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Plasma proteomic profiling reveals biomarkers associated with
aortic dilation in patients with bicuspid aortic valve

Wenrui Ma', Jingjing Zhang’, Kehua Xu’, Shigiang Yan’, Dingqian Liu', Hui Huang’, Yuyi Tang’,
Guoquan Yan’, Yongxin Sun', Jun Li', Weijia Zhang’, Chunsheng Wang', Kai Zhu', Hao Lai'

'Department of Cardiac Surgery and Shanghai Institute of Cardiovascular Diseases, Zhongshan Hospital, Fudan University, Shanghai, China;
*Institutes of Biomedical Sciences and Shanghai Key Laboratory of Medical Imaging Computing and Computer-Assisted Intervention, Shanghai
Medical College, Fudan University, Shanghai, China

Contributions: (I) Conception and design: W Zhang, K Zhu, C Wang, H Lai; (II) Administrative support: W Zhang, K Zhu, C Wang, H Lai; (III)
Provision of study materials or patients: Y Sun, J Li, K Zhu, C Wang, H Lai; (IV) Collection and assembly of data: W Ma, ] Zhang, K Xu, S Yan, D
Liu, H Huang, Y Tang, G Yan, Y Sun, J Li; (V) Data analysis and interpretation: W Ma, ] Zhang, K Xu, S Yan; (VI) Manuscript writing: All authors;
(VII) Final approval of manuscript: All authors.

Correspondence to: Kai Zhu, MD, PhD; Chunsheng Wang, MD; Hao Lai, MD. Department of Cardiac Surgery and Shanghai Institute of
Cardiovascular Diseases, Zhongshan Hospital, Fudan University, 180 Fenglin Road, Shanghai 200032, China. Email: zhu.kail@zs-hospital.sh.cn;
wangchunsheng@fudan.edu.cn; lai.hao@zs-hospital.sh.cn.

Background: Bicuspid aortic valve (BAV) is the most common congenital heart anomaly and is prone to
cause complications, such as valvular stenosis and thoracic aortic dilation. There is currently no reliable way
to predict the progression rate to thoracic aortic aneurysm. Here, we aimed to characterize the proteomic
landscape in the plasma of stenotic BAV patients and provide potential biomarkers to predict progressive
aortic dilation.

Methods: Plasma samples were obtained from 45 subjects (30 stenotic BAV patients and 15 healthy
controls). All samples were properly prepared and analyzed using mass spectrometry (MS)-based label-free
quantitative proteomics.

Results: A total of 748 plasma proteins had missingness <50%, and 193 (25.8%) were differentially
expressed in the BAV patients. Functions regarding cell junction and actin cytoskeleton were largely
enriched. NOTCH3, a Notch receptor known to interact with the BAV-causing gene NOTCH1I, was
negatively correlated with aortic diameter and was downregulated in BAV patients’ plasma and aortic
smooth muscle cells. Further, a subset of plasma proteins, including ADAM]10, was associated with rapidly
progressive aortic dilation in BAV patients.

Conclusions: Our data reveal unique features in the proteomic architecture of stenotic BAV patients’
plasma, and we propose the potential of Notch signaling proteins NOTCH3 and ADAM]I0 in predicting
aortic dilation.
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Introduction complication of a stenotic BAV, characterized by progressive
Bicuspid aortic valve (BAV) is the most frequent congenital aortic dilation (i.e., an increase in the aortic diameter) that
heart anomaly affecting approximately 1.4% of the general may lead to aneurysm formation and lethal events such as
population (1-3). Ascending aortic disease is a common aortic dissection and rupture (4-6). Currently, there is no
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validated method to predict the progression rate of aortic
dilation in BAV patients, thus posing an obstacle to clinical
decision-making regarding the optimal timing for aortic
surgery (7,8). Plasma proteins have emerged as a useful
source of biomarkers to reflect aortic pathology at the tissue
level (9,10) but have not been comprehensively profiled in
BAV patients with aortic dilation.

In this study, we collected plasma samples from stenotic
BAV patients and healthy controls. By mass spectrometry
(MS)-based proteomic analysis, the entire list of the
differentially expressed proteins (DEPs) was identified and
characterized. Further, the ascending aortic diameters of the
BAV patients were measured during follow-up, and the DEPs
were screened for potential biomarkers that were closely
related to progressive aortic dilation. We present the following
article in accordance with the MDAR reporting checklist
(available at https://dx.doi.org/10.21037/atm-21-3378).

Methods
Study subjects and materials

In this study, we included adult patients with stenotic BAV
who were hospitalized at our institution between December
2017 and November 2018. Exclusion criteria included
patients with connective tissue disorder, predominant
aortic valve regurgitation, or a history of cardiac surgery.
After screening, a total of 30 eligible candidates were
enrolled, including 17 patients with significant aortic
dilation (ascending aortic diameter >45 mm) and 13 without
(diameter <45 mm). We further recruited 15 healthy
volunteers without cardiovascular diseases (ascending
aortic diameter <35 mm) as the control group. To evaluate
the plasma proteins' capacity to reflect pathologies in the
aortic cells, we harvested and expanded primary aortic
smooth muscle cells from an additional three BAV patients
with significant aortic dilation and from two controls with
non-diseased ascending aortas, using the aortic explant
technique (11). For all cell experiments, the passage number
was limited to six. This study was approved by Zhongshan
Hospital Fudan University Ethics Committee (Approval
Letter No. B2020-158R), and written consent was obtained
from all study subjects. All procedures performed in this
study involving human participants were in accordance with
the Declaration of Helsinki (as revised in 2013).

Sample preparation for MS analysis

Plasma samples were collected from all patients and
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volunteers and depleted using the High Select™ Top14
Abundant Protein Depletion mini column (Thermo
Fisher Scientific). After measuring the plasma protein
concentration (Pierce BCA, Thermo Fisher Scientific),
50 pg protein for each sample were reduced with
10 mM dithiothreitol (final concentration) for 30 minutes
at 37 °C and alkylated with 55 mM iodoacetamide (final
concentration) for an additional 30 minutes at room
temperature. The remaining detergent was removed by
acetone precipitation, and protein pellets were resolved in
50 pL 6 M urea (in 10 mM Hepes, pH 8.0) and digested
with 0.5 pg LysC for 3 hours at room temperature. After
adding four volumes of 50 mM ammonium bicarbonate,
tryptic digestion was carried out overnight. On the next day,
digestion was stopped by adding 1% trifluoroacetic acid.
Peptides were finally desalted on C18 Stage Tips and kept
at -80 °C until MS analysis.

Liquid chromatography-MS analysis

MS analysis was performed using a Quadrupole Orbitrap
mass spectrometer (Q Exactive HF, Thermo Fisher
Scientific) coupled to a Waters uHPLC system via a
nano-electrospray source. Columns were packed with
1.9 mm C18 particles (Thermo Fisher Scientific). Peptides
were separated over a 250-minute gradient from 2% to
60% in buffer B (80% acetonitrile, 0.5% formic acid) at
200 nL/minute. The column temperature was constantly
set to 50 °C using a column oven. The survey scans were
acquired with a resolution of 60,000 for Q Exactive HF,
at m/z 200. A top 15 method was used to select the most
abundant precursor ions with a charge Z’*. Selected
precursor ions were subjected to high-energy collisional
dissociation fragmentation at a normalized collision energy
of 27, an isolation window of 1.4 Th, and a resolution
of 15,000 at m/z 200. For survey scans, ion injection
times were set to 20 milliseconds (target value 3E6) and
120 milliseconds (target value 1ES5) for MS/MS scans.
Dynamic exclusion of sequenced peptides was set to
30 seconds. Data were acquired using Xcalibur software

(Thermo Fisher Scientific).

MS data analysis

MS raw files were analyzed using MaxQuant software
(Computational Systems Biochemistry). Proteins with
missing values <50% were filled using k Nearest Neighbors
followed by normalization using the edgeR R package
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(version 3.28.1) (12,13). The limma R package (version
3.42.2) was used to examine whether proteins were
differentially expressed between BAV and control groups
and between BAV patients with and without progressive
aortic dilation (14). Proteins with P values <0.05, and fold-
change ratios >1.5 were considered significant. Annotation
and functional enrichment were performed using the
Metascape database (http://metascape.org) and the
Ingenuity Pathway Analysis IPA, QIAGEN), and protein-
protein interactions were searched using the STRING
database (15-18). The comparative proteomics datasets are
uploaded online (https://cdn.amegroups.cn/static/public/
atm-21-3378-1.xlsx). The raw MS data files are available
from the corresponding authors upon reasonable request.

Criterion for progressive aortic dilation

In this study, 17 stenotic BAV patients with an ascending
aortic diameter >45 mm underwent aortic valve replacement
and concomitant aortic repair, and 12 out of 13 patients
with an ascending aortic diameter <45 mm underwent
isolated valve replacement. Among these patients, nine
were followed up at our institution after surgery. Given
the potential interobserver variability in measuring
aortic diameter, progressive aortic dilation was defined
conservatively, i.e., a gradual increase in the ascending
aortic diameter over time that reached >4 mm at the latest
follow-up.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

The total RNA of the primary aortic smooth muscle
cells expanded from BAV patients and controls were
extracted using TRIzol agent (T9424, Sigma-Aldrich).
Synthesis of complementary DNA and qRT-PCR was
performed according to the manufacturer’s guidelines
(RR037B and RR420B, Takara). The expression levels
of the following genes were investigated: ADAMI10
(forward: ATGGGAGGTCAGTATGGGAATC;
reverse: ACTGCTCTTTTGGCACGCT), HEY2
(forward: AAGGCGTCGGGATCGGATAA; reverse:
AGAGCGTGTGCGTCAAAGTAG), NOTCH3
(forward: TGGCGACCTCACTTACGACT; reverse:
CACTGGCAGTTATAGGTGTTGAC), SERPINEI
(forward: ACCGCAACGTGGTTTTCTCA, reverse:
TTGAATCCCATAGCTGCTTGAAT), SUMO4
(forward: CCACGGGGATTGTCAGTGAAG;
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reverse: CTGTGCAGGTTTGTCTGTTCC), SVEPI
(forward: CAGCAGTTGCATTCCATGTCC; reverse:
AAGTAACCATTTTCGGGAGGC), and GAPDH
(forward: CTGGGCTACACTGAGCACC; reverse:
AAGTGGTCGTTGAGGGCAATG).

Immunofluorescence

Immunofluorescence was performed on the diseased and
control aortic smooth muscle cells. Briefly, cells were
fixed in 4% paraformaldehyde at room temperature
for 20 minutes and permeabilized with 0.1% Triton-X
(X100, Sigma-Aldrich) solution at room temperature for
30 minutes. NOTCH3 and smooth muscle cell marker
ACTA2 were stained using their respective primary
antibodies (D11B8, Cell Signaling Technology; ab7817,
Abcam) overnight at 4 °C. After three washes with PBS,
the samples were incubated with secondary antibodies
(4412S and 88908, Cell Signaling Technology) for 1 hour
at 37 °C. Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI, D1306, Invitrogen) for 5 minutes at
room temperature. Representative images of three different
regions of each sample were acquired using a fluorescence
microscope (DMi8, Leica) and analyzed using Image]
software (ver. 1.52n, National Institutes of Health).

Enzyme-linked immunosorbent assay (ELISA)

The concentration of ADAMI10 in the supernatant of the
BAV and control aortic smooth muscle cells was measured
using a sandwich ELISA kit (JL13337, Jianglai Biology,
Shanghai, China) that contained adhered anti-human
ADAMI0 antibodies. Secondary antibodies were used to
bind to the adhered proteins and, after adding substrate
to the enzyme, the absorbance reading of the plates was
performed on a plate reader at 450 nm wavelength (AMR-
100, Allsheng, Hangzhou, China).

Statistical analysis

Continuous variables were presented as means = standard
deviations or median (interquartile range), according
to the normality test. Parameters were compared using
the two-tailed #-test (normal distribution) or the Mann-
Whitney U-test (skewed distribution). Categorical variables
were expressed as numbers (percentages) and compared
using Fisher’s exact test or the Cochran-Mantel-Haenszel
test, as appropriate. Correlation analysis was performed
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using Pearson’s correlation test. Analyses were performed
using Prism v8.0 (GraphPad Software, Inc.). Statistical
significance was indicated by two-tailed *P<0.05, *P<0.01,
and ***P<0.001.

Results

Characteristics of the study population and the overall
proteome

The study workflow is shown in Figure 14, and the baseline
demographics of the study subjects are listed in Table S1
and Table S2. There was no significant difference in age,
gender, or other clinical parameters between the BAV
patients and healthy controls. Using the plasma samples
harvested from all candidates, proteomic analysis identified
a total of 998 proteins, 748 of which had missingness <50%.
Annotation showed the top 20 functions of these plasma
proteins, including aortic disease-related functions such as
insulin-like growth factor transport, extracellular matrix
organization, and cell-substrate adhesion (Figure 1B). The
principal component analysis suggested distinct proteomic
profiles between BAV patients and healthy controls with
marginal overlaying regions, while stratification by gender
or age did not clearly distinguish the overall plasma
proteome, suggesting the presence of independent features
in the plasma of stenotic BAV patients (Figure 1C).

Analysis of DEPs between BAV patients and controls

The comparative analysis yielded a total of 193 DEPs
(Figure 2A4; 'Table S3). Disease enrichment analysis revealed
cardiovascular diseases such as vascular disease and
abdominal aortic aneurysm (Figure S1). The integrated
process enrichment analysis using Metascape showed a
network of enriched terms, including regulated exocytosis,
platelet degranulation, extracellular structure organization,
and others (Figure S2). The canonical pathway enrichment
analysis using IPA software indicated that the DEPs were
related to epithelial adherens junction, RhoA signaling,
integrin signaling, and actin cytoskeleton signaling
(Figure 2B). The top upstream regulators included
ADAM metallopeptidase domain 10 (ADAM10), matrix
metallopeptidase 12 (MMP12), transforming growth factor
beta 1 (TGFBI), and GATA binding protein 4 (GATA4),
all of which are associated with thoracic aortic aneurysm
(Figure 2C) (19-21). Notably, ADAMI0 is a regulator of
the Notch signaling pathway that causes BAV formation
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(22-24). Since components and concentrations of plasma
proteins could be influenced by alterations in the whole
human body, 16 DEPs that are involved in several aortic
diseases were screened (Figure 2D), including collagen
type I alpha 1 chain (COLI1AI), fibrillin-1 (FBNI), filamin
A (FLNA), and notch receptor 3 (NOTCH3), which were
closely interacted in a protein network (Figure 2E) (5,25).
Expression-trait correlation analysis showed that NOTCH3
was independently associated with the ascending aortic
diameter. Expressions of COLI1AI and FBNI were poorly
correlated with aortic size, and FLNA expression was
significantly influenced by the patient’s age (Figure 2F).

NOTCHS3 was consistently downregulated in the plasma
and aortic cells of BAV patients

The Notch receptors have an overlapping effect on the
development of multiple cardiovascular diseases (26).
Mutation of the NOTCHI gene is a known causative factor
of BAV and thoracic aortic aneurysm (24), whereas the
role of NOTCH3 in such diseases remains unclear. The
correlation between the plasma level of NOTCH3 and
the ascending aortic diameter was in a negative direction
(Figure 3A4). Analysis of the protein-protein interactions
indicated a close relationship across NOTCHI, NOTCH3,
and ADAMI10 (Figure 3B). Further, QqRT-PCR showed
downregulation of NOTCH3 and its downstream effector
[hes related family bHLH transcription factor with YRPW
motif 2 (HEY?2)] in the aortic smooth muscle cells of BAV
patients (Figure 3C). The immunofluorescence analysis also
showed reduced levels of NOTCH3 and ACTA2 in diseased
cells (Figure 3D).

DEPs between patients with and without progressive aortic
dilation

The follow-up measurement of ascending aortic diameters
is shown in Figure 44. Progressive aortic dilation that
reached the surgical threshold was present in two
patients (4). The baseline characteristics of patients with
and without progressive aortic dilation were comparable.
Comparative proteomic analysis identified a total of 74
DEPs (Figure 4B; Table S4). When compared with the
DEPs between BAV patients and controls, 23 proteins
were overlapped. Notably, we identified 11 proteins
exhibiting consistent changing trends in both comparisons
(Figure 4C). Top-hit proteins such as ADAM1I0, plasminogen
activator inhibitor 1 (SERPINEI), small ubiquitin-like
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modifier 4 (SUMO4), and sushi, von Willebrand factor
type A, EGF and pentraxin domain containing 1 (SVEPI),
were downregulated in BAV patients and further inhibited
in those with progressive aortic dilation (Figure 4D).
Transcription of the ADAMI10 gene was consistently
downregulated in BAV aortic smooth muscle cells, while
other proteins did not show a similar trend (Figure 4E). The
concentration of ADAM10 was higher in the supernatant of
control cells, although the difference did not quite reach the
threshold of statistical significance (P=0.073; Figure 4F).

Discussion

BAV-related aortic dilation is a complicated disease
associated with genetic mutations and aberrant
hemodynamics (1). To date, the molecular mechanism of
aortic disease in patients with BAV remains unclear. In
this study, proteomic analysis showed that patients with a
stenotic BAV had plasma protein profiles distinct from those
of controls. Proteins abnormally expressed in thoracic aortic
aneurysm tissues exhibited similar alterations in the plasma,
indicating the potential of plasma biomarkers in predicting
tissue pathologies. For instance, NOTCH3 was relevant to
the existing degree of aortic dilation (a static state), while
the plasma level of ADAM10 indicated rapidly progressive
aortic dilation (a dynamic state). Our findings shed light on
the distinct characteristics in the plasma proteome of BAV
patients, which could be exploited to identify biomarkers
that could predict disease progression or outcomes.

From a general perspective, the proteomic landscape
of BAV patients’ plasma differed significantly from that of
healthy controls, which corresponded with the fact that
aortic dilation in BAV patients may commence early in
life, suggesting an intrinsic defect in this population (3).
The identified DEPs between BAV patients and controls
included several thoracic aortic aneurysm-related proteins,
namely COLIAI, FBNI, FLNA, and NOTCH3. It is well
established that mutations in COLI1AI, FBNI, and FLNA
cause familial thoracic aortic aneurysm (20,27-29), but
in this study, the plasma levels of these proteins were
not independently associated with the ascending aortic
diameter. The Notch receptor family member NOTCHI
is associated with BAV as well as thoracic aortic aneurysm
(2,24). As an important interactor of NOTCH1, NOTCH3
is also reported to promote protective remodeling pathways
in vascular smooth muscle cells (24,30). In this study, we
observed an independent correlation between the NOTCH3

© Annals of Translational Medicine. All rights reserved.
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level and the ascending aortic diameter, and downregulation
of NOTCH3 and the Notch downstream effector HEY2
in the diseased aortic smooth muscle cells, implying that
systemic NOTCH3 insufficiency in stenotic BAV patients
might be traced to pathologies in the aorta.

Rapid progressive ascending aortic dilation commonly
results in a higher risk of morbidity and mortality than
stable dilation (4). Considering the high prevalence of
BAV in the general population, the biological difference
between patients with and without progressive aortic
dilation is clinically meaningful and should be clarified.
In this study, a subset of proteins was correlated with
progressive aortic dilation. ADAM]10 is a metalloprotease
that controls the proteolytic processing of Notch receptors:
Whilst insufficiency in expression of Notch receptors
results in lower levels of the Notch intracellular domain
in the cytoplasm and transcriptional activation of Notch
target genes, downregulation of ADAMI0 may block
the liberation of the Notch intracellular domain, further
impairing Notch signaling (22). Consistently, we observed
downregulation of ADAMI0 in aortic smooth muscle
cells. Other top-hit proteins, namely SERPINE1, SUMOA4,
and SVEPI, were also associated with progressive aortic
dilation but were not evidently downregulated in aortic
smooth muscle cells. This discrepancy could be explained
by the fact that the plasma protein network arises partly via
systemic cross-tissue regulations. A follow-up validation of
these primary data is warranted to adjust for bias derived
from other tissues and organs (31). Moreover, the type
and degree of valvular dysfunction may also contribute to
the pattern of aortic dilation (1). Future studies may also
include more patients with multiple valve configurations
to provide a comprehensive landscape of BAV plasma
proteomics. Although our study only included patients with
stenotic BAV, this proteomics method can be applied to
other causes of thoracic aortic aneurysm, namely sporadic
(tricuspid) and Marfan cases.

In conclusion, the current study is the first to profile
plasma proteomics in patients with a stenotic BAV. The
potential for plasma proteins such as NOTCH3 and
ADAMI0 to predict aortic dilation is also proposed, which
merits further mechanistic and clinical investigations.
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