-prone
but not calcification-resistant donors (Figure 7D), including
acyl-CoA dehydrogenase family member 9 (ACAD?Y), lysyl
oxidase (LOX), mitochondrial pyruvate carrier 2 (MPC2),
tubulin beta 2a class II a (TUBB2A). While LOX inhibition
has been shown to reduce high-phosphate media-induced
calcification in smooth muscle cells (23), and microtubule
stabilization inhibits smooth muscle cell calcification (24), none
of these four proteins are known direct inhibitors of calcification.
Taken together, our proteomics analysis shows that TNAP and
additional novel proteins associate with donor- and passage-
dependent calcification potential of VICs in OM.

Human VIC Calcification Was TNAP

Dependent in OM but Not PM

As we identified TNAP abundance being increased at P1
and decreased at P4 in OM, we lastly evaluated the role of
TNAP activity in VIC calcification. At P1, calcification-prone
donors had significantly higher TNAP activity than calcification-
resistant donors in OM (Figure 8A). Further supporting a

role of TNAP in passage-dependent calcification potential,
OM-induced TNAP activity decreased at P4 compared to
P1 (Figure 8A). We then demonstrated that TNAP activity
was required for calcification in OM by treating VICs with
a TNAP inhibitor, which suppressed cellular TNAP activity
(Figure 8B). Furthermore, TNAP inhibition attenuated OM-
induced calcification at P1, as visualized by Alizarin red stain
(Figure 8C). In contrast to OM, TNAP inhibition did not reduce
calcification in PM (Figure 8C). These data demonstrate a key
role of TNAP in OM- but not PM-induced VIC calcification,
and further support TNAP regulation as mediating passage-
dependent calcification in OM.

DISCUSSION

In a first attempt to standardize human CAVD in vitro research
efforts we report the following novel findings: (1) calcification
potential of human VICs is passage-dependent in OM but not
in PM; (2) TNAP abundance and activity regulate passage-
dependent calcification of VICs in OM but not in PM; (3)
in addition to TNAP, several novel proteins identified in the
whole cell and fractionated proteomes associate with calcification
potential of VICs. We present a working model of our findings on
the differences in OM- and PM-induced calcification (Figure 9).
At early passage post-isolation from aortic valve tissue, some
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but not all VICs have relatively high TNAP allowing for
calcification in OM, which is reduced by culture passaging. TNAP
hydrolyzes B-glycerophosphate to inorganic phosphate, which
is incorporated into nascent hydroxyapatite crystals forming
calcification foci along with potentially reducing calcification
inhibition via reducing non-hydrolyzed p-glycerophosphate.
OM VIC calcification is donor- and TNAP-dependent due to
the media phosphate source being p-glycerophosphate. PM
containing inorganic phosphate does not require TNAP to
form hydroxyapatite crystals, as such PM calcification is not
suppressed by passage-dependent reductions in TNAP activity.
Our present study assessed VIC calcification in two-
dimensional culture conditions, which is currently the most
commonly used in vitro CAVD model. Three-dimensional cell
culture has been used in a few reports (25-27). Whether
our findings in two-dimensional cultures extend to three-
dimensional cultures requires further study. Supporting at least
some cross-over we have reported aortic valve layer-specific
calcification effects in both two-dimensional (9) and three-
dimensional culture conditions (27). Our previous report that
human VICs calcify more strongly on the aortic side than
the ventricular side (9) suggest that human CAVD VICs have
different characteristics based on location within the valve leaflet.
In the present study it is unclear whether calcification potential
was decreased in the whole VIC population or if a ratio of

calcification-prone/calcification-resistant VICs was decreased. A
subpopulation of osteoprogenitors in porcine VICs significantly
decreases within three passages (13). Our findings of relatively
increased TNAP abundance and activity in calcification-prone
VICs at early passage in OM, along with verifying OM VIC
calcification to be TNAP-dependent, strongly support TNAP as
a mediator of passage-dependent calcification. In addition to
its role in phosphate metabolism, TNAP is also a marker of
mesenchymal stem cells (28); specifically, in a subpopulation
of mesenchymal stem cells with a high degree of calcification
potential (29). Taking these reports together with our human
VIC data it is possible that a subpopulation of calcification-
prone VICs decreased during cell culture passaging, and that this
population may include osteoprogenitor cells.

While both OM and PM could induce VIC calcification, PM
did so in a TNAP-independent fashion. In PM, high phosphate is
a likely driver of VIC calcification. Similarly, elevated phosphate
uptake via the sodium-dependent phosphate cotransporter, Pit-
1 mediates vascular smooth muscle cell calcification (30).
High phosphate-mediated calcification is likely appropriate for
modeling cases in which phosphate metabolism is altered, such
as in chronic kidney disease. PM has also been used as an
in vitro model for lipoprotein(a)-related valvular calcification
(15). Lipoprotein(a) is a risk factor for CAVD (31), potentially
suggesting that mechanistic findings in PM-based models could
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less clear, and further work is needed to identify subpopulations
of CAVD patients with TNAP-mediated calcification. A 2019
study identified TNAP in a genome-wide meta-analysis looking
for CAVD susceptibility genes (34), supporting a role of TNAP

extend to a broader CAVD population. CAVD VIC calcification
was TNAP-dependent in OM. TNAP activity is important for
vascular smooth muscle calcification (32), particularly in OM (16,
33). The importance of TNAP activity in valvular calcification is
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in CAVD pathogenesis. Beyond TNAP, additional proteins
regulate osteogenic differentiation and may play a role in our
observation of passage-dependent calcification. In the whole cell
proteome, ATP1B1, GFAP, ITFG3, LAMB2, PLSCR1, SAMHD]1,
SQRDL, and TGM2 proteins clustered differently in OM
calcification-prone VICs than calcification-resistant VICs. While
the mechanistic role of these novel OM calcification-associated
proteins exceeds the scope of the present study, these changes
indicate a difference in the proteome of calcification-prone and
calcification resistant VICs. Whether this difference is due to
different subpopulations of cells requires further study along with
identification of any mechanistic roles these proteins may play in
osteogenic regulation in VICs.

Beyond cells residing in the aortic valve, our proteomics
analysis may be relevant to other calcifying cell types, as the
media conditions we tested are not exclusive to VICs. This
includes smooth muscle cells and bone cells, which can model
calcification potential using similar media conditions to those
used in our present study (11, 12, 16, 30, 33). In the case of human
coronary artery and aortic smooth muscle cells cultured in OM,
we have observed calcification in passages beyond P1 with higher
frequency than we do using the same experimental conditions
with VICs (16, 33). Similarly, we have previously demonstrated
that primary human femur bone osteoblasts calcify in OM at
passages later than P1 (16). Whether these in vitro findings
indicate potential differences in valvular calcification compared
to arterial calcification and bone mineralization occurring in vivo
is unclear and requires further investigation. Our comparative
proteomics analysis of VICs cultured in OM and PM showed
that some proteins overlapped with proteins enriched in fibrotic
and calcified valve tissue, demonstrating that there is some
correlation with the cell culture models and diseased human
tissue. As both OM and PM also shared some similar altered
VIC proteins, in addition to OM and PM differences related
to VIC passage and TNAP-dependent calcification, our data

REFERENCES

1. Cho KI, Sakuma I, Sohn IS, Jo SH, Koh KK. Inflammatory and
metabolic mechanisms underlying the calcific aortic valve disease.
Atherosclerosis.  (2018)  277:60-5. doi:  10.1016/j.atherosclerosis.2018.
08.029

2. Rogers MA, Aikawa E. Cardiovascular calcification: artificial intelligence and
big data accelerate mechanistic discovery. Nat Rev Cardiol. (2018).
doi: 10.1038/541569-018-0123-8

3. Hutcheson JD, Aikawa E, Merryman WD. Potential drug targets
for calcific aortic valve disease. Nat Rev Cardiol. (2014) 11:218-31.
doi: 10.1038/nrcardio.2014.1

4. Hutcheson JD, Blaser MC, Aikawa E. Giving calcification its due: recognition
of a diverse disease: a first attempt to standardize the field. Circ Res. (2017)
120:270-3. doi: 10.1161/CIRCRESAHA.116.310060

5. Aikawa E, Libby P. A rock and a hard place: chiseling away at the
multiple mechanisms of aortic stenosis. Circulation. (2017) 135:1951-5.
doi: 10.1161/CIRCULATIONAHA.117.027776

6. Rutkovskiy A, Malashicheva A, Sullivan G, Bogdanova M, Kostareva A,
Stenslgkken KO, et al. Valve interstitial cells: the key to understanding
the pathophysiology of heart valve calcification. ] Am Heart Assoc. (2017)
6:¢006339. doi: 10.1161/JAHA.117.006339

7. Zeng Q, Song R, Fullerton DA, Ao L, Zhai Y, Li S, et al. Interleukin-37
suppresses the osteogenic responses of human aortic valve interstitial cells

indicate that these media may also share some common signaling
networks. Further in-depth computational mapping and pathway
analysis of the commonalities and differences in our OM, PM,
and human tissue proteome datasets will likely better reveal the
CAVD pathologies most reflected by these two commonly used
cell culture systems.

In conclusion, our initial attempt to standardize CAVD
research efforts in vitro demonstrate that media culture
conditions and cell passage impact the calcification potential
of primary human aortic VICs and should be taken into
consideration in cell culture models of CAVD. Our study
serves as a starting point to further identify factors regulating
calcification and to standardize the CAVD field as part of a greater
effort to identify disease driving mechanisms and develop new
therapeutics for this unmet medical need.

AUTHOR CONTRIBUTIONS

SG, MR, MB, HH, LL, FS, SB, MA, SS, and EA contributed
to the collection and analysis of data. SG, MR, and EA wrote
the manuscript. EA and MA contributed to the overall project
supervision and funding. All authors contributed to revising and
editing of the manuscript.

FUNDING

This study was supported by a research grant from Kowa
Company, Ltd. (Tokyo, Japan, to MA) and NIH grants R01
HL114805, R01 HL136431, RO1 HL141917 (EA).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2019.00049/full#supplementary-material

in vitro and alleviates valve lesions in mice. Proc Natl Acad Sci USA. (2017)
114:1631-6. doi: 10.1073/pnas.1619667114
8. Choi B, Lee S, Kim SM, Lee EJ, Lee SR, Kim DH, et al. Dipeptidyl peptidase-
4 induces aortic valve calcification by inhibiting insulin-like growth factor-
1 signaling in valvular interstitial cells. Circulation. (2017) 135:1935-50.
doi: 10.1161/CIRCULATIONAHA.116.024270
9. Schlotter F Halu A, Goto S, Blaser MC, Body SC, Lee LH, et al
Spatiotemporal multi-omics mapping generates a molecular atlas of the aortic
valve and reveals networks driving disease. Circulation. (2018) 138:377-93.
doi: 10.1161/CIRCULATIONAHA.117.032291
. Bogdanova M, Kostina A, Zihlavnikova Enayati K, Zabirnyk A, Malashicheva
A, Stenslokken KO, et al. Inflammation and mechanical stress stimulate
osteogenic differentiation of human aortic valve interstitial cells. Front Physiol.
(2018) 9:1635. doi: 10.3389/fphys.2018.01635
. Cheng SL, Yang JW, Rifas L, Zhang SE Avioli LV. Differentiation of
human bone marrow osteogenic stromal cells in vitro: induction of the
osteoblast phenotype by dexamethasone. Endocrinology. (1994) 134:277-86.
doi: 10.1210/endo.134.1.8275945
. Mori K, Shioi A, Jono S, Nishizawa Y, Morii H. Dexamethasone enhances
in vitro vascular calcification by promoting osteoblastic differentiation of
vascular smooth muscle cells. Arterioscler Thromb Vasc Biol. (1999) 19:2112-
8. doi: 10.1161/01.ATV.19.9.2112
. Chen JH, Yip CY, Sone ED, Simmons CA. Identification and
characterization of aortic valve mesenchymal progenitor cells with

Frontiers in Cardiovascular Medicine | www.frontiersin.org

11

April 2019 | Volume 6 | Article 49


https://www.frontiersin.org/articles/10.3389/fcvm.2019.00049/full#supplementary-material
https://doi.org/10.1016/j.atherosclerosis.2018.08.029
https://doi.org/10.1038/s41569-018-0123-8
https://doi.org/10.1038/nrcardio.2014.1
https://doi.org/10.1161/CIRCRESAHA.116.310060
https://doi.org/10.1161/CIRCULATIONAHA.117.027776
https://doi.org/10.1161/JAHA.117.006339
https://doi.org/10.1073/pnas.1619667114
https://doi.org/10.1161/CIRCULATIONAHA.116.024270
https://doi.org/10.1161/CIRCULATIONAHA.117.032291
https://doi.org/10.3389/fphys.2018.01635
https://doi.org/10.1210/endo.134.1.8275945
https://doi.org/10.1161/01.ATV.19.9.2112
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Goto et al.

CAVD in vitro Modeling Standardization

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

robust osteogenic calcification potential. Am J Pathol. (2009) 174:1109-19.
doi: 10.2353/ajpath.2009.080750

Schoppet M, Shanahan CM. Role for alkaline phosphatase as an inducer
of vascular calcification in renal failure. Kidney Int. (2008) 73:989-91.
doi: 10.1038/ki.2008.104

Bouchareb R, Mahmut A, Nsaibia MJ, Boulanger MC, Dahou A, Lépine
JL, et al. Autotaxin derived from lipoprotein(a) and valve interstitial cells
promotes inflammation and mineralization of the aortic valve. Circulation.
(2015) 132:677-90. doi: 10.1161/CIRCULATIONAHA.115.016757

Rogers MA, Maldonado N, Hutcheson JD, Goettsch C, Goto S, Yamada
I, et al. Dynamin-related protein 1 inhibition attenuates cardiovascular
calcification in the presence of oxidative stress. Circ Res. (2017) 121:220-33.
doi: 10.1161/CIRCRESAHA.116.310293

Maher ER, Young G, Smyth-Walsh B, Pugh S, Curtis JR. Aortic and mitral
valve calcification in patients with end-stage renal disease. Lancet. (1987)
2:875-7. doi: 10.1016/S0140-6736(87)91370-5

Vavilis G, Bick M, Occhino G, Trevisan M, Bellocco R, Evans M, et al. Kidney
dysfunction and the risk of developing aortic stenosis. ] Am Coll Cardiol.
(2019) 73:305-14. doi: 10.1016/j.jacc.2018.10.068

Mosch J, Gleissner CA, Body S, Aikawa E. Histopathological assessment
of calcification and inflammation of calcific aortic valves from patients
with and without diabetes mellitus. Histol Histopathol. (2017) 32:293-306.
doi: 10.14670/HH-11-797

Lee LH, Halu A, Morgan S, Iwata H, Aikawa M, Singh SA. XINA:
a workflow for the Integration of multiplexed proteomics kinetics
data with network analysis. ] Proteome Res. (2018). 18:775-81.
doi: 10.1021/acs.jproteome.8b00615

Liu Y, Drozdov I, Shroff R, Beltran LE, Shanahan CM. Prelamin A accelerates
vascular calcification via activation of the DNA damage response and
senescence-associated secretory phenotype in vascular smooth muscle cells.
Circ Res. (2013) 112:e99-109. doi: 10.1161/CIRCRESAHA.111.300543
Suzuki K, Mori I, Makayam Y, Miyakoda M, Kodama S, Watanabe M.
Radiation-induced senescence-like growth arrest requires TP53 function but
not telomer shortening. Radiat Res. (2001) 155:248-53. doi: 10.1667/0033-
7587(2001)155[0248:RISLGA]2.0.CO;2

Jover E, Silvente A, Marin F Martinez-Gonzalez J, Orriols M, Martinez
CM, et al. Inhibition of enzymes involved in collagen cross-linking reduces
vascular smooth muscle cell calcification. FASEB J. (2018) 32:4459-69.
doi: 10.1096/1j.201700653R

Lee K, Kim H, Jeong D. Microtubule stabilization attenuates vascular
calcification through the inhibition of osteogenic signaling and matrix
vesicle release. Biochem Biophys Res Commun. (2014) 451:436-41.
doi: 10.1016/j.bbrc.2014.08.007

Hjortnaes ], Gottsch C, Hutcheson JD, Camci-Unal G, Lax L, Scherer K,
et al. Simulation of early calcific aortic valve disease in a 3D platform: a
role for myofibroblast differentiation. J Mol Cell Cardiol. (2016) 94:13-20.
doi: 10.1016/j.yjmcc.2016.03.004

26.

27.

28.

29.

30.

31.

32.

33.

34.

Porras AM, Westlund JA, Evans AD, Masters KS. Creation of disease-
inspired biomaterial environments to mimic pathological events in early
calcific aortic valve disease. Proc Natl Acad Sci USA. (2018) 115:E363-E371.
doi: 10.1073/pnas.1704637115

Van der Valk DC, van der Ven CFT, Blaser MC, Grolman JM, Wu PJ, Fenton
OS, et al. Engineering a 3D-bioprinted model of human heart valve disease
using nanoindentation-based biomechanics. Nanomaterials. (2018) 8:E296.
doi: 10.3390/nan08050296

Sobiesiak M, Sivasubramaniuan K, Hermann C, Tan C, Orgel M, Treml
S, et al. The mesenchymal stem cell antigen MSCA-1 is identical to
tissue non-specific alkaline phosphatase. Stem Cells Dev. (2010) 19:669-77.
doi: 10.1089/5¢d.2009.0290

Kim YH, Yoon DS, Kim HO, Lee JW. Characterization of different
subpopulations from bone marrow-derived mesenchymal stromal cells
by alakaline phosphatase expression. Stem Cells Dev. (2012) 21:2958-68.
doi: 10.1089/scd.2011.0349

Li X, Yang HY, Giachelli CM. Role of sodium-dependent phosphate
cotransporter, Pit-1, in vascular smooth muscle cell calcification. Circ Res.
(2006) 98:905-12. doi: 10.1161/01.RES.0000216409.20863.e7

Thanassoulis G, Campbell CY, Owens DS, Smith JG, Smith AV,
Peloso GM. Genetic associations with valvular calcification and aortic
stenosis. N Engl ] Med. (2013) 368:503-12. doi: 10.1056/NEJMoal
109034

Lomashvili KA, Garg P, Narisawa S, Millan JL, O’Neill WC. Upregulation of
alkaline phosphatase and pyrophosphate hydrolysis: potential mechanism
for uremic vascular calcification. Kidney Int. (2008) 73:1024-30.
doi: 10.1038/ki.2008.26

Goettsch C, Hutcheson JD, Aikawa M, Iwata H, Pham T, Nykjaer A,
et al. Sortilin mediates vascular calcification via its recruitment into
extracellular vesicles. J Clin Invest. (2016) 126:1323-36. doi: 10.1172/JCI
80851

Thériault S, Dina C, Messika-Zeitoun D, Scouarnec SL, Capoulade R,
Gaudreault N, et al. Genetic association analyses highlight IL6, ALPL, and
NAVI as three new susceptibility genes underlying calcific aortic valve
stenosis. bioRxiv. (2019). doi: 10.1101/515494

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Goto, Rogers, Blaser, Higashi, Lee, Schlotter, Body, Aikawa, Singh
and Aikawa. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

12

April 2019 | Volume 6 | Article 49


https://doi.org/10.2353/ajpath.2009.080750
https://doi.org/10.1038/ki.2008.104
https://doi.org/10.1161/CIRCULATIONAHA.115.016757
https://doi.org/10.1161/CIRCRESAHA.116.310293
https://doi.org/10.1016/S0140-6736(87)91370-5
https://doi.org/10.1016/j.jacc.2018.10.068
https://doi.org/10.14670/HH-11-797
https://doi.org/10.1021/acs.jproteome.8b00615
https://doi.org/10.1161/CIRCRESAHA.111.300543
https://doi.org/10.1667/0033-7587(2001)155[0248:RISLGA]2.0.CO;2
https://doi.org/10.1096/fj.201700653R
https://doi.org/10.1016/j.bbrc.2014.08.007
https://doi.org/10.1016/j.yjmcc.2016.03.004
https://doi.org/10.1073/pnas.1704637115
https://doi.org/10.3390/nano8050296
https://doi.org/10.1089/scd.2009.0290
https://doi.org/10.1089/scd.2011.0349
https://doi.org/10.1161/01.RES.0000216409.20863.e7
https://doi.org/10.1056/NEJMoa1109034
https://doi.org/10.1038/ki.2008.26
https://doi.org/10.1172/JCI80851
https://doi.org/10.1101/515494~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Standardization of Human Calcific Aortic Valve Disease in vitro Modeling Reveals Passage-Dependent Calcification
	Introduction
	Methods
	Human CAVD Cell Culture
	Quantification of Aortic Valve Tissue Calcification
	VIC Calcification Staining
	TNAP Activity
	RNA Analysis
	Proteomics
	Proteome Clustering Analysis Using XINA Software
	Valve Tissue Proteomics Comparison
	Statistical Analysis

	Results
	Calcification of Human VICs Was Passage-Dependent in OM but Not PM
	Senescence-Associated mRNA Levels in Human VICs Were Not Altered by OM
	TNAP Abundance Associated With Donor and Passage-Dependent Calcification in OM
	Proteomics Identified Novel Proteins Associated With VIC Calcification in OM
	Human VIC Calcification Was TNAP Dependent in OM but Not PM

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


