
J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 6 , N O . 1 , 2 0 2 1

ª 2 0 2 1 T H E A U T HO R S . P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E A M E R I C A N

C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N . T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R

T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .
CLINICAL RESEARCH
Proteomic Architecture of Valvular
Extracellular Matrix
FNDC1 and MXRA5 Are New Biomarkers of Aortic Stenosis
Rihab Bouchareb, MSC, PHD,a Sandra Guauque-Olarte, MSC, PHD,b Justin Snider, PHD,c Devyn Zaminski, BS,a

Anelechi Anyanwu, MD,d Paul Stelzer, MD,d Djamel Lebeche, PHDa,e,f
VISUAL ABSTRACT
IS

F

F

S

M

S

M

Bouchareb, R. et al. J Am Coll Cardiol Basic Trans Science. 2021;6(1):25–39.
SN 2452-302X

rom the aCardiovascular Research Center, Icahn School of Medicine at Mount Sinai, New York,

aculty of Dentistry, Universidad Cooperativa de Colombia, Pasto, Colombia; cBiological Mass S

tony Brook University Cancer Center, New York, New York, USA; dDepartment of Cardiovasc

edicine at Mount Sinai, New York, New York, USA; eDiabetes, Obesity and Metabolism Institute, D

chool of Medicine at Mount Sinai, New York, New York, USA; and the fGraduate School of Biome

edicine at Mount Sinai, New York, New York, USA.
HIGHLIGHTS

� ECM proteins play an important role in

maintaining the structural

architecture and the mechanical

behavior of the aortic valve.

� Network analysis highlights a strong

connection between metabolic

markers and ECM proteins.

� MXRA5 and FNDC1 were identified as

new biomarkers of aortic stenosis in 2

independent cohorts
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AS = aortic stenosis

EC = endothelial cell

ECM = extracellular matrix

FN = fibronectin

FNDC1 = fibronectin type III

domain containing 1

hVIC = human valve interstitial
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KEGG = Kyoto Encyclopedia of

Genes and Genomes

LDL = low-density lipoprotein

MetS = metabolic syndrome

MXRA5 = matrix-remodeling-

associated protein 5

PBS = phosphate-buffered

saline

RNAseq = RNA sequencing

TAVc = calcified tricuspid

aortic valve

TAVn = noncalcified tricuspid

aortic valve

VAHC = calcified human aortic

valve

VAHN = normal human aortic

valve
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This study analyzed the expression of extracellular matrix (ECM) proteins during aortic valve calcification with

mass spectrometry, and further validated in an independent human cohort using RNAseq data. The study

reveals that valve calcification is associated with significant disruption in ECM and metabolic pathways, and

highlights a strong connection between metabolic markers and ECM remodeling. It also identifies FNDC1 and

MXRA5 as novel ECM biomarkers in calcified valves, electing them as potential targets in the development and

progression of aortic stenosis. (J Am Coll Cardiol Basic Trans Science 2021;6:25–39) © 2021 The Authors.

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
T he prevalence of aortic stenosis (AS)
increases with age, ranging from 3%
to 5% in the population over 65

years of age (1,2). Age, sex, smoking, hyper-
tension, obesity, type 2 diabetes, and meta-
bolic syndrome (MetS) have been linked to
valvular calcification (3). Currently, surgical
valve, balloon valvuloplasty, and transcath-
eter aortic valve replacement and implanta-
tion are the standard treatments for AS
(4,5). There are no proven pharmacological
treatments to reverse or stop the progression
of AS.

In this study, we explored the prospective

association of extracellular matrix (ECM) protein al-
terations with changes in metabolic proteins during
aortic valve calcification. There are currently no
studies that have documented such a crosstalk.
Indeed, MetS is a powerful and independent predic-
tor of rapid AS progression (6) and affects the ECM
structure in adipose tissue (7).

The ASTRONOMER (Aortic Stenosis Progression
Observation Measuring Effects of Rosuvastatin) study
has identified MetS as an independent predictor of
faster AS progression (8). Furthermore, a recent study
has shown that MetS may play a role during the
early stages of AS development (9). Accumulation
of ECM proteins is 1 hallmark of metabolic dysfunction
in adipose tissue (10). In addition, MetS is known to
affect the ECM structure of aortic valves (7). MetS may
affect aortic valve ECM through the overaccumulation
of advanced glycation end-products (11). Indeed,
advanced glycation end-product accumulation
within the ECM has been shown to induce collagen
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cross-linking in animals (12). In addition, a patholog-
ical expansion of the ECM with macrophage recruit-
ment and increased protein expression has been
observed in adipose tissue of obese patients (13). An
expansion of the ECM of aortic valves is requisite to
provide enough space for hypertrophic adipocytes
(13). In parallel, valvular ECM remodeling may disturb
the regulation of cell metabolism and lipid synthesis
(14).

To date, however, no studies have documented the
crosstalk between the ECM of aortic valves and the
possible involvement of metabolic proteins in aortic
valve calcification. Proteomic approaches have pre-
viously been used to investigate proteins that are
involved in the pathogenesis of AS (15,16). Indeed,
ECM protein expression alteration has been identified
in calcified valvular tissue (17). However, the current
study explored for the first time to our knowledge the
modulation of ECM proteins during aortic valve
calcification and their potential to interact with pro-
teins involved in MetS. We present ECM proteins
identified using proteomics performed on human
aortic valves and isolated human interstitial cells
during the cell calcification process. We further have
validated our proteomics findings with RNA
sequencing (RNAseq) of valve tissue in an indepen-
dent cohort of patients with AS. The study shows that
the disruption of ECM proteins in aortic valves is
more pronounced in the calcified stage and is asso-
ciated with down-regulation of metabolic enzymes.
We also have identified matrix-remodeling-
associated protein 5 (MXRA5) and fibronectin type
III domain containing 1 (FNDC1) as new ECM
biomarkers of calcified AS in different human cohorts.
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FIGURE 1 Illustration of ECM Pipeline Extraction From Human Aortic Valve Tissue

(A) Macroscopic analysis of calcified valve tissue. (B) Dissection of fibrotic stage tissue. (C) Dissection of calcified stage tissue. (D) Diagram to compare proteome

between noncalcified, low-calcified, and highly calcified tissue from the same aortic valve. (E) ECM extraction process. (F) Alizarin Red staining of noncalcified valve

versus (G) staining of calcified valve with calcium nodes highlighted with yellow rectangles the corresponding dispersive x-ray energy graphs showing the calcium peak

(circled) are below each section. Proteins were isolated from the calcified (yellow rectangle) and noncalcified (green) stages of the same valve tissue. Masson

trichrome staining of (H) a calcified valve and (I) a control noncalcified valve. The high-calcium samples were taken from the area indicated by the black highlighted

box (I) and the low-calcium samples from the area indicated by the red highlighted box. ECM ¼ extracellular matrix; LC-MS/MS ¼ liquid chromatography tandem mass

spectrometry.
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Further studies are required to validate the trans-
lational use of these 2 markers to assess the severity
of AS in the clinic.

METHODS

An expanded Methods section is provided in the
Supplemental Appendix.

PROTEIN EXTRACTION. Calcified human aortic
valves (VAHC) were obtained from aortic valve
replacement surgeries at Mount Sinai Hospital, New
York, New York. Control aortic valves were obtained
from heart transplantation surgeries. To ensure con-
sistency between samples, all patient extractions
were performed at the same time. The study was
approved by the institutional review board of the
Icahn School of Medicine at Mount Sinai, and all
subjects gave written informed consent before sur-
gery. All cases in this study were seen and assessed in
the Mount Sinai surgery department. Inclusion
criteria for entry into the study were a minimum age
of 18 years, consenting to participate, and fluency in
English. All samples were washed with cold
phosphate-buffered saline (PBS), collected, and then
kept on ice. All tissues were sectioned according to
their Warren score (18). ECM proteins were extracted
from score 1 (fibrotic) and score 4 (highly calcified)
aortic valve tissues (Figure 1). All tissues were
frozen at �80�C.

Protein extraction was performed from 35 mg
of tissue and incubated with 175 ml of guanidine
buffer (4 mol/l GuHCl, 50 mmol/l Na-acetate,
25 mmol/l EDTA, protease inhibitors, and phospha-
tase inhibitors, pH ¼ 5.8). Samples were then

https://doi.org/10.1016/j.jacbts.2020.11.008


TABLE 1 Clinical Characteristics of the Proteomics

Human Cohorts

VAHN
(n ¼ 8)

VAHC
(n ¼ 7) p Value

Male 66 57 0.24

Age, yrs 57 � 6 66 � 4.3 0.29

Weight, kg 168.5 � 9.4 165.11 � 19.3 0.85

Smoking 46 54 0.65

Metabolic markers

Cholesterol, mg/dl 158 � 32 161.5 � 28 0.60

HDL, mg/dl 94.5 � 14 43.7 � 4.4 0.07

LDL, mg/dl 74.5 � 49 84.8 � 27 0.56

Echocardiography

Peak gradient, mm Hg ND 44.5 � 13 ND

Mean gradient, mm Hg ND 29.5 � 18 ND

Peak aortic jet velocity, m/s 1.3 � 0.4 3.7 � 0.5 <0.001

Ejection fraction, % 51 � 6 51 � 13 0.50

Values are n, mean � SD, or %.

HDL ¼ high-density lipoprotein; LDL ¼ low-density lipoprotein; ND ¼ not
determined; VAHC ¼ calcified aortic valve; VAHN ¼ normal aortic valve.
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vortexed at 1,500 rpm for 48 h at room temperature,
and protein concentration was measured using
bicinchoninic acid protein reagents.

EXCLUSION CRITERIA. The control valves were ob-
tained from individuals undergoing heart trans-
plantation without evidence of aortic valve disease
and with normal aortic valve function determined by
echocardiography. Calcified aortic valves were
collected from aortic valve replacement surgeries.
Tissues were collected consecutively; only tricuspid
aortic valves were collected. Patients with endo-
carditis, congenital heart disease, or rheumatic AS
were excluded.

CELL ISOLATION. Noncalcified human aortic valves
(VAHN) were collected from 2 different patients
undergoing heart transplantation surgery. Valve
leaflets were macroscopically and histologically
normal, without any signs of calcification. Valves
were collected in cold sterile PBS and kept on ice until
the start of the digestion. Samples were first washed
with sterile 1� PBS, scraped to remove the endothelial
cells, then washed 3 times in cold 1� PBS. The tissues
were incubated in 1 mg/ml collagenase I for 30 min at
37�C, washed in PBS, segmented into small pieces,
and then reincubated in 4.5 mg/ml collagenase I for
an additional 30 min at 37�C. Dulbecco’s Modified
Eagle Medium with 10% fetal bovine serum was
added to stop the enzymatic activity of the collage-
nase. Cells were then centrifuged at 150 �g for
5 min, washed twice in Dulbecco’s Modified Eagle
Medium–10% fetal bovine serum (Gibco, Thermo
Fisher Scientific, Waltham, Massachusetts), 100 U/ml
penicillin (Thermo Fisher Scientific), and 100 mg/ml
streptomycin (Thermo Fisher Scientific), and plated
onto 6-well plates (19). Cells were serum-starved for
24 h before protein collection for mass spectrometry
processing. The clinical characteristics of patients
used to isolate aortic valve cells are described in
Supplemental Table 1.

STATISTICAL METHODS. Proteome and secretome
analys i s . The proteome and secretome analyses were
performed using Perseus v.1.6.6.0 software (20).
Before uploading the data to Perseus, the proteins
were filtered based on a 1% false discovery rate. Only
proteins assigned to a given protein group (Master
protein) with a minimum of 2 unique proteins were
included for the Perseus analysis. This filter was
performed using R v.3.6.2 through R Studio v.1.2.5019
software (R Foundation for Statistical Computing,
Vienna, Austria). Contaminated proteins were filtered
out. The data were log2 transformed and normalized
using z-score normalization. Proteins present in at
least 1 of the groups analyzed were kept for statistical
testing. Student’s t-test was applied to compare each
pair of groups. Proteins with a false discovery
rate <0.05 between 2 groups were considered signifi-
cant. The Venn diagrams were plotted using the
web-based tool InteractiVenn (21). The plots were
created using R v.3.6.2 software, and publication
quality images were generated with Inkscape software
(Free Software Foundation, Boston, Massachusetts)
when possible.
Stat i st i ca l ana lyses for in v i t ro stud ies . For the
aforementioned in vitro studies, statistical analyses
were performed with the Prism software package
(GraphPad Version 7, GraphPad Software, San Diego,
California). Differences between 2 means were
assessed by a 2-tailed paired or unpaired Student’s
t-test. Values of p < 0.05 were considered significant.
For evaluating morphological, histological, and
survival data, analysis of variance followed by Bon-
ferroni correction was used to compare 3 groups.
When sample number is not suffice to test for
normality, nonparametric tests (Mann-Whitney U test
or 1-way analysis of variance followed by Holm-
Sidak’s test analysis) were used.

RESULTS

CLINICAL CHARACTERISTIC OF HUMAN SAMPLES. A
total of 5 cohorts were used. Proteomic analysis was
performed on 3 different cohorts of both males and
females: 1) calcified explanted aortic valve (n ¼ 7);
versus 2) age-matched control noncalcified valves
(n ¼ 8); and 3) cellular and secreted proteins from
isolated human aortic valve cells (n ¼ 2). The results
were validated with RNAseq from an independent

https://doi.org/10.1016/j.jacbts.2020.11.008
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human cohort (n ¼ 18). The ECM proteome and
secretome were also explored during human valve
cell calcification in vitro. Human valve cells were
isolated from control valves of the patients described
in Table 1. The clinical characteristics of patients with
AS (VAHC; n¼7) and control aortic valves (human
noncalcified aortic valve [VAHN]; n ¼ 8) are shown in
Table 1. The mean ages were 66�4.3 years and
57�6.0 years for VAHC and VAHN, respectively. In
addition, 57% of patients in the VAHC group were
male versus 75% in the VAHN group. The average
peak gradient was 44.5 � 13 mm Hg for the VAHC
group. Both groups had similar lipid profiles (Table 1).
The demographic characteristics of the RNAseq
external validation cohort have previously been
published (22).
IDENTIFICATION OF ECM PROTEINS IN CALCIFIED

VALVE TISSUE. AS is a disease characterized by
fibrosis and calcification of the aortic valve. ECM
proteins are the major components of the aortic
valve. In order to better understand AS transition
from the normal to symptomatic phase, we compared
the expression of ECM proteins of human valve tis-
sues from calcified stages (high calcium) (Figures 1A,
1C, and 1D) and fibrotic stages (low calcium)
(Figures 1A, 1B, and 1D) of the same calcified aortic
valve and nondiseased valve tissue (control). Tissue
was sectioned according to Warren score (18). The
high calcified sections (scores 3 to 4) were identified
by the presence of calcium nodes and dystrophic
fibrosa as shown in Figures 1H and 1I. However, those
with low calcium were more fibrotic with no apparent
calcium nodes as shown with Alizarin Red staining
(Figures 1F and 1G). Calcification was confirmed with
scanning electron microscopy coupled energy
dispersive x-ray analysis (Figures 1F and 1G). The en-
ergy dispersive x-ray analysis showed a peak of cal-
cium in calcified valve tissue. Proteins were extracted
in guanidine buffer (Figure 1E), which was very effi-
cient in extracting and preserving ECM proteins.
Next, 1,027 proteins with valid values in at least 70%
of the samples were used to perform the comparison
between the groups. ECM proteins were identified
from the total number of proteins using the Matri-
some Project software. Interestingly, ECM proteins
represented 75% of the top 20 significantly expressed
proteins. The ECM proteins matrilin2 (MATN2) and
S100 calcium binding protein A4 (S100A4) were
decreased in calcified VAHC tissue compared with
control VAHN valves (Figure 2A), whereas AEBP1, F1,
FNDC1, IGFALS, IGFB3, MXRA5, PCOLCE, PLG,
SERPINA5, SRPINF2, THSB1, THSB2, and VTN were
overexpressed in VAHC valves compared with VAHN
control valves (Figure 2A).
ECM PROTEIN EXPRESSION IN FIBROTIC VALVE

TISSUE. When we compared fibrotic valve tissues to
control valve tissues, we observed that there were
fewer ECM proteins present in the top 20 of the most
significantly expressed proteins. Adipocyte enhancer-
binding protein 1 (AEBP1) was highly expressed in low
calcified/fibrotic tissue compared with control valves
(Figure 2B). FNDC1 and osteopontin (SPP1), 2 ECM
products that play a role in bone matrix calcification,
were highly expressed in low calcified tissue
compared with control valves (Figure 2B). Decorin, a
proteoglycan that preferentially retains low-density
lipoprotein (LDL) (23), was highly increased in the
fibrotic tissue of calcified valves (Figures 2B and 3B).

We then mapped ECM proteins that were over-
expressed in calcified versus fibrotic tissues from
the same aortic valve. Our results showed hetero-
geneity of protein expression within the same valve
tissue. The proteomics analysis identified cartilage
matrix chondroadherin proteoglycan (CHAD), CLIP2,
EDIL3, IGFALS, IGFBP5, TGM2, TMP1, and VWFA1 as
overexpressed in the calcified tissue compared with
the fibrotic tissue (Figures 2C, 2D, and 3). Figure 2D
lists examples of differentially expressed proteins
that are commonly intersected in VAHN and low
calcium, VAHC and low calcium, and VAHC and
VAHN.

We further determined commonly expressed ECM
proteins in isolated human valve interstitial cells
(hVICs) and calcified tissue (VAHC). Of the top 30
proteins expressed, we identified 13 ECM proteins,
from which 5 proteins (F10, F2, VTN, SERPIND1, and
FN1) were dually expressed in both hVICs and VAHC
(Table 2). Additionally, SERPINS proteins and coagu-
lation factors were the dominant proteins.
PROTEIN NETWORKS IN CALCIFIED AND FIBROTIC

TISSUES. In order to better understand the involve-
ment of ECM proteins in the aortic valve calcification
process, we established a network analysis of the
significant proteins. Figure 4 highlights the core
matrisome proteins and the matrisome-associated
proteins. We observed that the network is more
complex in the calcific stage compared with the
fibrotic phase. We also confirmed the overexpression
of pro-calcifying ECM proteins, such as collagen
(COL2A1), fibronectin 1 (FN1), and SPP1 in calcified
tissue (Figure 4A). The overexpression of FN1 and
SPP1 was confirmed using immunofluorescence in
calcified valve tissue compared with control tissue
(Figure 5). Both ECM proteins primarily interact
with the complement cascade proteins (C4B, C5, and
C8B) and thrombospondin 1 (THSB1), an adhesive
glycoprotein that plays a role in platelet activation.
Moreover, we observed a down-regulation of proteins



FIGURE 2 Representation of the Top 20 Significant Proteins in the 3 Disease Stages

Core matrisome proteins are highlighted in red. (A) Significant ECM proteins between highly calcified (HIGH) and control valve (VAHN) tissues. (B) Significant ECM

proteins between low-calcified (LOW) and control valve tissues. (C) Significant ECM proteins between high- and low-calcified tissues from the same valve are labeled

with asterisks. (D) Venn diagram showing the comparison of the proteomes in the 3 different stages. ECM ¼ extracellular matrix; VAHN ¼ normal human aortic valve.
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that are involved in metabolic pathways such as
aldehyde dehydrogenase 1 family member A1
(ALDH1), a-enolase 1 (ENO1), and oxidative stress
protein superoxide dismutase 1 (SOD1) in the VAHC
group (Figure 4B).

PATHWAY IDENTIFICATION IN DIFFERENT DISEASE

STAGES. In an effort to identify the pathways that
are involved in the aortic valve calcification process,
we found an overabundance of differentially regu-
lated proteins for pathways within KEGG (Kyoto
Encyclopedia of Genes and Genomes) in control
valves compared with calcific and fibrotic stages
(Table 3). The KEGG analysis showed that the meta-
bolic pathways are the most overrepresented path-
ways, in particular the PI3K-Akt signaling pathway
(Table 3), consistent with our earlier observations
showing an overall down-regulation in metabolic
proteins (Figure 4). Other pathways that are also
significantly represented are the ECM–receptor
interaction and complement/coagulation cascades,
and the platelet activation pathway (Table 3). These
findings suggest that metabolic changes are poten-
tially linked to ECM alterations leading to platelet
activation. This is conceivably true because platelets
play a role in the valve calcification process (24).

EXPRESSION OF ECM PROTEINS DURING VALVE

CELLS CALCIFICATION IN VITRO. To identify which
ECM proteins define the osteoblastic transition, we
explored the expression of ECM proteins during the
calcification process in vitro. hVICs were isolated
from noncalcified valves and maintained until pas-
sage 7. Cells were positive for vimentin and a-SMA
(Figures 6A and 6B). hVICs were treated with the
calcifying medium for 7 days, and the secretome was
collected at 3 different time points: day 0, day 3, and
day 7 (Figure 6C). We then validated the cell



FIGURE 3 Heat Map Representation of ECM Proteins in the 3 Different Stages

(A) Comparing highly calcified tissue (VAHC-HIGH) to control valve (VAHN) tissue. (B) Low calcified tissue (VAHC-LOW) compared with VAHN. (C) Low calcified stage

compared with high calcified stage tissue in the same valve. Abbreviations as in Figure 2.
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calcification efficacy with Alizarin Red staining,
which shows the formation of calcium nodes
(Figures 7A and 7B), and with scanning electron mi-
croscopy with x-ray analysis, which confirms the hy-
droxyapatite nature of the observed calcium nodes in
phosphate-treated cells (Figures 7C and 7D). Impor-
tantly, the calcium concentration was 4-fold more
pronounced in the phosphate-treated cells compared
with the nontreated cells (Figures 7C and 7D). Our
in vitro results showed the efficiency of the calcifying
medium treatment in inducing calcium nodes that are
similar to their pathological formation in AS patients.

We then analyzed the expression changes of
secreted and cellular proteins during cell calcifica-
tion. The Venn diagram shows the expression of 139
secretome-specific and 2,176 proteome-specific pro-
teins (Figure 8A) with 412 intersected proteins be-
tween secreted and cellular proteins after 7 days of
calcification. The analyses of the top 20 secreted
proteins showed the presence of 3 ECM proteins,
COL3A1, THBS3, and neutrophil serine protease in-
hibitor, a protein that plays an essential role in the
regulation of the activity of inflammatory caspases
(25) (Figure 8B). However, no ECM proteins were
expressed in the top 20 significant cellular proteins.
The Venn diagram of cellular proteins showed more
proteins (i.e., 28 proteins) in the intersection between
the baseline (day 0) and calcified cells on the seventh
day of calcification (Figure 8C). COL6A6 and FNDC1
were the 2 ECM proteins expressed at the early
calcification stage between the baseline and the third
day (Figure 8C).

VALIDATION OF PROTEOMICS DATA WITH

TRANSCRIPTOMICS PROFILING. In order to validate
our proteomics data, we used an independent Cana-
dian cohort of an RNA sequencing dataset (Table 4).
RNAseq was performed on 9 calcified valves (TAVc)
versus 8 control valves (TAVn). In the RNAseq
experiment, 499 genes were differentially expressed,
with 329 up-regulated and 170 down-regulated genes
in TAVc compared with TAVn (26). Interestingly, 8
proteins from our proteomics analysis were signifi-
cantly altered in the RNAseq gene dataset of TAVc
versus TAVn (Table 4), 6 of which were ECM proteins
(SPP1, VTN, THBS2, MATN2, FNDC1, and MXRA5).
These findings provide strong support to our hy-
pothesis that ECM alterations are of paramount
importance in the process of valve cell calcification.
The enrichment in the fibrotic proteins (SPP1, THBS2,
and FNDC1) supports the concept that ECM proteins
are driving the fibrocalcific nature of AS. The up-
regulation of MXRA5 is of particular interest
because it may be involved in anti-fibrotic remodeling
during the progression of AS, which will be explored
in future investigations.



TABLE 2 Top 30 Proteins Expressed in Valve Tissue and in Cells

Accession Gene Symbol

Log2

Fold Change
High VAHN

q Value
High
VAHN

Mean

ECM

Proteome Mean Secretome Mean

VAHN Low High 0 Days 3 Days 7 Days 0 Days 3 Days 7 Days

P00742 F10 2.422 0 4.941 6.046 7.362 Matrisome-associated ND ND ND 7.882 4.327 4.382

P24593 IGFBP5 2.210 0 5.148 6.299 7.358 Core matrisome ND ND ND ND ND ND

P00734 F2 1.972 0 5.133 5.955 7.106 Matrisome-associated 6.892 6.717 5.974 7.042 5.534 6.670

P05154 SERPINA5 2.893 0 4.407 6.359 7.301 Matrisome-associated ND ND ND ND ND ND

Q8IUX7 AEBP1 1.264 0 5.750 6.763 7.015 Core matrisome ND ND ND ND ND ND

Q13228 SELENBP1 �2.250 0 7.461 5.617 5.211 6.920 6.331 6.488 4.620 5.668 7.573

P00352 ALDH1A1 �2.667 0.002 7.374 5.008 4.706 7.221 6.153 5.971 ND ND ND

P00325 ADH1B �1.976 0.002 7.364 5.661 5.387 ND ND ND ND ND ND

P12277 CKB �2.699 0.002 7.494 5.230 4.794 6.214 6.593 6.678 ND ND ND

G3V2W1 SERPINA10 3.783 0.002 3.515 5.913 7.299 Matrisome-associated ND ND ND ND ND ND

A0A087WWT3 A0A087WWT3 4.592 0.002 3.655 5.971 8.247 ND ND ND ND ND ND

P18669 PGAM1;LOC643576 �1.975 0.002 7.347 6.026 5.371 6.806 6.506 6.541 6.420 6.063 7.168

P10451 SPP1 5.037 0.002 1.859 6.393 6.897 Core matrisome ND ND ND ND ND ND

A0A0G2JPR0 LOC100294156 2.541 0.002 4.885 5.272 7.426 ND ND ND ND ND ND

P07358 C8B 1.148 0.002 6.013 6.156 7.162 ND ND ND ND ND ND

Q00688 FKBP3 3.991 0.002 3.628 6.070 7.620 6.710 6.352 6.693 ND ND ND

P02765 P02765 2.492 0.003 4.641 6.252 7.133 6.357 6.559 6.907 3.991 3.495 6.530

P04004 VTN 1.769 0.004 5.423 6.335 7.192 Core matrisome ND ND ND 7.439 6.038 5.649

P40925 MDH1 �2.051 0.004 7.425 5.264 5.373 6.646 6.629 6.654 6.650 5.971 7.070

P35858 IGFALS 1.945 0.004 5.542 4.602 7.488 Core matrisome ND ND ND ND ND ND

P30086 PEBP1 �1.795 0.004 7.239 6.197 5.444 6.851 6.363 6.665 6.074 6.030 7.255

Q15847 ADIRF;C10orf116 �1.578 0.004 7.209 6.229 5.630 ND ND ND ND ND ND

P29622 SERPINA4 1.642 0.005 5.507 5.955 7.149 Matrisome-associated ND ND ND ND ND ND

P68371 TUBB4B �0.882 0.006 7.025 6.460 6.143 6.694 6.589 6.645 6.941 5.155 6.965

Q9ULC3 RAB23 3.020 0.006 4.742 5.442 7.763 6.873 6.461 6.493 ND ND ND

P02458 COL2A1 2.052 0.007 4.887 6.535 6.940 Core matrisome ND ND ND ND ND ND

P06727 APOA4 1.945 0.007 5.131 5.940 7.076 ND ND ND ND ND ND

P05546 SERPIND1 1.836 0.009 5.174 5.776 7.011 Matrisome-associated ND ND ND 7.505 5.551 5.334

P02751 FN1 2.048 0.008 5.099 6.213 7.148 Core matrisome 6.904 6.566 6.409 6.279 6.412 6.986

P07437 TUBB �1.662 0.009 7.224 6.238 5.561 6.807 6.484 6.620 7.006 6.033 6.657

Abbreviations as in Table 1.
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DISCUSSION

In this study, we analyzed the expression of ECM
proteins in human calcified aortic valves and during
aortic valve calcification with mass spectrometry. The
proteomics results were further validated in an in-
dependent human cohort with calcified valves using
RNAseq datasets. Our study focused on both valve
cell–secreted ECM proteins and valve tissue–
expressed/isolated proteins. Our current findings are
particularly distinguished from prior studies (15–17)
because of the method of ECM isolation, the number
and diversity of the ECM proteins identified, and the
complex networking between proteomics and RNA
sequencing we used. Importantly, the proteomics
data in this work were validated in a completely in-
dependent human cohort from Canada and reveal
FNDC1 and MXRA5 as new ECM biomarkers for
calcified aortic valves. Thus, the study documents
that valve calcification is associated with significant
disruption in ECM proteins. This is of particular in-
terest because ECM organization and VIC compart-
mentalization are hallmarks of normal valve
development (27).

The aortic valve has a dynamic structure to regu-
late the unidirectional blood flux from the left
ventricle to the rest of the body. The structural flex-
ibility of the valve is achieved by 3 organized ECM
layers arranged according to the blood flow direction.
As such, the ECM proteins are exposed to an incred-
ible amount of pressure and mechanical stress
(19,28). A modification in the hemodynamics sur-
rounding the valve may affect ECM organization and
disrupt its normal function (28). It has previously
been shown that in pathological aortic valve, gene
expression level varies according to the state of



FIGURE 5 IF Staining of Selected Proteins

Immunofluorescence (IF) staining (left) and quantification (right) show the up-regulation of osteopontin, versican, and fibronectin, and down-regulation of TUBA4 in

calcified (VAHC) versus noncalcified (VAHN) valves (*p < 0.05, **p < 0.01).

FIGURE 4 Network Analysis Surrounding ECM Proteins

(A) Network of significant proteins when comparing high calcified to control valve tissues (VAHN). (B) The network between low-calcified

tissue and control valves. Orange circle outline ¼ core matrisome protein, yellow circle outline ¼matrisome-associated protein, green dot ¼
up-regulated, red dot ¼ down-regulated. Abbreviations as in Figure 2.
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TABLE 3 Representation of KEGG Pathways in 3 Different Stages of the Disease

KEGG Pathway VAHN.FDR HIGH.FDR LOW.FDR

Glycolysis/gluconeogenesis 2.96 � 10�9 2.66 � 10�9 2.19 � 10�9

Citrate cycle (TCA cycle) 8.49 � 10�5 7.98 � 10�5 7.40 � 10�5

Fatty acid degradation 0.0003 0.001 0.0009

Oxidative phosphorylation 0.0002 0.0002 0.0002

Valine, leucine, and isoleucine degradation 0.0002 0.0005 5.00E-04

Arginine and proline metabolism 0.0182 0.0062 0.0059

Tryptophan metabolism 0.0071 0.0068 0.0065

beta-Alanine metabolism 0.0064 0.02 0.0194

Glutathione metabolism 0.0002 0.0007 0.0007

Pyruvate metabolism 2.18 � 10�6 2.03 � 10�6 7.86 � 10�6

Glyoxylate and dicarboxylate metabolism 0.0137 0.0133 0.0126

Propanoate metabolism 0.0019 0.007 0.0067

Sulfur metabolism 0.0291 0.0285 0.0275

Metabolic pathways 0.0001 7.61 � 10�5 7.40 � 10�5

Carbon metabolism 3.14 � 10�14 9.58 � 10�14 7.74 � 10�14

Biosynthesis of amino acids 5.76 � 10�6 5.31 � 10�6 4.90 � 10�6

HIF-1 signaling pathway 0.0028 0.0027 0.0025

Endocytosis 1.58 � 10�5 6.24 � 10�6 5.44 � 10�6

Phagosome 1.60 � 10�8 1.24 � 10�8 9.78 � 10�9

PI3K-Akt signaling pathway 2.27 � 10�5 1.01 � 10�5 3.27 � 10�5

Necroptosis 0.031 0.0294 NA

Cardiac muscle contraction 0.0152 0.0142 0.0134

Focal adhesion 1.03 � 10�13 2.86 � 10�14 7.74 � 10�14

ECM-receptor interaction 1.65 � 10�10 2.90 � 10�11 1.16 � 10�10

Complement and coagulation cascades 3.00 � 10�21 5.18 � 10�23 2.48 � 10�22

Platelet activation 0.0093 0.0038 0.0079

Antigen processing and presentation 0.0002 0.0002 0.0002

Fc gamma R-mediated phagocytosis 0.0011 0.0004 0.0003

Leukocyte transendothelial migration 0.0405 0.0387 0.0364

Regulation of actin cytoskeleton 7.25 � 10�7 2.36 � 10�7 4.62 � 10�7

Vasopressin-regulated water reabsorption 0.012 0.0116 0.0108

Cholesterol metabolism 1.51 � 10�5 1.21 � 10�5 1.19 � 10�5

ECM ¼ extracellular matrix; FDR ¼ false discovery rate; HIGH ¼ high calcification; KEGG ¼ Kyoto Encyclopedia of
Genes and Genomes; LOW ¼ low calcification; TCA ¼ tricarboxylic acid; VAHN ¼ normal human aortic valve.
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mineralization (29). So, in order to understand the
transition from a normal to a symptomatic stage, we
compared the expression of ECM proteins from both
the calcified and fibrotic stages of the same aortic
valve, and nondiseased valve tissues. However, we
recognize that the interpatient variability is more
important than intrapatient (same valve), especially
when the cohort size is small. We have confirmed the
presence of the known aortic valve ECM proteins such
as collagen, elastin, fibronectin, and proteoglycans
(15). In addition, we have observed an increase in the
expression of FNDC1 in both low and high calcified
valves. FNDC1 contains the main functional compo-
nents of a fibronectin (FN) domain called the type III
conserved FN domain, which led to the hypothesis
that FNDC1 may possess a similar function to that of
FN (30). FN itself is required by osteoblasts to form
mineralized nodules in vitro (31). The overexpression
of FNDC1 in aortic valve tissue has been reported by
others (32). However, the implication of FNDC1 in the
calcification process of the aortic valve is still un-
known. In parallel, ABI3BP, the paralog of FNDC1, was
significantly increased in both disease stages. The
gene expression level of FNDC1 is higher in osteopo-
rosis (30), suggesting that FNDC1 may be implicated
in the paradoxical mineralization in females where
bone resorption and valve calcification are predomi-
nant (33). Chondrocyte and ECM calcification proteins
were expressed in both calcified and fibrotic stages.
CHAD, a cartilage matrix marker, was highly
expressed in the calcified stage relative to the fibrotic
stage in the same tissue. SPP1 is involved in the
attachment of osteoclasts to the mineralized bone
matrix. The validation of these markers by our pro-
teomics data clearly demonstrates the accuracy of our
data analysis.

Furthermore, we studied the modulation of the
ECM during valve calcification in vitro using an effi-
cient phosphate-based calcifying medium previously
validated by our group (24). Secreted proteins were
collected at 3 different time points: baseline (day 0), 3
and 7 days of calcification in vitro. Similar to the tis-
sue analysis, FNDC1 expression was particularly
altered and up-regulated after 3 days of calcifying
medium treatment. The implication of FNDC1 in cell
calcification has never been studied before, to our
knowledge.

We have validated our proteomics data with RNA
sequencing of valve tissue samples from an inde-
pendent human cohort. Our analyses confirmed the
expression of FNDC1, SPP1, VTN, THBS2, MATN2, and
MXRA5 in both the proteomics and the RNAseq
datasets. Only MATN2 expression was down-
regulated. Matrilins are multidomain extracellular
adaptor proteins with 2 von Willebrand factor A-like
domains (34). MATN2 forms filaments by interacting
with itself and with other ECM proteins to perform an
adaptor function in the supramolecular organization
of the ECM (34). In long bones, MATN-1 and MATN-3
are present in all cartilage regions, in contrast to
MATN2, which is expressed in the proliferative and
upper hypertrophic zones. Further studies are needed
to better understand the function of MATN2 in AS.
MXRA5 is another interesting protein that we found
to be overexpressed in calcified disease. The same
pattern was observed in both RNAseq and proteomic
analyses. MXRA5 has anti-fibrotic and anti-
inflammatory properties in response to TGFb1 stim-
ulation in kidney disease (35). It is therefore
conceivable to speculate that MXRA5 is up-regulated
during the mineralization process as a compensatory
mechanism to offset ECM overproduction. However,



FIGURE 6 Characterization of Human Aortic Valve Cells

(A) Isolated human valve cells are positive for vimentin and aSMA as shown with both immunofluorescence and Western blotting. Boxed areas (left) are shown at

higher magnification on the right. (B) Treatment of cells with phosphate-based calcifying medium enhanced the expression of a-SMA. (C) Diagram showing the process

followed to screen extracellular matrix expression during valve calcification. CTL ¼ control.
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additional future studies are required to tingle out
the implication of MXRA5 in regulating the calcifica-
tion process of the aortic valve.

We further explored the prospective association of
ECM protein alterations with changes in metabolic
proteins during aortic valve calcification. There are
currently no studies that have documented such
crosstalk between the ECM and metabolism in aortic
valve calcification. Indeed, MetS is a powerful and
independent predictor of rapid AS progression (6) and
affects the ECM structure in adipose tissue (7). In
parallel, ECM remodeling may disrupt the regulation
of cell metabolism and lipid synthesis (14). Our pro-
teomics analyses revealed that the metabolic path-
ways were altered with a significant reduction in the
expression of key metabolic proteins such as SOD1,
ALDH1, and ENO1. Although our data do not directly
implicate ECM proteins in the modulation of meta-
bolic proteins and vice versa, they nevertheless
highlight strong potential interactions between these
2 classes because the KEGG network analysis showed
that ECM proteins and the metabolic pathways are
the most overrepresented. This observation further
supports the hypothesis implicating metabolic disor-
ders in the progression of AS (8).

Furthermore, our analysis documented the pres-
ence of apolipoproteins in the same node as ECM
proteins, raising the possibility of lipid-ECM interac-
tion, potentially amplifying the inflammatory process
in the calcified stage. Indeed, proteoglycan accumu-
lations promote lipoprotein retention (23), such as
oxidized LDL, which is a key stimulator of cell
mineralization through the activation of an inflam-
matory response (36,37). We have previously shown
that phospholipase A2 (LP-PLA2) uses oxidized
phospholipids, which are transported by Lp(a), as a
substrate to produce lysophosphatidylcholine (LPC)
(38,39). Also, through nonenzymatic pathways, the
oxidation of LDLs generates LPC, a highly reactive
metabolite with pro-osteogenic properties that is
present in mineralized aortic valves (36,40). It is also
worth mentioning here that alterations in fatty acid
metabolism, and other processes such as oxidative
stress, in valve ECM are also implicated in the mal-
adaptive function of endothelial cells (ECs) (41),
which play an important role in regulating perme-
ability and maintaining valve homeostasis (42). EC
dysfunction in aortic valves is associated with lipid
and inflammatory cells infiltration (42). Once inside
the valve, macrophages release proteases that lead to
ECM degradation and disrupt the normal structure of
the valve matrix (42). Further investigations are
needed to unveil pathway crosstalk between ECs and
VICs.



FIGURE 7 Human Valve Cell Calcification In Vitro

(A) Human valve interstitial cells (hVICs) were treated with phosphate-based calcifying medium (CM) for 7 days. Calcium nodes were stained with Alizarin Red and

observed with a polarized light microscope. The dashed-line boxes indicate the regions shown at higher magnification in the solid-line boxes. (B) The quantification of

calcium was performed with Arsenazo III comparing control (CTL) with cells treated with CM. Scanning electron microscopy analyses shows (C) noncalcified cells and (D)

calcified nodes in phosphate-treated cells. Boxed areas (left) are shown at higher magnification on the right. Calcium nodes are highlighted with an artificial green

color. Calcium nodes were revealed with energy dispersive x-ray to show their hydroxyapatite nature. Calcium nodes were revealed with energy dispersive x-ray, in

black eclipse, to show their hydroxyapatite nature (C, D). ***p < 0.001.
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STUDY LIMITATIONS. The main limitation of our
study was the absence of a complete clinical data
information and blood samples. However, the vali-
dation of our results in an independent human cohort
strengthens our findings. The exploration of ECM
proteins in vitro was limited to 2 biological replicates
and 3 experimental replications. Isolating cells from
control noncalcified valves was difficult. Indeed,
control valves were collected from heart trans-
plantation surgery during unusual hours, very often
overnight, limiting access to fresh tissue to isolate
cells in the lab. We collected control valves only from
heart transplantation surgery because hearts from
sudden death patients are mainly reserved for
transplantation and could not be used for research
purposes. Because we did not have the entire aortic
valve, we were not able to perform RNAseq on our
patients. In our local cohort, we used the tissue
mainly for ECM protein extraction, histological sec-
tion, and electron microscopy screening. However,



FIGURE 8 ECM Expression During Valve Cell Calcification In Vitro

(A) Venn diagram showing cellular and secreted proteins during calcification. (B) Top 20 secreted proteins expressed, with comparison of their expression at 0, 3, and

7 days of calcifying medium treatment. ECM proteins are labeled in red. (C) Venn diagram showing cellular protein expression at 0, 3, and 7 days. ECM ¼ extracellular

matrix.

TABLE 4 The Significant Proteins (N ¼ 8) in the Comparison HIGH Versus VAHN That Were Validated at the Mrna Level in the

Rnaseq Analysis

Accession
Gene
Name

RNAseq
Fold Change
TAVc – TAVn

Log2 Fold
Change

HIGH_VAHN
q Value

HIGH_VAHN

Proteome Secretome

0 Days 3 Days 7 Days 0 Days 3 Days 7 Days

P00352 ALDH1A1 �2.90 �2.66 0.000 7.22 6.15 5.97 ND ND ND

P10451 SPP1* 15.39 5.037 0.000 ND ND ND ND ND ND

P04004 VTN* �2.63 1.76 0.000 ND ND ND 7.44 6.04 5.65

P35442 THBS2* 2.91 2.56 0.010 6.67 5.74 7.12 8.01 3.99 4.20

P08571 CD14 1.87 1.58 0.020 ND ND ND ND ND ND

O00339 MATN2* �1.95 �1.30 0.020 ND ND ND ND ND ND

Q4ZHG4 FNDC1* 3.69 2.61 0.030 ND ND ND ND ND ND

Q9NR99 MXRA5* 2.73 2.49 0.040 ND ND ND ND ND ND

*Core matrisome protein.

TAVc ¼ calcified tricuspid aortic valve; TAVn ¼ noncalcified tricuspid aortic valve; other abbreviations as in Tables 1 and 3.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: There

is an urgent need to identify new therapeutic targets

to stop or reverse aortic valve calcification. The ECM

plays an important role in maintaining the structural

architecture and mechanical behavior of the valve. Its

disruption contributes to valve mineralization.

TRANSLATIONAL OUTLOOK 1: The current study

identifies FNDC1 and MXRA5 as novel ECM markers in

human calcified valves, electing them as potential
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the validation of our data in a different cohort has
strengthened our finding. Finally, further studies are
necessary to study the association of FNCD1 and
MXRA5 with the clinical outcomes in patients
with AS.

CONCLUSIONS

This study represents a comprehensive analysis of the
modulation of ECM proteins during aortic valve
calcification. We used a proteomic approach to
explore ECM proteins in human calcified valve tissue
and human valve cells. We validated key ECM pro-
teins in 2 different human cohorts of AS. This work
highlights a strong connection between metabolic
markers and ECM remodeling and identifies FNDC1
and MXRA5 as novel ECM biomarkers in calcified
valves, suggesting they are potential targets in the
development and progression of AS.
translational targets in the development and pro-

gression of aortic stenosis.

TRANSLATIONAL OUTLOOK 2: Further studies

with a larger number of patients are required to

confirm this finding.
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